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FOREWORD BY THE EDITORS-IN-CHIEF  

It is our great pleasure to welcome you to the Malaysian International Tribology Conference 2015 

(MITC2015). This year’s conference continues its tradition of being the premier forum for presentation of 
research results and experience reports on leading edge issues of Tribology, including models, systems, 

applications, and theory. The mission of the conference is to share novel findings, solutions that fulfil the 

needs of heterogeneous applications and identify new directions for future research and development. 

MITC2015 gives researchers and practitioners a unique opportunity to share their perspectives with others 

interested in the various aspects of Tribology.  

 

The call for papers attracted 179 submissions from different continents: Asia, Europe, Australia, Africa 

and America. After a peer-review process, the editors accepted 159 papers that cover a variety of topics, 

including Bearing Design and Technology; Biotribology; Contact Mechanics; Friction and Wear; Fuels, 

Lubricants and Lubrication; Green Tribology; Surface, Coatings and Interface. This open access proceedings 

can be viewed or downloaded at http://mytribos.org/proceedings/mitc2015. We hope that these proceedings 

will serve as a valuable reference for researchers and tribologists. 

We also encourage attendees to attend the keynote and invited talk presentations. These valuable 

and insightful talks can and will guide us to a better understanding of the future. 

Putting together MITC2015 was a team effort. We first thank the authors for providing the content of 

the programme. We are grateful to the organising committee and the publication committee, who worked 

very hard in reviewing papers and providing feedback for authors. Finally, we thank the hosting 

organisation; Universiti Teknikal Malaysia Melaka and Malaysian Tribology Society (MYTRIBOS), our 

generous sponsors, our industrial partners, our reviewers and our universities, the place of intellectual 

repose, who supported us in our scholastic endeavours and inspires us to greater heights of achievements. 

 

We hope that you will find this programme interesting and thought-provoking and that the conference 

will provide you with a valuable opportunity to share ideas with other researchers and practitioners from 

institutions around the world.  Last but not least, let us endeavour to continue with our efforts for the 

advancement of our discipline.  

 

Thank you. 

 

Mariyam Jameelah Binti Ghazali 
Mohd Fadzli Bin Abdollah 
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ABSTRACT – Physical vapor deposition technique is 
used to deposit hard and wear resistant thin film of 
coating material into the substrate surface without 
changing the substrate properties; commonly referred as 
thin films. Hard thin film coatings are employed to 
enhance the surface characteristics of the substrates 
such as hardness, surface roughness, wear resistance 
and corrosion resistance without changing the bulk 
properties of the substrates. Demands for transition 
metal nitrides such as TiCN, TiCrN, TiAlN, CrAlN 
synthesized by physical vapor deposition (PVD) as hard 
film coatings are increasing rapidly due to their superior 
mechanical, tribological, and corrosion characteristics, 
thus increasing the components life and productivity of 
the production. These metal nitride coatings are used to 
improve friction, wear and life of cutting tools, mould 
and dies, machine elements, automotive components. 
Type of coating applied on the substrate depends on the 
applications of that component. 

Physical vapor deposition uses physical forces to 
deposit a pure source material which is gasified via 
evaporation. Physical vapor deposition is performed at 
relatively low temperature (300° to 600°C) as compared 
to chemical vapor deposition operating at a temperature 
of 1000°C. The stoichoimetric composition of the film 
arises from reactive gas absorption by growing films, 
reactive collision between gas molecules and vapour 
species emitted from the evaporation source, and 
surface reaction between gas molecules and condensed 
films.  

Quality of thin film coating produced on the 
substrate depends on; (i) surface preparation such as 
degreasing and polishing, surface pre-cleaning such as 
ultra-sonic and plasma sputtered etching, (ii), deposition 
parameters such as substrate temperature, chamber 
pressure, current, reactive and working gas flow rate, 
negative bias voltage, and (iii) target shape, geometry of 
the chamber, and the position of the substrate relative to 
the target. Though the physical vapor deposition has 
been used widely and many researches have been 
conducted, there are some opportunities in developing 
high quality in hard thin film coating. These include (i) 
optimizing the coating process parameters using 
Taguchi or Design expert method, (ii) determining 
significant effect of coating process parameter on the 
mechanical and tribological properties, (iii)       
determining residual stress in thin film coating, (iv) 

establishing failure mechanism on different type of 
coating materials, (v) developing life predicting model. 

In this keynote lecture, results of some works in 
depositing hard thin film of TiN, TiZrN, TiCN, TiAlN 
on high speed steel and tungsten carbide substrates will 
be presented and discussed. The tool life and wear 
mechanism of coated-drill during drilling and coated-
cutting tool insert during turning will also be presented 
and discussed. The characterization tools employed in 
this study include (i) x-ray photo electron spectroscope, 
(ii) x-ray diffraction, (iii) pin-on-disc tribometer, (iv) 
glow discharge optical emission spectroscope, (v) field 
emission scanning electron microscope, (vi) scratch 
tester, and (vii) microhardness tester.    
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ABSTRACT – Control and quantification of friction, as 
a ubiquitous phenomenon, has been of significant 
priority in numerous practical applications involving 
contacting bodies. Economic implications ensuing from 
the loss of material, energy and functionality caused by 
friction and wear further underline the need for robust 
modeling techniques. While attempts to afford the 
development of comprehensive wear models have been 
profuse, the degree of their success has been limited 
owing, in large part, to the variegated nature of friction 
and wear. Today, in light of the existing body of 
knowledge, it is acknowledged that wear of materials 
involves a variety of complex and physically diverse 
phenomena that often occur in an inextricably 
intertwined fashion. It is, therefore, of no surprise that 
there exists a scarcity of predictive models to 
realistically account for the multifarious processes 
involved. Accordingly, the development of approaches 
that can properly unify the processes underlying wear 
and friction is an important scientific endeavor. 

Friction, wear, and fatigue are examples of 
dissipative processes in tribology wherein the system’s 
free energy, <, responsible for doing useful work, 
decays with time. That is, if <i denotes the initial free 
energy of a pristine tribosystem, then after completion 
of the dissipative process its free energy decreases to <f 
such that <f < <i. This decay in the free energy 
continues until the system attains a minimum at the 
equilibrium state in accordance with the principle of 
minimum free energy.  Thus, the system’s path to the 
minimum free-energy is always accompanied by 
increasing entropy until it reaches its peak value at the 
equilibrium state. The increase in entropy is a 
consequence of increasing disorder in the system with 
time. Therefore, notwithstanding the multiplicity of 
underlying dissipative processes involved, they all share 
one unique feature: they all produce entropy. Therefore, 
thermodynamic entropy production is believed to be a 
propitious measure for a systematic study of wear and 
friction.  

In this lecture, I present results of a series of recent 
experimental and analytical development associated 
with surface degradation such as adhesive wear as well 
as fatigue fracture within the framework of irreversible 
thermodynamics.  This view offers a potentially 
transformative path forward for the development of 
predictive methodologies for variety of applications. 
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ABSTRACT – Reducing the energy wasted to combat 
friction in internal combustion engines should help 
reduce consumption of fossil fuels. In the total engine 
friction equation, there are three major sources of 
friction loss: piston and rings, the valve train and the 
crankshaft and engine bearings. The tribo-system of 
piston/rings/cylinder is the undisputed first source, 
claiming about a 50% share. Second major source of 
friction loss is crankshaft and engine bearings, where 
the friction loss rises proportionally with RPM. 
Manufacturers are hence searching for low friction 
surface finishing processes that enable engine builders 
to achieve the tough emissions standards looming on the 
horizon. For example, in the case of the 
piston/rings/cylinder tribo-system, the major issue is to 
hone the cylinder liner sizes down to the millionths. The 
cylinder liner surface is in fact the “original” micro-
scale structured surface; designed with a deterministic 
pattern of high aspect ratio features and anisotropy of 
surface properties. It comprises alternating flat plateaus 
(bearing regions) and deep valleys for lubricant, 
transportation. To manufacture such a tribo-functional 
surface, abrasive honing process is the choice for mass 
production.  
 For the crankshafts finishes, rotating assemblies 
ride on a thin wedge of oil having thickness of only 1.3 
µm in some cases. Moreover, to reduce friction as much 
as possible, oil itself is much less viscous as well, so it 
is especially important to achieve proper surface finish 
on all crank journals. Belt polishing or micro-polishing 
is technically the most advanced way to achieve surface 
finish on cranks. The main goal of polishing any 
crankshaft is to create "peak-free" surface to handle load 
without changing the size of their ground parts. 

The objective of this keynote paper is to show how 
tribology can be used to control low-friction surface 
design based on the premise that an intimate connection 
exists between the abrasive wear mechanisms prevailing 
during finishing and the multi-scale induced-
modification on the produced surfaces. The 
implementation of this multiscale approach within a 
mass production environment allows to correlate the 
tribo-functional performance of the intolerance designed 
surface and the manufacturing process of its generation. 
The various applications of this multiscale approach 
also demonstrate that the process signature should 

respond in a predictable fashion to change its functional 
performance with respect to the durability and energy 
consumption footprint of Internal Combustion Engines. 
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ABSTRACT – The Japanese Society of Tribologists 
(JAST) Technical Committee of Tribotechnology 
Roadmap is making the overlooking map of 
tribotechnology. The report shows briefly the structure 
and mechanism of the map and introduces the future 
tribotechnology requested by industries. The map has an 
effect to visualize the relation between the triboelements 
and tribosystems through the tribological issues to be 
solved. In addition, the map visualizes the application of 
fundamental tribology researches.   
 
1. INTRODUCTION 

 One of the major roles of Japanese Society of 
Tribologists (JAST) is to present the tribological issues 
to be solved to individual and industrial members for 
inviting tribology-assisted, prosperous future. The 
Technical Committee of Tribotechnology Roadmap is 
making the Tribotechnology Overlooking Map for the 
purpose of linking the tribosystems such as cars, railway 
locomotives, ships, airplanes, space satellite, power 
generators, home electronics, machine tools and digital 
equipments, with the tribology elements such as 
bearings, seals, gears, lubricants, additives, frictional 
materials, coatings and surface treatments, via 
tribological- technological issues to be solved.  This 
purpose comes from the fact that most of the issues are 
related to the tribology elements, and in addition, most 
of the industrial members belong to the element 
industries. 
 
2. STRUCTURE AND FUNCTIONS OF THE 

MAP 

 Figure 1 shows the outline of the map. The map 
consists of horizontal (X), vertical (Y) axes and matrix 
area. The X axis represents the array of major or sub 
tribosystems to be developed or upgraded and Y axis 
represents the array of triboelements of today, and the 

matrix area is the table of the tribotechnological issues 
to be solved, which we are calling as ’Tribotechnology 
Matrix’. For example, the intersection of Tribosystem S 
and Triboelement E represents the tribological issue(s) 
to be solved by Triboelement E to develop or upgrade 
Tribosystem S.  When you see the map downward from 
the system axis, you can find many tribological issues, 
then going leftward, you can also find the triboelement, 
namely the element industry, responsible for solving the 
issues. On the other hand, when you see the map 
rightward from the element axis, you can find many 
tribological issues, then going upward, you can find the 
system, which is developed or upgraded by solving the 
issues.  
 
3. EXAMPLES   

 Examples of the effects and uses of the map for 
solving tribological issues, such as fuel consumption 
improvement at combustion engines of vehicles, 
lubrication under extreme environments of space 
satellite, and lower friction requirements by hard disk 
drives will be shown and discussed at the symposium.  
 Another example is to discuss the fundamental 
tribological issues such as requested to the simulation 
technology (Table 1) on the map, which visualizes the 
actual application (tribo-systems and tribo-elements) of 
the basic simulation technologies.    

 
4. SUMMARY 

 Overlooking map of tribotechnology is introduced, 
and the effects and uses are shown and discussed.  The 
map is in process of creation and updated day by day. 
Currently the map has 37 subsystems and 31 
triboelements, and several hundreds of Matrix elements 
are filled with tribological issues. The map will be used 
for creating an accurate Tribotechnology Roadmap.
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Figure1 Outline of overlooking map of tribotechnology 

 
Table 1 Requested items to simulation technology 

 
 

X

Y

宇宙

航空機 鉄道 PC デジカメ 水力 人工衛星

ＪＡＳＴ維持会員
富士通、
東芝

キャノン、
リコー

IHI、三菱重工業、川
崎重工業、三菱電機
（株）先端技術総合

研究所

塑性加工 切削加工 研削加工 圧延 製鉄 建設機械 エンジン トランスミッション ブレーキ
モータ・補

器
エンジン タービン プロペラ エンジン

コンプレッ
サ・ポンプ

ヒートポン
プ

モータ
ハード
ディスク

超音波
モーター

紙送り機
構

特殊印刷 医療器械
人工臓
器・人工
関節

原子炉 ポンプ タービン 熱交換器 燃料電池 水車 宇宙機器可動部

ＪＡＳＴ維持会員
JHEス
チール

豊田自動
織機、日
立建機、
ヤンマー

豊田自動
織機、ヤ
ンマー

デンソー、エフ・
シー・シー、ジャト
コ、神鋼造機、ア
イシン・エイ・ダブ
リュー、アイシン

精機、

アイシン精機、曙
ブレーキ、アド

ヴィックス、アイシ
ン精機

アスモ、
アイシン
精機、豊
田自動織
機、富士
電機アド
バンスト
テクノロ

ヤンマー デンソー

富士電機
アドバン
ストテクノ
ロジー

ソニー仙
台テクノ
ロジーセ
ンター

ころがり軸受/
ボールジョイント

NTN、ジェイテクト、日本精工、不二越、ミネベ
ア、井上軸受工業、ＮＳＫ・マイクロプレシジョ
ン、クロイドン、ダイベア、ＴＨＫ、日本トムソ
ン、ソミック石川（ボールジョイント）、

EHL

すべり軸受 オイレス工業、大同メタル、大豊工業、三矢精
ピストン/シリン
ダ/クランクシャ
フト

アート金属工業、愛知製鋼、帝国ピストンリン
グ、日本ピストンリング、マーレエンジンコン
ポーネンツジャパン、リケン

燃料噴射バルブボッシュ

シール
NO K、荒井製作所、イーグル工業、キー
パー、光洋シーリングテクノ、タンケンシール
セーコウチバ、日本ピラー工業

ガスケット 下西技研工業、日本ピラー工業
歯車
カム・バルブ フジオーゼックス
チェーン 椿本チエイン
ダンパ KYB
バルブ・継手・調
圧機器

TAC O

フィルタ トヨタ紡織、大生工業
締結部品
工具 タンガロイ
タイヤ・車輪
人工臓器・人口
関節

潤滑油・潤滑剤

出光興産、コスモ石油、ジャパンエナジー、昭
和シェル石油、新日本石油、東燃ゼネラル、
協同油脂、シェブロン、新日鐵化学、日本グ
リース、松村石油、ユシロ化学工業、アクロ
ス、住鉱潤滑剤、東レ・ダウコーニング、エス
ティーティー、NO Kクリューバー、花王和歌山
研究所、サン・エレクトロ、ソルベイソレクシ
ス、ダイゾーニチモリ、大同化学工業、大東潤
滑、大同油脂、中央油化、東邦化学工業、東
洋ドライルーブ、日本クエーカー・ケミカル、日
本ケミカルズ販売、日本礦油、日本サン石
油、日油、パレス化学、樋口商会、ＢＰジャパ
ン、丸和物産、ラインケミージャパン、和歌山

添加剤

日本ルーブリゾール、シェブロン、インフィニア
ムジャパン、小桜商会、三洋化成工業、デグ
サジャパン、協和発酵ケミカル、AD EKA、オス
カ化学、三洋貿易、スギムラ化学工業、東邦
化学工業、日本ケミカルズ販売、樋口商会、
丸和物産、ラインケミージャパン

鉄系材料 山陽特殊製鋼、新日本製鐵、住友金属小倉

非鉄金属
住友軽金属工業、日立粉末冶金、福田金属
箔粉工業

樹脂
旭有機材工業、D IC、デュポン、日本ピラー工
業、三井化学

摩擦材
ＮＳＫワーナー、スターライト工業、ダイナック
ス、タンガロイ、タンケンシールセーコウチバ、
デュポン、トライス、日清紡績、三菱鉛筆

コーティング
アクロス、ＡＺエレクトロニックマテリアルズ、
シーエルシー、デュポン、日本アイ・ティ・エ
フ、富士写真フィルム、ＨＯＹＡ

寿命予測

表面処理 日本パーカライジング

計測
エリオニクス、オートマックス、高千穂精機、
日産アーク、富士光電工業

サブシステム

輸送機械 電子通信機器電気機器

自動車

トヨタ自動車、日産自動車、本田技術研究所、三菱自動
車、日野自動車、マツダ、三菱ふそうトラック・バス、ヤマ

ハ発動機
三菱重工業、IHI、川崎重工業、

エレメ
ント

機械
要素

潤滑
油

マテ
リア
ル

発電

火力・原子力

医療産業機械

加工

システム

キャノン、リコー
東芝、日立製作所、三菱電機（株）先端技

術総合研究所
東芝、日立製作所、三菱重工業、川崎重工業、三菱電機（株）先

端技術総合研究所、ヤンマー

船舶 プリンタ

このマトリックス要素には技術課題を書きこ
む（なるべく具体的に）

流体潤滑、EHL、

（「サブシステム」が確定してい
ないので、とりあえずここに
キーワードを書いておく）

分子シミュレーション、硬
質・軟質コーティング、表面
粗さ、ブラスト、テクスチャ、濡
れ性

（「サブシステム」が確定してい
ないので、とりあえずここに
キーワードを書いておく）

EHL、境界潤滑

（「サブシステム」が確定してい
ないので、とりあえずここに
キーワードを書いておく）

摩擦を意識したら「摩擦
材」、その他は「鉄系金属」
「非鉄金属」

赤文字は要検討

太陽電池パドル駆動装置、アン
テナ位置決め機構、各種スキャ
ナー、ブーム（マニュピュレータ）、
太陽電池パドル、アンテナ用ヒン
ジ・ラッチ、フォーカス機構、フィ
ルタ、シャッター、ビームスプリッ
タ、デスピン機構、ジャイロスコー
プ、リアクションホイール、モーメ
ンタムホイール
(鈴木、小原、野木、宇宙トライボ
ロジーの現状と課題、表面技術、
57,9,2006,p630)

Tribosystems (Major)

Tribosystems (Sub)

Tribological
issues

Triboelem
ents

Tribological
issues

Tribological
issues

Tribological
issues

S

E

Tribotechnology Matrix

Research Area Requested items to simulation technology Applications
Hydrodynamic 
Lubrication

・Optimum design of  surface textures and  
lubricant grooves
・Optimum design  of mist  lubrication
・Accurate prediction of oil amount

Engines, Pumps, Turbines, 
Generators, Bearings, Seals 
etc..

Boundary 
Lubrication

・Detail formation  process of boundary lubricant 
film considering chemical reactions
・Accurate prediction for tribological properties of 
boundary lubricant film

Engines etc.

Lubricants, 
Grease and 
Additives

・Detail formation  process of boundary lubricant 
film considering chemical reactions
・Prediction under extreme conditions

Engine oils, bearing lubricants 
etc.

Friction and 
Wear

・Accurate prediction at actual machine elements
・interaction between wear and friction
・Life prediction at actual machine elements

Bearings, Tires, Brakes etc.

Surfaces an 
Contact 
mechanics

・Accurate prediction of real contact
・Accurate prediction of junction growth
・Design  of tribomaterials

Tires, Brakes etc.

Surface finishes 
and  Coatings

・Accurate prediction of coating process
・Surface energy control by finish and  coatings
・Design for multilayer coatings

Engines, Bearings etc.

Micro- and Nano-
tribology

・Friction simulation  for boundary lubrications  
considering tribochemical reactions

MEMS、Engines etc.
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ABSTRACT – The targets for the future are 
concentrated on the following considerations: 

a. Saving of resources, because they are limited 
b. Protection of the environment, because the 

humanity (mankind) has to survive. 
We have to take into account the depletion of 
conventional raw materials, e.g. crude oil, coal, metals 
and non-metals, because they will ran out during the 
next some hundred years. But sun, wind and water 
energy are available for ever. Today we have to rely to 
the following energy carriers: 

a. Conventional carriers like crude oil and natural 
gas  

b. Biomass 
c. Hydrogen 
d. Electricity 

But electricity has to be produced by sun, water and 
wind energy. As long as mechanical devices for the 
production of electricity are needed we have to take into 
account tribological systems with friction, wear and 
lubrication aspects. 
 
1. WATER ENERGY CONTENT 

 There exist 3 possibilities to use the energy content 
of the movement of water to the turbines: 

a. Flowing river or flowing from high levels to 
low levels and driving turbines. 

b. The movements of waves can be used to drive 
turbines 

c. The flowing water caused by the tide can be 
used to drive turbines. 

As frictional systems bearings, gears and 
hydraulics have to be operated. Lubricating greases, 
bearing lubricating oils and hydraulic oils will be used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. WIND ENERGY CONTENT 

 Note Wind energy is the number one choice in 
Europe`s effort to move towards clean and renewable 
power. The power output of existing wind energy plants 
is between 0.5 and more than 7.5 MW. The challenges 
of wind farms are the strong wind of up to 35 km/h and 
winter storms with up to 165 km/h. The large wind 
energy plants need pylons with a height up to 150 m and 
blade length of 80 m and more. Especially for the off-
shore wind parks risky helicopter landings are necessary 
for maintenance and repair purposes. The expected life 
time of the main gears is 20 years with maintenance and 
oil change periods of 5-7 years. New developments are 
characterized by direct driven generators (renounce of 
main gear). 
 The frictional contacts are the main bearings, the 
gear boxes, the hydraulic systems and the yaw 
mechanisms. Therefore the following lubricants are 
needed: CLP Gear Oils, Open Gear Lubricating 
Greases, High Performance Greases and HLP Hydraulic 
Oils.  
 
3. SUMMARY 

 As summary the percentages of basic resources to 
produce energy are compared. 
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ABSTRACT – New generation carbon coatings with 
monocrystalline structure are proposed for using in 
tribounits of heavy loaded machines and apparatus 
operating under conditions of boundary lubrication. 
These coatings allow increasing essentially 
antifrictional characteristics of lube oils without 
triboactive additives or enlarging temperature range of 
lube oils efficiency under boundary lubrication.  Effect 
of the coatings under consideration on oil tribological 
properties is explained by reproduction of the solid 
substrate orientation i.e.  highly ordered monocrystalline 
carbon in oil boundary layer, that allows forming strong 
boundary layers composed of homeotropically oriented 
molecules with increased temperature stability. Contrary 
to monocrysta-lline carbon coatings amorphous ones do 
nor display   remarkable orientating effect and 
correspondingly have no influence on lube ability of 
studied oils.  
 
1. INTRODUCTION 

       It is known that more than 30% world generated 
energy is expended for overcoming friction in machines. 
This results in increased fuel consumption what in 
present-days is connected with nonrenewable natural 
resources outlay. The tendency to reduce these losses 
leads to development of lube oils providing energy and 
resource saving due to friction losses and concomitant 
wear reducing by optimization their viscous-tempera-
ture properties and by introducing in oils compositions a 
complex of additives. As a rule diesel oils include from 
6% to 25%   and transmission oils - from 8 to 12% 
additives (including 5..7%   special additives increasing 
oil lubricity). A significant part of these additives are 
rather expensive, besides many additives contain 
compounds which pollute environments [1,2]. It is also 
known that efficiency of lube oil action  in great extend 
depends on the level of orientation of their active 
compounds on rubbing surfaces. At the same time the 
orientation of oil molecules in boundary layer 
reproduces the orientation of the solid surface where 
this layer is formed [3].  A logical consequence of this 
situation is to develop coatings with highly ordered 
structure providing high level of molecular ordering  in 
lube boundary layers what will result in increased 
lubricity of boundary layers. Besides these coatings 
should have rather high wear resistance. So, 
development of wear resistant coatings with orientating 
effect is possible consider as one of the promising ways 

to reduce friction losses in movable friction units and 
correspondingly to increase service life and coefficient 
of efficiency of machines and mechanisms.  
        On this   point seems promising application of 
diamond-like carbon coatings having distinct orientating 
properties. It was found that the coatings of two-
dimensional ordered   plane-chained (monocrystalline) 
carbon are excellent orientants for forming hydrocarbon 
structurally-ordered epitropic liquid phase (ELP) on 
their surface [4]. In addition these coatings are   very 
hard and   wear resistant. 
     The objectives of this work is to analyze the results 
of  comparative tribological tests of  uncoated steel 
specimens and ones  coated by carbon with and without 
distinct orientating properties  both in a  model inactive 
oil (i.e. the oil  which practically  do not reveal  lube 
activity) and  in this oil with some surface-active 
additives,   and  evaluate antifriction characteristics of 
these oils.  
 
2.   EXPERIMENT AND RESULTS 

       The new technology of carbon (monocrystalline 
and amorphous) deposition on steel surfaces by impulse 
condensation of carbon plasma was developed [3–7].  
For tribological studies a test device “ball-on-disc” [1] 
was used. Tests were carried out by the method of 
Bol’shakov et al.[1] under constant load of 7.4N and 
constant low velocity of relative shift of specimens 
(0.01mm/s).  Temperature of friction elements and oils 
under test was increased by an external heat source.  
Tests were carried out in temperature range 20 to 1500C.  
As inactive oil pure liquid paraffin was used. Test 
results are presented in Tables 1 and 2. 

 
Table 1 Effect of   temperature   and type of carbon 
coating on friction coefficient   under tests in   pure 

liquid paraffin (inactive oil). 

Disc coating Oil 
Temperature,0С 

20 50 100 150 

Uncoated Pure 
liquid 
paraffi
n 

0,19 0,18 0,17 0,21 

Monocrys-
talline carbon 0,10 0.06 0,09 0,12 

Amorphous 
carbon 0,24 0.25 0,23 0,23 

NOTE: friction pair: ball-disc (hardened low chrome ball-
bearing steel); load –7.4 N; speed – 0.01mm/s,  rate of 
temperature rise – 100oС/min. 
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Table 2 Effect of test temperature, additives to 
inactive paraffin oil and type of carbon coating on 

friction coefficient. 

Disc 
coating Additive   

Temperature,0С 

20 50 100 150 

Uncoated 
0,1%  SA 0,12 0,11 0,10 0,22 

1,0% ОA 0,14 0,12 0,10 0,24 

Monocrystal
line carbon 

0,1 % SA 0,10 0,10 0,10 0,12 

1,0% ОA 0,08 0,08 0,05 0,03 

Amorphous 
carbon 

0,1% СA 0,18 0,17 0,16 0,16 

1,0% ОA 0,30 0,30 0,20 0,20 

NOTE: Friction pair ball–disc (hardened low-chrome 
ball-bearing steel ); load – 7,4 N; speed – 0,01 mm/s, rate 
of temperature rise – 100С/min. Base oil –pure paraffin; 
Additives: SA–stearic acid, ОA -oleic acid. 

 

 
 The data of experimental studies in the model 
inactive oil (paraffin) show that deposition of a thin 
layer of monocrystalline carbon (thickness of 1-2Pm) on 
the surface of one rubbing element results in essential 
friction reducing in all the range of test temperatures as 
compared with uncoated specimens On the contrary the 
amorphous coating demonstrates higher friction under 
considered conditions in comparison with both uncoated 
specimens and monocrystalline carbon (Table 1).  
 Tests of the inactive oil with surface-active 
additives (oleic and stearic acids) have shown better 
friction characteristics of monocrystalline carbon 
coating as against to uncoated steel and amorphous 
carbon. It is also possible to see that monocrystalline 
carbon provides operating temperature range widening 
both for   inactive base oil itself and for this oil with 
surface-active additives, what follows from down 
coming temperature dependence of friction coefficient 
and its low values at high temperatures (Table 2). On 
contrary amorphous carbon coating does not display 
such effect; moreover it makes worse oil lube ability 
compared with uncoated steel. Some machine parts with 
working surfaces coated by monocrystalline carbon are 
presented in Figure 1. 
 

                    a                                          b 
Figure 1 Appearance of some machine parts with 
monocrystalline carbon coating: a– ball bearing 

(disassembled), b - micro-bearing. 
 
 Thus, it is possible to conclude that 
monocrystalline carbon coatings-orientants on steel 
surfaces increase essentially lube ability of oils both 

inactive and those having definite lube activity. 
 
3. SUMMARY 

  The results of experiments have shown that the 
values of friction coefficient and the friction 
dependence via temperature are determined by the type 
of coating and its orientation properties. The difference 
in friction characteristics is connected with the different 
degree of orientation of molecules ЕLС in boundary 
lubricating layers on rubbing surfaces. Neither steel nor 
amorphous diamond-like coatings are not structural 
orientants. On the contrary carbon monocrystalline 
coatings increase the degree of molecular structural 
ordering in the boundary lubricating layers and 
consequently their lubricating ability. The 
monocrystalline coatings-orientants can improve 
lubricating properties of oils (with and without 
additives) and may be advantageous for engineering 
practice as they improve antifriction characteristics of 
rubbing pairs and allow controlling the processes of 
boundary lubrication. Thus, received DLC 
monocrystalline coatings-orientants can be today the 
best materials of green tribology. 
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ABSTRACT – Plain bearing applications based on 
plastics offer engineering benefits, such as freedom 
from maintenance, tolerance for lack of lubrication, and 
noise reduction. Under higher pressures per unit area 
and at higher surface speeds, however, the potential use 
of plastics is limited. However, it is possible to improve 
the performance capabilities of polymer-based 
tribomaterials noticeably through reinforcement with 
different additives. Nevertheless, the matrix material 
still behaves sensitive to temperature. The paper 
describes the development of polymer based 
tribomaterials and proposes an approach for the 
simulation of the temperature distribution and wear 
behavior in a polymer/steel tribological system. 

 
1. INTRODUCTION 

Polymeric materials are increasingly used in 
tribological applications due to their high strength-to-
weight ratio, ease of manufacturing, and self-lubricating 
properties. In particular, in the automotive industry, the 
pressure for resources saving and CO2 reduction leads to 
smaller and smaller assemblies with the same or even 
higher performance. The specific requirements for 
tribological components therefore increase enormously 
in recent times. While a few years ago in some 
applications unreinforced plastics could be used, the 
higher stresses in the form of high revs and high contact 
pressures today require tribomaterials with superior 
specific strength.  

As has been shown e.g. by Erhard [1] the 
performance of a tribological system depends basically 
on two fundamental mechanisms, adhesion at low 
contact pressure and smooth surfaces and deformation 
at high pressure and rough surfaces.  
 

 
Figure 1 Basic mechanism in tribology of polymers. 

 
The incorporation of different additives in plastics 

is the key to the tailor these properties resulting in a 
balanced performance in terms of friction and wear 
behavior, strength and operating tolerance under 
different conditions. Friedrich et al showed that the 
addition of fibers (carbon CF, glass GF) and internal 
lubricants such as Graphite Gr or polytetrafluoro-
ethylene P(TFE) can tremendously influence the 

tribological behavior. In a polyetheretherketone PEEK 
matrix a combination of CF, Gr, and PTFE performed 
best at ambient and elevated temperature. 

 

 
Figure 2 The effect of fillers on cof and wear ws. 

 
In the last decade it was found [3] that the 

tribological behavior furthermore can be improved by 
adding submicron particles into the polymer. Last but 
not least it was shown by Zhang et al [4] that the 
interaction of fillers from micro-size to nano-size 
triggers new mechanisms resulting in significantly 
improved tribological behavior. 

However, as can be seen in Fig 2 the tribological 
performances of polymer-based composites also depend 
on temperature. This is due to the fact that the behavior 
of thermoplastic materials in general is related to 
temperature significantly. For the basic understanding 
of effects leading to different wear mechanisms and 
finally tribological behavior a better knowledge of the 
thermal balance and temperature distribution in a 
tribological system is required.  

This paper deals with the modelling and simulation 
of the thermal balance and at least local temperatures 
and wear behavior in a composite/steel tribological 
system. 

 
2. METHODOLOGY: EXPERIMENTS, 

MATERIALS, PROCESSING, MODELLING 
AND SIMULATION 

Tribological tests were performed using a block-
on-ring BoR apparatus. The counterbody was a 100Cr6 
body with a mean surface roughness, Ra, equals to 0.3 
µm. During the test, friction force was measured and the 
friction coefficient cof was calculated based on the 
friction force and load. Temperatures at different 
positions of the body were measured with both, 
thermocouples. However, the temperature in the contact 
surface can’t be measured. Therefore a model of the 
tribological system was defined and the temperature 
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along the body finally calculated by using FEM-
simulations. The input materials data for the simulations 
were calculated on mixing rules from the data of the 
individual components. The simulation was performed 
by using the Software ANSYS. A specimen's mass loss, 
∆m, was measured after the test, and the wear rate ws 
was calculated using the equation 1 (see appendix). Two 
body materials, pure PEEK (A) and a PEEK-based 
composite (B) were compounded via an optimized 
extrusion compounding process. The materials were 
injection molded into plates and the bodies with 4x4x10 
mm3 finally cut out of the plates. 

 
3. RESULTS AND DISCUSSION 

3.1 Tribological Testing 

Figure 3 shows the cof and a schematic reduction 
of the behavior as a function of time for the two 
different materials; table 1 the corresponding wear rates.  

Figure 3 Cof; measured and schematic for simulation. 
 

Table 1 Wear rates of 2 materials at 2 conditions. 

 

 
It clearly can be seen that at about 3 - 6 hours a 

steady state is obtained. The wear rate of material A is 
much higher compared to material B. 

 

3.2 Model and Simulation Results 

The model is based on a simplification of a Block 
on Ring BoR laboratory tribometer consisting of a body 
and a counterbody. An intermediate material is not 
considered. Due to the tribological stress heat q ̇g in the 
interface between the interacting bodies is generated 
continuously. The heat is discharged via the body (�̇�1), 
the counterbody (�̇�2) and ultimately the surrounding 
area (�̇�13, �̇�23). Fig 3 shows a scheme of the situation. 

 
 

 
Figure 3 Basic model of the tribological system. 
 
Based on this model the absolute temperature 

distribution in the body is determined in 2 steps: 
 
 
 

a) Measurement of the friction coefficient µ = µ 
(t) and temperature 𝑇 at 1-5 locations in/on the 
body. 

b) Simulation of the temperature 𝑇 = 𝑇(𝑥, 𝑦, 𝑧) 
based on the generated heat flow 𝑞�̇� and 
adjustment of the heat distribution coefficient 𝑘 
until the simulated and measured values at 
discrete points coincides. 

Basic equations for simulation listed in the 
appendix. 

The procedure results in the distribution of 
temperature in 3-dimemsions. Figure 4 shows the 
simulated distribution in the body in the steady state and 
the progress of temperature along the length of the body 
on the center end edge path of 2 different materials. 
Dots represent measured data. 

 

Figure 4 Temperature distributions in the body. 
 

It clearly can be seen that the temperature in 
material B is significantly lower. Knowing that the glass 
transition temperature Tg of PEEK equals 143°C and 
that flash temperature might be much higher than the 
mean values this might explain a reason for the 
significantly higher wear rate of material A.  

The evolution of wear can be predicted by 
transferring the local thermo-mechanical conditions, 
which have been determined by simulation, to a 
Representative Volume Element RVE and applying the 
maximum stress criterion as failure criterion. 

 

 
Figure 5 Macro-model, RVE, and wear evolution. 

 
4. CONCLUSIONS 

The results show that: 
a) FEM-modelling allows access to the local 

temperatures in the whole body and thus the 
temperature in the contact surface. 

b) This inside view enables a better understanding 
of a tribological system under different 
conditions. 

c) The model already allows the wear simulations 
of a pure polymer e.g. PEEK. 

d) Further research is necessary to implement 
reliable failure criteria for composite materials. 

Test conditions Material A Material B

p, MPa v, m/s ws, mm3/Nm 106 ws, mm3/Nm 106

1 2 10.51 1.00
1 4 7.24 2.04
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LIST OF ABBREVIATIONS 

Constants 

𝐴: contact area 
F: load (normal force) 
ℎ: heat transfer coefficient 
𝑘: distribution factor 
𝐿: silding distance 
𝑚: weight 
𝑝: contact pressure 
�̇�: heat flow 
𝑡: time 
𝑇: Temperatur 
𝑈: Perimeter 
𝑣: sliding speed 
𝜆: thermal conductivity 
 
Indices 

𝑠: specific 
1: body 
2: counterbody 
3: environment 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MODEL BASICS/EQUATIONS 

A. Calculation of the wear rate 
 

𝑤 = ∆𝑚
𝜌𝐹𝐿

                              (𝑚𝑚3

𝑁𝑚
) (1) 

 
 
B. Estimation of the temperature distribution in the 

body  
 
1. Frictional heat 
 
�̇�𝑔 = �̇�(𝑡)𝑝𝑣                                    (𝐽

𝑠
) (2) 

 

 
with    
�̇�𝑔 = 𝑘(𝑡)�̇�1 + (1 − 𝑘(𝑡))𝑞2̇       (𝐽

𝑠
) (3) 

 
and 
�̇�13 = ℎ13(𝑇1 − 𝑇3)                        (𝐽

𝑠
) (4) 

 
follows   
𝑇1 = �̇�𝑔

𝑘(𝑡)ℎ
− 𝑇3                                (𝐾) (5) 

 
 
2. Temperature distribution profile after Carslaw and 

Jaeger 
 

∆𝑇 = 𝑇1
cosh (𝑚(𝑙 − 𝑥))

cosh(𝑚𝑙)
 

 
with 
 

𝑚 = √ℎ𝑈
𝜆Α
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ABSTRACT – In recent years, biomimetic has gained 
attention in the field of science and technology. It has 
been grown into diverse areas ranging from micro- to 
nano-electronics to structural engineering and now 
rapidly emerging in the field of tribology. The present 
article provides examples of bio-inspired topics and 
recent developments related to tribology. It covers the 
details of bio-inspired surfaces and properties that 
exhibit high wear resistance, low or high adhesion and 
the friction properties at micro- or nano-scales. 
Successful examples of animal- and plant-inspired 
inventions are discussed in great detail. 
 
1. INTRODUCTION 

Nature shows numerous examples of natural 
systems either in animals or plants which has efficiency 
of energy usage, superb structure design and optimum 
consumption of body part. For these reasons, the nature 
has been an important source of inspiration to develop 
artificial ways to mimic the significant properties of 
biological systems. There are many popular examples of 
biomimetic design from plants such as lotus, rose petal, 
rice leaf  [1], silver ragwort and ramee leaf [2] and from 
animals i.e. shark skin [3], gecko [4] and insects. To 
date, biomimetic research has been directed towards 
tribology in terms of transferring technologies from 
biological systems into engineering applications with 
specific purposes. In tribology, the potential for 
biomimetics has been recognised in the diverse fields of 
robotics, mechanics, automotive and also surface 
engineering. This shows that tribological properties of a 
system could give a huge contribution in saving energy 
and increasing materials’ service life. This article 
reviews the potential in mimicking the superb nature as 
an efficient and a durable system for potential 
engineering applicatio especially in enhancing 
tribological properties.  

  
2. TRIBOLOGICAL DESIGN IN ANIMALS 

Numerous excellent tribological properties have 
been observed in animals and insects specifically for the 
effect of adhesion and friction. Adhesion and friction 
interaction can be found in many insect and lizard 
species which possess adhesive organs on their feet that 
allow them to adhere to a wide variety of surfaces. The 
fast movement of a gecko for an example, on a vertical 
wall or tree demonstrates high adhesion and friction 
properties. This property is useful in designing climbing 
robots which has high potential use for surveillance and 

inspection in specific environments [5]. Tree frogs such 
as Amolops sp. possess large disc-like pads at the tip of 
their toes that assist them in attaching to leaves and trees 
surfaces. This design of toes can be found on 
automobile tires which creating sufficient grip during 
motion on wet road. Contrary to gecko, low adhesion 
properties of shark skin, dung beetle and some other 
animals which attribute to superhydrophobic properties 
make themselves always clean. This property is useful 
in producing self-cleaning devices. The v-shape riblet 
structure on shark skin effectively reduces friction 
between a solid surface and air. This property also helps 
the shark to move fast with low friction as it swims in 
water [6]. Another interesting example is the snake 
scales that can be beneficial when designing surfaces 
with anisotropic frictional characteristics. Even the low 
adhesion of a mosquito’s eyes is superhydrophobic that 
can prevent itself from being covered with water in high 
humidity environment [7]. Focusing into wear of 
materials, to date, most researchers have focused on 
designing materials and textures that have excellent 
wear resistance. For instant, the mechanism of wear 
resistance of a mole cricket and pangolin could be used 
in the manufacturing of soil-engaging engineering 
components such as those in agricultural machinery and 
earth moving machinery. As reported in a literature, a 
sandfish living in a desert can moves rapidly as the 
scales on its body have superior sand erosion wear 
resistance [8].  
 
3. TRIBOLOGICAL DESIGN IN PLANTS 

Plant leaves exhibit special wettability and among 
them, lotus leaf (Nelumbo nucifera) or water lily is the 
most widely develop and promising [2]. The 
characteristic property of material that is  
superhidrophobicity and wettability of the solid surface 
strongly depends the surface energy and the surface 
structure with water contact angle, greater than 150q 
[9]. In plants, waxes function as the main transport 
barrier, preventing water loss and responsible for the 
wettability and self-cleaning properties, sliding of 
insects, reflection of visible light, adsorption of UV 
radiation and reduce the adhesion of particles [10].  
Inspired by the lotus leaves, many synthetic 
superhydrophobic self-cleaning surfaces with a water 
contact angle more than 150q have been prepared by 
inventing appropriate surface morphology and 
roughness. Self-cleaning surfaces usage are limited by 
the micro- and nanoscale of superhydrophobic surface 
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structures require low wear for the maintenance of 
material functionality, thus materials must be very wear 
resistant or have low friction [10]. 

By mimicking the nature, varietes of methods have 
been developed to fabricate superhydrophobic surfaces. 
The efforts were focused on surface texturing, in order 
to create a suitable micro/nano-roughness able to 
generate the superhydrophobic properties [11]. The 
most challenging part is to fabricate robust and durable 
superhydrophobic surfaces that suitable for application 
in many fields including barrier, anti-icing/fogging, 
water/oil separation, anti-bioadhesion materials.  

Figure 1 shows some examples of superb 
tribological design in nature. 
 

 
Figure 1 The examples of superb tribological design in 
nature; (a) snakes scale (b) mosquito (c) gecko (d) lotus 

leave (e) malayan pangolin (f) shark with its skin 
texture [8]. 

 
4. DESIGN METHOD 

Fabrication of superhydrophobic and self-cleaning 
surfaces is considering in making a rough surface and 
modifying with a material with low surface energy. 
Biomimetic designs in producing superhydrophobic 
surface are tabulated in Table 1. 
 

Table 1 Methods of biomimetic. 
Animals/Plants Author/Sources 
Lithography – nanoimprint/ 
soft-photolithography  

Jia et al., 2012 [12] 

Templating  Shirtcliffe, et al., 2010 
[13] 

Plasma, Laser and Chemical 
Etching  

Reinosa et al., 2013 
[14] 

Electrospinning  Jia et al., 2012 [12] 
 

5. FINAL REMARKS  

Biomimetics are being applied in diverse areas 
ranging from micro- to nano-electronics to structural 
engineering and now is emerging in tribology. The 
mechanisms of these biological phenomena are the 
optimal solutions to the corresponding living 
environments. Some examples of inventions that have 
already become technological solutions related to the 
field of tribology were discussed such as the lotus 
effects in manufacturing of self-cleaning devices, the 
gecko effects in fabricating wall climbing robots and 
high wear resistant of soil-living animals are beneficial 
in inspiring soil-engaging engineering machinery 

components productions. 
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ABSTRACT – The surface protection by carbonaceous 
coating is becoming also common in several industries. 
We already know hard disk drive has been protected by 
very thin Diamond-Like Carbon and very few amount 
of lubrication. From the very low normal load condition 
to high, we have to consider how to reduce the wear 
amount of DLC itself, but also counter materials. In this 
study, we focused on low friction coefficient and low 
attack ability to the counter materials under boundary 
lubrication condition. Several kinds of DLC were 
reported and it showed very low friction coefficient in 
special condition (in high vacuum, in dry nitrogen etc.), 
however, it was also difficult to achieve lower than 0.1 
under ATF (Automatic Transmission Fluid). From the 
hypothesis of solid lubrication, low friction coefficient 
will take place if we apply a soft material on a hard 
material. We tried to clarify the effect of carbon 
overcoat on DLC coating slid in ATF under boundary 
lubrication condition. The DLC coating was synthesized 
on steel alloy disk by sputtering. The thickness of as-
deposited DLC was approximately 1 Pm, and we gave 
carbon overcoat on it as 0.3 Pm. The surface roughness 
of DLC and DLC with carbon overcoat was 
approximately 6.2 nmRa and 1.8 nmRa respectively. 
The wear scar on SUJ2 ball was observed by optical 
microscope and SEM, then specific wear rate was 
compared. The friction coefficient of DLC with carbon 
overcoat showed around 0.09 was smaller than DLC of 
0.2. Moreover, the specific wear rate of SUJ2 ball slid 
against DLC with carbon overcoat was approximately 
1.7 x 10-6 mm3/Nm, which was smaller than 2.8 x 10-6 
mm3/Nm of DLC. 
 
1. INTRODUCTION 

Diamond-Like Carbon (DLC) is one of the 
potential candidates to reduce friction coefficient by its 
smooth surface, high hardness rather than almost metals, 
low adhesion due to its chemical inertness and so on. 
The most interesting point of DLC is its structure which 
is able to be varied by friction and wear at the interface 
of sliding with/without lubrication. In some cases, 
lubrication denied a construction of transfer layer on 
counter material or unenhanced of structural changing, 
then, friction coefficient did not decrease. From the 
view point of boundary lubrication, solid lubricant 
property is also important such as the mentioned 
situation. In the automobile fields, some gears in the 
automobile are immersed in ATF (Automobile 
Transmission Fluid) lubrication to cool the sliding parts 

(because of friction heat generated) and eliminate wear 
particles. Several papers reported friction of DLC under 
ATF such as to prevent shudder as previous study [1], to 
evaluate damages, spalling or cracking and so on as 
previous study [2], to clarify frictional behaviour 
include tribochemical reaction and it induced 
tribochemical layer on the DLC or mating materials as 
previous study [3-5]. If the friction condition becomes 
sever than before at boundary lubrication, the 
performance of solid lubrication is assumed to be 
important as much as tribochemical layer. One of the 
methods to obtain solid lubricant property was assumed 
to add a thin and soft overcoat on a hard material as 
previous study [6]. Therefore, in this study, we 
investigated the possibility to reduce friction coefficient 
of DLC and wear amount of mating materials by using 
carbon overcoat onto the DLC under ATF boundary 
lubrication condition. Amorphous carbon (a-C), 
hydrogenated amorphous carbon (a-C:H), carbon 
overcoat on a-C (C.O.) and ta-C tetrahedral amorphous 
carbon (ta-C) were the test materials slid against a SUJ2 
stainless steel ball at room temperature, and specific 
wear rate of the ball was calculated from optical 
microscope observation. 

 
2. EXPERIMENTAL 

The all coatings were deposited on SCr420H with 
100 nmRa of surface roughness. The a-C was 
synthesized by magnetron sputtering method to 
approximately 1.0 Pm thickness. The C.O. coating was 
prepared onto the a-C coating as additional layer within 
a consecutive procedure. The thickness of C.O. was 
approximately 0.3 Pm. On the other hand, the a-C:H 
coating was synthesized by PECVD (plasma enhanced 
chemical vapor deposition) method to approximately 
3.0 Pm thickness. The mating material was SUJ2 ball 
with 6.35 mm diameter with 40 nmRa surface 
roughness.  

The friction test was performed by Ball on Disk 
type friction tester. We applied approximately 8.0 N 
normal load (the Hertzian contact pressure was 
approximately 1.3 GPa) and 0.05 m/s sliding speed, 
respectively. Before the friction test, the SUJ2 balls 
were cleaned by acetone at 15 min. in ultrasonic bath. 
The ATF lubricant (0.045 Pa*s@25 degree C) was 
prepared and we immersed each sample and ball in the 
lubricant, then friction test was carried out reaching to 
10000 cycles. After the friction tests, ball samples were 
observed by optical microscope to calculate wear 
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amount and specific wear rate with following formula, 
V/WL, where V is wear volume of ball, W is normal load 
and L is sliding distance of ball. The hardness of each 
coating was measured by nano-indentation test (Elionix, 
ENT-1100a) with 200 PN of normal load. The 12 
positions were measured, a highest and a lowest values 
and noised values were eliminated and then average was 
calculated from the remainder. The EDS analysis was 
performed by JEOL JCM-5700NU with 20 kV 
accelerated voltage. The main elements to analyze were 
carbon, oxygen and phosphate. 

 
3. RESULTS AND DISCUSSION 

The friction test results are shown in Fig. 1 (a) as 
a-C, Fig. 1 (b) as a-C:H, Fig. 1 (c) as C.O. and Fig. 1 (d) 
as ta-C, respectively. The friction coefficient of a-C was 
approximately 0.22 at the beginning, then, it vibrated 
among 0.14 to 0.28. This frictional behaviour was 
seemed shudder. On the other hand, in the case of 
friction coefficient of a-C:H, Fig. 1 (b) shows that the 
value was around 0.26 at the beginning, then, it 
gradually decreased to 0.19 with small vibration rather 
than a-C coating. Then, the friction coefficient of C.O. 
was approximately 0.1 at the beginning, then, it reached 
down to 0.09 as average value. This friction coefficient 
means approximately half of average value from a-C 
coating. Finally, the ta-C (Fig. 1 (d)) shows higher 
friction coefficient rather than other coatings. 

After 10000 cycles sliding, the balls were observed 

by optical microscope. The pictures are shown in Fig. 2 
(a) to (d). Each diameter of wear scar was measured and 
specific wear rate of ball was calculated. It was revealed 
that if we applied C.O. coating on a-C, the specific wear 
rate became approximately 2/3 (2.8 to 1.7 x 10-6 
mm3/Nm). The reason of low specific wear rate was 
assumed to the influence of DLC hardness. The nano-
indentation hardness and surface roughness of before 
and after friction each surface was not much difference. 
The hardness values include approximately 10 % 
variation range, therefore, the values of before and after 
friction were assumed to be same for each sample. It 
was clear that C.O. coating was approximately 2/3 of 
hardness in comparison to a-C. Therefore, the C.O. 
coating had a property of lower attack ability than a-C 
although both coatings were deposited by same 
equipment and also same synthesis procedure. 

 
4. SUMMARY 

The friction coefficient of DLC under ATF 
boundary lubrication condition was investigated with a-
C, a-C:H and C.O. (Carbon Overcoat on a-C). The 
friction coefficient of a-C varied from 0.14 to 0.28 
which seemed to be shudder. The value of a-C:H did not 
vary like a-C coating, and the average was 0.19. On the 
other hand, the C.O. coating showed 0.09 with small 
variation unlike a-C coating. The specific wear rate of 
C.O. coating on a-C was approximately 1.7 x 10-6 
mm3/Nm which was 2/3 of a-C. 
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Figure 1 The friction coefficient variation as a function of number of sliding cycles, (a) a-C, (b) a-C:H, (c) carbon 

overcoat on a-C and (d) ta-C. 
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Figure 2 Optical microscope images of the SUJ2 ball 
after friction test against (a) a-C, (b) a-C:H, (c) carbon 

overcoat on a-C and (d) ta-C. 
 
5. REFERENCES 

[1] J.Ando, T.Ohmori, A.Murase, N.Takahashi, 
T.Yamaguchi, and K.Hokkirigawa, “Tribological 
properties of Si-containing diamond-like carbon 
film under ATF lubricarted condition”, Wear, vol. 
266, pp. 239-247, 2009. 

[2] J.Ando, T.Ohmori, A.Murase, N.Takahashi, 
T.Yamaguchi, and K.Hokkirigawa, “Tribological 

properties of Si-containing diamond-like carbon 
film under ATF lubricarted condition”, Wear, vol. 
266, pp. 239-247, 2009. 

[3] B. Podgornik, M. Sedlaced, and J. Vizintin, 
“Compatibility of DLC coatings with formulated 
oils”, Tribology International, vol. 41, pp. 564-570, 
2008. 

[4] T. Yamaguchi, J. Ando, T. Tsuda, N. Takahashi, M. 
Tohyama, A. Murase, T. Ohmori, and K. 
Hokkirigawa, “Sliding velocity dependency of the 
friction coefficient of Si-containing diamond-like 
carbon film under oil lubricated condition”, 
Tribology International, vol. 44, pp. 1296-1303, 
2011. 

[5] Z. Tang, and S. Li, “A review of recent 
developments of friction modifiers for liquid 
lubricants”, Current Opinion in Solid State and 
Materials Science, vol. 18, pp. 119-139, 2014. 

[6] H. Nyberg, T. Tokoroyama, U. Wiklund, and S. 
Jacobson, “Design of low-friction PVD coating 
systems with enhanced running-in performance –
carbon overcoats on TaC/aC coatings”, Surface 
and Coatings Technology, Vol. 222, pp. 48-54, 
2013. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

200 Pm

The diameter of wear scar

Sliding direction

(a) (b)

(c)



Proceedings of Malaysian International Tribology Conference 2015, pp. 17-18, November 2015 
  
 
 

__________ 
© Malaysian Tribology Society 
 

Effect of surface texturing on friction coefficient between aluminum and 
alloy tool steel under lubricated sliding contact 

N. Nuraliza, S. Syahrullail* 

 
Faculty of Mechanical Engineering, Universiti Teknologi Malaysia, 81310 UTM Skudai, Johor, Malaysia. 

 
*Corresponding e-mail: syahruls@fkm.utm.my 

 
Keywords: Surface texturing; tribology; sliding 

 
 

ABSTRACT – Recently, it has been identified that 
controlled porosity on a tribological surface can 
contribute to friction reduction at sliding contact 
interfaces. The present paper verifies the effect of 
micro-pit on the frictional properties of aluminum 
against SKD 11(alloy tool steel).Pin-on-disk tests 
modeling the contact between block surface and planar 
faces were carried out for a variety of sliding speed. It 
was found that the tribological characteristics depended 
greatly on the embedded micro-pit or without micro-pit, 
whilst the micro-pits shape did not significantly affect 
the friction coefficient regardless of rounded shape. 
 
1. INTRODUCTION 

 Surface texturing occurs as an option of surface 
engineering, resulting in improvement in load capacity, 
coefficient of friction and wear resistance. The dimple 
(micro-pit, hole, oil pocket or cavity) can serve either as 
a micro-hydrodynamic bearing in cases of full or mixed 
lubrication, a micro-reservoir for lubricant in cases of 
starved lubrication or a micro-trap for wear debris in 
either lubricated or dry sliding [1,2]. Presence of 
dimples or micro-pit introduces oil reservoirs, which 
cause smaller coefficient of friction [3]. Surface 
texturing is also successfully applied to mechanical 
seals, resulting in increase in seal life [4]. Surface 
texturing of the block surface resulted in significant 
improvement in wear resistance in comparison to a 
system with un-textured samples. The fundamental aim 
of this work is to study experimentally the possibility of 
improving tribological performance of sliding surface 
by oil pockets creation on the modified pin. 
 
2. METHODOLOGY 

2.1 Material and Lubricant 

 Block pin samples were prepared with three 
different sizes as illustrated in Figure 1 and micro-pit 
that is embedded at the modified block pin, as shown in 
Figure 2. Hydraulic oil was used as a test lubricant in 
this experiment. Surface modification has been made on 
the surface using micro-pits with 2mm spacing for each 
micro-pit. 
 
 
 
 
 
 

2.2 Tribological Testing 

 Before starting the experiment, the block pin and 
disk need to be cleaned using acetone to confirm that 
there is no additional particle on the surfaces. Then, the 
machine of each experiment was set up (Figure 3) 
according to the parameter set up by the researcher. The 
block pin was firmly attached to hardened jaws 
specimen holder parallel to the plain disk to ensure that 
the pin and disc touch the maximum contact surface. 
Then, all parameters such as speed (RPM) and time 
were inserted. 
 
 

 

Figure 1 Schematic drawing of modified pin to surface 
contact. 

 
 
 
 
 
 
 
 

Figure 2 Schematic drawing of micro-pit at surface 
contact. 

 
 

LUBRICATED 
SURFACE 

      FORCE 

ROTATING DISC 

   OIL FLOW 
             PIN 
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Figure 3 Schematic of pin on disc tribo-tester 

mechanism. 
 
 

       Dimension: millimeter (mm) 
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3. RESULTS AND DISCUSSION 

Figure 5, 5 and 6 illustrate the friction coefficient 
at different sliding speeds against the normal load 
according to ASTM G99-95a. As shown in the graph 
above, the friction coefficient for micro-pit surfaces 
decreases compared to the surface without micro-pit. 

This is attributed mainly to the fact that the micro-
pit on the surface can restore lubricant, thereby 
decreasing friction. In addition, the micro-pit embedded 
on the surface can contain wear particles, and thus the 
friction coefficient will decrease. In this case, increase 
in sliding speed caused a decrease in frictional 
resistance for samples both with and without embedded 
micro-pits. The coefficient of friction decreased when 
the normal load increased for the smallest speed. 
However, when speed was higher, the character of 
changes in the coefficient of friction was different for 
sliding pairs for both samples. This is because lubricant 
acts under mixed lubrication condition. The oil trapped 
in the oil pocket is a secondary source of lubricant, 
which causes a reduction in the frictional resistance [5, 
6]. It seems that in the analyzed case, what is very 
important is high decrease in the friction force due to 
surface texturing for higher mean speeds and smaller 
loads. This may be because the oil contained in the 
micro-pits is sufficient source of lubricant in case of 
starved lubrication. 

 

 
Figure 4 Block pin (size: 10mm x 10mm) with applied 

load 10N. 

 
Figure 5 Block pin (size: 20mm x 10mm) with applied 

load 10N. 
 
 

 
Figure 6 Block pin (size: 30mm x 10mm) with applied 

load 10N 
 

4. CONCLUSIONS 

Tribological behavior of modified pin with micro-
pit or without micro-pit was compared using pin-on-
disk machine. Surface with micro-pit show value of 
coefficient of friction is low compared to the plain 
surface of modified pin. The beneficial oil 
pockets/micro-pit influence was mainly evident in 
conditions of better lubrication, when the friction force 
decreased for all sizes of block. This effect was bigger 
for higher sliding speeds and smaller loads. These 
results suggest that lubrication regime oil pocket effect 
is of prime importance. 
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ABSTRACT – Mussel Adhesive Protein (MAP) is an 
adhesive protein derived from blue mussel byssus, and 
has promising applications for a variety of functional 
coatings. In this work, different analytical techniques 
including cyclic voltammetry, chronocoulometry 
experiments, and microtribometer have been used to 
investigate the interfacial structures and the frictional 
properties of MAP film on the platinum (Pt) substrate 
under polarization. MAP adsorption could change 
electrostatically after polarization. The friction of 
adsorbed MAP film can be tuned effectively in a 
suitable potential range, which is promising for future 
active control over the adsorption and friction of MAP 
films. 
 
1. INTRODUCTION 

Mussel Adhesive Protein (MAP), a protein derived 
from blue mussel byssus, has found use in functional 
coatings, for example, biomedical glue and corrosion 
protective coating [1-3], and it has potential applications 
in ocean systems. In order to make these coatings more 
efficiently in these applications, some important 
scientific problems ahead still need to solve. For 
example, how to make the MAP films as dense and also 
stable as possible?  Can we actively control the MAP 
film to function effectively or lose function? How about 
the durability of the films under liquid shear? On the 
basis of the molecular structure of the MAP molecule, 
two alternative treatments could be used to enhance the 
film compactness: 1) Adsorption amount can be 
changed by controlling the electrostatic interaction 
between charged groups on the molecule; 2) Film 
density can be increased by inducing dopa oxidation and 
cross-linking. Theoretically, both treatments can be 
realized by the change of PH value or electrochemical 
polarization. Previous work conducted by Krivosheeva, 
et al demonstrated the feasibility of using PH value 
change to control the adsorption amount of MAP on 
substrates which was mainly driven by electrostatic 
interaction [1]. Yu et al. [2] showed that change of the 
MAP chemical structure, i.e. oxidation, could be 
induced by raising the solution PH value, resulting in 
the decrease of adhesion of MAP. However, the 
reversibility was shown to be not very good. For 
polarization control over MAP adsorption properties and 
corresponding performances, very few works has been 
reported till now. In this work, we intend to show some 

results of the adsorption and frictional behaviors of 
MAP films under polarization to get more information 
about the relationship between the delicate interfacial 
properties of MAP film after being polarized and 
adsorption/friction.  
 
2. METHODOLOGY 

 Different analytical techniques including CV, 
chronocoulometry experiment, electrochemically 
controlled quartz crystal microbalance (E-QCM), 
electrochemically controlled atomic force microscope 
(E-AFM) and microtribometer were used in the present 
work. CV was used to find the suitable tuning 
electrochemical window; chronocoulometry 
experiments and E-QCM were used to evaluate the 
adsorption and interfacial information of MAP films; E-
AFM was used to characterize the morphology of the 
MAP film; Microtribometer was  used to test the 
frictional propertied under polarization, as schematically 
shown in Figure 1. The solutions used in this work were 
citric acid (CA) with and without MAP molecules. The 
working electrode was a polished platinum (Pt) foil. 
 

WECERE

CA+MAP 
solution

TribopairPt

Reciprocating 
motion

 
Figure 1 Schematic of microtribometer under 

polarization. 
 

3. RESULTS AND DISCUSSION 

Figure 2 is the typical CV results of 0.1 mg/mL 
MAP in the CA solution at different scanning rates. 
Generally, three regions can be divided in the graph: 
The left part region where two peaks in both the anodic 
and cathodic scans can be observed. These peaks are 
associated with hydrogen-adsorption sites. The middle 
part is the electric double layer part; The right part is the 
oxidation region of the Pt surface and the MAP film. As 
the scanning rate increases, the peak currents increase 
correspondingly, and the peak potentials shift slightly. 
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Figure 2 CV curves of the MAP solution (0.1 mg/mL) at 

different scanning rates. 
 

 
Figure 3 Calculated absolute charge density at Pt 

electrode surface from the measured difference of the 
charge densities and the point of zero charge (pzc) based 

on the chronocoulometry experiment. 
 

Figure 3 is the calculated absolute charge on the Pt 
surface. Theoretically, the change in the potential of 
zero charge (ΔE

pzc
) due to the displacement of surface 

water by the adsorbed MAP film can be written as [4]:  
 

� � HPP worgpzc nE �* '  (1) 
 
Where μw and μorg are the average components of the 
permanent dipole moment of the water and organic 
molecules in the direction normal to the surface, 
respectively. n is the displaced water molecule number 
from the Pt surface by one adsorbed MAP molecule, 
which Γ is the maximum surface concentration of the 
MAP molecules, and ε is the permittivity of the inner 
layer. When the potential<0, μw>0, μorg must be 
negative, suggesting more oxygen atoms on MAP 
molecules facing the Pt substrate. When the potential>0, 
μw<0, if ΔEpzc is larger (in magnitude), it means more 
oxygen atoms face the Pt substrate, and the part with 
positive charges faces the solution. 

Figure 4 shows the change of the coefficients of 
friction (CoFs) over time at different switching potential 
ranges in the MAP solution (0.01 mg/mL). It can be 
seen that at cathodic potentials, the CoFs are relatively 
low and also close both at -0.4 V and -0.8 V, while they 
increase dramatically when the potential is switched 
towards the anodic direction. As compared with 1.2 V 
and 1.8 V, the CoF is relatively lower at 0.8 V, however, 
the CoFs at the two larger anodic potentials are also 
very close. It may be due to the influence of oxygen 
release around the contact region between the tribopairs. 

 
Figure 4 Variations of CoF over time in different switch 
potential ranges in the MAP (0.01 mg/mL) solution. P1 
indicates the low potential, and P2 the high potential. 

 
4. CONCLUSIONS 

 The present work attempts to demonstrate the 
feasibility of changing the MAP adsorption properties 
and corresponding frictional performance with 
polarization controls by using the combination of 
different analytical techniques. Some electrochemistry 
and friction results are shown here, and more data will 
be shown at the conference. In generally, our results 
indicate MAP adsorption and friction could change 
obviously after polarization provided that a suitable 
potential range is used, which is of scientific importance 
to better understand the interfacial properties of this 
specific protein film and also of significance for its 
future practical application.  
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ABSTRACT – Aluminium coating with 99.5% purity 
and different coating thickness (200 μm – 700 μm) were 
applied on 15 mild steel plates by using thermal arc 
spray method and immersed in artificial seawater within 
12 months. The variation in microstructural 
characteristics and properties of coating was 
investigated. Surface microstructures were viewed and 
analyzed using scanning electron microscope and 
energy dispersive x-ray analysis.  The hardness was 
inspected using Vickers Hardness testing. Corrosion rate 
was measured using thickness reduction method and 
surface quality (surface pores and holes) were estimated 
using image analyzer. Surface roughness was viewed 
using Infinitefocus G4 machine. Experimental results 
were found that no direct correlation between surface 
roughness and coating thickness. However the coating 
thickness directly impacts the coating surface quality 
and reduces the coating hardness. It also found that 
sacrificial action works well in coating form for all 
coating thickness and recorded potential difference 
range from -0.79 V until -0.886 V. From the analyses, 
the thickness of coating at 500 μm-600 μm provides 
better coating performance in terms of optimum 
potential difference and least corrosion rate. However 
the 200-300 μm coating thickness produced the best 
surface quality and the highest surface hardness. 
 
1. INTRODUCTION 

Corrosion is one of the critical problems exist in 
most of working industry and many of them have 
struggle to overcome the problem. From the moment a 
part of metal is manufactured, it must be protected from 
its environment to avoid or minimize corrosion rate. 
Corrosion can be considered as a hazard since it will 
cause fatal accident and expensive damage. Due to this 
reason, corrosion especially in the oil and gas industry 
has been viewed and given high impact on capital and 
operational expenditures (CAPEX and OPEX,U.S 
corrosion study, 1991- 2001), direct corrosion cost was 
$276 billion per annum .  

Thermal arc spray coating is a protective coating 
which useful to protect steel surface from environment 
especially in marine condition. Thermal arc spray 
coating offers better protection due to its capability to 
withstand high temperature, better corrosion control and 
at low operation cost. Currently thermal arc spray 
aluminium coating usage is applied widely in 

atmospheric condition to reduce corrosion rate but very 
rare to see its application in seawater for corrosion 
control. This research will discuss effectiveness of 
thermal arc spray aluminium coating as a sacrificial 
anode for subsea structures protection and the impact on 
its mechanical properties of the coating. 
 
2. RESULTS AND DISCUSSION 

After immersed in artificial seawater, all samples 
were cleaned and tested for its performance and 
mechanical properties (surface hardness and roughness, 
and estimation of surface voids and pores). It can be 
observed that no distinct surface profile when compared 
to different coating thickness as shown in Figure 1. 
However, the estimated surface voids and pores of 
99.5% arc spray aluminium coating were ranged from 
12.14% to 20.64% and presented a rising pattern with 
increase in coating thickness. The increasing of coating 
thickness also causes in the reduction of coating 
hardness. Hardness and surface pores level of 200 μm - 
300 μm thickness coating are 51.2 HV and 12.14% 
respectively. While for the coating thickness at 600 μm - 
700 μm ranges, the hardness was reduced at 10% level, 
and surface pores were increased at 65%. As a result, 
the lowest pores level and highest hardness of thermal 
arc spray aluminium 99.5% can be found from the 
thinnest sample (200-300 microns) under seawater 
condition. 

From Figure 2, closed image was captured at 
coating thickness range (500-600 microns). Two 
different areas were spotted and an analysis was carried 
using EDX. 

At spectrum 21 area, aluminium content just 
represented 1.55% out of total weight and considered 
very low element in this area. The oxygen content is a 
major element exists around 64% from total weight and 
calcium element having almost 14%. Since carbon 
element exists in this analysis (5.4%), main possibility 
of the white area in Figure 2 is calcium carbonate 
(CaCO3); all elements of calcium carbonate exist such 
as carbon, calcium and oxygen. Calcium carbonate 
precipitation on coating is very important discovery 
because it is a proof that sacrificial action occurred 
between coating and mild steel plate as shown in 
Equation (1). 

 
CO3

2- + Ca2+ Æ CaCO3(s)  (1) 
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Figure 1 Surface morphology have been viewed on all 

samples (after immersed in artificial sea water): (a) 
200µm-300 µm (b) 300 µm -400 µm (c) 400 µm -500 

µm (d) 500 µm -600 µm (e) 600 µm -700 µm. 
 

 
Figure 2 Two different areas are checked at coating 

thickness range of 500 μm – 600 μm. 
 

At spectrum 20, major element represented in this 
area is aluminium and recorded weight percentage is 
77% from total weight. It also consists of 12% Carbon 
element and followed by 8% oxygen. It clearly showed 
that the dark area is an aluminum base reacted with 
oxygen element and formed an oxide layer. The layer 
protects underlying aluminium from outside sources to 
prevent it from corrosion progression.  

This discovery also is supported by measuring 
potential difference exists between coating and mild 
steel plate as shown in Table 1.  

 
Table1: Results of potential difference. 

Coating 
Thickness , 
μm before 
immersed 

Coating 
Thickness 
, μm after 
immersed 

Coating 
Thickness 
Reduction
, mm in a 
year 

Average 
Potential 
Difference 
(-V) 

270 245 0.025 0.791 
329 307 0.022 0.836 
477 458 0.019 0.852 
560 552 0.008 0.886 
658 645 0.013 0.871 

The critical coating thickness as a function of the 
potential difference was applied to evaluate sacrificial 
action between 99.5% aluminium coatings with mild 
steel plate. The results were revealed in Table 1. As an 
example, it was given that at coating thickness of 200 
μm-300 μm, 300 μm – 400 μm, 400 μm -500 μm, 500 
μm -600 μm and 600 μm – 700 μm, the potential 
difference recorded were -0.79 V, -0.83V, -0.85V, -0.89 
V, and -0.87 V, respectively. The potential differences 
indicate that sacrificial action was occurred to protect 
mild steel from corrosion and the aluminium coating 
part will corrode itself. The theory also supported by 
coating thickness reduction (because of corrosion) and 
were recorded at 0.025 mm, 0.022 mm, 0.019 mm, 
0.008 mm, and 0.013 mm for different ranges of coating 
thickness. The initial sample of 500-600 microns 
recorded the highest potential difference and the least 
thickness coating reduction.  
 
3. CONCLUSIONS 

a) Surface pores of thermal arc spray 99.5% 
aluminium coating was expanded with increasing 
in coating thickness, which thus lessening the 
coating hardness.  

b) The increase in thickness ranges from 200 μm to 
600 μm has increased potential difference and 
lowered the corrosion rate. Enhancing further 
coating thickness (more than 600 μm) has 
decreased the potential difference and increased 
back the corrosion rate. Low value of corrosion 
rate because of the sacrificial action works well 
(consumption rate is directly proportional to 
corrosion rate). 
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ABSTRACT – Filtered cathode vacuum arc (FCVA) 
method is characterized by plasma beam directionality, 
plasma energy distribution on substrate, macro particle 
filtering and coating temperature. Between the two 
kinds of focus of FCVA method, namely, production 
cost and high efficiency ta-C coating such as large area 
deposition with high quality films. In this research, we 
were filtered muli cathode vacuum arc (FMCVA) 
system designed and produced to enhance ta-C coating. 
The system, a specialized configuration of magnetic 
field with stabilized the d.c. arc plasma discharge during 
deposition. For acceptable quality for automobile 
accessories, the magnetic field, T type of filters and 
multi cathode arc plasma were demonstrated by the 
deposition of ta-C coating. The measured coating 
performances were showed that ± 10 % of uniformity, 
0.6 um/hr of deposition speed in room temperature and 
over the 40 GPa of hardness.   
 
1. INTRODUCTION 

Diamond-like carbon (DLC) is an excellent 
coating material for variable application for automobile, 
mechanical machinery and optical lens etc. In many 
applications, DLC is playing key parameters for 
enhanced durability [1].   

In case of automobile application, the coated films 
are subject to anti-delamination at high temperature in 
these cases, both the thermal stability and high 
performance of coating such as low friction and 
adhesion. However, many kinds of hard coating (a-C, a-
C:H) were very weak against high temperature. Due to 
the high mechanical, thermal and chemical stresses 
applied on coated surface during actual conditions, the 
surface quality degrades very quickly to an 
unacceptable level.  

ta-C is known as a hydrogen-free carbon coating 
with 70 ~ 80% of sp3 phase, smooth surface, good 
thermal resistance and wear resistance. Moreover, ta-C 
coating can be synthesized through a relatively 
convenient method has a much smoother surface, 
making the tribological performances of ta-C coating 
better than those of DLC.  

Among them, the biggest problems are coating 
efficiency such as uniformity of large area with high 
speed of deposition. For these reason, todays coating 
systems have been developing to achieve high quality of 
coating film. Hence, the FMCVA system was introduced 
for the first time for application of automobile 

accessories.  
The FMCVA system is the most powerful 

technology to enhance coating performance. 5 pieces of 
multi cathodes has high plasma transmission efficiency, 
which is desirable and essential for high coating rate. 
Moreover, multi cathode has strong merit with freedom 
from size of coating chamber.  

In this work, we introduced FCVA with multi 
cathodes and to investigate the coating performance.  
 
2. FILTERED MULTI CATHODE VACUUM 

ARC SYSTEM (FMCVA) 

Figure 1 (a) shows a schematic illustration for 
coating system; including T type of filters, multi 
cathode arc plasma and carbon ion directions. For 
enhanced deposition speed, multi cathodes were placed 
in the entrance of magnetic filter on left (3ea) and right 
(2ea) side. Two streams of carbon arc plasma are 
transported through the magnetic filter. An optimal 
filtering of the graphitic macroparticles is obtained with 
this system. Thus, ta-C coating homogeneous at the um 
scale are consistently deposited.  

Figure 1 (b) shows the distribution to arc plasma 
flowing form substrate at room temperature, calculated 
from the numerical analysis (FEMM code).  
 

 
Figure 1 Schematic drawing of the FMCVA  

(Diamet-600) for ta-C coating system. 
 

Moreover, some studies reported the improved sp3 
content of ta-C coating only when FCVA method was 
used in deposition; the critical parameters are ion energy 
and substrate temperature. Among there, temperature is 
biggest sp3-to sp2 conversion of the bond in processing 
factor. In case of FMCVA, substrate temperature was 
successfully controlled by bias voltage, arc current.   
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2.1 Uniformity of ta-C Coating 

To apply in industrial field, we tried to get 
uniformity of ta-C coating on substrate deposited with 
FMCVA, which has focused on evaluating the coating 
performance as well as the feasibility of mass 
production. 

Figure 2 to determine the uniformity characteristic, 
the coating uniformity was aluminum foil marking up to 
350 mm diameter by 20 mm intervals on the surface and 
measuring the thickness. Results showed that average 
coating uniformity was exhibited ± 10 %, respectively. 

Based on the uniformity of ta-C coating, the 
guideline was defined to within 10 %. Therefore, to 
obtain a coating film conforming to uniformity of ta-C 
was acceptable for this work.  
 

 
Figure 2 A photograph of the process in coating process 
and measured uniformity of ta-C coating on aluminum 

foil with Φ 400 mm width of rotational deposition zone. 
 
2.2   Thickness and Deposition Speed 

First, the thickness according to deposition time, when it 
is the final filtered as described Figure 1(b), was 
characterized using cross sectional images taken by 
SEM (Figure 3). A result shows that the thickness of 
coating was successfully deposited on substrate with 0.6 
um/hr of deposition speed.  
 

 
Figure 3 Cross-sectional image of ta-C coating 
(deposition speed was 0.6 um/hr, respectively). 

 
 
 
 
 
 

3. APPLICATION FOR AUTOMOBILE 
ACCESSORIES 

ta-C coatings exhibit high hardness, ultrahigh 
loading bearing and low friction. These properties 
protect the coating surface, i.e. including that 
automobile industry meet the requirements of a wide 
area of applications.  

As early mention before chap. 1, multi cathode has 
strong merit with freedom from size of coating chamber. 
To define the coating performance, we applied ta-C 
coating on 40 mm2 area with 80A of arc current.   

Figure 4 shows the ta-C coating surface on piston 
ring for GDI (gasoline direct injection) engine using 
single cathode with FMCVA. The ta-C coating surfaces 
are uniform, smooth and good colors. The tribological 
properties are investigation shall be discussing in near 
future.   

 

 
Figure 4 ta-C coated on piston ring with film thickness 

of 3.3 um. (ta-C/Cr/Al substrate) . 
 
4. SUMMARY 

In this research, we have applied to ta-C coating 
for automobile accessories. ta-C coating was prepared 
by  FMCVA made it possible to investigate of coating 
properties. The following are the summary that could be 
drawn from the present work on the applications. 

a. We were filtered multi cathode vacuum arc 
(FMCVA) system designed and produced to 
enhance ta-C coating on 400 mm with of 
rotational deposition zone. 

b. The uniformity and deposition speed of ta-C 
coating were ±10% and 0.6 um/hr, respectively. 
  

5. ACKNOWLEDGEMENT 

This research is financially supported by the future 
creation ministry of science in Korea. The authors 
would like to thank all the engineer of Korea Vacuum 
limited (KOVA, www.kovac.com) for the technical 
support.   

 
6. REFERENCES 

[1] J. Robertson, “Diamond-like amorphous carbon,” 
Materials Science and Engineering, R 37, pp. 129–
281, 2002. 

 



Proceedings of Malaysian International Tribology Conference 2015, pp. 25-26, November 2015 
  
 
 

__________ 
© Malaysian Tribology Society 

 

Tribological impact of CI engine piston rings under different blend ratio 
biodiesel 

N. Tamaldin1,2,*, M.F.B. Abdollah1,2, H. Amiruddin1,2, M.A. Abdullah1,2, M.T. Taib1,2 

 
1) Faculty of Mechanical Engineering, Universiti Teknikal Malaysia Melaka, 

Hang Tuah Jaya, 76100 Durian Tunggal, Melaka, Malaysia. 
2) Centre for Advanced Research on Energy, Universiti Teknikal Malaysia Melaka, 

Hang Tuah Jaya, 76100 Durian Tunggal, Melaka, Malaysia. 
   

*Corresponding e-mail: noreffendy@utem.edu.my 
 

Keywords: Biodiesel; piston ring; wear  
 
 

ABSTRACT – The eagerness of commercializing 
higher blend ratio biodiesel around the globe was an 
initiative to support renewable energy and protecting the 
environment. However, other negative impact including 
to the engine components was crucial for application in 
automobiles. In this study, the wear impact due to 
changing biodiesel blend from B5 to B70 was 
investigated. Results show that as we utilized higher 
blend ratio biodiesel, the wear also increased 
approximately 9%, which give negative impact to the 
engine life and overall performance. As the engine 
speed increases, the wear also increased until reaching 
its peak and reduces to a minimum. This result conflict 
with lab based using four-ball tester and need to be 
further investigated and correlated. 
 
1. INTRODUCTION 

 Biodiesel is a renewable fuel actually known as a 
mono alkyl ester that produced using renewable 
resources such as animal fats and vegetable oils [1-5]. 
Compared to petroleum-based diesel, biodiesel has 
more favorable combustion emission profile, such as 
low emission of carbon monoxide, particulate matter 
and unburned hydrocarbons. In automotive fuel 
deliveries system, many metallic materials are exposed 
to the biodiesel, which have different characteristics 
than diesel. This would cause damaging effect such as 
corrosive and tribological attack on the engine parts [6]. 
The use of biodiesel, especially at high blend ratio 
(HBR) could have some tribological side effect on 
internal engine parts especially piston rings.  
 
2. METHODOLOGY 

 A single cylinder CI engine was used for this 
investigation. The specification of the Yanmah 2500CX 
CI engine is shown in Table 1. 
 
 Table 1 Yanmah single cylinder specifications. 

 
 
  

 A biodiesel blend of B5 (5% biodiesel and 95% 
petroleum diesel) and B70 is investigated on this 
engine. The B5 is currently available from the petrol 
station while B70 biodiesel was blended in laboratory 
according to the standard [1]. 
 Experimental test matrix was design to investigate 
the effect of running different blend of biodiesel 
including B5 and B70 biodiesel. In this study, the 
engine was dissembled and the piston rings were 
weighted accordingly before running with Biodiesel 
fuel. 
 Generally, this investigation involved with running 
different Biodiesel grade in a single cylinder diesel 
engine. Later, the engine was disassemble to weight the 
piston rings. Then the experiment was repeated with a 
fresh set of piston rings. The CI engine was investigated 
with B5 biodiesel first at a steady state speeds from 
1500 to 3500 rpm. At each engine speed, the engine was 
dismantled and the piston rings were weighted. The 
experiment was repeated at increasing engine speed.  
For further verification, each experiment was repeated 
fives time to observe for repeatability and variation. The 
full experimental matrix is shown in Table 2. 
 

Table 2 Experimental test matrix at various engine 
speed (rpm). 

Biodiesel B5 B70 
Experimental mode 
 
1. X-dissembles engine 

and weighing piston 
rings. 

 
2. Engine test on dyno 

from 1500-3000 rpm 

X X 
1500 rpm 1500 rpm 

X X 
2000 rpm 2000 rpm 

X X 
2500 rpm 2500 rpm 

X X 
3000 rpm 3000 rpm 

X X 
3500 rpm 3500 rpm 

 
3. RESULTS AND DISCUSSION 

  The results obtained were a result from using 
digital analytical Balance to measure the wear mass 
before and after the engine test. Table 3 shows the result 
for wear mass after running the engine using B5 
biodiesel. 
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Table 3 Piston rings wear mass with B5 biodiesel. 

 
 
 Repeating the same procedures with B70 biodiesel 
give another set of result as shown in Table 4. 
 

Table 4 Piston rings wear mass with B70 biodiesel. 

 
 
 From these two initial results, it was observed that 
B5 biodiesel resulted in 0.0094 gram of wear mass as 
compared to 0.0103 gram for B70 biodiesel. 
Repeatability study was also conducted to ensure the 
result obtained was moderated and reflect more 
significant findings. It also ensures that error from 
measurement was minimized. 
 By plotting them together for all engines operating 
speed (rpm), for all five repeated tests, a unique pattern 
was observed.  These results was plotted in the graph 
shown in Figure 1. 
 

 
Figure 1 Comparison of wear mass for B5 versus B70 

biodiesel. 
 
  
 
 

 Figure 1 shows an average values of fives 
repetitive test for each biodiesel fuel (B5 and B70). It 
was observed that, the wear pattern increased over 
increasing engine speed. From the B5 results against 
B70 biodiesel, it was observed that the wear rate also 
increased, as the Biodiesel blend ratio increased from 
B5 to B70. 
 
4. CONCLUSION 

 Based on the two-biodiesel blend ratio 
investigated, it could be concluded that, as the biodiesel 
blend ratio increased, the wear characteristic also 
increased by 9%. This has negative impact on the 
engine life and performance. This finding may have 
conflicting results with lab based testing using four ball 
tester and need to be further evaluated and verified. 
Furthermore, it is recommended to have a suitable 
additive develop to compensate this loss to the engine 
parts if this is verified. 
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ABSTRACT – This paper presented a method to 
predict wear of the die coatings in strip ironing process 
by using finite element simulation. This method 
calculated the wear depth of the die coatings in each 
cycle of the strip ironing process. TiN and CrN coatings 
were investigated. The number of cycles until reaching 
die coating thickness was also determined. In this study, 
TiN provided lower wear depth and higher number of 
cycles. 
 
1. INTRODUCTION 

The recent trend in automotive industry is the 
increased use of Advanced High Strength Steel (AHSS) 
due to its high strength-to-density ratio. However, this 
material generates high stress during stamping, 
particularly in the thinning area of the sheet. This leads 
to tool wear and reduced tool life. Tool surface coatings 
are normally used to solve the problem. As a result, it is 
crucial to be able to predict wear of tool coating in order 
to obtain optimized coatings and forming conditions, 
particularly for strip ironing of AHSS.  

Several research groups [1-5] carried out strip 
ironing experiments to investigate the friction and wear 
behaviors under different conditions. General guidelines 
for materials and forming conditions could be achieved 
through the experiments. In order to predict tool wear, 
many researchers [6-11] also developed different 
models and techniques to predict friction and wear in 
sheet metal forming, particularly by using finite element 
(FE) simulation. Generally, the results of stresses were 
analyzed to predict tool wear in the FE simulation of a 
forming cycle. However, in order to determine wear of 
die coatings, the wear amounts occurring in each 
forming cycle should be considered. 

Thus, this paper provided a method to predict die 
coating wear in each strip ironing cycle by using the FE 
simulation. Two types of die coatings were examined 
(TiN and CrN). The number of strip ironing cycles that 
could be carried out until reaching die coating thickness 
was determined and compared between the two 
coatings. 
  
2. METHODOLOGY 

Figure 1 shows the FE simulation setup and steps 
of the one-sided strip ironing. The 2D non-linear plane 
strain structural approach was selected. The punch was 

moved downward with 0.1 mm/s sliding velocity for 
100 mm. The punch was modelled as a rigid body and 
the die and sheet were modelled as deformable bodies. 
The material properties are presented in Table 1. Note 
that E is the Young’s Modulus and Y is the yield 
strength. The arctangent friction model was selected for 
all the interfaces and the friction coefficient value was 
set to be 0.3.  

 

 
 

Figure 1 FE simulation the strip ironing: (a) model setup 
(b) strip ironing steps. 

 
Table 1 Materials properties used in the FE simulation. 
Materials E (N/mm2) Y (N/mm2) 

Sheet 22,300 777 

Die (TiN) 60,000 1,200 

Die (CrN) 31,000 1,200 
 

In order to obtain the wear depth for each forming 
cycle (𝑊), Equation 1 was used. 
 
𝑊 = 𝑘𝜎𝑉𝑡𝑐 (1) 

 
Where 𝑘 is the specific wear rate, 𝜎 is the mean 

contact pressure, 𝑉 is the relative velocity, and 𝑡𝑐 is the 
mean total time per cycle. Table 2 presents the specific 
wear rate and coating thickness (ℎ) of the tested 
coatings. 

In this study, 𝑉 was set to be 0.1 mm/s. In each 
strip ironing cycle, the FE simulation generated 𝜎 
values, which could be used to obtain 𝑊. In order to 
obtain the number of cycles (𝑁) until reaching coating 
thickness, Equation 2 was used. 
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Table 2 Specific wear rate and coating thickness. 
Die Coatings  𝒌 (m2/N) 𝒉 (𝝁m) 

TiN 1.96 x 10-16 1.13 

CrN 5.70 x 10-16 4.00 
 

𝑁 = ℎ
𝑊

 (2) 
 

3. RESULTS AND DISCUSSIONS 

Table 3 provides a summary of wear depth per 
cycle and total number of cycles until reaching coating 
thickness. 
 
Table 3 Wear depth per cycle and number of cycles until 

reaching coating thickness. 
Die Coatings  𝑾 (nm) 𝑵  

TiN 0.75 1,516 

CrN 33.6 119 
 
It could be clearly seen that TiN provided lower 

wear depth per cycle and higher number of cycles until 
reaching coating thickness than CrN did. This could be 
due to the fact that TiN had a lower specific wear rate. 
The results demonstrated that the coating having low 
specific wear rate led to the increased number of strip 
ironing cycles. The obtained wear depth per cycle could 
be used to select appropriate coating types to reduce 
wear and increase tool life. The number of strip ironing 
cycles that could be performed until reaching the die 
coating thickness was also helpful to determine when to 
carry out surface treatments or tool replacements. 

Nevertheless, other major factors that are 
influential to friction and wear in strip ironing should 
also be considered, for instances, sheet thickness 
reduction ratio, sliding velocity, contact pressure, 
lubrication, and temperature. Most importantly, the FE 
simulation results must be confirmed with the 
experiments in order to validate and improve the 
method used in this study. 
 
4. CONCLUSIONS 

This study calculated wear depth per cycle and 
number of cycles until reaching die coating thickness of 
TiN and CrN coatings in the strip ironing process by 
using FE simulation. The results showed that TiN 
provided lower wear depth per cycle and higher number 
of cycles until reaching die coating thickness due to its 
lower specific wear rate. The experimental investigation 
is currently being carried out to validate the presented 
wear depth calculation method. 
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ABSTRACT – In this study, integration of Taguchi and 
Response Surface methods (RSM) was applied for wear 
rate and coefficient of friction of stainless steel-pin-on 
pure aluminium block. Integration factors and levels 
were planned according to orthogonal arrays and 
analysis of testing parameters was done using analysis 
of variance (ANOVA) technique. Multiple linear 
regression models were used to determine the regression 
equation for both wear rate and coefficient of friction. 
Finally, the morphology and microstructure of wear 
were analysed using Scanning Electron Microscope 
(SEM) and Energy-dispersive X-ray spectroscopy 
(EDAX). For wear rate the error percentage ranging 
from 6.6% to 22.5% and for coefficient of friction 
(COF) the error percentage was ranging from 9.5% to 
36.9%.  

 
1. INTRODUCTION 

Many researchers have studied on tribological 
properties of metal and alloy as early as 50’s. Cree and 
Pugh have reported the dry sliding wear and friction 
behaviors of A356/SiC foam [1]. Group of researchers 
have also investigated tribological properties Al-Si alloy 
using different approaches. Some have also tested Al 
alloys and its composites on heat treatment but none 
pure Al. Rice has studied the microstructure of Al/SiCP 
composite [2]. Recently, many researchers have opted 
for statistical study to optimise the parameters used in 
their respective study using Al alloys[3]. In this work, 
integration of Taguchi and response surface for the wear 
and friction of stainless steel pin-on-pure Al block was 
scrutinized and its parameters were optimised. 
 
2. METHODOLOGY 

Wear tests were carried out for all 25 pure Al 
specimens using pin-on-disc from DUCOM TR-20 with 
inputs of 230V, 50Hz and 2kW. The tests were 
conducted by following ASTM G133. The maximum 
speed was selected at 100rpm while the maximum load 
was 50N and time was fixed at 30 minutes. The graphs 
generated using Winducom v.5 software. The direction 
of the relative motion between sliding surfaces reverses 
in a periodic fashion in a linear straight line. This test 
method encompassed on un-lubricated conditions. A 
sensitive Shimadzu AUW220D dual-range semi-micro 
balance with +/- 0.01mg readings was used for 
measurement. For morphology monitoring, SEM model 
Hitachi S-3400N with a resolution of 10nm at 3kV with 

5-axes motorized stage with -20/+90 degrees tilt was 
utilised. This machine was incooperated with analytical 
specimen chamber with simultaneous accommodation 
of Energy-dispersive X-ray spectroscopy (EDAX), for 
elemental compositions were obtainable. Minitab v.16 
was used for RSM. 

 
3. RESULTS AND DISCUSSION 

The experiments using orthogonal array, the results 
for 25 specimens with different combinations of 
parameters were obtained. Figures 1and 2 show the 
wear rate and COF of pure aluminium at 100rpm 
increases with loads which was consistent with the 
findings as supported by [4]. Hence the conditions were 
maintained. 

 

 
Fig. 1 Wear rate of pure aluminium at 100rpm. 

 

 
Fig. 2 COF of pure aluminium at 100 rpm. 

 

 
Fig. 3 SEM and EDAX analysis for specimen at wear 

test of 50N and 100rpm. 
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In SEM/EDAX analysis shown in Fig. 3, the 
amount of aluminium for the specimens ranged from 
50% to 60% with impurities such as bromine (Br), 
thulium (Tm) and carbon (C). Carbon (C) was present 
as the specimen was prepared using electrical discharge 
machine (EDM).  
 

Table 1 Response table for S/N ratio (wear rate). 
Level 
Wear Rate Wr 

Applied 
load,  

W 

Sliding 
speed, v 

Level  
COF 

Applied 
load,  
W 

Sliding 
speed, v 

1 39.39 39.87 1 6.470 9.598 
2 43.77 41.03 2 8.954 8.888 
3 43.28 43.28 3 9.110 9.272 
4 45.74 41.36 4 8.474 7.654 
5 37.88 44.53 5 9.806 7.402 
Delta  7.86 4.66 Delta 3.336 2.196 
Rank  1 2 Rank 1 2 

 
Table 1 showed the ranking of process parameters 

obtained for different parameter levels for both wear 
rate and COF respectively. From Table 1, it shows that 
load was a dominant parameter on both wear rate and 
COF followed by sliding speed. Fig. 4 showed the 
influence of process parameters on wear rate and COF. 
The analysis of the data collected gave the optimum 
conditions resulting in minimum wear rate and COF. 
The optimum condition for wear rate and COF of 
condition to be set at 50N while the sliding speed to be 
set at 100rpm.  
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Fig. 4 Effect of control factor on (a) the wear rate (b) the 
coefficient of friction. 

 
A multiple linear regression equation was 

developed to establish the correlation among the 
significant factors on the response. In Table 2 multiple 
regression analysis for wear rate and COF and in Table 
3 ANOVA data was collected.  It has shown that the 
regression equation had negative coefficient for applied 
load meaning that the COF increases with decreasing 
applied load. Conversely, increasing the sliding speed 
increases the COF as well as sliding speed had a 
positive coefficient.  

The regression formulations generated are shown 
in equations (1) and (2) for wear rate and COF 
respectively: 

 

Wear Rate, Wr = 91.7 + 0.717v + 0.169 W        (1) 
COF = 0.440 - 0.00302 W + 0.000848v (2) 

 
Table 2 Multiple Regression for Wr and COF. 

Predictor (Wr) Coef SE Coef T P 
Constant 91.69 35.80 2.56 0.018 
Sliding speed 0.7168 0.4002 1.79 0.087 
Load 0.1691 0.8005 0.21 0.835 
S = 56.6027 R-Sq = 12.9% R-Sq(adj) = 5.0% - - 
Predictor (COF) Coef SE Coef T P 
Constant 0.44014 0.08484 5.19 0.000 
Sliding speed 0.0008480 0.0009485 0.89 0.381 
Load -0.003018 0.001897 -1.59 0.126 
S = 0.134142  R-Sq = 13.1% R-Sq(adj) = 5.3% - - 

 
Table 3 Analysis of Variance (ANOVA) for Wr and COF 

Source (Wr) DF SS MS F P 
Regression 2 10420 5210 1.63 0.219 
Residual Error 22 70485 3204   
Total 24 80905    
Source (COF) DF SS MS F P 
Regression 2 0.05992 0.02996 1.67 0.212 
Residual Error 22 0.39587 0.01799   
Total 24 0.45579    

 
Table 4 Confirmation experiment for wear rate and 

coefficient of friction. 
Sliding 
speed 
(rpm) 

Exp. 
Wear 
rate 

Reg. 
model 
equation 
wear 
rate 

% 
Error 

Exp. 
Coefficient 
of Friction 

Reg. 
model 
equation 
coefficient 
of friction 

% 
Error 

40 159.826 123.76 22.5 0.457 0.41352 9.5 

40 149.596 125.45 16.1 0.656 0.41352  36.9 

60 149.677 139.79 6.6 0.350 0.40028 14.4 

 
Based on confirmation test done as shown in Table 

4, for wear rate, COF and the errors was calculated. For 
wear rate the error percentage ranging from 6.6% to 
22.5% and for COF the error percentage was ranging 
from 9.5% to 36.9%. 
 
4. CONCLUSION 

It can be concluded that in statistically load is a 
dominant parameter on both wear rate and COF 
followed by sliding speed. The optimum condition 
found to minimize the wear rate is applied load at 50N 
while sliding speed at 100rpm. By using the multiple 
linear regression model, the empirical formulations for 
both wear rate and COF stainless steel pin-on-pure 
aluminium block can be determined using Eq.(1) and 
(2) respectively:  
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ABSTRACT – The generation of electricity in power 
plants, makes use of different types of prime movers 
depending on the available primary energy. 
In thermal power plants, Steam turbines are employed to 
drive the main generators, whereas Pelton or Francis 
turbines are used in hydraulic power plants, depending on 
the water flow and fall height. 

Gas turbines are widely used to drive the main 
generators in the internal regions of the country, due to 
water lack. 

The efficiency of all of the above turbines can be 
seriously reduced due to the erosion phenomena, caused 
by the sand particles for gas turbines,   solid particles in 
water for hydraulic turbines and water droplets for steam 
turbines. 

In Algeria, the steam turbines are mainly used in the 
coast regions, whereas the gas turbines are used in the 
internal regions because of the lack of water needed for 
cooling purposes. 

The hydraulic power generation stands for less than 
01% of the national total generation capacity. 
For steam turbines, sea water is desalinated and 
chemically treated to avoid the corrosion effects on the 
boiler, steam installations, turbine stages and condensers. 

The erosion caused by wet steam flow reduces the 
efficiency of the last stage rotor blades of condensing 
steam turbines, and makes their service life shorter [3]. 
The problem of steam turbine blade erosion is not new 
and many studies have already highlighted different 
aspects of this issue. It is dependent on a variety of 
parameters, the most important being droplet size and 
velocity as well as peripheral speed of the rotor at the 
location of droplet impact [1]. 

Water droplet impact erosion of last stage steam 
turbine blades has been a well-known and at times 
aggravating phenomenon in the steam turbine and power 
utility community for a century. The steam is expanded 
to a low pressure and temperature in order to improve the 
thermal efficiency of the plant and this causes the steam 
to expand below the saturation line leading to the 
formation of droplets in the flow. It is commonly agreed 
that this kind of droplet erosion is unavoidable when a 
steam turbine is operated under wet steam conditions [2]. 

 

For gas turbines, the situation is not different, 
because the consequences of erosion are serious on life 
and performance of the turbines [4], the erosion is caused 
by the sand particles intake with air, due to imperfect 
filtration, especially in the Sahara deserts, where we have 
not only sand but the sand storms. 

It is easy to understand that the extent of the erosion 
is a direct function of the quantity and mass of the 
impinging particles. As the mass of a particle is 
proportional to its volume (i.e., to the third power of its 
diameter), erosion is mainly due to the ingestion of 
particles having a diameter Φ > 5μm, which represents a 
major portion of the mass of a typical atmospheric 
aerosol and transfers the greatest amount of kinetic 
energy [5]. 

To limit the effects of the erosion phenomena on the 
turbine blades, new blade coatings and materials are 
being developed to meet the challenging requirements of 
modern gas and steam turbines [4]. 
For gas turbines, and in order to adapt machines to a 
variety of environments while realizing their full 
potential in terms of performance and reliability, it is 
necessary to treat the air that they consume [5]. 
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ABSTRACT – Diamond-like carbons (DLC) with 
hardness of 47.1 GPa were coated on SUJ2 rollers, and 
their tribological properties were investigated after 
friction test under boundary lubrication conditions in an 
additive-free mineral-based oil at different testing oil 
temperatures of 24, 80 and 160 °C. From the results of 
the Raman analyses and Spectroscopy ellipsometry, we 
found that the structure changed of DLC at the topmost 
of sliding surface and their thickness will measured 
using AFM. It is found that the transformed layer 
increased with increases of testing oil temperature. 
 
1. INTRODUCTION 

Diamond-like carbon (DLC) provides very 
excellence performance in term of friction coefficient 
and wears resistance under boundary lubrication in 
mineral-based oil with or without additives [1]. DLC 
became more interesting as a coating material in 
tribological applications especially in the automotive 
industry in order to reduce the fuel consumption [2], 
because of their significant tribological properties such 
as low friction, high hardness, and high wear resistance. 
Improvements in coating technology have made the 
DLC coating suitable for various machine components 
that operate under severe conditions i.e under boundary 
lubrication. The low friction mechanism in the DLC 
coating under friction tests in either dry or boundary- 
lubricated conditions is due to the formation of a 
graphite-like layer in the non-lubricated [3] or 
transformed layer [4] which provides low shear strength 
at the contact interface. The transition phase of the as-
deposited DLC to graphite-like structure at the topmost 
sliding interface is due to graphitization by conversion 
of sp3 to sp2. This transition phase has been reported in 
other studies as a friction-induced transformation of the 
topmost sliding interface of the DLC coating [5]. 
However, the nano characteristic of the transformed 
layer has not been studied in-terms of its thickness 
which is believed to have a significant effect in the 
tribological performance, such as a low friction 
coefficient under boundary lubrication conditions. The 

most important finding in this study is the scratch 
hardness of the transformed layer at the topmost of the 
sliding interface of the DLC from the AFM scratch test 
under different oil temperatures. 
 
2. METHODOLOGY 

2.1 Friction Test 

Figure 1 is the experimental setup for friction test. 
The friction tests were conducted using a pin-on-disk 
apparatus, where the DLC-coated cylindrical pin 
specimen with hardness of 47.1 GPa was in a sliding 
line contact on the disk specimen. The constant normal 
load of 10 N was applied to the pin. The disk specimen 
was rotated with a constant velocity of 65 mms-1, and 
the pin was kept stationary. Friction tests were 
conducted for 100 m sliding distance at different oil 
temperatures of 25, 80 and 160°C. 
 

 
Figure 1 Schematic diagram of pin-on-disk friction test 

apparatus. 
 

2.2 Scratch Test 

The scratch test was carried out using a 
commercial AFM (SII, SPA-400) in ambient 
temperature and humidity of 25°C and 40%, 
respectively. The poly-crystal diamond (PCD) tip 
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cantilever has a tip radius of 150 nm and a spring 
constant of 42 Nm-1, was used to perform the scratch 
test. Figure 2 shows the scanning and the scratch area 
when the scanning process was done before and after 
the scratch hardness test in order to obtain different 
surface profiles of the worn area. 

 

 
Figure 2 Schematic diagram of scan and nano-scratch 
test area at worn surface of DLC coating after friction 

test. 
 
3 RESULTS AND DISCUSSION 

Figure 3 shows the surface topography after the 
scratch hardness test on DLC with different oil 
temperatures of the friction test. These AFM images 
showed that an apparent worn area was created after the 
scratch test. Figure 4 shows the cross-sectional profile 
of the worn area. 
 

 
Figure 3 Surface topography after scratch hardness at 

different oil test temperatures. 
 

The increasing in the scratch depth by increasing 
the oil temperature showed that the DLC coating 
became softer during the friction test and was 
influenced by the oil temperature [4].  
 

 
Figure 4 Cross-section profile of A-A and wear depth at 

different oil test temperatures. 
 

The structure of the coating at the sliding contact 
interfaces has transformed the DLC into a graphite-like 
layer due to the friction-induced graphitization process 
[5]. The graphite-like transformed layer has a more sp2 
structure compared to the as-deposited DLC. The 
friction-induced graphitization process softened the 
contact interface during sliding which contribute to low 
friction [4]. 
 
4 CONCLUSION 

It is found that the hardness of the transformed 
layer depends on the test oil temperature. 
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ABSTRACT – Repair of corrosion damaged equipment 
is the largest maintenance requirement for the industry. 
Recently, with the development of alternative material 
such as electrodeposited CoNiFe, these problems have 
largely been overcome. In this study, nanocrystalline 
CoNiFe with particle size in the range of 26.3-49.3nm 
are being developed to enhance the corrosion properties. 
It is believed that the heat treatment applied on the 
electrodeposited CoNiFe produces better coating with 
less porosity. Hence, this paper focused on the 
comparison between the electrodeposited CoNiFe with 
and without heat treatment. The findings showed that 
the electrodeposited CoNiFe exhibit the enhancement in 
corrosion resistance after heat treatment. However, the 
heat treated CoNiFe using mixing gases (Argon and 
Hydrogen) revealed higher oxygen content at 5.34 wt% 
and thus contributed to the highest rate to corrode. 
 
1. INTRODUCTION  

Heat treatment of structural material is one of the 
ways of improving its resistance to corrosion. [1]. 
During the heat treatment process, the material usually 
undergoes phase microstructural and crystallographic 
changes and this cause an effect on the corrosion 
properties of the material [2].  In this paper, the 
nanocrystalline CoNiFe with particles size of less than 
100 nm was synthesised by electrodeposition method. 
The as-synthesised CoNiFe was heat treated to produce 
a great variety of microstructures. The corrosion 
properties of the electrodeposited CoNiFe were studied 
to determine the effect of sodium solution on the heat 
treated nanocrystalline samples. The present work has 
been focused to compare the corrosion behavior of 
nanocrystalline CoNiFe in different conditions; as-
synthesized CoNiFe, heat treated CoNiFe using argon 
gas and mixing gases.  
 
2. METHODOLOGY 

 The preparation of CoNiFe coating was achieved 
by mixing the electrolyte solution that contained CoSO4, 
NiSO4, FeSO4, H3BO3, ascorbic acid and saccharin. The 
deposition was performed at constant current density of 
0.143 A/cm2. The experiment was carried out in pH 
medium of 1. 

A Vacuum Tube Furnace; model HTF-15/300-50 
was used for heating purpose. In this study, there were 
three different conditions to be compared. First sample 

was the as-synthesized CoNiFe coating. There were two 
types of gases used in the heating process; which were 
100% argon and mixing gases containing 95% argon + 
5% hydrogen gas. 

A corrosion test in the artificial atmosphere which 
termed as salt spray test was carried out in a salt spray 
chamber following ASTM B117-85. Sodium chloride 
solution was used in this test to immerse the whole 
coating products for 24 hours. The crystalline structure 
of the sample was studied by X-ray diffractometer 
(XRD, Ultima IV, FD3668N). Surface micrographs of 
the corroded samples were taken using a camera. 
Average particles size was measured using the 
Transmission Electron Microscopy (TEM) equipment. 
An alloy composition analysis was performed using 
OXFORD INSTRUMENTS EDX test with INCA 
software. Further corrosion testing was performed on 
nanocrystalline CoNiFe using potentiodynamic 
polarization test.  
 
3. RESULTS AND DISCUSSION 

3.1  Structural Analysis 

The phases detected in the entire XRD patterns 
were FeNi and CoNi [3,4] before and after heat 
treatment. It can be concluded that no phase was 
changed after the heat treatment process.  

The XRD and EDX analysis of the samples 
exposed to 24 hours salt spray test have shown similar 
results where there is no corrosion products have been 
found on the coating surface. Hence, there is no 
chemical reaction happen during the immersion of 
electrodeposited CoNiFe in sodium chloride solution. 
Besides, the oxygen content in the as-synthesised 
sample revealed as 3.13wt%. On the other hand, the 
sample heated in an inert argon atmosphere (2.01wt%) 
produced less oxygen content if compared to heating in 
the mixing gases atmosphere (5.34wt%).  

From the XRD results, the crystallite size of the 
as-synthesised sample, heat treated sample using argon 
gas and mixing gases are 12, 23 and 28nm, respectively. 
It shows that the crystallite size is increased after the 
heat treatment process. This finding was further 
confirmed by average particle size (in the 26.3-49.3nm 
range) obtained from the TEM results. Figure 1 shows 
the TEM image for as-synthesised electrodeposited 
CoNiFe. 
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Figure 1 Transmission electron microscopy (TEM) 
image of as-synthesised electrodeposited CoNiFe. 

  
3.2  Surface Micrograph Characterization 

The purpose of this testing is to observe the 
corroded surface after exposure to the Sodium Chloride 
solution for 24 hours. Surprisingly, there are similar 
micrographs without any changes surface of 
nanocrystalline CoNiFe even after exposed in 24 hours 
of Sodium chloride solution. There is no corrosion 
products was  visible for all samples. It can be 
summarised that the nanocrystalline CoNiFe coatings 
have performed well in three different conditions and 
protected the substrate material. 
 
3.3  Surface Roughness 

It is believed that the oxygen content in the coating 
surface helped in the voids formation [5]. Fig. 2 
presents the graph of surface roughness of 
nanocrystalline CoNiFe in different heating conditions. 
The samples heated using mixing gases produced the 
highest oxygen content during the heat treatment 
process. The voids on the surface morphology formed 
due to the oxygen presence and thus produced the 
highest roughness. 

 

 
Figure 2 Surface roughness values for the 

nanocrystalline CoNiFe at different heating conditions. 
 
3.4  Potentiodynamic Polarization 

The corrosion rate for nanocrystalline CoNiFe 
heated using argon gas (0.0015mmpy) revealed the 
lower value compared to other conditions. This may be 
due to the less weight percent of oxygen element was 
found in this sample which helps in lowering the 
corrosion rate. In water containing high salt 
concentrations, corrosion is proportional to the amount 
of oxygen dissolved in the water [6]. The corrosion rate 
is increased as the solubility of oxygen increases. 
Hence, the oxygen content in the sample influences the 
corrosion rate. Anyway, the corrosion rate for all 
samples still perform better corrosion resistance 
compared to steel, which has corrosion rate of about 0.3 
mmpy in pH range of 4 to 10 [7]. 

Besides, the crystallite size is believed to affect the 

corrosion properties of coatings. The decrement of 
corrosion rate is affected by the crystallite size reduction 
[8]. The electrodeposited CoNiFe heated by using argon 
gas revealed the lower corrosion rate compared to 
mixing gases due to the smaller particle size.  

 
4. CONCLUSION 

In this work, electrodeposited CoNiFe exhibited 
the good corrosion resistance after the heat treatment 
process. It was found that the corrosion rate was slower 
when the particle sizes were smaller. Besides, lower 
oxygen content found in the nanocrystalline CoNiFe 
contributed to the lower surface roughness due to less 
void formation. The low oxygen content also resulted in 
a lower corrosion rate as the tendency of oxidation has 
been minimized. Therefore, it can be concluded that the 
heat treated nanocrystalline CoNiFe coating under argon 
gas atmosphere provided a protection to the surface of 
electrodeposited CoNiFe from being attacked by the 
sodium solution and thus was the least tendency to be 
corroded.  
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ABSTRACT – The purpose of this paper is to present 
the linearized stability analysis of journal bearing with 
double porous and surface porous layer lubricant film. 
The Brinkman model is employed to model the flow in 
the porous region. The porous layer with infinite 
permeability is analyzed in this study as surface layer. 
The load capacity, threshold speed and critical whirl 
frequency ratio coefficients (Cw, Cω, CΩ) are computed 
for double porous and surface porous layer 
configurations. Higher threshold speed is obtained for 
(i) double porous layer lubricant film with low 
permeability porous layer over high permeability 
bearing adsorbent porous layer, and (ii) surface porous 
layer lubricant film. 
 
1. INTRODUCTION 

 Journal bearing performance characteristics are 
influenced by properties of lubricant additives. The 
steady state analysis of journal bearing with lubricant 
additives [1-2] are presented based on thin porous film 
on bearing surfaces. The stability analysis of journal 
bearing under the influence double porous and surface 
porous layer lubricant film is presented based on the 
methodologies of (i) linearized perturbation method for 
evaluation of linear stability [3] and double layer film 
model [4], (ii) derivation of coefficients (Cw, Cω, CΩ) for 
two-layered fluid film journal bearing [5] and (iii) 
derivation of coefficients (Δs, Δp) for long journal 
bearing with double porous layer and surface porous 
layer lubricant film [6]. 
 The schematic of journal bearing with double 
porous (surface porous) layer lubricant film is shown in 
Fig. 1.  
 

 
Figure 1 Journal bearing with double porous (surface 

porous) layer lubricant film. 

2. ANALYSIS 

 The coefficients in the modified dynamic Reynolds 
equation using long bearing approximation for double 
porous layer lubricant film are: 
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For the surface porous layer lubricant film, the 
parameters E11 in Eq. (4) and *

1H  in Eq. (6) are: 
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 For the surface porous layer lubricant film, the 
parameter 𝛥𝑝 is modified as 
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The coefficients (Cw, Cω, CΩ) are determined as 
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3. RESULTS AND DISCUSSION  

 The parameters used in the analysis are: non-
dimensional permeability of porous layers (K1, K2)=10-2, 
10-4; non-dimensional thickness ratio of porous 
(surface) layer adjacent to bearing surface (γ1, γ2)=0.05-
0.25; and non-dimensional thickness ratio of 
intermediate porous layer (γ2)=0.05-0.15. Results of the 
coefficients (Cw, Cω, CΩ) are presented as a function of 
bearing adjacent porous (surface) layer thickness ratio 
(γ1). The influence of (i) permeability and thickness of 
porous layers and (ii) thickness of surface layer on the 
coefficients (Cw, Cω, CΩ) are analyzed. 
Figures 2-4 show the load capacity, threshold speed and 
critical whirl frequency ratio coefficients (Cw, Cω, CΩ) 
of a journal bearing under influence of thickness ratio of 
porous layer I and surface layer adjacent to bearing (γ1). 
The load capacity and threshold speed ratio coefficients 
(Cw, Cω) increases with increase in γ1, γ2 and decrease in 
K1, K2. Lower K2 has significant effect on decrease in 
critical whirl frequency ratio coefficient (CΩ). Higher 
load capacity and threshold speed coefficients (Cw, Cω) 
and lower critical whirl frequency ratio coefficient (CΩ) 
are obtained with increase in thickness ratio of porous 
layer I or surface layer (γ1), decrease in the 
nondimensional permeability of porous layer II (K2=  
10-4), and increase in thickness ratio of porous layer II 
(γ2). 
 

 
Figure 2 Load capacity coefficient. 

 

 
Figure 3 Threshold speed coefficient. 

 

 
Figure 4 Critical whirl frequency ratio coefficient. 

 
4. CONCLUSION 

 This study evaluates the influence of (i) 
permeability and thickness of porous layers, and (ii) 
thickness of surface layer on the improvement in journal 
bearing stability. Journal bearing operating with (i) 
double porous layer lubricant film with low 
permeability porous layer over high permeability 
bearing adsorbent porous layer (K1=10-2, K2=10-4), and 
(ii) surface porous layer (K2=10-4) lubricant would result 
in improvement in the stability.  
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ABSTRACT – Influence of 3D surface roughness 
parameters on performance characteristics of porous 
journal bearing is studied. The modified form of average 
Reynolds equation is developed for the porous bearing 
to include 3D surface roughness effect and its solution is 
obtained using finite element method. The influence of 
roughness orientations and roughness characteristics of 
opposing surfaces on load carrying capacity, coefficient 
of friction, fluid-film stiffness and damping coefficients 
of porous journal bearing are studied. Stationary 
roughness and transverse roughness pattern combination 
was found to provides maximum enhanced load 
carrying capacity, fluid-film stiffness and damping 
coefficients. 

 
1. INTRODUCTION 

The plain metal journal bearings are replaced by 
porous journal bearings due to their favorable self-
lubricating properties. From last few decades, 
considerable amount of studies have been made in the 
area of porous journal bearings. Notably among these, 
some studies focus on the influence of couple stress 
fluids [1], flexibility of porous liner [2] and thermal [3] 
effects on porous bearing performances based on the 
smooth surface assumption.  

Only few studies [4-7] address the influence of 
roughness on porous journal bearing performances. 
These studies used the stochastic Reynolds equation 
which is limited to one-dimensional roughness patterns. 
Since these are the limiting cases of roughness found in 
real engineering surfaces, consideration of area 
distributed 3D surface roughness effects on porous 
journal bearing performances is most essential.  

Therefore, the present study is aimed to develop an 
average Reynolds equation to predict the influence of 
3D surface roughness on performance characteristics of 
porous journal bearing.  
 
2. MATHEMATICAL FORMULATION 

For the fluid-film region of porous journal bearing 
with thin walled porous matrix, the modified average 
Reynolds equation in nondimensional form is given by: 
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Where ,x y   are the pressure flow factors and s  is the 
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Equation (1) is solved using finite element method 
to get fluid-film pressure. Load carrying capacity of 
bearing is obtained by integrating this pressure over the 
area of porous bush. The other bearing performance 
characteristics are computed from Eqs. (2) and (3).

 

 
3. RESULTS AND DISCUSSION 

Results showing the influence of transversely 
( 1 / 6)   and longitudinally ( 6  ) oriented roughness 
patterns and roughness characteristics of opposing 
surfaces such as stationary (rough porous bush and 
smooth journal, 0rjV  ), two-sided  (both surfaces 
rough, 0.5rjV  ) and moving (smooth porous bush and 
rough journal, 1rjV  ) on performance characteristics of 
a finite porous journal bearing are computed and these 
results are compared with the results of smooth bearing 
(a curve with ‘s’ in each figures). 

Figure 1 indicates that the load carrying capacity 
of smooth bearing decreases as permeability increases. 
Except stationary roughness and transverse roughness 
combination, all other roughness combinations 
considered in this study provides enhanced load 
carrying capacity for all values of permeability. These 
roughness combinations provide the same load carrying 
capacity as that of smooth bearing with permeability 
0.0001 even for higher permeability approximately 
between 0.0015 to 0.007 (i.e. between point A and B). 
As seen in Figure 2, the stationary roughness with both 
transverse and longitudinal roughness patterns provides 
reduced coefficient of viscous friction than that of a 
smooth bearing for entire range of permeability while 
moving roughness shows opposite trend. 

Except moving roughness and transverse 
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roughness pattern combination, all other roughness 
combinations provide enhanced fluid-film stiffness 
coefficient ( xxS ) for entire range of permeability as 
shown in Figure 3. Even at higher permeability 
approximately between 0.0015 to 0.007, these 
roughness combinations provide xxS  as that provided by 
smooth bearing at lower permeability of 0.0001. As 
compared to the influence of roughness orientations ( 
), the influence of rjV  on xxC  is small (Figure 4). 
Especially for longitudinal type roughness pattern the 
influence of  rjV  is observed to be negligible. 

 

 
Figure 1 Load carrying capacity. 

 

 
Figure 2 Coefficient of viscous friction. 

 
 

 
Figure 3 Fluid-film stiffness coefficient. 

 

 
Figure 4 fluid-film damping coefficient. 

 
4. CONCLUSIONS 

The reduced load carrying capacity, fluid-film 
stiffness and damping coefficients and increased 
coefficient of friction of a smooth porous journal 
bearing due to increased permeability can be 
compensated by the proper roughness combination. 
Stationary roughness and transverse roughness pattern 
combination provides maximum enhanced load carrying 
capacity, fluid-film stiffness and damping coefficients 
with maximum reduction in coefficient of friction. 
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ABSTRACT – In extreme operating condition of a 
fluid film bearing (FFB), metal to metal contact occurs 
and resulting in failure of the bearings. Under such 
extreme conditions wear of the FFB are highly sensitive 
to the tolerance of the bearings. A theoretical study on 
the tolerance sensitivity of a sugar mill bearing has been 
performed. To provide solution to reduce the sensitivity 
of the FFB, a hybrid (FFB + rotating magnetization 
direction Magnetic Bearing (RMDMB)) is proposed. 
The tolerance sensitivity towards load carrying capacity 
of FFB, RMDMB and Hybrid bearing is evaluated for 
the sugar mill bearing and results are presented.   
 
1. INTRODUCTION 

Fluid film bearings [1] are known for negligible 
friction and almost zero wear. However performance of 
FFB decreases drastically under “low speed and high 
load [1]” conditions and an efficient bearing designed 
for such conditions is really a challenging task. In the 
present work, one of the severe operating conditions has 
been studied. One such practical example where very 
low speed and high load prevails is top half bearing of 
sugar mills (Somerfeld number 0.0011-0.0026 [4]) and 
these bearings are prone to high wear due to metal to 
metal contact.  

In FFB, high viscous oils along with additives can 
be used under extreme operating conditions to reduce 
the wear [4] but the effectiveness of this approach 
reduces with tolerances of the bearing. Ogrodnik et al 
[5]5] studied the effect of tolerances on the bearing 
stability particularly for low eccentricity bearings and 
concluded that the journal bearing is insensitive to the 
manufacturing tolerances when the system eccentricity 
ratio runs at more than 0.4, but in severe operating 
condition it is expected that the eccentricity ratio will be 
>0.95 which is other extreme of eccentricity studied by 
[5]. This condition emphasis for the study of the effect 
of tolerance on the performance of extreme operating 
condition is necessary. Hence in the present work 
sensitivity of tolerance on the FFB bearing operating 
under low speed and high load conditions is carried out. 

To reduce the sensitivity of tolerance in FFB, a 
hybrid (FFB+RMDMB) bearing is proposed. In hybrid 
bearing it is expected that the static load is carried by 
the RMDMB [6-7] and dynamic load by FFB. 
RMDMBs are operated with larger clearance (~mm) 
compared to fluid film bearing (~µm), therefore it is 
expected that the RMDMBs will be insensitive to 
dimensional tolerance of sugar mill bearing. It is 
expected that hybrid bearing likely to provide a 
desirable performance. Considering the dimension of a 
sugar mill bearing the load carrying capacity of the 

FFB, RMDMB and Hybrid bearing is estimated and 
results are presented. 

 
2. METHODOLOGY 

Reynolds's equation in cylindrical coordinate 
(equation (1)) is used to estimate the hydrodynamic 
pressure of FFB and Finite Difference Method (FDM) is 
used to solve this equation (1).  
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In the above equations ‘θ’ is coordinate in 
circumferential direction in radians, R is radius of 
journal in m. h , z , p  is the non-dimensional film 
thickness, axial distance and pressure of the bearing. By 
central difference method equation (1) can be written as  
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Where, Fh is the hydrodynamic force. 
 

 
Figure 1 RMD Arrangement. 

  
Hybrid bearing is the combination of FFB and 

RMDMB. RMDMB consists of radial, axial and 
perpendicular polarized bearings (shown in figure 1). 
For developing theoretical formulation for RMDMB, 
the load carried by the by axially, radially and 
perpendicular polarized rotor and stator magnets are to 
be formulated. Yonnet [8] proved that for an identical 
bearing, the load carrying capacity between two radial 
polarized magnets remains same as load capacity 
between two axial polarized magnets; hence a separate 
formulation for radial polarized magnets is not required. 
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The total load carrying capacity of RMDMB (Fr,RMD) is 
given by: 
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Where Fr,z and Fr,p is the radial load carried by axial and 
perpendicular polarized bearings, ‘n’ is number of axial 
polarized bearings and ‘m’ is number of perpendicular 
polarized bearings. The radial force between the two 
rings axial polarized bearing and radial polarized 
bearing is estimated using equation given by Hirani and 
Samanta [9] and Lijesh and Hirani [6] respectively. 

To estimate the load carrying capacity of hybrid 
bearing, the following procedure is followed: 
(a) Hydrodynamic force and attitude angle is 

estimated using equations (3) and (4). 
(b) RMDMB force for the estimated attitude angle is 

calculated using equation (5)  
(c) The vector sum of the hydrodynamic force and 

magnetic force for the attitude angle is calculate  
(d) An iterative loop of step 1 to 3 is carried out, for 

finding the eccentricity ratio for which the sum of 
hydrodynamic and magnetic force is equal to the 
total applied load. 

 
3. RESULTS AND DISCUSSION 

The theoretical calculation for different bearing is 
calculated for the eccentricity ratio (ε) corresponding to 
film thickness (λ)=3 and is given by ε=1-
λ√((σ1)2+(σ2)2)/(C). The roughness of the journal (σ1) 
and bearing (σ2) are 1µm and 3µm respectively. The 
estimated value of eccentricity ration is 0.9873. The 
dimension of the sugar mill bearing considered for 
analysis is: Diameter of bearing: 550+0.11mm, length 
700mm, clearance 250µm and journal diameter is  
549.5-0.11mm. The applied load on the bearing 1.8MN 
and rotational speed of the journal is 5 RPM.  
   

 
Figure 2 Load carrying capacity by different bearings. 

 
The variation of load carrying capacity of different 

bearings is plotted in figure 2. From this figure 
following conclusions can be made: 
(a) The load carrying capacity of FFB decrease by 

50% by considering the tolerance and load 
becomes less than applied load (1.8MN) resulting 
in metal to metal contact. So this implies that the 
hydrodynamic bearing is too sensitive to the 
tolerance effect and which will lead to failure of 
bearing.  

(b) The load carrying capacity of the RMDMB is 
reduced by 6.6% due to variation of tolerance, but 
the load by the RMDMB is less than the applied 

load of 1.8MN, hence a standalone RMDMB will 
also result in failure.  

(c) For hybrid bearing, the estimated bearing load for 
all the dimensional tolerances is more than the 
applied load, hence the bearing operates in 
hydrodynamic regime resulting in no wear.   
 

4. CONCLUSIONS 

Detailed theoretical study on the effect of 
manufacturing tolerances FFB, RMDMB and Hybird 
bearing was carried out. Following conclusion can be 
derived: 
(a) Load carrying capacity of RMDMB reduced by 

6.6% to the variation of tolerances.  
(b) Load carrying capacity of FFB reduced by 50% of 

the performance by considering the tolerance. 
(c) Both bearing was unable to provide desired load 

carrying capacity at all tolerance condition. 
(d)  Hybrid bearing delivered desired load carrying 

capacity considering all range of tolerances. 
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ABSTRACT – This paper presents investigations 
results of several worn rolling hybrid bearings with 
ceramic Si3N4 balls and steel raceways – 608 type. 
Bearings were acquired from small turbojet engines, 
used in aircraft models, after its have reached the 
service life. Authors used scanning electron microscopy, 
light optical microscopy and non-contact profilometry 
techniques for bearing elements examination. 
 
1. INTRODUCTION 

In modern turbojets rolling bearing are used for 
rotors supporting. The life of this bearings limited by 
rolling contact fatigue (RCF) and wear depends strongly 
on hard working condition like: 

a) vibratory stresses, 
b) bending moments, 
c) high rotation speed, 
d) elevated temperature, 
e) insufficient lubrication. 

Using new technologies in high-speed rolling bearing 
system, as the use of ceramic balls, improves load 
bearing capacity, durability, and resistance to 
temperature etc. However, this results in service the 
problems associated with the properties of used ceramic 
materials – particularly high hardness and brittleness. 

This paper present results of fatigue and wear 
investigation of bearings with ceramic balls applied in 
small turbojet engines. 
 
2. METHODOLOGY 

Investigations concern several 608 type hybrid 
bearings – ceramic Si3N4 balls and steel raceways. 
Worn, examined bearings were acquired from small 
turbojet engines, used in aircraft models, after its have 
reached the service life.  

The following research techniques were used for 
bearing elements (ceramic balls and inner raceways) 
test: 

a) scanning electron microscopy (SEM), 
b) light optical microscopy (LOM), 
c) non-contact profilometry. 

 
3. RESULTS AND DISCUSSION 

Research results contain information concerning: 
1. LOM and SEM research: 

a) quality and quantity description of detected 
objects, 

b) distribution of the chemical composition 
(SEM), 

c) identification of impurities and fractures 
and microfractures, 

d) identification of fatigue and wear effects. 
2. Non-contact profilometry (NCP) research: 

a) identification of fatigue and wear effects, 
b) microsurface topography of worn parts, 
c) microprofiles of worn sufraces. 

Typical SEM results are shown on Figure 1 and 2. 
 

 
Figure 1 Fatigue symptoms – microspalling and 

micropitting – on inner raceway of tested ball bearing. 
 

 
Figure 2 Delaminated debris of ceramic ball embedded 

in the surface of the inner raceway. 
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Typical LOM results are shown on Figure 3 and 4. 
 

 
Figure 3 Worn surface of worn Si3N4 ball – bright field, 

100Pm scale (10x20). 
 

 
Figure 4 Worn surface of worn Si3N4 ball – bright field 

DIC, 10Pm scale (10x100). 
 
Typical NCP results are shown on Figure 5 and 6. 
 

 
Figure 5 General 3D view of worn ball spherical surface 

– pseudocolour map. 
 

 
Figure 6 General 3D view of worn ball surface with 

substracted sphere – pseudocolour map. 
 
4. CONCLUSIONS 

Main types of tribological wear of examined 
bearings were as following: 

a) micropitting and microspalling – on balls and 
inner raceways surface, 

b) embedding of hard particles in the surface of 
the inner raceway, 

These processes resulted in a reduced service-life of 
examined bearings in minijets. 
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ABSTRACT – This theoretical work describes the 
development of mathematical models to include surface 
roughness and fluid inertia effects in non-Newtonian 
THD analysis of a journal bearing. The average 
Reynolds equation, the pressure induced mean 
velocities and velocity components are modified using 
Patir and Cheng’s [7] flow factors. The expressions for 
the fluid-film pressure derivatives for the computation 
of fluid-film dynamic coefficients are also developed. 
Finite element method and its numerical algorithm for 
the simultaneous solution of modified average 
Reynolds, energy and conduction equations are 
described. The effects of roughness parameters on static 
and dynamic characteristics of journal bearing are 
studied by considering non-Newtonian behavior of 
lubricant, thermal and fluid inertia effects. 

 
1. INTRODUCTION 

The classical non-Newtonian thermohydrodynamic 
(THD) analysis of a journal bearing neglects the surface 
roughness and fluid inertia effects due to complexity in 
the development of mathematical models and their 
solution process. However, when the fluid-film 
thickness of bearing is of the order of few micrometers, 
the surface roughness alters the bearing performance. 
Further, for the bearing operating with low viscosity 
lubricants under high speed, the fluid inertia forces 
cannot be neglected. Hence, non-Newtonian THD 
analysis of journal bearings with surface roughness and 
fluid inertia effects is most essential.  

From last few decades, Banerjee et al (1), Tichy 
and Bou-Said [2], Bou-Said and Ehret [3] and Kakoty 
and Majumdar [4] put their effort to develop several 
concepts and mathematical models for the inclusion of 
fluid inertia effects in the lubrication problems. 
However, these studies [1-4] were mainly based on ideal 
smooth surfaces of bearings. 

Though, the studies from Sujith Prasad et al. [5, 6] 
address the combined influence of surface roughness 
and fluid inertia on journal bearing performances, their 
studies were restricted to the study of static performance 
characteristics of journal bearing only.  

The present study is aimed to develop 
mathematical models for the prediction of surface 
roughness and fluid inertia effects on static and dynamic 
characteristics of journal bearing under non-Newtonian 
THD analysis.  

2. METHODOLOGY 

The modified average Reynolds equation and 
pressure induced mean velocities in x and y directions 
can be expressed in nondimensional form as 
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Where ,x yI I  are the pressure flow factors and sI  is the 
shear flow factors. These can be obtained from Patir and 
Cheng [7]. *

eR and ,x yG G are the modified Reynolds 
number and inertia functions.

 
 

Non-Newtonian behavior of lubricant is accounted 
using power law model and equations (1) and (2) are 
simultaneously solved using Newton-Raphson iterative 
method to get fluid-film pressure for inertia solution. 
The static performance characteristics are computed 
from this pressure. The fluid-film dynamic coefficients 
are computed using pressure derivatives with respect to 
journal centre displacements and velocities using the 
appropriate expressions and iterative schemes 
developed in this work. A computer code is developed 
using FORTRAN 77.

 

 
3. RESULTS AND DISCUSSION 

Results showing the influence of transversely 
( 1 / 6)J   and longitudinally ( 6J  ) oriented roughness 
patterns and roughness characteristics of opposing 
surfaces such as stationary (rough bearing and smooth 
journal, 0rjV  ), two-sided  (both surfaces rough, 

0.5rjV  ) and moving (smooth bearing and rough 
journal, 1rjV  ) roughness on performance 
characteristics of a finite journal bearing with non-
Newtonian, thermal and fluid inertia effects are 
computed for the nondimensional parameters shown in 
each figures. The results of rough bearings are 
compared with the results of smooth bearing. 

Figure 1 shows that the longitudinal roughness, 
which restrict the dominant pressure induced axial flow 
of lubricant, provides maximum enhancement for the 
load carrying capacity of bearing for all the cases 
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considered. Though the transverse roughness pattern 
enhances the pressure induced axial flow, it provides a 
marginal enhancement for load capacity by restricting 
the pressure induced circumferential flow of lubricant at 
converging section. From Figure 2, the stationary 
roughness with transverse type roughness pattern 
partially compensates the reduction in load carrying 
capacity of smooth bearing due to non-Newtonian 
behavior of lubricant.  

 

 
Figure 1 Load carrying capacity. 

 

 
Figure 2 Load carrying capacity. 

 

 
Figure 3 Fluid-film stiffness coefficient. 

As seen from Figure 3, the transverse roughness 
pattern in two-sided type rough bearing provides 
reduced fluid-film stiffness coefficient ( xxS ) when non-
Newtonian behavior of lubricant is not considered while 
it provides enhanced coefficient when non-Newtonian 
behavior of lubricant is considered. Similar trend on 
stiffness coefficient ( zzS ) and damping coefficients 
( ,xx zzC C ) has been observed for this transverse 
roughness pattern (these results are not presented).  

 
4. CONCLUSIONS 

a) Influence of fluid inertia becomes considerable 
only when the viscosity variation of lubricant due 
to rise in fluid-film temperature and/or non-
Newtonian behavior of lubricant is considered.  

b) The longitudinal roughness pattern in two-sided 
type rough bearing and transverse roughness 
pattern in stationary type rough bearing provides 
the maximum possible compensation for the 
reduction in load carrying capacity of smooth 
bearing due to non-Newtonian behavior of 
lubricant. 

c) In a two-sided type rough bearing, the influence of 
roughness orientations, especially transverse 
roughness pattern, on fluid-film stiffness and 
damping coefficients is tied with non-Newtonian 
behavior of lubricant. 
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ABSTRACT – The present work examines the 
influence of geometric irregularities of journal along 
with the influence of orientation of pockets on the 
capillary compensated 4 pocket bearing system 
analytically.  The effect of barrel, bellmouth and 
circumferential undulated type irregularities of journal 
on the performance of bearing system was analyzed. 
Two type of bearing configurations were considered to 
evaluate the influence of pocket’s orientation. The 
Reynolds equation was solved by using finite element 
method. The numerically simulated results indicated 
that the effect of geometrically irregularities of journal 
affect the bearing performance significantly, however, 
the effect is dissimilar to the different orientation of 
pockets. 
 
1. INTRODUCTION 

Modern manufacturing technologies have the 
capability to manufacture the machine components 
more accurately. Even though, it is rarely possible to 
manufacture the component without error. Likewise, 
error may be exist in the manufacturing of journal and 
bearing. As the oil film thickness in a journal bearing 
system is of the order of micron, it become important to 
consider the geometric error in journal and bearing. 
Error in journal exhibit the dynamic condition whereas 
bearing exhibit the static condition as journal is rotating 
and the bearing is static. That is why to consider the 
error in journal is more important than the error in 
bearing. The most common types of error in journal are 
barrel shape, bellmouth shape and circumferential 
undulated shape as shown in Fig.1.  A number of 
researcher have focused their attention to evaluate the 
influence of these geometric errors on hydrodynamic 
journal bearing, porous bearing and hydrostatic bearing 
[1-4].  These studies indicated that the performance of 
journal bearing system generally gets deteriorated due 
to these geometric errors.  

During the design of a multirecess hydrostatic 
journal bearing, the designer have the flexibility to 
orient the pockets over the circumference of the bearing.  
In general, the bearing designers use two orientation of 
pockets. In orientation I, the load line acts through 
centers of the pockets whereas in orientation II the load 
line bisects the land between two pockets. Very few 
researchers [5-7] studied the effect of pocket orientation 
on the performance of journal bearings.  

The available literature in the area of hydrostatic 
journal bearing system reveals that no study dealing 
with the influence of geometric error of journal with 
different orientation of pockets on the performance of 
bearing system has been carried out. Therefore, the 
present study examines the influence of geometric 
irregularities of journal with different orientation of 
pockets on the performance of hydrostatic journal 
bearing system. 

 

 
Figure 1 Different geometric irregularities of journal 

(i) Barrel, (ii) Bellmouth, (iii) Undulations. 
 
2. ANALYSIS 

The Reynolds equation governing the flow of 
lubricant in a finite length journal bearing is expressed 
in non-dimensional form as [5]: 
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The fluid film thickness in a journal bearing for 

the different forms of geometric imperfections can be 
expressed as: 
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3. RESULTS AND DISCUSSION 

The Reynolds equation (1) is solved by using 
Galerkin’s technique of finite element method along 
with restrictor flow equation incorporating the usual 
boundary conditions. The performance characteristics of 
bearing system have been computed for the judiciously 
selected bearing geometric and operating parameters 
and discussed as follows. 

It may be observed from Fig. 2 that for a specified 
value of 0W , the value of minh  gets decreased for each 
type of geometric imperfections vis-à-vis ideal journal 
bearing for both bearing configurations. However, 
bearing orientation 1 provides higher value of minh  for 
ideal and bellmouth shaped journal than orientation 2. 
For barrel shaped and undulated journal, orientation 2 
exhibit the higher value of minh . Thus for ideal and 
bellmouth shaped journal, the use of bearing orientation 
1 is recommended from the viewpoint of minh and for 
barrel and undulated journal, Orientation   2 should be 
used.  

Fig. 3 depicts that barrel and undulation type 
errors result in an increase in the value of zzS vis-à-vis 
ideal journal while bellmouth error causes an opposite 
effect.  Orientation 1 of pocket results in higher value of 

zzS than orientation 2 of pocket. 
 

 
Figure 2 Variation of ℎ̅min with �̅�0. 

 
4. CONCLUSIONS 

On the basis of numerically simulated results 
presented in this study, the following conclusions may 
be drawn: 

(a) The different form of geometric imperfections 
significantly results in a significant reduction in 
the value of minh for both orientation of pockets. 

(b) The value of direct stiffness coefficient zzS gets 
significantly affected due to the different 
geometric imperfection of journal as well as the 
orientations of pockets.  

 

 
Figure 3 Variation of 𝑆z̅z with �̅�0. 
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ABSTRACT – A fully reusable sounding rocket has 
been proposed by JAXA/ISAS to provide frequent 
opportunities for high altitude atmospheric observation 
missions at low cost and with short turnaround time, and 
also to improve technology readiness levels for reusable 
space transportation systems. This rocket will take off 
vertically, reach an altitude of more than 100 km, land 
on the launch site vertically, and be launched again 
within 24 hours. The main propulsion system will 
consist of clustered LOX/LH2 engines with full-time 
abort capability in case of the failure of one engine. In 
order to realize the reusable sounding rocket, the main 
propulsion system should have advanced features of 
high reliability, reusability, maintainability, and 
survivability. To fulfill those requirements, the 
following points were considered and reflected in the 
engine system design, i.e., optimization of design 
margins among components for high reliability and 
reusability, deep throttling capability for vertical 
landing, and health monitoring capability for abort 
operation, easy inspection and maintenance for short 
turnaround time. Those functions and performance have 
been verified and demonstrated through ground tests at 
Kakuda Space Center/JAXA in 2014. This paper shows 
the design considerations, the design of the engine 
system and its major components, and the tribological 
properties of bearings and seals of turbopumps.  
 
1. INTRODUCTION 

For future sustainable space development, drastic 
cost reduction of the space transportation system is a 
major concern. One solution to cope with this problem 
would be to realize a reusable space transportation 
system. The Japan Aerospace Exploration Agency 
(JAXA) has carried out research and development for 
reusable space transportation systems. A representative 
activity is a series of flight test of a rocket vehicle, 
called the Reusable Rocket Vehicle Testing (RVT)[1], 
which has been conducted by the Institute of Space and 
Astronautical Science (ISAS) of JAXA. Following the 
RVT program, JAXA/ISAS has worked out a 
conceptual design of a reusable launch vehicle for sub-
orbital high altitude sounding missions, called the 
Reusable Sounding Rocket (RSR), as shown in Figure 1. 
The RSR is a fully reusable sounding rocket with liquid 
propellant rocket engines [2]. One of the objectives of 
RSR development is to provide more frequent 
opportunities for atmospheric observation missions at 
lower cost with shorter turnaround time than the 
existing sounding rocket, which is an expendable one 

using a solid propellant rocket motor. The other 
objective is technology acquisition and operational 
substantiation of reusable rocket system to improve the 
technology readiness levels on reusable space 
transportation systems. The outcome would be 
exploitable for future reusable space transportation 
systems to be developed in Japan. 

As the first step to develop the RSR, a technology 
demonstration project was started in 2010 by JAXA in 
cooperation with Mitsubishi Heavy Industries (MHI) in 
order to mitigate the risks of advanced features which 
are essential for the RSR. This project includes 
technology demonstrations of the vehicle development 
[3] and the engine development [4]. This paper presents 
the current status of the technology demonstration 
project of the main propulsion system for the RSR. Here, 
the design considerations of the engine system and 
components, the current status of manufacturing, and 
plan for demonstration tests are described. 
 

 
Figure 1 Prospective view of reusable sounding rocket 

in operation. 
 
2. OUTLINE OF RSR VEHICLE AND MAIN 

PROPULSION SYSTEM 

The mission requirements of the RSR are specified 
in consideration of the scientific needs of the expected 
users and can be summarized as follows: 

- Arrival altitude: more than 100 km 
- Payload mass: 100 kg 
- Operational cost: 1/10 of the present cost 
- Reusability: 100 flights 
- Turnaround time: within 24 hours 
- Survivability: Full-time abort 
Figure 2 shows the flight sequence of a nominal 

operation. After ignition of its main propulsion system, 
the RSR will take off vertically from a launch site and 
reach an altitude of 100 km or more. After the powered 
ascent and ensuing ballistic flight, the vehicle will begin 
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its descent in nose-first entry. Before re-ignition, the 
vehicle will turn over for the vertical landing. The RSR 
will return to the launch site, be refueled and be 
launched again within 24 hours. 
 

 
Figure 2 Flight operation. 

 
The latest prospective configurations of the vehicle 

and the engine are shown in Figure 3. As for the vehicle, 
the body length is 13.5 m long and the gross mass is 
about 11.6 ton. The RSR propulsion system has four 
pump-fed rocket engines using LOX/LH2 as propellants 
and each engine has a thrust of 40 kN at sea level.   

 

 
Figure 3   RSR Vehicle and engine. 

 
3. BEARINGS AND SEALS OF THE LH2 AND 

LOX TURBOPUMPS 

The seal system of the LOX turbopupmp is shown 
in Figure 4, and Figure 5 presents the results of the 
element test of the mechanical seal for the oxygen 
turbopump. Rotational speed is 25,000 rpm and duration 
time is 120 minutes. This seal nose is about 2 mm in 
height at the first time, and is almost completed worn 
away after a test.  Figure 6 shows the results of the 
element test of the hybrid ceramic bearing for the liquid 
hydrogen turbopump.  Rotational speed is 100,000 rpm 
and duration is 120 minute. Some cracks formed by 
thermal shock appear on the contact surface of the 
ceramic balls, but do not further develop after some 
tests.  The operation time of RSR is about three minutes 
for one flight. One-hundred and twenty minute is just 
about equivalent to forty flights. Given these results, 

replacement of the mechanical seal of OTP and bearings 
of FTP was set to be performed every thirty flights with 
some margin.  

 

 
Figure 4 Seal system of LOX turbopump. 

 
 

 
 

Figure 5 Wear of mechanical seal. 
(LOX turbopump, 25,000 rpm, 120 min) 

 

 
             Before                                      After 

Figure 6 Bearing balls before and after the duration 
test.(LH2 turbopump, 100,000 rpm, 120 min) 
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ABSTRACT – Loosening of the bearing component of 
TAR became main cause to implant failure due to the 
polyethylene wear particles induced osteolysis. This 
paper introduces a wear prediction on effect of radial 
and thickness of polyethylene towards wear generation 
on TAR. The joint reaction force profile at ankle joint 
applied 25 discrete instants during stance phase of a gait 
cycle. The sliding distance was obtained from 
predominate motions of plantar/dorsi flexion. The value 
of linear wear depth and volumetric wear is in 
agreement with experimental testing was 0.01614 mm 
per million cycles and 30.5 mm3, respectively.  
 
1. INTRODUCTION 

 Aseptic loosening is dominating TAR failures and 
revision [1]. The longevity of TAR is limited by 
polyethylene wear debris or particle induced osteolysis 
(bone resoption). The wear of polyethylene leading to 
osteolysis in long term period due to the development of 
wear particles which cause bone losses surrounding 
implant leads to instability and subsequently loosen of 
the implant components [2].  

 The investigations of wear mechanism of 
UHMWPE of ankle joint replacement was reported by 
means of experimental test [3]. The laboratory study 
was carried out using simulators to install originality of 
realistic loading and kinematics conditions of the ankle 
joint. Therefore, this paper aims to develop 
computational wear simulation of the TAR including 
physiological loading and kinematic condition. 
 
2. METHODOLOGY 

2.1 Finite Element Modelling 

 The BOX® (Bologna Oxford) TAR was used as 
referred model in the study. The BOX® (Bologna 
Oxford) TAR was modelled by three-dimensional (3D) 
were constructed using SOLID WORKS. The tibial and 
talar components were assigned to be Cobalt-Chromium 
(CoCr) material properties with the Young’s modulus of 
210 GPa and Poisson’s ratio of 0.3 [4]. The bearing 
component was made of ultra-high molecular weight 
polyethylene (UHMWPE) with Young’s modulus of 500 
MPa and Poisson’s ratio of 0.3 [5].  

 A finite element (FE) model was developed in 
ABAQUS/CAE from CAD models. The tibial and talar 
components were meshed using three-dimensional four 
noded tetrahedral elements represented as a rigid body, 
while the UHMWPE bearing component was meshed 
hexahedral elements. The convergence study was 
conducted and the number of elements was converged at 
58441.  The interaction between CoCr and UHMWPE 
surfaces was created using surface-to-surface contact 
with friction cefficient of 0.4 [6]. For simplicity of this 
computational prediction, it was divided into 25 discrete 
instances on the stance phase of ankle gait cycle (the 
first 62.5% of the cycle). 

 

 
Figure 1 (a) Model of TAR with mechanical setup and 
(b) Kinematics of ankle joint for stance phase of gait. 

 
3. RESULTS AND DISCUSSION 

3.1  Effect of Radius of Curvature of Meniscal 
Bearing 

 The radius of the articular contact between talar 
and bearing component were 16, 22, 30 and 36 mm. The 
radius of 22 mm replicates the radius of the actual 
anatomic curvature [7]. The radius of 30 mm was larger 
than natural talus of BOX TAR [1]. 
 Figure 2 (a) and (b) shows that the curves were 
reversely proportional. The 16 mm bearing radius was 
highest in linear depth but lowest in volumetric wear. 
The contact area were 750, 720, 705, 701 mm2 for the 
radius of 16, 22, 30, 36 mm, respectively. The contact 
pressure of the 16 mm bearing radius was about 2-fold 
of the 30 mm bearing radius. Thus, even the radius of 
16 mm has a large surface contact area as compared to 
others; however, it has small contact pressure 
distribution and produces less volumetric wear as shown 
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in Figure 2 (c). The stress concentration can be seen at 
tip towards anteriorly. This is due to the 
anterior/posterior force that drives the centre rotation in 
horizontal direction. The level of contact pressure 
distribution and contacted area determine the wear 
prediction.  
 

 
Figure 2 The radius of curvature of meniscal bearing of 
(a) Linear wear depth, (b) Volumetric wear depth, and 

(c) Contact Pressure distribution after 5 million cycles at 
20th instance of the stance phase of the gait cycle. 

 
 Therefore, the most applicable radius based on the 
result obtain was the 30 mm bearing radius with linear 
wear depth and volumetric wear is 0.01614 mm per 
million cycles  and 30.5 mm3, respectively. Even, the 16 
mm bearing radius have lower volumetric wear which 
less susceptible to osteolysis, however, biomechanically, 
the 16 mm bearing radius was not stable and cause to 
ankle replacement to slip due to centre of rotation of 
ankle that relatively smaller from the morphometric 
study. 
 
3.2 Effect of Thickness of Meniscal Bearing 

The influence of meniscal bearing thickness was 
investigated through simple scaling of the bearing 
component. Four meniscal bearing were modelled with 
different thicknesses of 4, 6, 8 and 12 mm. The 
thickness of 6 and 8 mm were the dimensions provided 
by the manufacturer, while 4 and 12 mm were used by 
other model of TAR, despite being out of range. 

 

 
Figure 3 The different thickness of meniscal bearing of 
(a) Linear wear depth, (b) Volumetric wear depth, and 

(c) Contact Pressure distribution after 5 million cycles at 
20th instance of the stance phase of the gait cycle. 
 

 Figure 3 (a) shows that linear wear depth was not 
significantly difference. The 6 mm and 8 mm have only 
2% difference. Furthermore, the contacted area remains 
the same at 705 mm2. Figure 3 (b) shows that the 
thickness variations of volumetric wear are identical. 
The contour plots Figure 3 (c) shows that distributions 
of contact pressure are relatively similar that the 
differences less than 1%. Therefore, the different 
thickness of meniscal bearing did not show significant 
differences towards wear prediction as it purposely uses 
to adjust the ligament tension. 
 
4. CONCLUSION 

This study developed the computational wear 
model using finite element analysis in order to predict 
wear on total ankle replacement (TAR). The Bologna-
Oxford (BOX) TAR was analysed with loading and 
boundary condition applied for the stance phase of ankle 
gait cycle. Result shows that the linear wear depth, h 
and volumetric wears, V were promising and within the 
wear range of BOX TAR model reported in the 
literature. Therefore, the computational method using 
finite element analysis developed can be used to predict 
wear on total ankle replacement (TAR). 
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ABSTRACT – Glenoid loosening was associated with 
stress at the implant and cement. The purpose of this 
study was to determine the effect of pegs and its 
distribution on stress transfer to the implant and cement. 
Six commercially available implant designs were 
simulated via finite element analysis with different peg 
distributions. Maximum stress at the implant and 
cement and stress critical area (SCA) at the cement were 
obtained. Partially cemented implants had the ability to 
reduce the stress at the implant and cement by adding 
more fins at the central peg.  
 
1. INTRODUCTION 

Glenoid component loosening is a common 
complications in shoulder replacement. Peg fixation is 
known to provide better seating than keel, but loosening 
of the glenoid still remained a concern which led to a 
new design with an anchor peg aimed to extend the 
durability of the implant. Besides, the rocking motion 
that normally takes position in the superior-inferior 
plane causes high stress to the implant. The 
phenomenon is also associated with high stress at the 
cement interface [1]. There has been numerous works 
analysing implant failure via finite element method. 
However, from our literature search, there have been no 
reports reporting on the effect of pegs with different 
orientation on stability and stress transfer to the cement. 
Thus, the aim of this study was to analyse six types of 
glenoid implants with different peg designs using finite 
element method with regards to predicting potential 
loosening of the component in vivo. 
 
2. METHODOLOGY 

2.1 Component Designs 

Six glenoid implant designs with different number 
of pegs were used in this study. Four fully cemented 
implant designs were developed; an implant with two 
pegs (2P) located at superior-inferior, a vertically inline 
three pegs (3P) implant, a four pegs (4P) implant with 
inverse “T” orientation, and a five pegs (5P) implant 
down arrow orientation. Two partially cemented implant 

designs had three cemented pegs at superior-inferior 
direction and one non-cemented central peg with four 
fins (4Fins) and six fins (6Fins). The orientation of the 
pegs in partially cemented implant designs were similar 
to the four pegs fully cemented implant.  

 
2.2 Finite Element Modelling 

The three dimensional (3D) model of scapula 
cortical bone was constructed using commercial 
software (Mimics 15). Implants and cements were 
constructed from CAD modeler (Solidworks 2010). All 
models were meshed using 4-nodes tetrahedral elements 
with the total number of elements between 113,804 and 
126,353 depending on the type of implants. The cortical 
bones were isotropic with Young’s modulus of 16GPa 
and Poisson’s ratio of 0.3. The glenoid implant was 
made of ultra-high molecular weight polyethylene 
(UHMWPE) with Young’s modulus of 965MPa and 
Poisson’s ratio 0.34. While the cement was made of 
polymethylmethacrylate (PMMA) with Young’s 
modulus of 2GPa and Poisson’s ratio of 0.23 [2]. The 
medial border of the scapula was fixed.  The 750N load 
was applied specifically at the inferior location where 
the pegs were distributed representing the daily 
activities done by elderly people [3]. 

 
3. RESULTS AND DISCUSSION 

 The maximum stress at the cement increased as the 
number of peg increase from two to five pegs in inferior 
load as shown in figure 1. Partially cemented implants 
showed no significant difference between 4Fins (6.19 
MPa) and 6Fins (6.15 MPa). The stress at the cement 
which exceeded 5MPa was defined as stress critical area 
(SCA) and it shown as percentage (table 1). The highest 
SCA was in 5P implant, which was almost 10% of 
cement mantle. Meanwhile, SCA in partially cemented 
implant was 3% lower than 5P implant. In inferior load, 
the 2P implant showed highest maximum stress at the 
implant than other designs which was 11.11 MPa. Small 
difference in stresses were seen at 3P (8.98 MPa), 4P 
(8.73 MPa), and 6Fins (8.60 MPa), while, at 5P implant, 
it had the lowest maximum stress, 6.14 MPa. In partially 
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cemented implant, 4Fins implant had higher stress 
compared to 6Fins implant, 9.61 MPa.  

 

Figure 1 Stress at cement and SCA (in circle). 
 

High stress of glenoid implant had been associated 
with glenoid loosening and it also could cause implant 
failure. This high stress could lead to implant micro-
movement at the opposite site of load applied. 
Repetition of this micro-movement, later, lead to 
glenoid loosening and it commonly known as Rocking 
Horse Phenomena. Our study showed that, by adding 
more pegs, stress exerted to the implant can be reduced.  
Higher peg numbers distribute the stresses to all pegs 
available instead of focusing on one peg for lesser peg 
implants. Thus, the 2P implant had higher potential of 
glenoid loosening due to high stress than the 5P implant. 

 
Table 1 Stress at cement and implant for all designs. 

 
Cement Implant 

Designs Max. Stress 
(MPa) 

SCA (%) Max. Stress 
(MPa) 

2P 5.96 3.88 11.11 
3P 6.22 5.84 8.98 
4P 6.33 6.23 8.73 
5P 6.60 9.93 6.14 
4fins 6.19 6.68 9.61 
6fins 6.15 6.74 8.60 

 
 Under physiologic conditions, cement micro-

cracks were initiated when stress at the cement 
exceeded 5 – 7MPa [1]. In our study, maximum stress at 
the cement for all designs exceeded the micro-cracks 
limit, 5MPa, and it increased as the increase of peg 
numbers (table 1). Besides, SCA also increased in 

higher peg implant. Patel et al. [4] reported that after 
total shoulder arthroplasty, the load carried by cement 
reached up to 24% while, for polyethylene implant, 
11%. Thus, by increasing the peg numbers, the load 
carried by the cement would increase because higher 
cement usage make it stiffer than lesser peg implant.  

There are no significant difference of stress at the 
implant for 6Fins and 4P implants, however, at cement, 
6Fins had lower maximum stress. Currently, the 
advantages of partially cemented implants compared to 
conventional fully cemented implants are, they provide 
long term stability and reduce the usage of PMMA 
cement, which could lead to bone necrosis due to 
exothermic reaction. Our study showed that partially 
cemented implants also maintained the maximum stress 
at the implant, reduced maximum stress at the cement 
and reduced SCA at the cement. The high usage of 
cement could have high possibility of cement micro-
cracks which produce cement debris and later on lead to 
bone osteolysis.  
 
4. CONCLUSION 

The durability is the most important criteria to 
prolong the survival of the glenoid implant in total 
shoulder arthroplasty. Increasing the peg number has the 
ability to reduce the stress at the implant. However, it 
reduces the glenoid bone stock and increases the usage 
of the cement which could expose it to exothermic 
reaction from PMMA cement. In addition, high cement 
usage produces more cement debris due to cement 
micro-cracks leading to osteolysis. Thus, partially 
cemented implants with extra fins could provide better 
solution as it reduces the stress at the implant and 
cement.  
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ABSTRACT – In this study, an impingement failure 
analysis was performed on acetabular liner rim of an 
artificial hip joint (AHJ). A commercial finite element 
method software package was used to simulate local 
impingement on the acetabular liner rim (ALR) due to 
wear depth variations (wear rates) inside the acetabular 
liner surface (ALS). The results show that wear rates of 
the ALS can increase the risk of impingement on the 
ALR.  
 
1. INTRODUCTION 

One of the main problem for total hip arthroplasty 
(THA) patients during their daily activities is 
dislocation [1]. Two types of dislocation can be 
distinguished: early dislocation and late dislocation [2]. 
In general, the early and late dislocations are mostly 
related to the impingement between the neck stem with 
the ALR and to wear of the ALS, respectively [2-3]. For 
the early dislocation, impingement is induced by the 
range of motion (RoM) limitation of the THA patient’s 
AHJ. The excessive or inordinate activities can induce 
higher RoM and cause the impingement. Activities of 
the THA patients as well as its implication to RoM and 
impingement have been reported. Sugano et al. [4] 
presented the measurement of RoM for Western and 
Japanese style activities. Recently, Saputra et al. [5-6] 
found that impingement and dislocation are predicted to 
be occurred in picking up activities for the inclination 
and anteversion combination of the acetabular liner cup 
of 45qand 15q, respectively. 

In addition, after total hip revision, it is found that 
the wear rate in the late dislocation can increase the 
impingement. It is indicated that wear of the ALS is 
sometimes followed by failure on the ALR, based on 
visual inspection of the orthopedic specialist. Based on 
clinical data, Tanino et al. [7] found that acetabular liner 
articular geometry, which the depth of the articular 
surface is relative to the ALR, is related to the 
prevalence of dislocation. Using finite element analysis, 
Scifert et al. [8] showed that in every millimeter of the 
increased head center inset, the peak moment resisting 
dislocation increases 5.8%. 

Based on literature review, it can be concluded that 
the wear of the ALS causing the impingement cannot be 
avoided. However, the wear rate of the ALS can be 
predicted theoretically, so the impingement which 
caused by wear rate also can be predicted by 
considering the wear rate mentioned. In addition to it, 
this research will be focused on the relation between 
wear rates inside the ALS and the impingement on the 
ALR. 

The aim of this paper is to study the effect of the 
wear rate of the tribological contact of the ALS – 
femoral head (FH) interaction against impingement 
failure on the ALR. In this study, impingement is 
simulated using a commercial finite element method 
software package by varying wear depth inside the ALS, 
based on specific wear rates obtained from literature. 
 
2. METHODOLOGY 

2.1 Investigations and Hypothesis 

The acetabular liner is placed between the 
acetabular cup and the FH in the unipolar AHJ. Based 
on the visual investigation to the acetabular liner 
revision obtained from Orthopedic Hospital Soeharso in 
Indonesia, both the ALR damage and wear inside the 
ALS were found. 

Wear of the ALS causes impingement between the 
neck stem and the ALR. In addition, the increased wear 
depth based on specific wear rates obtained from 
literature will increase the impingement. 

 
2.2 Finite Element Analysis 

The working condition of the AHJ was evaluated, 
then simulated three-dimensionally (3D) with 28 
diameter FH, using a commercial finite element (FE) 
code, see Figure 1. The FE analysis was carried out by 
assuming that the model is 3D, linear, static, and 
isotropic material. The material properties of acetabular 
liner and FH are obtained from literature [9]. The 
applied load and direction are also obtained from the 
Dowson’s experiment [9], where the loads are applied at 
the center point of the FH. All the degree of freedom at 
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the outer surface of the acetabular liner cup is 
constrained. The simulation is conducted in three steps: 
creating the artificial wear on the ALS, giving the force 
on the acetabular liner by the FH, and rotating the FH 
from neutral position to the impingement in order to 
represent the flexion movement. The wear depth 
obtained from literature [9] is used as wear depth 
variation in the artificial wear step. 

 

 
Figure 1 the 3D model of the acetabular liner against the 
FH include the applied load, constrained, mesh, rotation 

direction and artificial wear location. 
 

3. RESULTS AND DISCUSSION 

Figure 2 shows the impingement angle as a 
function of the wear depth inside the ALS. It can be 
explained that the wear inside the ALS has contribution 
to the impingement on the ALR, where the increasing 
wear inside the ALS causes the impingement to occur 
faster. 

 

 
Figure 2 The impingement angle occurrence on the ALR 

as a function of wear depth. 
 

 
Figure 3 The von Mises maximum stress on the ALR 

during impingement as a function of wear depth. 
 

Figure 3 presents the von Mises maximum stress 
of the impingement contact as the wear depth function 
on the ALS. Based on Figure 3, the von Mises 

maximum stress will increase along with the increasing 
wear depth. It means that the damage rate of ALR is 
proportional with the increase of the von Mises 
maximum stress. These results have successfully 
confirmed the previous research [7-8]. 
 
4. CONCLUSIONS 

This study investigated impingement failure on the 
ALR using Finite element simulation. The 3D solid 
model of the acetabular liner was used for the FE 
analysis under the defined boundary conditions. To 
obtain relation between the wear rates inside the ALS 
with impingement on the ALR, wear depth variation 
was performed based on specific wear rates obtained 
from literature. The results confirm that increasing wear 
rates inside the ALS will increase impingement effect 
on the ALR. 
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ABSTRACT – The objective of this work are to study 
biocompatibility and wear of stainless steel AISI 316L 
(SS316L) and ultra-high molecular weight polyethylene 
(UHMWPE) materials. For the biocompatibility, the 
materials were installed in Rabbit’s tissues. Then, after 
three weeks the tissue reactions were examined. 
Statistical test was performed using analysis of variance 
(ANOVA). To obtain the wear phenomena, a wear test 
of the materials using the hip joint simulator was 
performed. Results showed that the Rabbit tissues 
reactions around the implant materials are positive. In 
addition, wear occurred only in the UHWPE material.  
 
1. INTRODUCTION 

 In general, the presence of implant in a human 
body may cause certain reactions in muscle tissue and 
bone. In addition, wear debris of implant is also 
contributed. The biomaterial implanted into the body 
must meet the function of the body system without 
causing adverse reactions to one another or must be 
biocompatible [1, 2]. Furthermore, the implant material 
must have stable physical and mechanical properties, 
and the implant should be relatively easy to fabricate, 
reproduce, and meet the technical and biological 
requirements [3]. Implants and prostheses from SS316L 
and UHMWPE materials for domestic orthopedic 
purposes in Indonesia are developed and manufactured 
by several companies. However, the biocompatibility 
and wear analysis of these materials has not been 
reported yet. 
 The objective of this research is to study the 
biocompatibility and wear of the SS316L and 
UHMWPE materials. The installments of these 
materials in tissues of rabbits were performed. To obtain 
the wear phenomena, wear test of the SS316L and 
UHMWPE materials using a hip joint simulator was 
performed. 
 
2. MATERIALS AND METHOD 

2.1 Materials 

 The implants used in this study are the SS316L and 
UHMWPE materials obtained from Indonesia market 

domestic. For the biocompatibility, the SS316L 
geometry sample was calculated using the length ratio 
of the 8-hole broad plate implant with a length typically 
for Indonesian people femur [4]. A similar approach 
was applied to the UHMWPE implant. The material 
properties of these materials are given in Table 1. For 
the wear test, the 28mm diameter femoral head and the 
8mm thickness acetabular liner were used. 
 

Table 1 The mechanical properties of the SS316L and 
UHMWPE materials. 

Materials Yield 
stress 

Hardness Flexural 
strength Macro Micro 

SS316L 356.14 
MPa 

64.5 
HRA 

197 
VHN - 

UHMWPE 25.25 
MPa 

8.8 
VHN - 18.71 ± 

0.63 MPa 
 
2.2 Biocompatibility of SS316L and UHMWPE 

 Number of sample was determined using “Meads 
resource equation” [5]. Based on the sample calculation, 
the number of the rabbit is selected to be 11 rabbits, 
where the rabbits have 1 Kg average weight. The 
SS316L and UHMWPE samples were implanted in the 
right femur of the rabbit, one implant sample per rabbit. 
After the end of the test period of eight weeks, the 
rabbits were euthanized with a lethal dose of ketamine 
IM injection of 200 mg/kg [6]. After that, the muscle 
and bone tissue of the rabbit were cut into samples for 
further macroscopic and microscopic histological 
analyzes. For the SS316 material, the tissue reaction test 
is performed using score system, where for the soft 
tissue reaction score based on Erdmann et al. [7], while 
the bone tissue reaction score based on Huehnerschulte 
et al. [8]. For the UHMWPE material, the tissue reaction 
capsule is determined using Mirra score [9]. The tissue 
reaction score of the cartilage is determined using the 
score by the International Cartilage Research Society 
(ICRS) [10]. To obtain the average score for the SS316L 
and UHMWPE materials, ANOVA test using SPSS 
software was performed [11]. 
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2.3 Wear of SS316L and UHMWPE 

 To measure wear in the SS316L and UHMWPE 
materials, a wear test using hip joint simulator was 
performed. Wear was measured by the weight of the 
femoral head and acetabular liner after running for 
certain cycle. Tests were designed for several cycles. 
 
3. RESULTS AND DISCUSSION 

3.1 Biocompatibility of SS316L and UHMWPE 

SS316L. Figure 1a shows the macroscopic results 
of the SS316L implant sample. There is no difference 
between the muscle and bone tissues adhered to the 
implant sample compared to the reference tissues. Based 
on the ANOVA data, muscle and bone tissue reactions to 
SS316L material shows no significant difference 
compared to control group. 

UHMWPE. Similar results were also found for 
the UHMWPE implant samples, see Figure 1b. Almost 
all the samples show no significant reaction between the 
UHMWPE implant with the bone and the muscle 
tissues. Based on the ANOVA data, the UHMWPE 
material has the same biological compatibility with 
control group. 

 

  
Figure 1 Macroscopic appearances of the muscle and 

bone in the area where, (a) the SS316L and (b) the 
UHMWPE sample is implanted. 

 
3.2 Wear of SS316L and UHMWPE 

Figure 2 shows the wear volume on the acetabular 
liner surface (ALS) as a function of cycles. As can be 
seen in this figure wear is increasing as the number of 
cycle increases. There is no wear in the femoral head. 

 

 
Figure 2 Wear volume on the ALS as a function of 

cycles. 
 
4. CONCLUSIONS 

Study on the biocompatibility and wear of the 
SS316L and UHMWPE materials have been performed. 
For the biocompatibility, analyzes were conducted 
macroscopically and microscopically. The hypothesis is 
performed to the average score (mean) of each group 
using ANOVA. Results show that the SS316L and 
UHMWPE materials did not significantly trigger the 

muscle and bone tissues reactions. It was concluded that 
the SS316L and UHMWPE materials are biocompatible 
and the applications of these materials for implants 
seems conceivable. Based on the wear test analysis, it 
shows that wear occurs only in the acetabular liner 
made from the UHMWPE, whereas in the SS316L there 
is no wear observed. 

 
5. REFERENCES 

[1]  U.K. Mudali, T.M. Sridhar, and B. Raj, “Corrosion 
of bioimplants,” Sadhana, vol. 28, pp. 601-637, 
2003. 

[2] G. Voggenreiter, S. Leiting, H. Brauer, P. Leiting, 
P. Majetschak, M. Bardenheuer, and U. Obertacke, 
“Immuno-inflammatory tissue reaction to 
stainless-steel and titanium plates used for internal 
fixation of long bones,” Biomaterials, vol. 24, pp. 
247–254, 2003. 

[3] S. Nag, R. Banerjee, Fundamentals of Medical 
Implant Materials. ASM Handbook. vol. 23, 
Materials for Medical Devices, University of 
North Texas, 2012. 

[4] M.S. Artanti, T.H. Widagdo, “Determination of 
body height formula based on individual femur 
measurement for mongoloid race in Indonesia.” 
Thesis, PPDS, Gadjah Mada University, 
Yogyakarta, 2006.  

[5] R. Meads, S.G. Gilmour, and A. Mead, Statistical 
principles for the design of experiments, 
Cambridge: Cambridge University Press, 1988. 

[6] D. Dallari, M. Fini, C. Stagni, P. Toricelli, N.N. 
Aldini, G. Giavaresi, and E. Centi, “In vivo study 
on the healing of bone defects treated with bone 
marrow stromal cells, platelet-rich plasma, and 
freeze-dried bone allografts, alone and in 
combination,” Journal of Orthopaedic Research, 
vol. 24, pp. 877–888, 2006. 

[7] N. Erdmann, A. Bondarenko, M.H. Trautwein, N. 
Angrisani, J. Reifenrath, A. Lucas,  and A. M. 
Lindenberg, “Evaluation of the soft tissue 
biocompatibility of MgCa0.8 and surgical steel 
316L in vivo: A comparative study in rabbits,” 
BioMedical Engineering OnLine, vol. 9(63), pp. 1-
17, 2010. 

[8] T.A. Huehnerschulte, J. von Reifenrath, B. 
Rechenberg, B. Dziuba, J.M. Seitz, D. Bormann, 
H. Windhagen, and A.M. Lindenberg, “In vivo 
assessment of the host reactions to the 
biodegradation of the two novel Magnesium alloys 
ZEK100 and AX30 in an animal model,” 
BioMedical Engineering OnLine, vol. 11(14), pp. 
1-20, 2012. 

[9] A. Mescher, Junqueira’s Basic Histology: Text & 
Atlas, 12th Edition, McGraw-Hill, New York, 
2010. 

[10] E. Ingham, and J. Fisher, “Biological reactions to 
wear debris in total joint replacement,” Journal of 
Engineering in Medicine, vol. 124(1), pp. 21-37, 
2000. 

[11] M. Sopiyudin, Evidence Based Medicine: Statistic 
for Medical and Health. 4th Edition, Jakarta: 
Salemba Medika, 2009. 

(a) (b) 



Proceedings of Malaysian International Tribology Conference 2015, pp. 58-59, November 2015 
  
 
 

__________ 
© Malaysian Tribology Society 
 

Characteristics of regenerated cartilage tissue cultured under traction 
loading 

K. Fukuda1,*, S. Omata2, T. Yamaguchi3, Y. Sawae3 

 
1) Graduate of Engineering, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka-shi, Fukuoka, Japan. 

2) Research Center for Advanced Biomechanics, Kyushu University, 
744 Motooka, Nishi-ku, Fukuoka-shi, Fukuoka, Japan. 

  3) Faculty of Engineering, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka-shi, Fukuoka, Japan. 
 

*Corresponding e-mail: k.fukuda0903@gmail.com 
 

Keywords: Chondrocyte; ECM; traction loading  
 
 

ABSTRACT – In this study, chondrocytes isolated 
from metacarpal-phalangeal joints were seeded in 
agarose gel. And, traction loading was applied to the 
surface of the gel by the roller to examine the effect of 
the tribological stimulation on the characteristics of the 
regenerated cartilage tissue elaborated in chondrocyte-
agarose construct. Results indicated that the traction 
loading enhanced ECM biosynthesis in the surface 
region selectively and subsequently elaborated tissue 
had anisotropic structure with collagen rich surface 
layer covered with GAG rich superficial layer. 
 
1. INTRODUCTION 

An arthrodial cartilage covers the sliding surfaces 
of a diartrodial joint, and it has important mechanical 
functions in an articular surface. Mechanical stresses 
and strains exerted in articular cartilage during daily 
joint movements can stimulate the metabolism of 
chondrocytes. They play an important role to sustain the 
health and homeostasis of the cartilage tissue. 
Especially, upregulative effects of the cyclic 
compression and the hydrostatic pressure on the 
chondrocytes biosynthesis of extracellular matrix 
(ECM) have been studied extensively [1, 2] and utilized 
in the cartilage tissue engineering. However, the load 
which arises in a living body is not the simple in fact. 
Cell embedded in cartilage tissue is exposed to the 
dynamic and complicated stress fields. On the other 
hand, current regenerated cartilage does not have 
sufficient dynamic functionalities compared with the 
normal arthrodial cartilage.  

In this study, the relative motion between cartilage 
surfaces in a joint is simulated by the rolling-sliding 
motion of the plastic roller on the cultured chondrocyte-
agarose construct. Its effects on the formation of 
regenerated cartilage tissue were investigated. The 
chondrocyte-agarose construct, a well-established three 
dimensional culture system for isolated chondrocytes, 
has been employed as an experimental model and 
cultured for 2 or 3 weeks. Subsequently, effects on the 
ECM biosynthesis of cultured chondrocytes and 
characteristics of the elaborated cartilaginous tissue, 
such as mechanical properties and tissue structure were 
examined.  

 

2. METHODLOGY 

Chondrocytes were isolated from cartilage tissues 
harvested from metacarpal-phalangeal joints of steers 
using a sequential enzyme digestion method. Isolated 
chondrocytes were seeded in agarose gel with an initial 
cell density of 1 x 107 cells/ml and chondrocyte-agarose 
constructs with a diameter of 18 mm and a thickness of 
2.5 mm were prepared as test specimens. The specimen 
was then placed in a custom-build culture dish and 
immersed in culture medium. 

The traction loading was applied to the surface of 
prepared specimen by a plastic roller in the traction 
loading machine (Figure 1). After the specimen setup, 
the plastic roller with silicone rubber surface layer was 
brought into contact with the upper surface of specimen 
by a liner actuator. Then the culture dish was 
reciprocated horizontally while the plastic roller was 
oscillated. Both motions were regulated by PC-
controlled AC-servo system in a coordinated manner. 
Consequently, the plastic roller ran over the construct 
specimen iteratively with a defined slip ratio and the 
traction load was exerted on the construct surface. 

The traction loading machine was installed in a 
CO2 incubator. Then, construct specimens were cultured 
under the traction loading for 2 or 3 weeks in this study. 
The slip ratio was fixed to 0 in all experiments and the 
traction loading was applied under pure rolling 
condition at 1 Hz for 12 hour a day during the culture 
period. To identify effects of the traction loading, a 
control specimen with a same initial cell density and 
same dimensions was also prepared and cultured 
simultaneously under the free swelling condition. 

 After the culture period, the amount of 
Glycosaminoglycan (GAG), and Type II collagen in the 
construct and culture medium were quantified. 
Cylindrical samples with a diameter of 5 mm harvested 
from the construct for quantitation assays. On the other 
hand, whenever a culture medium exchanges, 1 ml of 
culture medium was extracted and preserved in frozen 
storage. GAG and type II collagen contents of samples 
were evaluated by using dimethylmethylene blue 
(DMMB) assay and the Sicol collagen assay (biocolor, 
UK), respectively. Samples for biochemical assays were 
dissolved in phosphate buffered saline (PBS) based 
digest buffer and mixed with DMMB or Sirius red 
reagent in 96 well plates. Subsequently, plates were 
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transferred to a multi-well plate reader and the 
absorbance of the solutions was measured at 525 nm 
and 555 nm to evaluate GAG content and collagen 
content, respectively, by colorimetric determination. 

 One of the cylindrical samples was cut into thin 
slices with the thickness of about 1 mm and used for the 
immunofluorescence observation of the elaborated 
cartilaginous tissue. Then type II collagen and GAG 
were fluorescently stained with different colors to 
visualize the morphological characteristics of elaborated 
cartilaginous tissue with confocal laser scanning 
microscopy (CLSM). 

 

 
Figure 1 Traction loading culture machine. 

 
3. RESULTS AND DISCUSSION 

Constructs cultured under the traction loading had 
a clear sliding track on the upper surface. Therefore, 
samples for the analyses were collected from both inside 
and outside of the sliding track. Figure 2 and 3 show the 
result of quantification of type II collagen and GAG, 
respectively. These graphs show amounts of type II 
collagen and GAG accumulated in the construct during 
culture as a ratio to the control specimen. Therefore, 
100 mean the same as the control specimen. The 
amounts of ECM in traction-loaded specimen were 
almost same as the control. 

Figure 4 and 5 are fluorescent images of type II 
collagen and keratan sulfate accumulated in the traction 
loaded specimen and the control specimen. Keratan 
sulfate is a type of GAG side chain of proteoglycan. 
Type II collagen and keratan sulfate distributed similarly 
in each agarose construct probably because relatively 
small keratan sulfate molecules could diffuse through 
agarose and synthesized collagen fibers formed 
networks structure which trapped negatively charged 
keratan sulfate in the networks by electric interactions. 
However, clear differences in the distribution of ECM 
molecules could be recognized between the traction 
loaded specimen and the control specimen. In the 
control specimen, collagen and keratan sulfate were 
mainly accumulated around the chondrocytes and 
distributed evenly in agarose construct. On the other 
hand, collagen molecules densely accumulated near the 
sliding surface in the traction loaded specimen. 
Although keratan sulfate tended to be accumulated near 
the surface of agarose construct, the density of it also 
became higher in around the sliding surface. As a result, 
the traction loaded specimen had an anisotropic nature 
in the structure of elaborated tissue, the densely packed 
ECM rich articulating surface and homogeneous center 
and deep regions. The density of ECM molecules seems 
to be much higher under the sliding track and it might 

be responsible for the higher elastic modulus in the 
sliding track. 

 

  
(a) Type II collagen (b) Keratan sulfate 

Figure 4 CLSM image of the traction loaded 
construct. 

 

  
(a) Type II collagen (b) Keratan sulfate 
Figure 5 CLSM image of the control construct. 

 
4. CONCLUSIONS 

The traction loading applied to the surface of 
chondrocyte-agarose constructs could upregulate the 
biosynthesis of ECM molecules in the sliding surface 
region. It brought the anisotropic nature in the 
elaborated cartilaginous tissue and ECM rich layer was 
formed in the articulating surface of the construct 
cultured under the traction loading. Therefore, the 
traction loading on the surface may have a potential to 
make the structural anisotropy like a natural articular 
cartilage in regenerated cartilage tissue. 

This study was financially supported by the Grant-
in-Aid for Scientific Research of Japan Society for the 
Promotion of Science.  
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ABSTRACT – Using a crossed fibres contact 
configuration, reciprocating sliding tests with single 
human hair fibres were carried out. The sliding 
direction, the normal load, and the crossing angle were 
the main parameters of the investigation. 
 
1. INTRODUCTION 

 Human hair friction depends on many different 
factors. The combability and softness of hair can be 
attributed to the frictional behaviour of hair in contact 
with hair or other hair device materials. 
 Different methods have been developed and 
applied in order to study the frictional properties of 
human hair. Schwartz and Knowles [1] used the static 
mandrel and the capstan setup to measure the friction 
between hair fibres and between hair fibres and other 
materials. Combability measurements with bunches of 
hair were conducted by Garcia and Diaz [2]. On the 
nano-scale, atomic force, scanning probe, or friction 
force microscopy can be used for characterizing the 
frictional behaviour of single hair fibres [3, 4]. 
 Nevertheless, owing to the curved and irregular 
surface of human hair, measuring the frictional 
behaviour, in particular between two single hair fibres, 
can be very difficult. Additionally, the problem of 
positioning and aligning the single hair fibres with 
respect to each other or the counterpart is not an easy 
task. 
 In order to overcome the challenge of positioning 
and moving a pointed tip along the longitudinal axis of 
the single hair fibre, a crossed fibres contact 
configuration was applied. Using the proposed setup, 
the influence of the sliding direction, the normal load, 
and the crossing angle on the kinetic coefficient of 
friction have been studied.  
 
2. METHODOLOGY 

2.1 Experimental setup and procedure 

 As a test setup, a crossed fibres contact 
configuration was used. A schematic representation of 
the setup is shown in Figure 1.  
  The tests were carried out on a linear 
reciprocating nanotribometer. By measuring the 
deflection of a dual beam cantilever with high resolution 
capacitive sensors, the friction force (tangential force in 
y direction) was determined during the test. Due to the 
irregular sample surface geometry, force feedback 
control was enabled during all tests, so that a 
comparatively constant normal load could be achieved. 

 All tests consisted of 10 linear reciprocating cycles 
with an amplitude of 0.5 mm (in y direction) and a 
maximum linear velocity of 0.002 cm/s. The normal 
load ranged from 3 to 9 mN. The crossing angle, 
defining the orientation of the lower sample with respect 
to the upper one, was varied between 30 and 150°. 
 

 
Figure 1 Crossed fibres test arrangement 

 
 During the 10 cycles, a stabilization of the friction 
force has been observed. Therefore, only the last 5 
cycles were considered for the calculation of the 
coefficient of friction (ratio of the friction force to 
normal force). The average kinetic coefficient of friction 
was calculated using the absolute values of the 
coefficient of friction during the steady state period in 
the displacement range from −0.2 to 0.2 mm.  
 
2.2 Test Samples and Preparation 

 For the experiments, untreated Asian black human 
scalp hairs from a male subject were used. Hair samples 
of 2 mm length were fixed on flat sample holders 
arranged in parallel with only a small section exposed 
for testing. 
 Two different contact pairings under dry 
conditions were investigated. The first one included the 
contact between two single hair fibres (approx. diameter 
0.08 mm) and the second one between a single hair fibre 
and a polyamide fibre of 0.40 mm diameter.  For the 
pairing with the polyamide fibre, the fibre was attached 
to the lower sample holder. The considered orientations 
of the single hair fibres are depicted in Figure 1 (T: hair 
tip, R: hair root). Additionally, the texture of the hair 
surface is indicated.  
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3. RESULTS AND DISCUSSION  

3.1 Influence of the sliding direction 

 The time evolution of the kinetic coefficient of 
friction and the pairing of a single hair fibre and a 
polyamide fibre for one cycle is illustrated in Figure 2. 
The first half of the cycle corresponds to sliding in 
positive and the second half in negative y direction. 
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Figure 2 Coefficient of friction for one cycle at a normal 
load of 9 mN and a crossing angle of 90° 

  
 In positive y direction, the coefficient of friction 
shows a much more stable evolution, whereas in the 
opposite direction larger oscillations can be observed. 
Furthermore, the coefficient of friction in the direction 
of the scales is much smaller than in the opposite 
direction. This behaviour can be attributed to the texture 
of the hair surface and the orientation of the cuticle 
scale-like structure, as indicated in Figure 1.  
 
3.2 Influence of the Normal Load 

 The dependence of the coefficient of friction on 
the normal load for both sliding directions and a 
constant crossing angle of 90° is illustrated in Figure 3. 
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Figure 3 Coefficient of friction for different normal 
loads and a crossing angle of 90°  

 
 The results show, that the coefficient of friction is 
independent of the applied normal load in the 
considered range. Obviously, the investigated contact 
pairings follow Amonton-Coulomb's friction law.  
 For both contact combinations (hair on hair and 
hair on polyamide fibre), the directional behaviour due 
to the texture of the hair surface is evident. For hair on 
hair, the coefficient of friction in negative y direction is 
more than four times higher and for hair on polyamide 
fibre about two times higher. In addition, the friction 
between single hair fibres is much smaller than between 
a hair and a polyamide fibre. 

3.3 Influence of the Crossing Angle 

 Figure 4 shows the coefficient of friction for 
different crossing angles and a constant normal load 
between two single hair fibres. Again, a sliding direction 
dependent frictional behaviour for all angles can be 
clearly seen. 
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Figure 4 Coefficient of friction for different crossing 
angles and a constant normal load of 9 mN  

 
 Comparing the results for the different crossing 
angles indicates no distinct trend. The coefficients of 
friction for crossing angles greater than 90° are slightly 
higher compared to angles less than 90°. A possible 
explanation for that could be the orientation of the 
cuticle scale-like structure. For angles greater 90°, this 
scale-like structure has an opposite orientation, which 
could lead to a higher frictional resistance in positive y 
direction.  

 
4. CONCLUSIONS 

 The introduced test setup allows a simple 
positioning and aligning of fibre-like test samples. It has 
been demonstrated that the frictional characterization of 
single hair fibres in contact and also of a single hair 
fibre in contact with a polymeric fibre is possible.  
 All tests confirmed the anisotropic and direction 
dependent frictional behaviour of hair. The coefficient 
of friction showed no dependence on the normal load in 
the considered range. A definite influence of the 
crossing angles on the frictional behaviour has not been 
observed and needs further investigation. 
 Moreover, other important factors (e. g., shampoo 
treatments), which can influence the frictional 
behaviour of hair, must be taken into account. 
 
5. REFERENCES 

[1] A.M. Schwartz and D.C. Knowles, "Frictional 
Effects in Human Hair", J. Soc. Cosmet. Chem., 
vol. 14, no. 9, pp. 455−463, 1963. 

[2] M.I. Garcia and J. Diaz, "Combability 
Measurement on Human Hair", J. Soc. Cosmet. 
Chem., vol. 27, no. 9, pp. 379−398, 1976. 

[3] B. Bhushan, Nanotribology and Nanomechanics I, 
3th ed. Heidelberg: Springer; 2010. 

[4] M. Sadaie, N. Nishikawa, S. Ohnishi, K. Tamada, 
K. Yase and M. Hara, "Studies of human hair by 
friction force microscopy with the hair-model-
probe", Colloids and Surfaces B: Biointerfaces, 
vol. 51, no. 2, pp. 120−129, 2006.  



Proceedings of Malaysian International Tribology Conference 2015, pp. 62-63, November 2015 
  
 
 

__________ 
© Malaysian Tribology Society 

 

Physical properties and energy absorption characteristic of open cell 
ENR/RR foam 

M.A. Mahamood1, N. Mohamad1,*, A.R. Jeeffeerie1, A.H.M. Zain1, M.I. Shueb2, A.M. Hairul Effendy1 
1) Carbon Research Technology, Department of Materials Engineering, Faculty of Manufacturing Engineering, 

Universiti Teknikal Malaysia Melaka, Hang Tuah Jaya, 76100 Durian Tunggal, Melaka, Malaysia. 
2) Radiation Processing Technology Division, Malaysia Nuclear Agency, 43600 Bangi, Selangor, Malaysia. 

*Corresponding e-mail: noraiham@utem.edu.my 
 

Keywords: ENR/RR blends; microcellular rubber foams; energy Absorption 
 
 
ABSTRACT - Impact absorber foam materials were 
produced from epoxidised natural rubber/reclaimed 
rubber (ENR/RR) with the addition of sodium 
bicarbonate (SBC) as blowing agent. The physical 
properties of ENR/RR foams were studied, and the 
results showed a significant influence of the physical 
properties of base matrix against the pore structure. The 
physical properties are governed by the relative density 
and water absorption. From the experimental values, 
ENR/RR with the ratio 90/10 yielded the rubber foam 
with the highest relative density of 0.85 as well as 
lowest water absorption rate of 2.48. These foam cell 
characteristics resulted in superior energy absorption 
behaviour.  Sample with optimum pore size of ~0.36 
mm shows the highest energy absorption up to 0.65 
joules compared to others. 

 
1. INTRODUCTION 

There is growing interest for rubber materials in 
industrial and commercial applications. One of the 
major demands is rubber foam which is also known as 
cellular, sponge or expanded rubber [1,2]. Rubber foam 
is widely applied for footwear, stereo earphones, 
speaker surrounds, goggles, orthopedic soft goods, 
carpet anti-skid cushioning, cycle seats, etc. which are 
commonly require good cushioning, excellence shock 
absorption, elasticity and resistance to fatigue 
properties. All these properties are attainable from 
rubber materials due to their high tear and tensile 
strength, high abrasion resistance and durability [2]. 
Reclaimed rubber (RR) is one initiative for reducing the 
environmental problem and at the same time to produce 
significant properties product with lower cost. 

A substance that produces a cellular structure in a 
polymer mass is defined as a blowing agent [3]. 
Chemical blowing agents for polymer are available in a 
wide range of formulations depending on the polymer 
processing temperature and the decomposition 
temperature of the blowing agent. Referring to 
Yamsaengsung et al. [4] and Karak [5], the gas release 
temperature of blowing agent should match the 
processing temperature of the polymers for optimum 
foaming. Several finding suggested N,N’-
diniteosopentam (H) [6], sodium bicarbonate (SBC),  
4,4’oxybis(benzenesulfonylhydrazide) (OBSH) [4], 
azodicarbonamide (AZD) [4], zinc carbonate (ZnCO3), 
etc as a foaming agent.  

In this present work, the best ratio of ENR/RR for 

the optimum pores structure and physical properties of 
rubber foam was studied, followed by the evaluation of 
shock absorption efficiencies of rubber foam in respect 
to pores dimension, was performed by applying drop 
impact test methodologies. This finding was further 
supported by the optical microscopy (OM) observation. 

 
2. METHODOLOGY 

2.1 Materials and Sample Preparation 

 For the preparation of ENR/RR foam, epoxidised 
natural rubber (ENR) and reclaimed rubber (RR) were 
used with a gas-producing chemical of sodium 
bicarbonate (SBC). The semi-EV system was used that 
consisted of 100 phr (part per hundred rubber) ENR/RR, 
4 phr zinc oxide, 2 phr stearic acid, 2.5 phr tetramethyl 
thiuram disulfide (TMTD), 1 phr benzothiazyl-2-
cyclohexyl-sulfenamide (CBS) and 1.0 phr sulfur. All 
the materials were used as received. The compounding 
was performed on a Rheomix OS, Haake internal mixer 
at temperature of 60°C and rotor speed of 60 rpm, and 
the mixing time was 1 min. A fixed amount of 4 phr of 
sodium bicarbonate was loaded at the end of the 
compounding process but before the addition of sulfur. 
Varied ratios of ENR/RR were used for the preparation 
of ENR/RR compounds; 100/0, 90/10, 70/30, 50/50, 
30/70, 0/100. A heat transfer foaming technique was 
used for the vulcanization and foaming process. This 
two-stage process involved 1 min of compression 
molding at a temperature of 100 °C for pre-
vulcanization and was followed by simultaneous curing 
and foaming in an air-circulating oven for 30 min at 
temperature of 150 °C.  

2.2 Sample Characterization  

Relative density: The relative density of the foam 
was measured in accordance to ASTM D-1056 by using 
Eq. (1) as given below: 

Relative density =
Foam density (g/cm3)
Solid density  (g/cm3)

                (1) 

Water absorption, Wabs: Water absorption test was 
conducted in accordance to ASTM C-1083 to determine 
amount of water absorbed under specified conditions. 
The 20x20x10mm samples were dried in an oven for 
period of 3hrs and temperature of 60°C and then placed 
in a desiccator to cool. Immediately upon cooling the 
specimens are weighed. The material is then emerged in 
450ml water at 23°C for 24 hours. Specimens are 

http://www.sciencedirect.com/science/article/pii/S0261306910005054#e0005
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removed, blotted dry with a lint free cloth, and then 
weighed. Water absorption rate was calculated based on 
following Eq. 2: 

Wabs = Final weight − Initial weight                         (2) 
Impact absorbance drop test: The impact or 

dynamic stress test was performed, where a 0.14 kg 
mass sphere ball impactor was dropped from a height of 
540 mm onto the 30x30 mm samples. The height of the 
first rebound was measured and the energy absorption 
(in unit of joule, J) was calculated as Eq. 3: 
Potential energy, E =
Mass x Gravity acceleration x Rebound height        (3)  

Foam pore morphology: The optical microscope 
(OM) was used to investigate the pore structure of 
ENR/RR foam. The average cell size was determined. 
 
3. RESULTS AND DISCUSSION 

Figure 1a shows the decrease of relative density of 
rubber foam with the increase of RR content. Higher 
RR content with lower tendency for new crosslinking 
provides loose sites for the carbon dioxide (CO2) gases 
to stretch the pore wall created by sodium bicarbonate 
in the ENR/RR mixture. The expansion of the pore 
walls results in a relatively larger pore size and thus 
produces foam with lower relative density. The amount 
of solid phase per unit volume is reduced, and thus less 
crosslinking is presence.  

Figure 1b depicts the increase of water absorption 
rate of foam with the increase of RR content. Higher 
content of RR allowing the foam to expand more and 
consequently producing a foam with large unfilled 
space. Thus, more water is absorbed into the unsaturated 
part of the foam.  

 

 
Figure 1 Plot of (a) Relative density and (b) Water 

absorption for different ENR/RR ratio 
  

                   
Figure 2 Impact energy absorption variation and the 

micrographs of pore structure for varied ENR/RR ratio  
 
 The efficiency of impact absorption of the rubber 

foam is a compromise between the ENR/RR ratio and 
the foam structure. The resultant value of impact 
absorption is inversely proportional to the pore size. 
From the graph plot and optical micrographs in Figure 
2, sample with 90/10 ENR/RR ratio contribute to the 
highest impact absorption value with the smallest pores 
dimension compared to other samples (not considering 
the reference sample of ENR/RR 100/0 and 0/100). An 
optimum pores size capable of absorbing highest energy 
whereas larger pore’s structure in a particular sample is 
believed to exhibit higher plasticity.      
 
4. CONCLUSION 

The experimental result indicates the effective 
ratio of ENR/RR affects the physical and energy 
absorption properties of the rubber foam. As the RR 
content increases, there are more loose sites for pore 
enlargements by CO2 gas per unit volume. This results 
in a foam with relatively lower density and higher water 
absorption rate due to the decrease of crosslink density. 
In drop ball testing, samples which absorbs more energy 
after impact caused the ball to bounce at a lower height 
after impact. The test revealed that samples with 
optimum pore size is applicable for an efficient energy 
absorption. This is in a good agreement with 
morphological characteristics of the foam structure. 
Sample with higher pore unit/volume and at an 
optimum diameter are essential for energy absorption. 
As the conclusion, it is revealed that higher fresh rubber 
content (ENR) has better tendency to produce a foam 
with higher pore density, lower pore sizes and 
consequently exhibit higher energy absorption than a 
mixture with higher reclaimed rubber (RR) content. 
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ABSTRACT – The aim of this study is to understand 
the surface deformation during the first phase of rolling 
contact cycles. Quantification of surface characteristic 
at micro-geometry scale is crucial for wear and fatigue 
prediction. In this study, a new test rig is developed to 
measure the progressive surface deformation. The 
online measurement of surface deformation is evaluated 
periodically using infinite focus microscope (IFM). This 
is the first time the surface deformation is monitored 
online by using IFM. 
 
1. INTRODUCTION 

Running-in is the first phase of the lifetime in 
rolling or sliding contact. At this period, the asperity 
peak of original surface finish is reduced by plastic 
deformation and the valley is filled. Plastic deformation 
(a permanent deformation or change in shape of a solid 
body in response to applied forces) and wear (removal 
of material during contact of surfaces) are the main 
critical mechanisms observed in the contacting surface 
that may lead to failure. Plastic deformation of 
cyclically loaded structure at the first application of load 
which occurs until elastic steady cyclic state achieved is 
known as ‘shakedown’[1]. The elastic shakedown can 
be seen after a number of cyclic plastic deformations. 
The evolution of surface roughness during running-in 
has been carried out extensively experimentally and 
numerically [2,3]. However, few works have looked at 
the surface deformation at micro-geometry/asperity 
levels [4,5]. The measurement of progression in 
localized surface deformation requires a very precise 
positioning method. In this study an online surface 
monitoring system is developed to quantify surface 
deformation and wear without dismounting the sample. 
The progress of the surface geometry over the rolling 
cycle is important in order to get a better understanding 
of the plastic deformation and wear mechanism in 
rolling motion.  

 
2. METHODOLOGY 

2.1  Experiment Set Up 

The experimental setup consists of a new 
developed test rig and infinite focus microscope (IFM) 
as shown in Figure 1. This microscopy device is 
selected due to ability to measure roughness in two 
dimensional (2D) and three dimensional (3D). In 
addition, there are few software enhancement which 
permit further surface analysis, which is not available in 

traditional microscope. The rig is designed to be small 
enough to fit into the IFM and consists of two rollers, 
linear guide, load flange and stepper motor. The roller 
samples are maintained at a relative consistent contact 
for accurate measurement of surface deformation.  

 

 
Figure 1 Experimental setup 

 
The experiment details are shown in Table 1. 
 

Table 1 Experimental setup. 
Parameter Value 
Roller diameters 20 mm 

Surface roughness Upper roller : 0. 7 µm 
Lower roller : 0.01 µm 

Rotation speed 1 rpm 
Load 50 N 

 
2.2  Development of Finite Element Model 

 The scanned surface is used in the modeling of 
rough surface for finite element analysis as shown in 
Figure 2. The advantage of this method is the real 
surface distribution is obtained. Previous work 
considered elastic–plastic solid with a sinusoidal profile 
brought normally into contact with a rigid plane [6,7] 
where the first body is treated as rigid, smooth and 
perfectly flat while the second is a surface with profiles.  
 

 
Figure 2 2D finite element model of rough surface in 

contact with flat surface. 
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3. RESULTS AND DISCUSSION 

Figure 2 shows the surface deformation for the 
first ten cycles. The y-axis represents asperity height 
while x-axis is a measurement length. The profiles 
acquired by interrupting the test every one cycle for 
surface scanning by IFM. The surface is scanned with 
20x magnification and the roughness filter is applied to 
the primary profile. The figure shows that the system 
has a capability to quantify surface change up to nano-
scale range, an indication that experimental rig can 
measure surface deformation in micro-asperity level. 
 

 
Figure 3 Surface asperity evolution for the first 10 

cycles. 
  

The different phases of surface deformation are 
exhibited in Figure 3. The phases are evaluated by the 
measured average roughness (Ra) of the surface 
asperity. From the graph, an elastic shakedown is 
achieved at 1300 cycles (running-in phase). This is a 
turning point for a steady state of rolling contact. At the 
first phase (running-in), the average roughness is 
reduced by 31.7% while after shake down, the 
roughness level is maintained with a percentage of 
changing rate at 6 %.  With the high reduction in phase 
I, it can be concluded that plastic deformation is active 
until elastic shake down is achieved. After that, the 
roughness is maintained due to elastic behavior of 
material.  

 

 
Figure 4 Surface deformation regimes from running-in 

to steady state. 
 

Figure 4 shows how the asperities deform during 
plastic deformation. There are reductions of asperity 
peaks while the valleys are maintained at the same level. 

The stress distributions on the asperity peaks after 
plastic deformation are shown in Figure 5. The blunted 
asperities cause the increase of the area of contact, 
therefore resulting in a reduction of the contact stress. 
 

 
Figure 5 Surface asperity profiles before and after 

running-in. 
 
 

 
Figure 6 Finite element results on the stress distribution 

on the asperity peaks. 
 
4. CONCLUSIONS 

A plastic deformation mechanism during running-
in of rolling contact is understood. The test rig able to 
measure the small changes in the surface geometry 
indicates that a high precision system has been 
developed. This is the first time the surface deformation 
is monitored periodically under IFM. This improves the 
current method available in wear measurement hence 
open an opportunity for a further assessment of surface 
deformation and wear mechanism. 
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ABSTRACT – Manufacture process of an insole shoe 
is quiet challenging. The most problem that frequently 
encountered is the contact between the cutter milling 
and the insole material. This paper studied such contact 
by finite element analysis. The results were presented in 
the form of von Misses stress distribution as a function 
of the studied contact parameters.  
 
1. INTRODUCTION 

Scientists have shown that biomechanical factors 
have an important role in etiology, treatment, and foot 
abnormality prevention. Therefore, it is important to 
understand biomechanics related to normal foot before 
foot orthotics or apply surgery intervention. Internal 
stress, leg and ankle stress information is important in 
improving knowledge about biomechanical behaviors 
from ankle areas. Direct biomechanical parameter 
measurement is hard to get the right size of feet. 
Otherwise, with CAD Orthotic technology, 3D Scan 
Human Foot, and Finite Element Model will produce a 
comprehensive computation model.  

Problems that often arise in shoe industries which 
particularly produce insole shoe with the customer’s 
foot size is how to get insole shoe in EVA rubber 
material included in viscoelastic material category that 
will be easy to form in CNC machine. To solve the 
problem, Finite Element is needed until we have EVA 
rubber materials. In general the steps of insole shoe 
process are shown in Figure 1. 
  

 
Figure 1 Insole shoe process steps. 

 
The objectives of this study are to identify and 

examine mechanical characteristics in EVA rubber 
material insole shoe. This paper will analyze variations 
in the number of layers of rubber material are machined 
and variations in cutter milling indenter diameter to get 
maximum stress curve with load variation from 0 to 400 
N. 
 

2. METHOD 

Finite Element Analysis which will be developed 
in this paper employing Abaqus 6.13 software to set 
SEF model in viscoelastic rubber material [1]. Based on 
the SEF work of Cheung and Zhang [2], Nora_SLW 
material and the Constant of C01 and and C20 of SEF 
Mooney-Rivlin will be used as a reference. The SEF 
Mooney-Rivlin for EVA rubber material is assumed as 
an incompressible material and determined uniaxial test 
until 15 MPa stress and 400% strain. 

The Finite Element Analysis (FEA) model of 
Cheung and Zhang and [2] Tian and Saka [3] were 
adopted for modeling the contact system. Figure 2 
shows the FEA model for the contact system between 
the ballnose and the viscoelastic material. 
 

 
Figure 2 Contact model between a HSS ballnose 

indenter on a viscoelastic material. 
 

In Figure 2 the rigid material of ballnose cutter 
milling will press the EVA rubber material in insole 
shoe manufacturing process. Thickness of the 
viscoelastic EVA material was varied. The boundary 
conditions of the contact system can be seen in detail in 
this figure. The deformable viscoelastic material was 
made by CNC milling which has dimension of 150 mm 
length, 30 mm width, and 20 to 40 mm thickness. The 
diameter of ballnose of 4 mm and 6 mm were employed 
for the rigid indenter.  
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The results will be presented in form of von 
Misses stress as a function of the variation of several 
parameters such as ballnose diameter and viscoelastic 
material thickness.   
 
3. RESULTS AND DISCUSSION 

Figure 3 shows an example result of the 
distribution of von Misses stress on the single layer EVA 
viscoelastic material with 20 mm thickness. In this 
figure, the von Misses stress distribution for EVA rubber 
material indented by the HSS ballnose indenter of 4 mm 
diameter (Fig. 3(a) and of 6 mm diameter (Fig. 3(b)) are 
presented. The maximum von Misses stress of 1.70 MPa 
was observed at 400% strain for the 6 mm diameter the 
ballnose indenter. 

 

     
(a)                                  (b)       

Figure 3 The von Misses stress distribution of EVA 
rubber material indented by the HSS ballnose indenter 

with the diameter of: (a) 4 mm and (b) 6 mm. 
 

Results of the relation of the stress and strain for 
several viscoelastic materials are presented in Figure 4. 
It shows that at the beginning of the stress-strain curve 
(from stress of 0 to 2.3 MPa) the EVA material and the 
Nora_SLW SEF is almost exactly the same. After that, 
the curves starts to deviate. The stress value increases as 
an increse of the strain value and the maximum stress is 
attained at the maximum strain for both the viscoelastic 
materials. The EVA rubber material has the maximum 
stress value of 7,67 MPa (about 10% less than 
Nora_SLW material). However, the difference between 

the EVA rubber material and the Nora_SLW material is 
almost contact and shows a similar trend.  

 

 
Figure 4 Result of the stress-strain curves for some 

observed viscoelastic materials. 
 

4. CONCLUSION 

Study the contact between a hard ballnose indenter 
and a deformable viscoelastic materials has been 
performed. Results showed that behaviour of SEF in 
EVA rubber material has similarity with the developed 
FEM model. The von Misses stress distribution is very 
usefull as the indicator for the studied contact 
parameters.   
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ABSTRACT – By using Finite Element Analysis 
(FEA), this study investigated the indentation load and 
maximum stress due to straight blade indentation of 
unfilled Styrene Butadine Rubber. Results are presented 
as a function of blade indenter characteristics, wedge 
angle and tip radius, at a specified depth of indentation.  
 
1. INTRODUCTION 

Rubber indentation by a straight blade indenter is 
usually performed in a static as well as in a dynamic 
manner. McCharty et al [1, 2] investigated the blade 
sharpness by the static indentation to find the load at cut 
formation for various wedge angles and tip radii. 
Dynamic indentation by a straight blade is mostly 
conducted through sliding indentation or abrasion [3-5], 
with a result that there is a periodic wear pattern formed 
at the abraded rubber surface. Experimentally, Fukahori 
at al. [6] showed that the pattern spacing strongly 
depended on the hardness of the rubber. 

There were two important parameters, i. e. the load 
at cut formation and the hardness of the rubber. It has 
been widely known that the force at cut formation 
depends on the ultimate stress of the rubber meanwhile 
the hardness complies with the rubber stiffness. These 
parameters depend on the mechanical behavior of the 
rubber and blade characteristics. It is difficult to 
describe accurately the mechanical behavior of the 
rubber theoretically, so it is most frequently modeled as 
a hyperelastic material through phenomenological 
methods. However, the hyperelastic model cannot 
describe the cut formation level, because, in general, the 
model is constructed up to a certain strain level which is 
lower than the ultimate strain at a crack or cut 
formation.   

The aim of the present study is to investigate the 
mechanical behavior of a straight blade indentation on 
Unfilled Styrene Butadine Rubber (SBR-0) through FE 
analysis. The analysis is conducted for various wedge 
angles and tip radii of the blade indenter.  

 
2. METHOD 

The finite element analysis of the present work 
was performed using a commercial finite element 
software package, ABAQUS 6.11 [7] with a built-in 
strain energy function (SEF) model for a hyperelastic 
material. The SBR-0 (Unfilled Styrene Butadiene 

Rubber) with the Mooney-Rivlin strain energy function 
is used and the material is assumed as an incompressible 
material. The SEF data were adopted from Liang’s 
experiment [8] obtained from a uniaxial tensile test up 
to 5.5 MPa stress and 300% strain.  

 

 
Figure 1 Schematic illustration of the indentation 
model; a rigid blade indenting a rubber surface. 

 
Figure 1 shows a schematic illustration of a 

straight rigid blade indenting a rubber surface. 
Boundary conditions of the indentation system are 
depicted in this figure as well. The rubber material 10 
mm height, 20 mm wide and 10 mm thick was modeled 
in plane strain. For analysis, the chosen blade wedge 
angle θ are 30, 45 and 60 degrees for a sharp blade (tip 
radius is 0 mm) which are often used in abrasion testing 
[3-6], and the chosen tip radii are 0.3, 0.4, 0.5 mm for a 
45 degrees wedge angle.  

The results are presented in the form of indentation 
load and maximum stress of the rubber at a specified 
blade displacement or depth of indentation (δ = 1 mm 
and 2 mm, see figure 1) for some various data of the 
blade indenter.   

 
3. RESULTS AND DISCUSSION 

Figure 2 demonstrates a FEA output of the von 
Mises stress distribution of SBR-0 by blade indentation 
with a 45 degrees wedge angle and 0.3 mm tip radius. 
The highest contact stress and deformation are located 
at the indenter’s blade tip.  
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Figure 2 Example of FEA output; stress distribution of 

SBR-0 induced by blade indentation, δ = 1mm. 
 

FE simulation shows that a quadratic relationship 
between the indenter load and the blade displacement is 
found. Consequently, there is a linear relationship 
between the rubber stiffness and blade displacement. 
Based on the specified blade displacement δ, Figure 3 
and 4 show the relationship between indenter load and 
maximum stress as a function of the wedge angle and 
tip radius respectively.  

 

 
Figure 3 Indentation load and maximum stress for 

various wedge angles at sharp blade tip radius 0 mm. 
 

  
Figure 4 Indentation load and maximum stress for 

various blade tip radii for a wedge angle of 45 degrees. 
 

These figures exhibit that the indenter load 
increases with increasing wedge angle and tip radius of 

the blade, meanwhile, the maximum stress reduces due 
to an increasing wedge angle and tip radius. In general, 
a linear relationship between the indenter load and the 
maximum stress with the blade characteristics is found.  

Qualitatively, these results show the same trend as 
found for polyurethane indentation at cut formation [2]. 
Thus, based on the results obtained in this study, it is 
shown that the cut formation of rubber-like materials by 
blade indentation can be estimated by using the method 
presented in this study. 
 
4. CONCLUSION 

This study investigates the mechanical response of 
straight blade indentation on Unfilled Styrene Butadine 
Rubber by FE analysis.  At a specified depth of 
indentation, the indenter load increases and the 
maximum stress reduces due to an increase in wedge 
angle and tip radius. In general, a linear trend between 
indentation load and maximum stress as well as wedge 
angle and tip radius is found. Further, these results 
indicate that the method presented can also be 
implemented in analyzing the cut formation of rubber-
like materials by blade indentation. 
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ABSTRACT – This paper presents a normal contact 
problem between a hard flat punch and a deformable 
rubber (viscoelastic) material.  A Castaldo Gellata 
Fuschea (SRCGF) material was used for the rubber. 
Abaqus 6.13 was used to analyze the contact system. 
Result showed that there is a similarity between the 
model and the literature for characterizing the 
viscoeleastic properties. 
 
1. INTRODUCTION 

Coating of metal, ceramic or rubber has been used 
widely in the world today. In pewter metal souvenir 
industry, rubber coating is used at mold spin casting 
formation in vulcanizer. Rubber coating consist of two 
layers silicone rubber, patched and then inserted into 
Mold Frame Vulcanizer until 180o for about an hour. To 
identify the characteristic of rubber during suppression 
process, contact analysis based on Finite element 
analysis (FEA) was performed in this study.  

The objective of this paper is to identify and 
examine the mechanical characteristic of Castaldo 
Gellata Fuschea (SRCGF) viscoelastic material in a 
cover mold frame vulcanizer S45C that is often used as 
spin casting mold in metal souvenir industry. The 
variation in the number of rubber material suppressed 
and the indenter geometry in each material will be 
analyzed. The cover mold frame vulcanizer S45C is 
used as punch flat indenter for the two-layer material 
SRCGF that patched each other to get an optimal mold 
result after vulcanization. 

  
2. METHOD 

Finite element analysis that is performed in this 
study uses the commercial finite element analysis 
software Abaqus 6.13 [1]. Based on the stress function 
curve of the work of Shergold, et al. [2], silicone rubber 
8800, constants of C01 and C20 of SEF Mooney-Rivlin 
are used as references to analyze maximum stress curve 
in the SRCGF material. The SEF Mooney-Rivlin for the 
SRCGF material is assumed as an incompressible 
material and was determined by uniaxial test until 15 
MPa stress and 400% strain.  

 
 
 
 

The FEA model in this study is developed based 
on the FEA model of Tian and Saka [3] and Cao, et al. 
[4]. Figure 1 shows the developed FEA contact model 
between a hard S45 flat punch indenter on a deformable 
viscoelastic material. 
 

 
Figure 1 FEA contact model between a flat punch S45C 

indenter and a viscoelastic rubber material. 
 

In Figure 1 the rigid indenter S45C, as the cover 
mold frame, will suppress the silicone rubber. The 
boundary condition of the contact system can be seen in 
detailed in this figure. The SRCGF material that was 
used as a rigid semicircle object has a diameter of 150 
mm. This indenter diameter is made with three 
geometry flat punch indenter variations, 180o, chamfer 1 
mm x 45o, and 2 mm radius tip. The deformable 
viscoelastic rubber thickness was varied with 20, 40 and 
60 mm and is divided into two-layer SRCGF material. 
The load of 50 N and 400 N was applied in this model.   

The S45C indenter used a flat punch form. This is 
based on the real condition in mold spin casting process 
for metal souvenir. The process of vulcanizing in a 
metal souvenir industry is depicted in Figure 2. Two-
layer SRCGF material patched into one and is inserted 
into body mold vulcanizer.  It is pressed by cover mold 
and then the vulcanizing process in a Vulcanizer Quadro 
Parallel machine. The results will be presented in a form 
of von Misses stress distribution and stress-strain 
relation.   
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Figure 2 Vulcanizing SRCGF material process steps in a 

metal souvenir industry. 
 
3. RESULTS AND DISCUSSION 

For verification, the developed model (SRCGF 
material) has been validated with the model of Shergold, 
et al. [1] and it showed a good agreement. Results of the 
von Misses stress distribution for the SRCGF indenter 
with different geometry is presented in Figure 3. In this 
figure the total thickness of the two-layer deformable 
viscoelastic material is 20 mm. The highest stress is 
observed for the SRCGF radius tip of 2 mm, i.e. 4.709 
MPa at 400% strain.  

 

        
Figure 3. The von Misses stress distribution from the 
contact of different hard SRCGF flat punch indenter. 

 
Figure 4 shows the stress-strain relation for several 

viscoleastic materials. For the SRCGF and the Sill880 
the curves almost coincide. The maximum stress is 
about 11.7 MPa for 400% strain value. 

 

 
Figure 4. Stress – Strain SRCGF and Sill8800 curve 
 
4. CONCLUSION 

Finite element analysis of the contact between a 
rigid flat punch indenter and a deformable viscoelastic 
material has been performed. Results showed that the 
SEF curves for both rubber materials tested are similar 
with the developed model. The maximum von Misses 
stress of 4,709 MPa at 400% strain occurred for the 
SRCGF indenter with 2 mm tip radius. However, the 
change of the flat punch indenter S45C does not give 
significant effect to the indentation depth.  
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ABSTRACT – A study of the shock test towards Hard 
Disk Drive (HDD) was carried out. Experimental results 
were used to analyze and optimize the suitable 
parameters, in order to achieve a shock output that 
excite internal resonant and cause most damages to the 
HDD [1]. The study revealed the damper and drop 
height showing importance parameters for shock test. 
 
1. INTRODUCTION 

Dropping, striking, or bouncing a hard disk drive 
against a hard surface can damage it internally without 
external evidence of damage [2]. Shock effect on HDD 
is one of the important reliability event, it can states into 
two tests “Operational” and “Non-Operational” [2]. In 
general, shorter pulse widths of shock excite higher 
frequencies and greater amplitudes [3]. In HDD 
technology, shock inputs required as half-sine 
accelerations with various amplitudes 150-1000G and 
short pulse widths in 1-2ms. In order to achieve desired 
shock output [4], few parameters have proceeded for 
study its effects. Figure 1 showing T is pulse width; and 
A is shock amplitude. 

 

 
Figure 1 Desired Half-Sine wave shock output. 

2. METHODOLOGY 

Exploratory studies were performed by using a 
custom made shock tester. The drop height and damper 
thickness were varied. HDD was mounted at the center 
of the stage with the accelerometer mounted at the side. 
The accelerometer was placed as close as possible to the 
HDD. The equipment setup was shown in Figure 2. The 
stage was manually lifted to the desired height and drop 
freely though the Thomson Shafts. The damper selected 
was made of foam rubber material with hardness at 
Shore 40A. This was placed directly beneath the stage 
on top of the base plate. The contact plate of the stage 
will directly impact the damper. The size of damper was 
varied as well, in order to perform shock at different 
impact, when the upper contact plate hit onto the 
damper. Accelerometer was used to capture the shock 
output, which connected to a signal conditioner, and 
signal output to an oscilloscope. Oscilloscope captured 
the preset trigger amplitude of shock output, within the 
particular pulse width. Visual FFT software was used to 
analyze waveform from the oscilloscope. 

 

 
Figure 2 Overview of simple shock tester. 

 
The experiment matrix was shown into Table 1. 

The drop height was varied from 12cm to 29.5cm. The 
foam rubber material damper’s thickness from 2mm to 
9mm. Impact contact area was either 10.4cm2 or 1.4cm2. 
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Table 1 Drop Height, Damper thickness & shock contact 
area were used to optimize the shock output. 

No. Drop 
Height (cm) 

Damper 
Thickness (mm) 

Contact 
Area (cm2) 

1 12.0 2.0 10.4 
2 21.0 2.0 10.4 
3 29.5 2.0 10.4 
4 29.5 2.0 1.4 
5 
6 

29.5 
29.5 

6.0 
9.0 

1.4 
1.4 

 
3. RESULTS AND DISCUSSION 

The shock acceleration increases when increasing 
the drop height, as illustrated in Figure 3. This tendency 
can be interpreted in terms of the balance between 
potential energy and kinetic energy, then proportional to 
the acceleration [2]. 

 

 
Figure 3 Relationship between drop height and the 

amplitude of shock acceleration (At damper thickness 
2.0mm, and contact area 10.4cm2). 

 
At drop height = 29.5cm, the shock acceleration 

decreases when increasing in damper thickness. This is 
illustrated in Figure 4. This tendency can be explained 
by shock absorption and duration is higher on thicker 
damper, thus the shock acceleration is lower. 

 

 
Figure 4 Relationship between Damper Thickness and 
the amplitude of Shock Acceleration (At drop height 

29.5cm, and contact area 1.4cm2). 
 
 
 
 
 
 

Figure 5 show that at drop height = 29.5cm, the 
shock acceleration increases when reducing in shock 
contact area to the damper. This is due to the small 
contact area, causing higher shock impact during 
contact. 

 

 
Figure 5 Relationship between Shock Contact Area and 

the amplitude of Shock Acceleration (At drop height 
29.5cm, and damper thickness 2mm). 

 
4. CONCLUSION 

The effects of drop height, damper thickness and 
impact shock contact area towards shock acceleration 
have been investigated. Clear tendency can be observed 
among these effects, and these are the important 
parameters for shock output optimization. This simple 
shock tester can be optimized, in order to achieve the 
desired shock acceleration outputs for HDD reliability. 
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ABSTRACT – The aim of the present paper is 
simulating a rolling-sliding contact using finite element 
analysis (FEA) to analyze the change in surface 
topography and contact. Finite element simulations are 
done for the two-disc configuration with an artificial 
rough surface of a sphere and a smooth cylinder. The 
results show that the contact pressure reaches a 
stabilized value after a certain number of rotations, 
indicating the end of the running-in phase and the 
beginning of the steady-state phase. 
 
1. INTRODUCTION 

 In the study of rolling–sliding contacts of 
mechanical components such as roller-bearings [1], cam 
and followers [2], gears [3] and micro gears [4], wear is 
regarded as a surface phenomenon that has been 
identified as a critical factor for controlling the lifetime 
of these components. However, the investigations on 
wear of rolling-sliding contacts were often conducted 
when operating in the steady-state phase without 
considering the running-in phase. During running-in, 
friction and wear between two contacting bodies may 
vary considerably over time.  

 In the investigations conducted in the past decades 
in developing running-in models and performing 
running-in experiments, attention was paid to observing 
changes in the coefficient of friction [5-7] and the 
surface topography [8-10] during running-in. However, 
there are other parameters whose contribution cannot be 
neglected for a successful running-in phase. Hsu et al. 
[11] observed that besides surface roughness, contact 
pressure and interface layer, the establishment of an 
effective lubricating film is also adjusted in the transient 
period of running-in to the steady-state condition. These 
parameter adjustments induce surface conformity, oxide 
film formation, material transfer, lubricant reaction 
products, martensitic phase transformations and 
subsurface microstructure reorientation. 
 Recently, Argatov and Fadin [12] indicated that 
based on mathematical modelling, using the theory of 
elasticity in conjunction with Archard’s law of wear, the 
contact pressure is very important in determining the 
end of the running-in phase and the start of the steady-
state phase. This paper aims to conduct a rolling-sliding 
contact using finite element analysis (FEA) to analyse 
wear, change in surface topography and contact pressure 

as a function of sliding distance/time. 
 
2. METHOD 

 Finite element simulations were done using 
ABAQUS for the two-disc configuration with an 
artificial rough surface of the upper sphere (Rh = 4 mm) 
and a smooth lower cylinder (Rc = 4 mm). An 
arrangement of asperities covers the upper surface as 
depicted in Fig. 1. A contact load FN of 100 N and the 
radius of the artificial asperities, Ras, of 50 µm is used in 
the simulations. The circumferential distance between 
the asperities is 120 µm. The rolling and sliding contact 
situation is performed by determining the velocity of the 
upper ball, and the velocity of the lower cylinder are 
800 mm/s and 880 mm/s whereas the specific wear rate 
is 1 x 10-5 mm3/Nm and the coeffictien of friction is 
0.6. 
 
 

  
 

 
Figure 1 Two-“disc” contact where an artificial rough 
surface is modelled on the upper surface. The zoom-in 
view depicts the contact between the rough surface and 

the smooth lower surface and the mesh refinement at the 
asperities. 

 
 The model contains three stages in the simulation 
procedure: determination of the contact pressure, 
calculation of the wear based on Archard’s wear 
equation and updating of the geometry. The wear 
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simulation lasts until the sliding distance (Smax) is 
obtained. 
 
3. RESULTS 

 The initial contact between the rough sphere and 
the smooth cylinder when loading the system initially 
contact occurs on the axi-symmetrical line A-A’ (see 
Fig. 1). Then, as the contact load increases and reaches, 
in this case, 100 N, other asperities in perpendicular 
direction of line A-A’ come in contact, marked with 
number  4 and 5 as illustrated in Fig. 2. It shows that the 
nominal contact area becomes larger and the number of 
contacting asperities increases as the number of rotation 
increases. 
 

 
Figure 2 Contact area between the rough sphere and 

smooth cylinder. The contact pressures are given 
in MPa. 
 

 
Figure 3 Calculated contact pressure evolution of 

asperity 1-5 as a function of the number of rotations. 
 

The evolution of the average contact pressure of 
the asperities with increasing number of rotations is 
shown in Fig. 3. The average contact pressure of 
asperity 1, 2 and 3, located along A-A’ line, show a 
similar behavior. Asperity 4 and asperity 5 have the 
same distance to line A-A’ and are assumed to have 
similar average contact pressure. Initially the contact 
pressures of asperity 1, 2 and 3 are higher than asperity 
4 and 5. As the number of rotations increases, the 
contact pressures of asperity 1, 2 and 3 decrease and are 
finally lower than the average contact pressure in 
asperity 4 and 5. Then, the contact pressures of the 
asperities are “stabilized” after 1600 rotations indicating 
the end of the running-in phase and the beginning of the 
steady-state phase.  

Using the similar method in FEA, the previous 
research [4,13] employed the smooth surfaces in contact 
and the asperities were not taking into account. The 
present model will be developed further using a real 

rough surface model in predicting the running-in wear.  
 
4. CONCLUSION 

The present FEA based deformation and wear 
model is used to perform simulations in which an 
artificial rough hemisphere is in rolling-sliding contact 
with a smooth cylinder.  The results show that the 
contact area becomes larger and the number of 
contacting asperities increases as the contact load 
increases. The asperity contact pressures “stabilize” 
after a certain number of overrollings indicating the end 
of the running-in phase and the beginning of the steady-
state phase.  
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ABSTRACT – Mechanics of plastic contact is very 
important for determining the (micro-) geometrical 
change of contacting surfaces. This paper proposes a 
finite element analysis for the plastic contact between 
two deformable hemispheres. The effect of geometry on 
the degree of plasticity was presented.  
 
1. INTRODUCTION 

 The theory on contact mechanics has been widely 
discussed in several studies. The elastic contact theoryof 
Hertz [1] is one of the underlying theories until to date. 
Greenwood and Williamson [2] have introduced a 
theory of elastic contact on rough surfaces in 1966. 
Chang, Etsion and Bogy [3] developed a model of 
elastic-plastic contact in for two regimes, i.e. elastic 
contact and plastic contact in 1987. In the model of [3] 
there is no transition regime from elastic to plastic 
contact behaviour, therefore Zhao, Maietta and Chang 
[4] in 2000 developed the elastic-plastic contact 
analytically for the three regimes, elastic contact, elasto-
plastic contact and fully plastic contact. In 2002, Kogut 
and Etsion [5] also proposed an elasto-plastic contact 
analysis using the finite element method. Jamari and 
Schipper [6] in 2006 extended the elastic-plastic contact 
situation in a more general form that can be applied to 
ellipsoids in contact. 
 Study of the contact’s degree of plasticity is very 
important because it will determine the geometrical 
change of the contacting surfaces.  Johnson and 
Shercliff [7] in their hypothesis say that when two 
contacting asperities have the same hardness, the depth 
of plastic deformation is expected to be the same for 
each body, independent of the geometries used. Based 
on this hypothesis Jamari [8] performed experiments by 
contacting two spheres (steel balls) and varying the radii 
of the spheres. The experimental results are in contrast 
to the hypothesis of Johnson and Shercliff [7]. The 
experiments showed that the plastic deformation is 
affected by the geometry of the contacting spheres. 
Hardjuno [9] in 2010 conducted similar experiments by 
contacting two hemispheres. The experimental results of 
Hardjuno [9] showed the same phenomena as found by 
Jamari, i.e. that plastic deformation depends on the 
geometry of the contacting bodies.  
 This paper presents the finite element analysis of 
the plastic contact between two hemispheres. The effect 
of geometry is represented by varying the radii of the 
hemispheres. The simulation results are compared with 

the experimental results of Hardjuno [9].  
 
2. METHOD 

 A commercial finite element analysis software 
package Abaqus was used to study the plastic contact 
between two deformable hemispheres and varying the 
radii of the contacting hemispheres. Both of the 
deformable hemispheres were modeled by a quarter 
shown in Figure 1 due to its axisymmetry properties. 
 Figure 1 shows the boundary conditions of the 
contact system and its method for measuring the plastic 
deformation. Nodes which are located on the x-axis can 
only move in the direction of the x-axis while the nodes 
on the axis of symmetryof the hemispheres (y-axis) can 
move in the direction of the y-axis only. 

 

 
 
 
 
 
 
 
 
 

 
Figure 1 Boundary condition for modeling the contact 
between two deformable hemispheres and its method 

for measuring the plastic deformation. 
  
 The material behavior used for the model is elastic 
perfectly plastic with the modulus of elasticity of 96 
GPa. The yield strength is 310 MPa and the Poisson’s 
ratio is 0.34. The reference radius R1 is 17.5 mm and the 
radius of the counter body R2 is varied so that R1/R2 = 1, 

y 

x 

R1-ωp1 

R1 
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2, 3, 4, 5, 6 and 7. Two loads of 8000 N and 11000 N 
with friction were simulated. 
 
3. RESULTS AND DISCUSSION 

 Figure 2 and 3 show the results of the finite 
element analysis and is compared with the experimental 
results of [9] for the applied load of 8000 N and 9000 N, 
respectively. The ratio of the plastic deformation, after 
the load is removed (unloading), for the hemispheres, 
Zp1/Zp2, are plotted as a function ofR1/R2.  
 

 
Figure 2 Ratio of the plastic deformation ωP1/ωP2 as a 
function of the ratio of the hemispheres radiiR1/R2 for 
8000 N load and a coefficient of friction of 0.1 (model 

and experiment). 
 

 
Figure 3 Ratio of the plastic deformation ωP1/ωP2 as a 
function of the ratio of the hemispheres radiiR1/R2 for 

11000 N load and a coefficient of friction of 0.1 (model 
and experiment). 

 
 It can be seen that the ratio of the plastic 
deformation decreases as the ratio of the hemispheres 
radii increases. In other words, the larger sphere show 
less plastic deformation compared to the smaller sphere. 
These results are not in line with the hypothesis of 
Johnson and Shercliff [7] for both the finite element 
analysis and the experimental results. 
 
 
 
 
 
 
 

In both Figure 2 and 3, the results of the finite 
element simulation were achieved by using a coefficient 
of friction of 0.1. In fact, the experiments were 
performed under dry contact conditions. The deviation 
between the finite element model and the experiments 
increases as the ratio of the radii increases. This may be 
caused by the difference in coefficient of friction for 
each contact system. For a high radii ratio the 
displacements of the deforming bodies is relatively 
higher for the smaller body. 
 
4. CONCLUSION 

 The effect of geometry of the plastic contact 
between two deformable hemispheres has been studied 
by finite element analysis. Results show that the degree 
of plasticity is affected by the geometry of the 
contacting bodies. The ratio of plastic deformation 
decreases as the ratio of the hemispheres radii increases. 
The finite element analysis agrees with the experimental 
results. 
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ABSTRACT – We report our experimental studies on 
stick-slip motions between polymer gels having artificial 
surface asperities. We show that, depending on the 
density and configuration randomness of asperities, the 
stick-slip behavior greatly changes: when the asperities 
are located periodically with sufficient separation, fast 
and regular stick-slip motions occur, while slow and 
heterogeneous slip behavior is observed for samples 
having randomly and densely located asperities. We 
discuss the condition for the occurrence of complex stick-
slip cycles.  
 
1. INTRODUCTION 

It is well known that real area of contact is limited 
in a small portion of nominal area in dry frictional contact, 
and also well understood that surface asperities play an 
essential role [1]. There are many papers discussing 
quasi-static features since pioneering works done by 
Bowden and Tabor [2], and Greenwood and Williamson 
[3]. However, very few studies focusing on the dynamical 
behavior have been reported [4]: this implies that the 
energy dissipation mechanisms in dry sliding friction are 
not so clear at present. In this paper, we report on stick-
slip friction between soft polymer gels as an experimental 
analogue of dry frictional contact. Unlike previous 
studies where silicone rubber with asperities are slid 
against a flat glass plate [5, 6], multiple asperities of 
hemi-cylindrical shape were molded on both surfaces of 
the silicone gels, and friction experiments were 
conducted by slowly driving the system.  
 
2. EXPERIMENT 

2.1 Sample 

We prepared silicone gels (CY52-276, Toray Dow 
Corning, Japan, the shear modulus is about 100 kPa) by 
mixing pre-polymers A:B = 1:4 (weight ratio), stirring 
well with a mixer, degassing with a vacuum pump, and 
then by curing it inside a mold at 90 degrees for 5 hours. 
Surface asperities having hemi-cylindrical shape with a 
given radius, height, and location (i.e., density) were put 
on the frictional surface as a quasi-2 dimensional setup, 
as shown in Figure 1.  
 
 
 
 
 
 
 

 
Figure 1 Polymer gel sample for quasi-2 dimensional 

friction experiments.  
 
2.2 Friction Experiment 

Friction experiments were conducted by using 
Tensile testing machine (MST-1, Shimadzu, Japan). A 
schematic is drawn in Figure 2. Sliding (driving) velocity 
V was 0.1 or 1 mm/s. Vertical displacement Δz (not 
normal load) was imposed in all experiments.  
 

 
Figure 2 Experimental setup. 

 
2.3 In-situ Observation 

Frictional behavior was taken by a high-vision 
video camera at 30 frames per second from the side of the 
samples.  
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3. RESULTS AND DISCUSSION  

In order to discuss the effects of having asperities 
on both surfaces, comparison of Slip distance-Friction 
force curves between 2 sets of sample pairs is shown in 
Figure 3: the gel sample pair with one asperity on each 
surface (red line), and ones with asperity on only one side 
and without on another side (blue line), i.e., asperity on 
flat contact. This is approximately the same situation 
assumed in the conventional theories [2, 3]. It is clearly 
seen that, unstable slip occurs in asperity-asperity contact 
while does not in asperity on flat contact. It is also 
observed that the friction forces themselves are not equal 
with each other. Considering that friction generates as a 
consequence of contact and rupture of multiple 
microscopic asperities, dynamical features are necessary 
to understand macroscopic frictional behavior, i.e,, 
conventional treatment with the equivalent surface 
(surfaces with asperities on both sides are equivalently 
replaced by one surface with asperities and one flat 
surface, see [2, 3]) has to be re-considered or modified.  

 

 
Figure 3 Comparison of Slip distance-Friction force 

curves measured by one asperity – one asperity contact 
(red line) and one asperity on flat surface (blue). In this 
experiment, asperity radius R = 5 mm, gel height H = 
100 mm, sliding velocity V = 0.1 mm/s, and Vertical 

indentation depth Δz = 3mm. 
 

Friction experiments with multiple asperities were 
also conducted within this setup. Here, number of 
asperities and randomness in asperity spacing were 
changed. Figure 4 shows 2 examples:   
 
(a)                                        (b) 
 
 
 
 
 
 
 

Figure 4 Slip distance-Friction force curves for 2 
different sample pairs: (a) 31 asperity – 31 asperity 

contact with regular spacing on both sides, and (b) 31 
asperity – 31 asperity contact with regular spacing on 
one side and 200% randomness in asperity position 
(compared to the asperity radius) on another side. In 

these experiments, R = 1mm, H = 100 mm, V = 0.1 mm, 
and Δz = 1 mm.   

 
It is seen that fast and regular slip events are 

observed for sample pairs with constant spacing, while 
slow and complex slip behavior are seen for random 
asperity pairs. 

Experimental results for different number of 
asperities and randomness are summarized in Figure 5. 
Dynamical behavior is strongly influenced by 
randomness in asperity spacing. The mechanisms 
responsible for the slip behavior is thought to be the 
competition between slip weakening (to what extent 
tangential force drops due to rupture of asperity contact) 
and the effective stiffness of the system (stiffness of the 
medium around an asperity). That is, the less the 
randomness, the more flexible elastic foundation 
supporting each asperity becomes, and the more the 
asperity density, the larger total elastic energy is released 
while the more the randomness in deformation is 
enhanced for too dense asperities. This suggests that 
asperity density as well as asperity configuration is 
important to understand frictional behavior of materials.  
 

 
Figure 5 Number of asperities-Position randomness 

phase diagram. 
 
4. SUMMARY 

We conducted stick-slip friction experiments using 
polymer gels having multiple artificial asperities on both 
surfaces. Unlike the conventional theories and past 
experiments, unstable slip due to rupture of asperity 
contact was observed, and also the stick-slip behavior 
drastically changed by controlling asperity density and 
configuration randomness.  
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ABSTRACT – In this study, a novel design concept for 
Rayleigh step bearings was developed focusing on the 
contact pressure distribution within the contact interface. 
In general cases, wear rate is proportional to the contact 
pressure. It indicates that shape changes due to friction 
wear can be controlled by the optimization of the pressure 
distribution. This paper presents a simplified model and 
an experiment for this concept. 
 
1. INTRODUCTION 

Rayleigh step bearings have been used in several 
mechanical systems with a fluid lubrication [1]. In these 
systems, shape changes due to wear commonly reduces 
their performance. Thus, the prevention of wear is the 
first choice to keep their designed performance. 

In this study, for an alternation method, we 
developed a novel design concept for Rayleigh step 
bearings. In this concept, the normal contact pressure 
distribution was provided for controlling the wear rate 
distribution within the contact interface. In the region, in 
which a higher contact pressure was applied, a relatively 
large shape changes occur. In contrast, in lower pressure 
regions, shape changes will be small. It indicates that the 
optimization of the pressure distribution is one of the 
important design factors to determine the robustness 
against step height changes due to frictional wear. Based 
on the above idea, this paper demonstrated a simplified 
modeling and experimentation. 
 
2. MODELING 

Figure 1 illustrates a simplified model for wear 
processes in the proposed Rayleigh step bearing. The 
contact surface is comprised of separated two blocks (A 
and B), which are supported by two springs with spring 
constants kA and kB, respectively. A counter face moves 
in the X direction with a constant speed V. In the contact 
interface, the total normal load W was applied. 

Figure 1(a) shows an initial condition, at which no 
normal load was applied; thus, there is a step height of 
H0. The depicted symbols yA and yB mean natural lengths 
of springs A and B, respectively. And then, the normal 
load W was instantaneously applied, as illustrated in 
Figure 1(b). In both cases, the counter face has yet to be 
moved (t = 0); these blocks have initial thickness lA0 and 
lB0.  

After a certain time t1, some frictional wear occurs 
under an identical total load W (dead loading condition), 
as shown in Figure 2(c). The thickness of these blocks 

changes to lA1 and lB1 because of wear. The lengths of 
springs are also changed to yA1 and yB1. Therefore, the 
normal loads PA1 and PB1 applied on the blocks A and B 
were given, 

{
𝑃𝐴1 = 𝑘𝐴(𝑦𝐴 − 𝑦𝐴1)
𝑃𝐵1 = 𝑘𝐵(𝑦𝐵 − 𝑦𝐵1)

𝑊 = 𝑃𝐴1 + 𝑃𝐵1     
       (1) 

 
After a small time Δt, as shown in Figure 1(c), the 

wear processes slightly progress; thus, the thickness of 
these blocks were changed to lA2 and lB2. The lengths of 
springs are also changed to yA2 and yB2. As is the case in 
Figure 1(b), the normal loads PA2 and PB2 were given,  

{
𝑃𝐴2 = 𝑘𝐴(𝑦𝐴 − 𝑦𝐴2)
𝑃𝐵2 = 𝑘𝐵(𝑦𝐵 − 𝑦𝐵2)
𝑊 = 𝑃𝐴2 + 𝑃𝐵 2     

          (2) 

 
Assuming that Archard’s wear law can be used to 

describe the wear process [2], wear heights of these 
blocks ΔlA and ΔlB during small period Δt were given,  

{
∆𝑙𝐴 = 𝐾𝑉𝑃𝐴1∆𝑡/𝑆 = 𝛼𝑃𝐴1∆𝑡
∆𝑙𝐵 = 𝐾𝑉𝑃𝐵1∆𝑡/𝑆 = 𝛼𝑃𝐵1∆𝑡                 (3) 

 
Where K and S mean the comparative abrasion quantity 
and the area of contacting face, respectively. It should be 
noted that in this model, identical values of K and S were 
used between blocks A and B for the simplified 
discussion. 

From equations (1) to (3), the changes of normal 
loads during period Δt were summarized as follows,  

{
𝑃𝐴2 − 𝑃𝐴1 = 𝛼𝑘𝐴𝑘𝐵

𝑘𝐴+𝑘𝐵
(𝑃𝐵1 − 𝑃𝐴1)∆𝑡

𝑃𝐵2 − 𝑃𝐵1 = 𝛼𝑘𝐴𝑘𝐵
𝑘𝐴+𝑘𝐵

(𝑃𝐴1 − 𝑃𝐵1)∆𝑡
              (4) 

 
Furthermore, above equations can be summarized 

as a single form using Δ(PA-PB) = (PA2-PB2) - (PA1-PB1), 
∆(𝑃𝐴 − 𝑃𝐵) = −2 𝛼𝑘𝐴𝑘𝐵

𝑘𝐴+𝑘𝐵
(𝑃𝐴1 − 𝑃𝐵1)∆𝑡  (5) 

 
Considering that the value of ΔX was described as Xi+1 - 
Xi = α (PAi - PBi ) Δt, the equation for describing the 
changes of the step height H was finally obtained, 

X= 𝛼𝐶𝐶′ − 𝑘𝐴+𝑘𝐵
2𝑘𝐴𝑘𝐵

𝐶𝑒−2𝛼𝑘𝐴𝑘𝐵
𝑘𝐴+𝑘𝐵

𝑡           (6)  
 
Where integral constants C and C’ were given  

𝐶 = |𝑘𝐴𝑊−2𝑘𝐴𝑘𝐵𝐻0−𝑘𝐵𝑊
𝑘𝐴+𝑘𝐵

| , 𝐶′ = 𝐻0
𝛼𝐶

+ 𝑘𝐴+𝑘𝐵
2𝛼𝑘𝐴𝑘𝐵

            (7) 



Mori et al., 2015 
 

81 
 

 

   

Figure 1 Wear process model. 
 

 
Figure 2 calculation results of Equation (6). 

 
Figure 2 shows examples of the calculation results 

of Equation (6). All curves have a same asymmetric value. 
It means that the step height was spontaneously 
approaches to the designed value resulting from the 
progress of friction wear, even if the initial height has a 
different value, as shown in Figure 1(e). Thus, it will be 
expected that, even if an unexpected height changes due 
to severe wear occur, the step height can be reshaped to 
the designed value by the positive use of frictional wear, 
i.e., high robustness.  

 
3. EXPERIMENTAL DETAILS  

To demonstrate the validity of this developed, a 
simple experiment shown in Figure 3 was performed. The 
difference of supporting stiffness in the models was given 
as the difference of supporting materials. The spring A 
and B correspond to a soft elastomer block made of poly-
dimethyl siloxane (PDMS) (the Young’s Modulus: 
2.8MPa), and Aluminum block, i.e., kB >> kA. Cross-
section area of blocks A and B are 20 × 20 mm. The 
contact surface was frictioned against a polishing paper 
(#1500) at a constant normal load 5 N. Noted that as a 
lubricant, a common mineral oil was used. The step 
height between A and B was measured every 5 minutes 
by a profile-meter.  

Figure 4 shows the experimental results. In the 
initial condition, the step height is relatively small. The 
step height gradually increases with time until 10 min. In 
contrast, after 10 min, no changes of step height were 
observed. Thus, as expected in the modeling, the value of 
step height approaches to an asymptotic value. The value 
was 100 μm.  

 

 
Figure 3 Schematic of experimental setup. 

 

 
Figure 4 Height between A and B; upper (0 – 10 

minutes), lower (10 - 25minutes). 
 
4. CONCLUSION 

 We suggested a novel design concept for Rayleigh-
Step bearings focusing on the positive use of frictional 
wear. The proposed concept was demonstrated by the 
simplified modeling and experimentation. The design of 
normal contact pressure distribution considering the 
progress of frictional wear will be a key to optimize the 
sliding performance of the Rayleigh step bearings. 
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ABSTRACT – This study publishes surface displace 
measurements in the multi-contact interface between a 
rough rubber surface made of poly-dimethyl siloxane 
(PDMS) and smooth hemispherical glass lens. The 
PDMS plate was driven with a constant velocity until 
the onset of macroscopic global sliding. During sliding, 
time changes of tangential load and images of the 
contact interface were recorded, simultaneously. In 
addition, based on the digital image correlation method, 
the evolution of microslip was visualized. 
 
1. INTRODUCTION 

 In sliding friction of elastomers, partial slippage 
(i.e., microslip) occurs prior to the onset of macroscopic 
global sliding. Even before shear force reaches the 
threshold for the onset of macroscopic sliding (i.e., 
maximum static friction), microslip can occur, resulting 
in surface deformation due to large stress heterogeneity. 
To understand mechanics of friction in rubber materials, 
in-situ observations of microslips are strongly required. 
 In this study, we developed a tribotester, which can 
visualize surface displace fields in contact interfaces 
based on digital image correlation (DIC) method [1]. 
From simultaneous measurements of time changes in 
tangential load and contact images, growth processes of 
microslips were visualized. In addition, high-resolution 
measurements quantified small tangential deformations 
of roughness at multi-contact interface. 
 
2. EXPERIMENTAL DETAILS 

 Figure 1 shows a schematic of experimental setup. 
This device employed the contact between an optically 
transparent rubber plate made of cross-linked poly-
dimethyl siloxane (PDMS) (the Young’s Modulus: 2.8 
MPa) and a smooth glass (BK7) hemisphere lens. The 
thickness of the PDMS plate and the radius of the glass 
hemisphere were 3 mm and 5 mm, respectively. The 
glass hemisphere was fixed directly below an objective 
lens system. The PDMS plate was connected to a 
double-cantilever spring that was mounted on the X-
directional motorized stage via a lever arm. An LED 
light source was placed under the contact interface, and 
a CCD camera with a frame size of 1920 × 1440 pixels 
was attached to the objective lens system.  
 The normal load FZ was applied by using a lever 
mechanics with five kinds of weights. Time changes of 

tangential load FX was obtained by the measurements of 
the double cantilever spring deflection, which was 
proved by using an eddy current gap sensor at a 
sampling rate of 10 kHz. The images of contact 
interface were obtained as the space distribution of 
transmitted light intensity within the contact region, 
which was captured by the CCD camera at a flame rate 
of 26 Hz. Using the DIC method, the captured images 
were translated to the surface displacement field.  
 All experiments were performed in an air-
conditioned room, where the temperature and relative 
humidity were approximately 25 °C and 30 %, 
respectively. 
 

 
Figure 1 Schematic of experimental setup. 

 

 
Figure 2 Captured images of contact interface:  

Color bar: transmitted light intensity. 
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Figure 3 Time changes in tangential load FX. 

 

 
Figure 4 Surface displacement fields ux and uy at FX = 
0.09 N: White circles: apparent contact regions. White 
curves: uX profile on the horizontal line at X = 0 mm. 

 

 
Figure 5 Magnified intensity map and displacement map 

of ux around at the center of apparent contact zone. 
 
3. RESULTS AND DISCUSSION 

3.1 Visualizing Contact Interfaces in Stationary Tests 

 Figure 2 shows captured images of the contact 
interface at five kinds of normal loads. The color bar 
shows the transmitted light intensity I. According to the 
attributes of the transmitted optical system, white and 
black regions indicate the real contact and noncontact 
regions, respectively. 

 As shown, the apparent contact regions gradually 
expand with increasing normal load FZ. Small but 
connected real contact regions are formed within the 
contact regions. The number density of the small 
contacts in the central region was larger than that in the 
outer region; it attributes to the elliptically distribution 
of normal contact pressure driven by the Hertz contact 
theory. From these results, it was found that the 
transmitted optical method in this study can clearly find 
the space distribution of real contact regions. 
 
3.2 Measurements of Changes in Tangential Load FX  

Time changes in FX are shown in Figure 3. It was 
found that all curves had two distinct loading phases: 
First, FX increased linearly, then the slope gradually 
decreased with time. After the maximum static friction 
Fs, friction force has a steady value, i.e., kinetic friction 
force Fk. In sliding friction of rigid materials, the slop of 
FX during the first phase should be perfectly linear; 
therefore, it was found that the evolution of microslip 
characterizes macroscopic behaviors of friction force. 

 
3.3 Measurements of Surface Displacement Fields 

 Figure 4 shows typical results in surface displace 
fields in the X and Y directions, uX and uY. This figure 
shows the displacement between t = 0 and t = 1.0 s at FZ 
= 0.09 N, see Figure 3. The color bars indicate uX and 
uY. Even in the apparent contact regions denoted by 
white dashed circles, small displacement of uX was 
observed; the positions of two arrows separates the stick 
and slippage regions. Thus, we can recognize an annular 
microslip region surrounding a central stick region, 
which is well known as Mindlin slip.  
 Figure 5 shows displacement field of uX around the 
center of contact under FZ = 0.03 N. The two images 
show the intensity profile at t = 0 and the uX field from t 
= 0 to t = 0.75. Comparing both images, it was found 
that the noncontact regions, which are surrounded by 
red dashed circles, have a relatively large uX than that in 
contact regions. It indicates that tangential deformation 
occurs due to the shear stress. It indicates that the 
developed system can quantify the tangential stiffness of 
the roughness layer in multi-contact interfaces. 
 
4. CONCLUSION 

 Based on in-situ observation of contact interface, 
we visualized the growth process of microslip in the 
multi-contact interface between the rough elastomer 
surface and smooth glass lens. Furthermore, small 
tangential deformation of the rough layer of the multi 
contact interface was quantified. 
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ABSTRACT – A Sintered bronze system is applied to 
plane bearings with some lubricants. A bronze-based, 
sulfide-dispersed Cu-alloy was developed via sintering. 
Sulfides have some functions that reduce friction 
resistance, thereby preventing scoring and seizures. 
Effects of the developed sulfide-containing bronze were 
investigated using a journal-type testing apparatus in 
wet conditions; results indicate that the developed 
bronze may have some anti-scoring properties. 
 
1. INTRODUCTION 

 Copper (Cu)-based alloys usually have higher 
thermal conductivity and workability than other alloys, 
and it is possible to control the mechanical properties of 
such alloys by adjusting their additives and micro 
structure. Hence, Cu alloys have been applied to 
bearings operating at higher loads and speeds. To reduce 
frictional resistance, solid lubricants are dispersed into 
the alloy surface. Recently, it has been reported that the 
friction resistance of sintered Cu alloy containing 
micro-sized sulfide phases was lower than that of lead- 
dispersed alloy [1] and that the friction resistance of Cu 
alloys can be further improved by penetrating micro- 
sized graphite in dry conditions [2]. In this study, a 
journal type friction test is conducted because numerous 
mechanical and electrical equipment had journal-type 
plane bearings made of bronze.  
 
2. METHODOLOGY 

2.1 Material 

 A sintered Cu-based alloy containing a sulfide 
phase was used as the specimen. An optical microscope 
image of the alloy is shown in Figure 1. The specimen 
has micro-sized sulfide phase and pores. The alloy was 
sintered on a steel surface. After the sintering, the 
specimen was machined to the disc shape (8 mm in 
diameter and thickness). 
 
2.2  Testing Apparatus 

Figure 2 illustrates a schematic of the testing 
apparatus. The journal type apparatus consisted of a 
motor and a spindle. A steel shaft was attached to the 
top of the spindle. Cu alloy specimens were placed on 
the table that had an octagonal unit for measuring strain 
and were lifted up by loading. When shaft and specimen 
came in contact with applicate poly-α-olefin, from the 

measuring strain at the octagonal unit, load W and 
friction force F were calculated. Finally, the coefficient 
of friction μ was evaluated. Details of the test 
conditions are indicated in Table 1.   
 

 
Figure 1 Sulfide dispersed bronze. 

 

 
Figure 2 Schematic of the testing apparatus. 

 
Table 1 Conditions of the test. 

Specimens System      Load Speed 

A(developed) Cu-Sn-S-Fe-P 7 N 3.14 m/s 

B(comparison) Cu-Sn-P 7 N 3.14 m/s 

 
3. RESULTS AND DISCUSSION 

Figure 3 shows the results of the tests. During the 
test (which lasted 1,800 s), specimen A(SP-A) 
experienced no scoring and seizure. For the first 200 s 
of the test, the coefficient of friction swung up and 
down. After 200 s until 1000 s into the test, the 
coefficient of friction was 0.06-0.08. Finally, the 
coefficient reached approximately 0.12.  On the other 
hand, specimen B(SP-B) showed reduced coefficient of 
 friction until 200 s but experienced a seizure at 320 s. 
After the tests, specimen surfaces were observed using 
an optical micro scope, as shown in Figure 4. The top 
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sides of images indicated an anti-spindle side, which 
indicates that only part of the specimens had contact 
with the steel shaft, although the line contacts 
conditions. For the further investigating of the specimen 
surfaces, steel shafts were observed by secondary 
electron image (SEI) and energy-dispersive x-ray 
spectroscopy (EDS), as shown in Figure 5. In Figure 
5(a), friction tracks were observed on the steel; the steel 
friction track shown in Figure 5(b) appears to be the 
seizure surface; Figure 5(c) shows the addition of Cu 
and S to the steel. The only iron peak observed was on 
the steel shaft contacted SP-B(Cu-Sn system).  

 

 
(a) Results of SP-A 

(b) Results of SP-B 
Figure 3 Results of the tests. 

 
4. CONCLUSION 

As a result of journal type sliding test for sulfide-
dispersed bronze, it was found that the sulfides (which 
consisted of Cu and S) had transferred on the steel shaft, 
possibility preventing seizures. 

 

  
(a) SP-A                   (b) SP-B 

Figure 4 Surfaces after the tests. 

 
(a)  SEI of SP-A 

 
(b) SEI of SP-B 

 
(c) EDS of steel shaft (for SP-A) 

 
(d) EDS of steel shaft (for SP-B) 

Figure 5 SEI and EDS results after the tests. 
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ABSTRACT – Green rubber foam from reclaimed 
rubber has high potential to replace available foam 
products in the market. It provides choices for cheaper 
material with only small trade-in in the properties and 
durability. This study is part of our effort to develop 
new green rubber foam from reclaimed rubber glove. It 
is focusing on the effect of sodium bicarbonate 
concentration at 4, 6, 8, 10 and 12 parts per hundred 
rubber (phr) as blowing agent for the foaming process. 
The samples were prepared by melt compounding using 
an internal mixer and expanded via two step heat 
transfer foaming process. Performance of the green 
rubber foam was tested for compressive strength and 
water contact behavior via compression testing and 
water absorption. The results were supported with 
morphological analyses using scanning electron 
microscopy (SEM). From the experimental, sodium 
bicarbonate with concentration of 4 phr generated the 
smallest pores and highest relative density of 0.9. The 
pore structure of the open cell resulted to the lowest 
water absorption rate of 1.7 x 10-3 g/min as well as the 
highest compressive strength of 105 kPa. 
 
1. INTRODUCTION 
 Rubber foam is important in various applications 
due to its unique structural properties, such as its low 
weight, buoyancy, cushioning performance, low cost 
and light aging as previous study [1-2]. All these 
properties are reasonable from rubber materials due to 
their relatively high tear and tensile strength, high 
abrasion resistance and durability [3]. Reclaimed rubber 
(RR) is one initiative for reducing the environmental 
problem and at the same time to produce significant 
products at lower cost. 
 Generally rubber foam consist minimum of two 
phases, a solid polymer matrix and a gaseous phase 
derived from a blowing agent [4]. Rubber foam also 
known as sponge rubber which has open- cell structure 
and usually contain sodium bicarbonates as their 
blowing agents. Several finding suggested N,N’- 
diniteosopentam [5], 4,4’oxybis 
benzenesulfonylhydrazide) [6], azodicarbonamide [7] , 
and zinc carbonate  as a blowing agent. 
 In this work, the effect of sodium bicarbonate 
concentration as blowing agent was investigated 

according to the optimum pores structure and 
compressive properties of rubber foam, followed by 
SEM observation. 
 
2. METHODOLOGY 
2.1. Materials and Specimens 

Rubber foam prepared based on 100 phr of 
reclaimed rubber and different proportions of sodium 
bicarbonate at 4, 6, 8, 10 and 12 phr. Curing additives 
for all formulations based on 100 parts of rubber were: 1 
phr of sulphur (S), 4 phr of Zinc oxide (ZnO), 2 phr of 
stearic acid, 2.5 phr of Tetramethyl Thiuram Disulphate 
(TMTD) and 1 phr of Benzothiazyl-2-
cyclohexylsulphenamide (CBS). Compounds were 
prepared using a Haake internal mixer working at 60°C 
and a rotor speed of 60 rpm according to ASTM D-
3182. A heat transfer foaming technique was used for 
the vulcanization and foaming process. This two-stage 
involved 1 minute of compression molding at the 
temperature 100°C for pre-vulcanization and was 
followed by simultaneous curing and foaming in an air-
circulating oven for 30 minutes at 150°C. 

 
2.2 Testing 

Relative foam density: The relative foam density of 
the foam was measured in accordance to ASTM D-
3575 by using Equation (1): 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐹𝑜𝑎𝑚 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑐𝑚3)
𝑆𝑜𝑙𝑖𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦  (𝑔/𝑐𝑚3)                (1) 

Water absorption: Water absorption test was 
conducted in accordance to ASTM C-1083 to determine 
amount of water absorbed under specified conditions at 
certain time. Water absorption rate was calculated based 
on following Equation (2): 

𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
𝐹𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

𝑇𝑖𝑚𝑒     (2) 

 
 Compression test: Compression test was conducted 
in accordance to ASTM-D575 to determine compressive 
strength.  
 Open cell morphology: The SEM was used to 
investigate the pore structure of sample using a Zeiss 
EVO-50 SEM at maginification of 35x. 

http://www.sciencedirect.com/science/article/pii/S0261306910005054#e0005
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3. RESULTS AND DISCUSSION 

Figure 1(a) illustrates the effect of the blowing 
agent concentration on the relative density of green 
rubber foam. Higher concentrations of blowing agent 
subsequently generate more gaseous media and 
reducing the relative foam density. Zakaria [7] reported 
at high blowing agent concentrations, the growth time 
of the foam is shorten, thus restricting the gas from 
escaping through the foam surface, allowing the foam to 
expand more, and consequently, producing foam with a 
lower relative density.  
 Figure 1(b) describes the increase of water 
absorption rate of foam with the increase of blowing 
agent concentration. At high blowing agent 
concentrations, more carbon dioxide gas is present. 
Hence, the gas phase is more prominent than the solid 
phase, allowing the foam to expand more and 
consequently produce foam with large unfilled space 
(Figure 2). Larger pores were observed in foam with 
higher blowing agent concentration. Since the pores are 
open cellular, more water is absorbed into the 
unsaturated part of the foam. 
 

 
Figure 1 Plot of (a) Effect of blowing agent 

concentration on relative density and (b) Water 
absorption rate. 

 

 
Figure 2 Compressive properties and scanning electron 

micrograph of samples at magnification of 35x. 
 
 The relationship between the force and the 
displacement at different blowing agent concentrations, 
obtained from compression testing is presented in 
Figure 2. The highest force was recorded for foam with 
a blowing agent concentration of 4 phr with the smallest 
pores dimensions compared to other samples. The 
results revealed that the foams produced at lowest 
blowing agent concentrations sustained higher 
compressive stress. On the other hand, higher blowing 
agent concentrations resulted in lower foam relative 

densities since more gas was generated. The unique 
properties of foam are due to the presence of the gas 
phase, which has excellent energy-absorbing 
characteristics. However, the ability of the pores’ 
structure to sustain the applied stress is critical to 
examine the strength of the foam since as more gas 
phase is present, the foam becomes softer and losing its 
elastic properties to recover to their shapes once force is 
removed.  
 
4. CONCLUSION 
 It is proven from the result of this study that using 
sodium bicarbonate alone is capable in exerting enough 
carbon dioxide to produce rubber foam. The different 
blowing agent concentrations which are 4 phr, 6phr, 
8phr, 10 phr and 12 phr were shown to influence the 
pore morphology of rubber foam, thus simultaneously 
affecting the compressive properties as well as physical 
characteristics of the foam. From the study that was 
conducted, it was found that the lowest amount of 
sodium bicarbonate with percentage concentration of 4 
phr generated smallest pores, highest relative density, 
lowest water absorption rate as well as the highest 
compressive strength. 
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ABSTRACT – The theoretical groundwork of an 
alternative approach to the adhesive contact problem of 
elastic cylinders is proposed, extending the work 
previously done on the double-Hertz model for circular 
and line contacts. A cohesive zone model with general 
formulations for elliptical contact between elastic 
cylinders is currently developed. By nature, this 
approach will be suitable in the case involving the 
bodies of general shape. The advantage of this model is 
that the analysis depends only on established results of 
the Hertz model. Initial results will be presented and 
discussed. 
 
1. INTRODUCTION 

 It has been observed that surface adhesion plays a 
central role in the mechanics of surface contacts in 
particular at small scale. So far, there is only one 
established adhesive contact model to describe the 
mechanics of elliptical contact; the Johnson-Kendall-
Roberts (JKR) model. However, JKR elliptical model is 
shown to become inaccurate when the skew angles 
between the two cylinders are small and the resulting 
contact is highly eccentric, as reported from previous 
result [1]. A significant characteristic of JKR model is 
that it does not consider the adhesion forces outside the 
contact area and therefore suitable only for soft 
materials with relatively large Tabor parameters [2]. 

 The present paper is aimed to extend the 
application of double-Hertz model to an elliptical 
contact. As a cohesive zone based solution, the model 
developed should be able to describe the effect of 
surface adhesion for interacting materials with general 
properties. 
 
2. DOUBLE-HERTZ MODEL 

 Without the effect of adhesion, the Hertz type 
solutions for the general cases are given by Equations 
(1) to (6) [3]. Figure 1 shows an example of such cases 
where two cylinders crossed each other with skew 
angle, θ between 0°  to 90°. It is assumed that the shape 
of contact area is elliptical, with semi-axes a and b. 
 
Pressure distribution: 
𝑝(𝑥, 𝑦) =  𝑝0{1 − (𝑥 𝑎⁄ )2 − (𝑦 𝑏⁄ )2}1 2⁄                (1) 
 
 

Which act over the area bounded by ellipse 
(𝑥 𝑎⁄ )2 + (𝑦 𝑏⁄ )2 − 1 = 0                              (2) 
 
Total load acting on the ellipse: 
𝑃 = 2𝜋𝑎𝑏𝑝0 3⁄                   (3) 
 
Surface displacements: 
For r  ≤ a 

𝑤(𝑟) =  
𝑝0𝑏
𝐸∗  [𝐾(𝑒) −

{𝐾(𝑒) − 𝐸(𝑒)}
𝑒2𝑎2 𝑥2

− {
𝐸(𝑒)
𝑒2𝑏2 −

𝐾(𝑒)
𝑒2𝑎2} 𝑦2] 

                                (4a) 
For r  ≥ a 

𝑤(𝑟) =
𝑝0𝑎𝑏
2𝐸∗ ∫ (1 −

𝑥2

𝑎2 + 𝑤

∞

𝑠

−
𝑦2

𝑏2 + 𝑤
)

𝑑𝑤
{(𝑎2 + 𝑤)(𝑏2 + 𝑤)𝑤}1 2⁄  

                                (4b) 
Where E(e) and K(e) are complete integrals of 
argument:  𝑒 = (1 − 𝑏2 𝑎2⁄ )1 2⁄                                
(5) 
  
With b < a, P is the load, 𝑝0 is the maximum contact 
pressure, E* is the contact modulus and s is the positive 
root of equation: 
𝑥2 (𝑎2 + 𝑠)⁄ + 𝑦2 (𝑏2 + 𝑠)⁄  = 1.                              (6) 

 
Figure 1 Crossed cylinders with skew angle, θ between 
0° to 90° produced an elliptical contact with semi major 

axis a and semi minor axis b. 
 
 Adhesion modeling relies on the combination of 
adhesive tensile stresses outside the contact area with 
compressive stresses inside, while ensuring that the 
contacted bodies still conform within the contact area 
boundary. The idea initiated from the Derjaguin model 
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where the deformation resulted from the adhesive 
stresses were neglected, so that the Hertzian internal 
pressures can be retained [4].  
 The basis of double-Hertz model is that the 
adhesive tensile stresses is represented by the difference 
of two Hertzian pressure distributions of semi major 
axis a and semi major axis c, with c > a given by: 
For r  ≤ a 
𝑝(𝑥, 𝑦) =  𝑝0[{1 − (𝑥 𝑐⁄ )2 − (𝑦 𝑑⁄ )2}1 2⁄

− {1 − (𝑥 𝑎⁄ )2 − (𝑦 𝑏⁄ )2}1 2⁄ ] 
                                (7a) 
For a ≤ r ≤ c 
𝑝(𝑥, 𝑦) =  𝑝0{1 − (𝑥 𝑐⁄ )2 − (𝑦 𝑑⁄ )2}1 2⁄                      (7b) 
 
The displacement produced from the difference between 
two Hertzian solutions: 
For r ≤ a 

𝑤(𝑟) =  
𝑝0

𝐸∗  [𝑏 (𝐾(𝑒) −
{𝐾(𝑒) − 𝐸(𝑒)}

𝑒2𝑎2 𝑥2

− {
𝐸(𝑒)
𝑒2𝑏2 −

𝐾(𝑒)
𝑒2𝑎2} 𝑦2)

− 𝑑 (𝐾(𝑒) −
{𝐾(𝑒) − 𝐸(𝑒)}

𝑒2𝑐2 𝑥2

− {
𝐸(𝑒)
𝑒2𝑑2 −

𝐾(𝑒)
𝑒2𝑐2 } 𝑦2)] 

                                (8a) 
For a ≤ r ≤ c 
𝑤(𝑟)

=
𝑝0

𝐸∗  [(
𝑎𝑏
2

∫ (1 −
𝑥2

𝑎2 + 𝑤

∞

𝑠

−
𝑦2

𝑏2 + 𝑤
) 

𝑑𝑤
{(𝑎2 + 𝑤)(𝑏2 + 𝑤)𝑤}1 2⁄ )

− 𝑑 (𝐾(𝑒) −
{𝐾(𝑒) − 𝐸(𝑒)}

𝑒2𝑐2 𝑥2

− {
𝐸(𝑒)
𝑒2𝑑2 −

𝐾(𝑒)
𝑒2𝑐2 } 𝑦2)]              

                                (8b) 
 
3. PRELIMINARY RESULT 

Figure 2 shows the distributions of the normalized 
pressures 𝑝/𝑝0, obtained from the difference between 
two Hertzian solutions. The pressure distribution over   
a ≤ r ≤ c is shown to decline at a steady rate from the 
maximum value at r = a to zero at r = c. Equation (7b) 
is use to model the adhesive tensile traction over a ≤ r ≤ 
c, which produces the final surface traction distribution.  

It is observed in Figure 3 that higher displacement 
difference is produced in region a ≤ r ≤ c due to the 
presence of adhesive tensile traction which results in the 
increase of the original contact area. For the region of r 
≤ a, the current model exhibits a nearly constant 
displacement with gradual decrease compared to the 
circular double-Hertz model where uniform 
displacement is produced within the boundary. 
 
4. CONCLUSION 

A new model of adhesion due to surface forces for 
elliptical contact has been developed. The proposed 
model can serve as an alternative solution for adhesive 

elliptical contact and applicable to a wide range of 
contact conditions. 

 

 
Figure 2 The difference between two Hertzian solutions 

with semi major axes a and c for surface pressure. 
 

 
Figure 3 Corresponding surface displacement. 
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ABSTRACT – The friction in tribo-systems that 
contain viscoelastic materials, such as elastomers, is 
relevant for a large number of applications. Examples 
include tyres, hoses and conveyor belts. To quantify the 
friction in these applications, one must first understand 
the contact behaviour of such viscoelastic materials, 
both in static and in dynamic situations. This work 
discusses an experimental study into the change of the 
contact area with the sliding velocity. The results show 
that there is a threshold velocity, above which the size of 
the contact area significantly reduces.  
 
1. INTRODUCTION 

It is well known that for purely elastic materials, 
the contact area and shape during sliding remain 
constant and are independent of the sliding speed [1]. 
This is, however, not the case for materials when 
plasticity is involved. For example, the shape of the 
contact area between a rigid sphere and a plastic 
deforming material is circular in the static case, while it 
is semi-circular when sliding occurs. However, the size 
of the contact area remains constant, allowing to 
describe the contact behaviour during sliding from the 
static contact behaviour. 

In the case of elastomers, both the shape and the 
size of the contact area during sliding differ from the 
static case [2-4]. A recent study by Arvanitaki et al. [2] 
showed a reduction of the contact area and a change in 
the shape of the contact area with increasing velocity. At 
low sliding velocities the contact is semi-static, meaning 
that the contact area is equal to the static contact area 
and, with increasing velocity, remains constant until a 
certain velocity is reached. At the threshold velocity the 
size of the contact area starts to decrease, as described 
by Ludema and Tabor [3]. Fukahori et al. [4] studied 
waves of detachment appearing in the contact area while 
a rigid indenter slides over an elastomer. Next to their 
observations that the waves of detachment appear only 
under certain conditions, they showed that the contact 
area between the elastomer and the rigid indenter 
changed, both in shape and in size with a varying 
sliding velocity in all the studied cases.  
 Despite that the changes in the shape and size of 
the contact area between an elastomer and a sliding 
rigid indenter are known, currently there is no general 
function that allows predicting or calculating the contact 
area as a function of the sliding velocity. 

2. METHODOLOGY 
A tribological system composed of an elastomeric 

spherical pin sliding against a smooth glass plate is 
considered. The elastomeric indenter has a radius 
R = 3 mm. Sliding experiments were performed 
employing a pin-on-disc set-up at an applied normal 
load of FN = 2 N and velocities between 3.6 and 638 
mm s-1. A camera was fitted normal to the plane of 
contact and pictures of the contact area were taken at 
different sliding velocities. A schematic illustration of 
the set-up is shown in Figure 1. 

 

 
Figure 1 Schematic of the experimental set-up. 

 
3. RESULTS AND DISCUSSION 
 The set-up allows recording the contact area 
between the glass plate and the rubber pin in the static 
case and at several sliding velocities. Figure 2 a) shows 
the contact area in the static case. It can be seen that the 
contact area has a circular shape. Figure 2 b) shows the 
contact area at a sliding speed of 118 mm/s, the shape of 
the contact area changes when sliding takes place; the 
contact area becomes elliptical, with the major axis 
normal to the sliding direction. 
 

 
Figure 2 Photographs of the contact area, a) in static 

contact, b) in sliding contact at 118 mm/s. 
 
 The contact area was measured in the static case 
(i.e. at 0 mm/s) and for seven sliding velocities: 3.6 
mm/s, 15.2 mm/s, 24.8 mm/s, 70.5 mm/s, 118.2 mm/s, 
249.8 mm/s and 638 mm/s. The dimensionless contact 
area from the average of 10 measurements was taken at
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each sliding velocity; the results are shown in Figure 3, 
as the plot has a logarithmic scale, the static contact is 
plotted at a sliding speed of 10-5 m/s. Qualitatively, the 
results show similar behaviour as those reported by 
Arvanitaki et al. [2] and Fukahori et al. [4]. It can be 
seen that the contact area is fairly constant with sliding 
velocity until 200 mm/s, after which it sharply drops 
with increasing sliding velocity. 
 Due to limitations of the experimental setup, 
sliding velocities above 640 mm/s are not possible, so 
no data points could be obtained beyond this value. 
However, it is unlikely that the contact area would 
become zero for very high speeds and rather it would 
approach a minimum limit; therefore a constraint to the 
contact area at very high sliding velocities should be 
added. As described by Johnson [5], for a contact 
between a rigid and an incompressible material, the 
contact area depends on the shear modulus of the 
material and can be expressed as A ~ E -2/3. 

The material properties of the elastomer used in this 
study, Ethylene Propylene Diene Rubber (EPDM) were 
measured in a Dynamic Mechanical Analysis (DMA). 
From the measurements was obtained the creep 
compliance function, ∅(𝑡), which is related to the 
contact area as 𝐴 ≈ ∅(𝑡)2 3⁄ . Table 1 shows the results 
of the experiments. The ratio between the coefficient of 
creep compliance with the smallest retardation time, ∅1, 
and the creep compliance in the relaxed state, ∅𝑟 , allows 
obtaining the minimum limiting value for the contact 
area at very high sliding velocity. The ratio is given by: 
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 This means that the contact area at very high 
sliding velocities is Av>>1m/s = 0.26 Astatic. Adding this 
new constraint to the (averaged) measured data points at 
each velocity gives the fit represented by the dashed 
black line in Figure 3. This fit is described by: 
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Where vo is determined by the rubber under 
investigation. The shape of this function for the velocity 
dependent contact area is similar to the variation of the 
contact area that Ludema and Tabor proposed in 1966, 
and also agrees with the more recent findings of 
Arvanitaki et al. [2]. The function obtained in the 
present study offers an approximation to the contact 
area with varying sliding velocity, valid for similar 
tribo-systems, which can be used to describe any 
velocity dependent contact phenomena. 
 
4. CONCLUSION 
 The relation between the size of the contact area 
and the sliding velocity in the contact between an 
elastomer and a rigid material can be described by an 
arctan function. Such a pragmatic function allows the 
calculation of the size of the contact area over a wide 
interval of sliding velocities. The parameters of the 
function can be obtained from a combination of pin-on-
disk and DMA measurements. The function can be used 
in models that describe a range of velocity dependent 
contact phenomena. 
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Table 1 Compliance 
coefficients and retardation 

times for EPDM. 
i ∅𝑖( Pa-1 ) iO (s) 

∅𝑟  3.493.10-7  
1 4.692.10-8 0.0064 
2 4.903.10-8 0.0713 
3 8.232.10-8 0.7284 

 
 
 
 

 
Figure 3 Dimensionless contact areas at different sliding velocity. 
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ABSTRACT – Sliding motion for hard on soft (HOS) 
implant material application causes sliding impact 
failure. This research was conducted using different cup 
surfaces. Different amount pits fused on the 
hemispherical cup have shown the potential for 
improving the tribology of HoS sliding contact. Four-
ball machine has been used as screening machine to 
evaluate the friction. The results showed that modified 
hemispherical cup with pits and lubricated with palm oil 
had a significant to reduce frictional rate. This new 
surface improvement will prolong the life span of soft 
implant material due to lubrication activities in HoS 
contact sliding. 
 
1. INTRODUCTION 

Surface modification on soft metal is one of the 
approaches for avoiding direct contact soft material on 
metal contact from rubbing surfaces. One of the 
applications was used in hip replacement or Total Hip 
Arthroplasty (THA). Severe damaged of normal human 
hip need a replacement the ball or cup joint with a 
prosthetic implant [1-2]. 

The hemispherical cup was made of acrylonitrile 
butadiene styrene (ABS), which in thermoplastic 
technology has a broad range of performance 
characteristics. This experiment was set up with a 
hemispherical cup model shaped by used deposition 
modeling. Previous study showed that a rapid 
prototyping is able to fabricate ABS as medical devices 
[3]. 

The focus of this paper is to compare the effect of 
modified and skinned surfaces on a hemispherical cup 
made of ABS against metal ball bearing. For this 
purpose, pit which also known as dimples, micro-tanks, 
holes, or cavities as surface modification were presented 
in a model hemispherical hip cup. Also, the effect of 
palm oil based as a lubricant as mediator between hard-
on-soft contacts sliding was discussed. 
 
2. MATERIAL  

        Three types hemispherical cup (HC) samples, of 
nominal 12.8mm diameter, made of ABS with diameter 
12.8mm were tested (Fig. 1).  The HC was fixed to ball 
bearing from chrome alloy steel balls made of AISI E-
52100, with a diameter of 12.7 mm. 

 
Figure 1 Represented sample a) unmodified soft 

hemispherical cup (flatten) a) modified inner cup with 
10 pits, b) modified treated inner cup embedded with 24 

pits. 
 
2.1 Lubricants 

Two types of palm-oil based (RBD Palm olein and 
Palm fatty acid distillate, PFAD) were used as bio-
lubricants. Palm olein has good oxidative stability and is 
obtained from the fractionation of palm oil after 
crystallization.  It is consist mainly of monosaturated 
and disaturated triglyceride, with the olein fraction are 
C50 (42.04%) and C52 (45.66%) and an iodine value 
56. Palm Fatty Acid Distillate (PFAD) is made up of 
81.7% free fatty acids with the major composition of 
palmitic acid and olien acid, 14.4% triglycerides, 0.8% 
squalene and 0.5% vitamin E. Palm oil based were 
supplied from Felda Iffco (Malaysia) 
 
 3. EXPERIMENTAL PROCEDURE 

The modified four-ball tribometer was used to 
discover the friction torque of experimental lubricant 
oils. A steel ball and hemispherical cup samples were 
cleaned with acetone before each experiment. This is to 
ensure that, no need to persist solvent effects when 
placed lubricants. The machine was set up with desired 
speed, load, and temperature as detail (see in Table 1).  
 
Table 1 Experimental condition on HoS using modified 

single ball tribotester. 
Experimental 
Conditions 

Load  
(kg) 

Speed 
(rpm) 

Samples cup  
(ABS) Lubricant 

40°C 40 100 Unmodified PO/PFAD 

40°C 40 100 Modified PO/PFAD 

           
Unmodified or modified hemispherical cup 

(a) (b) (c) 

mailto:razakat@gmail.com
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samples were inserted into the ball pot. The modified 
cup lock ring was put in to the ball pot and placed on 
the cup sample. The lock nut was tightened onto the cup 
pot and a torque wrench with a force of 68 Nm. 5 ml of 
test lubricant was added to the ball pot for each 
experiment. The cup pot assembly was placed on the 
antifriction disk and inside the machine, under the 
spindle. The thermocouple was connected to the ball 
pot. A 400N load was set to the loading arm until the 
digital monitoring showed the load achieved. 

Fig. 2 shows the four-ball tester is used to be 
modified four-ball to run an experiment on the soft 
hemispherical cup. In other the mean frictional tests 
involved hard single ball bearing on the soft curvature 
surfaces with lubricants palm olein (PO) and palm fatty 
acid distillate (PFAD) for ten minutes on the samples.  
 

 
Figure 2 Test equipment a) Four ball tribometer b) 

Single ball (chrome alloy steel ball) and modified lock 
cup with ABS hemispherical cup (sample). 

 
4. RESULTS AND DISCUSSION 

The application of palm oil as a lubricant at 
interface soft on hard (SoH) contact is newly explored 
in hip tribology, and has resulted in improved 
lubrication. Although it is known that effectiveness of 
PO and PFAD were showed a significant decrease in 
friction when applied as the biolubricants. The unique 
biological properties and functions of palm oil is also a 
possible product for an alternative biodegradable, 
biocompatible and non-toxic based lubricant. 

From Fig. 3 shows the averages of untreated 
frictional torque against palm fatty acid distillate 
(PFAD) and, palm olein (PO) were 0.7Nm and 1.8 Nm, 
respectively. The range frictional for metal cup 
embedded with 10 and 24 pits using PFAD at 0.022-
0.007Nm and, PO at 0.031-0.013Nm was recorded. 

It can be seen for each sample were test with 
lubricant were determined that a slight difference 
frictional torque recorded from the unmodified 
hemispherical cup compared modified surface.  
Previous studies showed that, pit will act to avoid 
rougher relative motion or sticky condition. Also, 
Friction coefficient decreased depending on the surface 
pattern, and the number of dimple such as groove [4-5]. 

In view of the performances of surface 
modification which significantly affected the friction 
and the lubrication on the So.  

 
Fig. 3. A Frictional torque VS Pit using palm fatty acid 

distillate (PFAD) and Palm olein (PO). 
 

It is clear that the treated curvature cup with pits in 
lubricated of PFAD optimizes the rate of frictional and 
allow for a stable of soft on hard sliding contact. 
         
5. CONCLUSION 

The results of this study revealed that the modified 
curvature cup with more pits in lubricated of PFAD 
improves the rate of friction rate. The factor of high 
fatty acid in PFAD oil have a potential as an alternative 
for  biolubricants to reduce friction in HoS contact 
motion. Finally, Palm oil as lubricant in joint prosthetic 
tribology between HoS may be summarized as great 
lubricating oil because it possesses no additive formula 
and restocks specifically reducing friction.  
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ABSTRACT – The effect of magnesium addition on 
dry sliding wear characteristics of thixoformed Al-Si-Cu 
aluminum alloy was investigated. A pin-on-disc 
tribometer was used to carry out wear tests at 49N, 1m/s 
speed and 9Km distance. It was observed that increasing 
in Mg content up to 1.5 wt.% improves wear resistance 
and hardness of the thixoformed alloys. Addition of 
more than 1.5 wt.% Mg, however, led to increase in 
hardness, but resulting in a lower wear resistance. The 
dominant wear mechanism is a combination of abrasion 
and adhesion at low Mg content alloys and delamination 
with some abrasion at high Mg alloy. 

1. INTRODUCTION 

Al–Si casting alloys are well recognized candidate 
materials for automotive and aerospace applications. 
These alloys are considered to be promising light weight 
material to replace the use of cast iron and steel, owing 
to its attractive properties e.g., high strength to weight 
ratio, excellent castability, low coefficient of thermal 
expansion, good corrosion resistance, high thermal 
conductivity and recycling potential [1]. 

Aluminum silicon alloys can be divided into three 
categories: hypoeutectic, eutectic, and hypereutectic 
alloys. Hypoeutectic alloys consist of less than 11% Si, 
whereas eutectic alloys consist of 11-13% Si, and 
hypereutectic alloys consists of more than 13% Si. 
Among the hypoeutectic alloys, A319 ( Al–Si-Cu)  have 
received a significant attention for applications in 
automotive industry such as engine crankcases, cylinder 
heads, cylinder blocks, gasoline and oil tanks and oil 
pans. The main limitation of this alloy is, however, its 
relatively low wear resistance compared to ferrous 
materials. In such cases, there is a need for some 
improvements. Addition of minor alloying elements 
including magnesium, copper and zinc is one of the 
major methods used to improve the quality of cast 
aluminum alloys. The alloying additions may modify the 
wear performance of cast Al-Si alloys due to solid 
solution strengthening and precipitation hardening 
[2].This alloy is commonly produced by conventional 
casting methods. Although the conventional casting 
process promises high production rate, the 
microstructural features with a dendritic morphology of 
the primary phase, non-uniformly distributed coarse and 
acicular Si particles, segregated microstructures and 
porosity, necessitate alternative processing to reach 
desired properties. As an alternative method of 
production, thixoforming offers the possibility of 

fabricating cast Al-Si alloys with fine globular 
microstructure, near net shaping capabilities, uniform 
distribution of fine Si particles as well as reduction of 
segregation and porosity [3]. 

Therefore, this work will exploit the advantages of 
thixoforming process to synthesize Al–Si–Cu-(X Mg) 
alloys and to investigate their wear characteristics. 

 
2. METHODOLOGY 

Four Al-Si-Cu- (X Mg) alloys (X= 0.3, 1, 1.5and 2 
wt. %) were fabricated by conventional casting process 
which are coded as alloys A319, A, B and C 
respectively (Table 1). Cooling slope casting method 
was employed to produce the thixoforming feedstock 
[4].Differential scanning calorimetry (DSC) was used to 
estimate the liquid fraction profile to be used in cooling 
slope and thixoforming process. The details of 
thixoforming set up and process have been described in 
previous study [4]. 

Table 1 Chemical composition of studied alloys (wt. %). 

 
 
Wear tests were conducted on all thixoformed 

alloys and on the as cast A319 for comparison using a 
pin on disc machine as per ASTM: G99. The counterpart 
disc was M2 tool steel having a hardness of 62HRC. 
Tests were carried out at a 49 N applied load, 1 m/s 
sliding speed, and in steps of 1800m up to a sliding 
distance of 9000m. The worn surfaces were then 
examined by scanning electron microscope (SEM). 

 
3. RESULTS AND DISCUSSION 

Figure 1a shows the microstructure of as-cast A319 
aluminum alloy. It can be seen that the microstructure 
composed of the typical primary dendritic α-Al phase 
surrounded by an eutectic matrix of acicular Si and some 
intermetallic phases such as θ-(Al2Cu), α-(Al15 
(Mn,Fe)3Si2) and β-(Al5FeSi). The thixoforming was 
carried out at a liquid fraction of approximately 50%, 
which corresponded to 571 °C, 568 °C, 562 °C and 560 
°C for the alloys A319, A, B and C respectively. Figure 
1b shows the microstructure of thixoformed alloy C (2% 
Mg). Thixoformed samples revealed a uniform 

 Alloy Si Cu Mg Mn Zn Fe Al 
A319 6.26 2.91 0.30 0.16 0.71 0.53 bal 

A 6.26 2.86 0.96 0.15 0.54 0.53 bal 
B 6.31 2.84 1.48 0.11 0.71 0.45 bal 
C 6.15 2.88 2.01 0.10 0.66 0.48 bal 
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distribution of globular α-Al grains, and no pores. The 
addition of Mg was found to lead to the precipitation of 
intermetallic phases (Al5Cu2Mg8Si5, Mg2Si) and 
transforming some of β-Al5FeSi phase to π-
Al8FeMg3Si6. The hardness values of all alloys are given 
in Table 2. 
 

   
Figure 1 Optical micrographs of (a) as-cast A319 alloy, 

(b) thixoformed alloy C. 
 

Table 2: The hardness values of studied alloys. 

       
Figure 2 shows the relationship between wear 

volume loss and the sliding distance of the as-cast A319, 
thixoforming A319, A, B, C alloys at 5N applied load. 
The volumetric wear loss increases almost linearly with 
the sliding distance for all alloys. Also, the extent of 
wear is lower in thixoformed A319 than in as-cast A319. 
This improvement in wear resistance is attributed to the 
decreasing in the grain size of the matrix, the uniform 
distribution of eutectic silicon and a reduction in 
microporosity. Volume loss of thixoforming alloys 
initially decreased with increasing Mg up to 1.5 wt% 
(alloy B), above which it increased. The initial decrease 
in volume loss may be attributed to an increase in the 
hardness as a result of the increase in the quantity of 
hard intermetallic phases. This unexpected change in the 
wear behaviour of alloy C may be related to its 
microstructure. The large Mg2Si phase renders its 
interfacial bonding to the matrix alloy and may have 
acted as crack nucleation sites resulting in a stress 
concentration leading to sub micro crack. Also attributed 
to the presence of the brittle π-Al8Mg3FeSi6 inter-
metallics which under go cracking during deformation. 

In order to investigate the wear mechanism, the 
worn surfaces were examined under SEM. Figure. 3 
shows the SEM morphologies of the worn surfaces of 
the thixoformed A319 and thixoformed alloy C. The 
worn surface of the thixoformed A319 is characterized 
by adhesive wear (craters) and abrasive scoring marks. 
In contrast, in the thixoformed alloy C the predominant 
wear mechanism changed to delamination with some 
abrasive. 

 
 

Figure 2 Volumetric wear loss as a function of sliding 
distance for as-cast A319, thixoformed alloys. 

 
Figure 3 SEM morphologies of worn surfaces of          
a) thixoformed A319, b) thixoformed alloy C. 

 
4. CONCLUSIONS  

In this work, the effect of Mg addition on the wear 
properties of thixoformed Al-Si-Cu aluminium alloy 
was investigated. The volume loss of Al–Si–Cu alloys 
decreases with increasing Mg content up to 1.5%, but 
above this level the trend reverses. These changes in 
wear volume of the alloys with Mg content are related to 
the microstructure. Adhesion, abrasion and delamination 
observed to be the operative wear mechanisms. 
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ABSTRACT – Effect of hard particle angularity on 
frictional coefficients and grit embedment of brake 
material was investigated. The particles used in this 
study were silicon carbide, silica sand and garnet with 
drag and stop mode test. The spike parameter quadratic 
fit (SPQ) method was applied to characterize the 
particles angularity. Results showed that particles 
angularity exhibited a great influence in modifying the 
effective contact, wear generation and friction 
coefficient. Good correlation between pad specimen 
weight loss and grit embedment was found. Signs of 
formation and disintegration of contact plateaus 
correlated well with angularity, suggesting the grit 
embedment role as wearing mechanism. 
 
1. INTRODUCTION 

Due to the fact that the brake interface is hidden, 
covered and buried between the pad and the disc, 
friction behavior of brake pad material during braking 
post the most interesting but yet not a fully understood 
problem [1]. It becomes very challenging to exactly 
know what really happen to the contact plateaus and 
material interaction at the brake interface. In addition, 
brake frictional materials are designed to provide stable 
frictional performance over a range of vehicle operating 
conditions and to exhibit acceptable durability [2]. In 
braking, the abrasion at the friction interface is caused 
by the abrasive and hard particles that are included in 
the composition of the brake pad. In normal braking 
(without external particle), the hard and abrasive 
particles embedded in the pad will involve in the 
friction process and get released due to pyrolysis of 
phenolic resin especially at elevated braking 
temperature. Hard particles like aluminum oxide and 
silicon oxide will retain their original size, while the soft 
particles like copper and metal sulfides will be milled 
with other wear particles [2]. They mix and wear the 
brake gap at different length and time scales by different 
mechanisms. These particles are used to control the 
level of friction force and to remove friction films 
forming at the sliding interface [3]. However, 
contaminants and hard particles from environment also 
contribute to the abrasion process at the brake interface. 

The particles size and shape of hard particles are 
two important parameters that can affect friction and 
wear rate in sliding couple [4]. In this work, abrasive 
particle such as zircon, silicon carbide and alumina with 
different sizes are used to study the friction wear 
properties of brake materials.  

2. METHODOLOGY 

 A schematic diagram of the test rig is shown in 
Fig. 1. A hopper is fitted at the end shaft support to hold 
and disperse the hard particles. A hard particle feeder 
tube is attached to the hopper to direct the hard particles 
to the gap between the brake pad and the disc. A 
manually controlled valve is used to regulate the amount 
of hard particles delivered to the contact. The brake disc 
specimen is shielded by a transparent cover to avoid 
splashing of the hard particles during the experiments.  

 

 
   Figure 1 Brake test rig. 
 
2.1 Testing Procedures 

Drag tests at four different sliding speeds of 4, 8, 
10 and 12 m/s at constant pressure of 0.6, 0.8 and 1.0 
MPa was used to evaluate the effects of hard particle 
grit shape on friction stability. 
 

Table 1 Testing procedure 

 Drag test Hard braking 

Pressure (MPa) 0.6, 0.8  1 

Speed (m/s) 4, 8, 10, 12 4, 8, 10, 12 

Duration (s) 10 (three times) 8 
 
3. RESULTS AND DISCUSSION 

The effect of different particle angularity on 
friction stability was investigated during drag mode test. 
Short duration braking of 10 s was applied three times 
for every test to capture the changes of the coefficient of 
friction (CoF). From results obtained, silicon carbide 
grit particles seemed to generate higher CoF values 
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compared to silica sand and garnet especially at high 
disc sliding speeds. At higher disc sliding speed, it was 
assumed that silicon carbide particles with higher SPQ 
value not only mixed with other wear debris faster, but 
their angularity resulted in higher micro-cutting process 
that increase the formation rate of effective contact and 
the generation of much smaller wear debris. Many loose 
wear debris of much smaller size, below 10 μm, were 
observed during the experiment with silicon carbide 
while silica sand and garnet seemed to generate less 
wear debris of the same size as shown in Fig. 2. The 
presence of larger quantity of small wear debris seems 
to fill the cavities at the brake pad surface to contribute 
to the increased of effective contact area before their 
ejection from the contact. Also, higher occurrence of 
grit fragmentation was recorded during the experiment 
carried out with silicon carbide and these fragmented 
grit particles could form additional effective contact to 
increase the CoF value.  

 

  
  Figure 2 Wear debris observed. 
 
 The CoF values for the three grit particle types 
during drag mode and hard braking test are shown in 
Fig. 3. At low and medium disc sliding speeds, the 
effect of particle angularity was less significant on CoF 
due to slow mixing process of the particles with wear 
debris. In addition, more compacted wear debris was 
present to assist the friction. Slow mixing means that the 
rate of contact interaction of grit particles with wear 
debris was low and results in more effective load 
transmitted to the contact. More compacted wear debris 
could form a friction film to reduce the friction force 
and CoF. Silicon carbide particles resulted in higher pad 
specimen weight loss and contributed to greater 
formation of compacted wear debris at the brake 
surface. Hard braking test was carried out at braking 
pressure of 1.0 MPa until the disc was completely 
stopped. Increase in braking pressure resulted in more 
effective generation of much smaller wear debris. More 
silicon carbide particles were fully embedded (FE) into 
the pad surface or into the compacted wear debris as 
shown in Fig. 4. From the experimental results, it was 
found that higher SPQ value significantly affects the 
percentage area of grit embedment (GE). In drag mode 
test, silicon carbide recorded almost double the 
embedment of garnet and triple of that silica sand at low 
sliding speeds. At higher speeds, the embedment of 
silicon carbide was observed to be at least double of the 
garnet and silica sand. However, at lower sliding speeds, 
it appeared that the presence of compacted wear debris 
helped to provide softer platform surface for the particle 
GE. 
 
 
 

  
Figure 3 CoF values for drag and hard braking test. 

 

  
Figure 4 Fully and partially embedded particles. 

 
4. SUMMARY 

Silicon carbide grit particles generate higher CoF 
values compared to silica sand and garnet especially at 
high disc sliding speeds. At higher disc sliding speed, 
particles with higher SPQ value (i.e. silicon carbide) 
resulted in the increase of the rate of effective contact 
and the generation of much smaller wear debris. During 
hard braking test, silicon carbide resulted in lower CoF 
values compared to the other two grit particles 
especially at higher speeds. Grit particles with higher 
SPQ values embed more easily and their involvement in 
mixing and generating wear debris was limited. 
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ABSTRACT – The galling measurement was carried 
out on annealed SS 416 specimens under the self-mated 
condition as per the ASTM G196-08 test method. The 
test method appears to be superior to an older ASTM 
G98 because galling behaviour is prevailed by 
stochastic wear phenomenon.  
 
1. INTRODUCTION 

Galling is a form of surface damage arising 
between the sliding solids, distinguished by 
macroscopic usually localized, roughening and creation 
of protrusions above the original surface; it often 
includes plastic flow or material transfer or both [1]. 
Galling has been serious problems in various situation 
for example in medical instrument, food processing 
equipment, oil and gas exploration, automotive and 
nuclear industry. Where stainless steel is the material of 
choice for its relative ease of manufacture, high strength 
and stiffness, and excellent corrosion resistance, 
however, it has been found to be quite susceptible to 
galling [2]. Therefore Cobalt-based alloys are being 
considered as replacements for stainless steel in valve 
and pumps applications because of their best galling 
resistance. However in the nuclear industries alloys 
containing high level of cobalt are being scrutinized 
because wear and corrosion debris could be transported 
into primary cooling circuits. In view of this stainless 
steels are still being considered for nuclear applications. 

The most widely used test procedure for the 
measurement of galling resistance of material pairs is 
ASTM standard G98 [1] and often referred to as the 
“button-on-block” test. It has been used for several 
decades to rank the galling resistance. In this method, 
the end of a cylindrical specimen is loaded against a flat 
plate or block. The block specimen is held fixed, while 
the cylinder is rotated for one revolution. Galling is 
determined by a simple visual inspection without the 
use of magnification. In the past few years, several 
papers described the significant problems with this test 
method [2]. Some of the issues discussed include stress 
concentrations in the contact region, lack of statistical 
analysis, and low number of replicates required in 
creating data sets. Additionally, the results of this testing 
method have been shown to vary widely in both intra 
and inter laboratory testing [2]. Very recently a galling 
test method developed by Hummel [2] has been adopted 
by the ASTM as a new standard for galling 
measurement (G 196-08) [3]. The test method uses two 
concentric hollow cylindrical specimens with the ends 

mated. One specimen is rotated about its axis and other 
is held fixed. According to ASTM G196-08, there is no 
single “threshold” of stress that characterizes galling 
behaviour. Galling is a stochastic phenomenon that can 
occur over wide range of stress values [4]. Further, 
galling resistance of material pair is strongly influenced 
by the temperature. Keeping in view of the above the 
objective of the present investigation was to measure the 
galling resistance of self-mated SS416 specimens at 
room temperature (RT) as well as at high temperature 
condition (3000C) by using a mechanized type of galling 
tester. The results of self-mated galling tests on 
annealed SS 416 specimens are described in this paper.  

 
2.  EXPERIMENTAL DETAILS  

The schematic diagram of the testing arrangement 
is shown in Fig.1a. The test method (ASTM G196-08) 
consists of two concentric hollow cylindrical specimens 
with ends mated with each other. This results in area 
contact in the shape of annulus. One specimen is rotated 
about its axis and the other is held fixed. An alignment 
pin being used in between the top and bottom specimen 
in the hollow space. This ensures proper alignment and 
concentricity between the mating surfaces (Fig.1b). The 
specimen geometry used as per the ASTM G196-08 and 
the area of contact surface is 94.96 mm2. The care was 
taken for all the specimens to ensure the flatness were 
within 0.005 mm. The contact regions of the specimens 
were ground in an automatic surface grinding machine 
to get uniform surface roughness (Ra) and the measured 
Ra values were in the range of 0.25-0.35 µm. Before 
conducting the experiments specimens were cleaned 
thoroughly in an ultrasonic cleaner in an acetone bath 
and then dried. The specimens were mounted in the 
testing device and the load was applied lightly and the 
specimens twisted relative to each other approximately 
450 to ensure proper seating of the wear surfaces. The 
desired load was then applied and lower specimen was 
rotated at 6 rpm. In the present study all tests were 
conducted for two rotation of the lower specimen 
(7200). After the test both specimens were removed and 
examined for galling. A typical photograph of galled 
specimens is shown in Fig.2. If the specimen appear 
smooth and undamaged to the unaided eye then galling 
is said to not have occurred.  At least one of the 
contacting surfaces should exhibit torn metal for galling 
to have occurred. According to ASTM G196-08, a 
minimum of 12 replicates are required to be tested at 
each load level. The frequency of galling is calculated 
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by dividing the number of samples got galled to the total 
number of samples tested. For example, out of these 12 
replicates, if 2 galled then frequency of galling at that 
load is 2/12 i.e. 0.166. A minimum of four load levels 
are required to perform the data analysis. At least two 
load levels shall be above the load where 50 % of the 
specimens would gall and at least two load levels shall 
be below the load where 50 % of the specimen would 
gall.  

 

 
Fig.1 (a) Schematic view of the galling test arrangement 

(b) sectional view of the test configuration (1 ball 
bearing; 2 upper specimen; 3 alignment pin; 4 lower 

specimen; 5 contact surface). 
 

 
Fig.2 Typical galled specimens 

 
2.1  Presentation of Data and Calculation of 

Galling50 (G50) 

The data collected using this test method is 
plotted, a galling frequency against applied stress. The 
galling frequency quantifies the percentage of 
specimens that subjected to galling at each applied load. 
Each applied load levels tested result in a single data 
point on the galling frequency against applied stress 
diagram. After obtaining the data points a best fit curve 
can be used to fit the data points on the diagram. This is 
achieved by fitting a two parameter sigmoid equation to 
the data points. The two parameter sigmoid equation is 
represented in the following expression [3,4]. 

 

𝑓 = 1

1+ 𝑒
−(

𝜎−𝐺50
𝑏 )

  (1) 

 
Where f is galling frequency, σ applied stress, G50 
galling50 value and b related to the steepness of the 
curve. The parameter G50 in equation (1) is the 
magnitude of the contact stress where, statistically, 50 % 
of the specimens experience galling [3]. The parameter 
G50 has been used in ASTM G196 [3] to characterize 
galling resistance of material pair. The galling50 value is 
obtained graphically by finding the applied stress that 
corresponds to a point in the curve where the galling 
frequency is 0.50. Further details about the data analysis 
are given elsewhere in the literature [2-4].  

3.  RESULTS AND DISCUSSION  

Fig.3 shows galling frequency as a function of 
applied stress at RT and elevated temperature condition. 
Fig.3 shows that galling is a stochastic phenomenon that 
can transpire at wide range of contact stresses. When the 
contact stresses is high, the probability that number of 
specimens get galled is higher than at low contact stress 
condition. 
 

 
Fig.3 Galling frequency as a function of applied stress. 
Galling50 is obtained by applying sigmoid fit to the test 

data. 
 

It is clear that galling do exists at all non-zero 
stress levels. The probability of occurrence of galling 
increases continuously from zero and approaches to 
unity as the contact stresses increases. The galling 
resistance of material pairs tested was characterized 
with G50 and it is as per the ASTM G196 [3]. At room 
temperature G50 value was observed to be 9.48 MPa. On 
contrary at test temperature of 3000C the galling 
resistance decreases (1.96 MPa) to the order of 5 
(Fig.3). This is because the material pairs were 
subjected for thermal softening; therefore a severe 
plastic deformation was occurred at low contact stress 
level. 
 
4.  CONCLUSIONS  

Galling was characterized with a parameter G50 at 
room temperature as well as at elevated temperature 
condition (3000C). Test temperature has significant 
influence on the value G50 for the material tested.  
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ABSTRACT – Al-TiC composites containing three 
different amounts of TiC have been synthesized through 
in-melt reaction of titanium and SiC in the aluminum 
melt through stir casting. The TiC forms from reaction 
between Ti and carbon which is released by SiC at 
temperatures greater than 11000C. However, some 
amount of Al3Ti is also formed. The friction and wear 
behavior has been examined at different loads of 9.8 N, 
19.6 N, 29.4 N, 39.2 N and at a constant sliding speed of 
the 1 m/s using a pin-on-disc machine. The results 
indicate friction and wear performance gets improved 
with increasing amount of TiC.   
 
1. INTRODUCTION 

Aluminum based composites reinforced with SiC, 
TiC, TiB2, B4C, Al2O3 etc. find applications in aerospace 
and automotive industry due to their light weight, low 
cost and sufficient mechanical strength [1,2]. 
Traditionally, MMCs have been produced by addition of 
the particulate reinforcement to the molten metal, but, 
bonding between the matrix and the reinforcement is a 
major concern in this type of composites. Hence, in-situ 
processing techniques involving a chemical reaction 
resulting in the formation thermodynamically stable 
reinforcing ceramic phase within the matrix have been 
developed [3]. The use of hard ceramic particles as 
reinforcement in the metallic matrix has also been 
shown to reduce the wear loss [4].   

Titanium carbide (TiC) has been used as 
reinforcement in matrix of aluminium alloys due to its 
high hardness, high melting point (30670C) and good 
thermal conductivity. However, the tribological 
behaviour of TiC in pure aluminum based composites 
has not been systematically investigated so far. Hence, 
in the present study Al-TiC in-situ cast composites 
containing different amounts of TiC have been 
synthesized and their friction and wear behavior 
investigated under dry sliding.  
 
2. METHODOLOGY 

High purity (99%) aluminum (Al), Silicon carbide 
(SiC) powder ( ≈ 25µm)  and 98% , Ti powder   (20-40) 
mesh size were used for composite preparation. A pre-
calculated amount (480 g) of pure Al was weighed out 
of which 150 g Al was melted in a furnace in a graphite 
crucible and the remaining Al was melted in another 
furnace. To prepare a composite having approximately 6 
wt.% TiC, calculated and preheated (up to 6000C) 
amounts of Ti (20 g) and SiC (17 g) were added to the 
150 g Al melt at 1125 0C. Suitable time was given for 

the in-situ reaction to take place between SiC and Ti 
particles. This 150 g melt was then poured in another 
crucible having 330 g pure Al. The mixture was stirred 
for about 20 minutes at 300 rpm before pouring in a 
rectangular mold. Similar procedure was adopted for 
preparing other composites to obtain about 9 and 12 
wt.% TiC in the composite. The composites have 
accordingly been designated as C6, C9 and C12.The 
composites were subjected to XRD analysis to reveal 
the formation to TiC. Standard procedures were adopted 
for microstructural and mechanical properties 
evaluation. Density of the composites was measured 
following Archimedes principle.  

Cylindrical pin shaped samples (30 mm×ɸ8) with 
rounded corner were tested under dry sliding against a 
counterface of En-32 steel having a hardness of 65HRC 
using a pin-on-disk tribometer at different loads of 9.8, 
19.6, 29.4 and 39.2 N and at fixed sliding speed of 1m/s. 
The mass loss of the pin specimens was measured with 
an analytical balance having an accuracy of 10−7 kg, at 
intervals of 10 min (600 m) and total sliding distance 
covered in a test was 3000 m. Sliding surfaces were 
examined under scanning electron microscopy (LEO 
Cambridge, England) to explore the possible wear 
mechanism. 

 
3. RESULTS AND DISSCUSION 

 Fig. 1 represents the typical microstructure of the 
Al- 12% TiC composite showing the presence of TiC 
particles distributed uniformly in the matrix along with 
some larger flakes of Al3Ti. Similar microstructure has 
also been observed earlier by Birol et al [5]. The other 
composites have also shown the similar features. X- ray 
diffraction analysis of the composite confirmed the 
formation of TiC along with some Al3Ti.  

Table 1 gives the mechanical properties of all the 
materials investigated in the present study. It could be 
seen that both the hardness and the strength of the 
composites increases with increasing volume fraction of 
TiC but at the expense of ductility, which is expected as 
TiC is a harder and stronger phase.  

 
Table 1 Mechanical properties of Aluminum and 

composites. 
Material    UTS  

(MPa)  
% 
elongation  

Hardness    
(HB)  

Density 
(kg/m3)  

Pure Al  50  33  15  2705  
C6  59  26  21  2810  
C9  69  15  24  2990  
C12  88  10  30  3130  
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Figure 2 shows the variation of wear rate, 
estimated from the slope of the variation of cumulative 
volume loss with TiC  content at different loads. It could  
be seen  from  Figure 2 that the wear rate of pure Al is 
the highest at all the loads whereas it is the lowest for 
Al-0.12TiC. At a particular load wear rate decreases 
with increasing amount of TiC and this may be 
attributed to the higher hardness of the composite 
containing relatively higher amount of TiC [6]. 

 

 
Figure 1 Optical micrographs of composites, 100 X. 

 
The variation of friction coefficient, averaged over 

the total distance of sliding, with TiC content is 
illustrated in Fig.3. The average coefficient of friction is 
observed to decrease with both increasing load and TiC 
content at a particular load. It is interesting to note that 
the friction coefficient of pure Al drops at the highest 
load when it is almost equal to Al-0.06TiC, which may 
be attributed to the softening of the pure Al due to the 
frictional heat developed at the highest load. Amongst 
the composites, Al-0.12TiC has shown consistently a 
lower average coefficient of friction at all the loads as 
seen from Fig.3. The worn surfaces of all the materials 
showed presence of wear marks in the form of grooves 
along the sliding direction and the transfer layer. The 
transfer layer on the surface of pure Al appeared to be 
cracking whereas the surface of composites was covered 
by continuous transfer layer of loose wear debris 
However, the degree and extent of compaction was 
found to be more for composite containing relatively 
higher amount of TiC at relatively higher loads as 
depicted in Fig. 4 which shows a well compacted 
transfer layer on the surface of Al-0.12 TiC at the 
highest load used in the study. This layer inhibits metal-
metal contact and helps in reducing both the wear rate 
and the friction coefficient [6].  
 

 
Figure 2 Variation in wear rate with TiC content. 

 

 
Figure 3 Variation in average coefficient of friction with 

TiC content. 
 

 
Figure 4 SEM Micrograph of worn surface of Al-

0.12TiC at 39.2 N. 
 

4. CONCLUSION 

 The present investigation on in situ synthesis and 
tribological behavior of Al-TiC composites confirms 
that TiC particles can be generated in-situ in Al-Ti-SiC 
system via melt reaction and technique results in almost 
uniform distribution of TiC particles in the aluminium 
matrix. However, something needs to be done to 
suppress the formation of intermetallic compound 
Al3Ti. The tribological performance of the composites 
got improved with increasing amount of TiC content 
within the range of amount used in the investigation. 
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ABSTRACT – Commercialized mild steel has been 
subjected to electro-carburization in carbonate salts 
mixtures of Na2CO3-NaCl at 860˚C and 4.5 volt. Wear 
behavior of carburized steel was evaluated using ball-on-
disc under various speeds and loads. Coefficient of 
friction and wear volume obtained were studied.  
Carburized steel was capable to maintain low wear 
volume loss even at high speed. The wear resistance for 
steel carburized 1 hour was better compared to steel 
carburized 3 hours.   
 
1. INTRODUCTION 

 Metal surface is well known as the most susceptible 
region to crack initiation and fatigue failure. 
Carburization as the most conventional surface hardening 
process has been studied by metallurgist. It involves 
intentional diffusion of carbon into the surface of iron-
based alloy creating distinctive temperature and time 
dependence diffusion profile while maintaining the 
primary chemical composition at the core. The carbon 
rich layer is then transform into selected microstructure 
(martensite, bainite etc) in accordance with the cooling 
rate after the carburization process and subsequent 
treatment. 
 Cyanide had been utilized as the carbon source in 
the carburization process despite its toxicity. 
Replacement of cyanide with other substances had been 
explored [1]. Siambun et al. [2,3] had developed an 
electro-carburization process using carbonate salts 
mixture as substitution owing to non-toxicity. The 
present work is an extended investigation of wear 
behavior of the aforementioned process. 
 
2. METHODOLOGY 

2.1.   Carburization Process 

The carburizing temperature was maintained at 
860˚ ± 10˚C with a constant voltage supply at 4.5 V, 
followed by quenching in water. Mild steel with 50 mm 
diameter and 8 mm thickness is selected for 
carburization. Na2CO3-NaCl (ratio of 4:1) were used as 
the electrolyte and the carbon source for the carburization 
process. Details of the set-up had been described in ref. 
[2]. 

The basic electro-chemical reaction occurred is 
shown as in Eqn. (1): 
 
CO3

2- + Fe + 4e- → C-Fe + 3O2- (1) 
 

Where C-Fe represents the diffusion of carbon in the 
steel. 
 
2.2.   Sliding Tests 

 A Ducom TR-20EV-M3 ball-on-disc tester was 
used for investigation of wear characteristics of 
carburized steel disc. Uncoated cemented carbide balls 
with hardness of 1600 HV were used to slide on the steel 
disc. The chemical compositions of the mild steel used 
for the carburizing process are stated in Table 1. 
 
Table 1 Chemical compositions of the mild steel (wt%) 

C Si Mn P S Fe 

0.2 0.19 0.60 0.014 0.018 balance 

 Tests were carried out in ambient air at 30, 50 and 
90 N with speed of 10 and 70 m/min for both as received 
and carburized steels. The sliding distance was 1000 m. 
The coefficient of friction (COF) was recorded 
throughout the test. The morphology of the worn surface 
was examined using a scanning electron microscope 
(SEM) and optical microscope. A stylus profilometer was 
used to measure the volume loss of the worn surface. 
 
3. RESULTS AND DISCUSSION 

 Figures 1 and 2 show the wear volume loss of the 
carburized and as received steel under different loads and 
speeds of 10 and 70 m/min. Carburized steels exhibited 
better wear resistance than as received steel. However, 
carburized steels show more pronounced wear resistance 
at high speed of 70 m/min. Figure 3 shows that steel 
carburized for 3 hours suffer higher wear volume loss 
than steel carburized 1 hour. This could be attributed to 
lower cracking resistance owing to larger grained size 
and higher formation of cementite at the grain boundaries 
of the carburized steel. 

The COF of both low and high speed reached 
around 0.35 eventually and show less fluctuation in high 
speed as shown in Figure 4 and 5. This may due to the 
softening effect which also resulted in the increase in the 
wear volume loss as depicted in Figure 3. This effect has 
been explained by Wang and Lei [4]. Frictional heating 
at high speed caused austenization at the sliding 
interface, resulting in transformation of martensite to fine 
grained tempered martensite which capable of providing 
better wear resistance. 
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Figure 1 Comparison of wear volume loss between 
carburized 1 hour and as received steel at 10 m/min. 

 

 
 

Figure 2 Comparison of wear volume loss between 
carburized 1 hour and as received steel at 70 m/min. 

 

 
Figure 3 Comparison of wear volume loss between 

carburized 1 hour and 3 hour steel at 10 m/min. 
 
 
 
 

  
Figure 4 COF of 1 hour carburized steel at 10 m/min. 

 

 
Figure 5 COF of 1 hour carburized steel at 70 m/min. 

 
4. CONCLUSIONS 

Electro-carburization was capable of providing 
better wear protection and prolonged carburizing process 
could cause reduction in wear resistance. 
 
5. REFERENCES 

[1] W.C. Jones, K.R. Britt and I.L. Newell, European 
Patent No. 0147011: “A Non-Cyanide Salt Bath and 
Process for Carburization of Ferrous Metals and 
Alloys,” 1985. 

[2] N.J. Siambun, H. Mohamed, H.D. Hu, D.A. Jewell, 
Y.K. Beng and G.Z. Chen, “Utilisation of carbon 
dioxide for electro-carburisation of mild steel in 
molten carbonate salts,” Journal of the 
Electrochemical Society, vol. 158, H1117-H1124, 
2011. 

[3] N.J. Siambun, W.Y.H. Liew, G.Z. Chen, D.A. 
Jewell, Y.K. Beng, “The effect of cooling rate in 
molten salt electro-carburisation process,” 
Advanced Materials Research, vol. 576, pp. 264-
267, 2012. 

[4] Y. Wang and T. Lei, “Wear behavior of steel 1080 
with different microstructures during dry sliding,” 
Wear, vol. 194, pp. 44-53, 1996. 

 
 
 
 



Proceedings of Malaysian International Tribology Conference 2015, pp. 104-105, November 2015 
  
 
 

__________ 
© Malaysian Tribology Society 
 

The characteristics of the fretting wear of Inconel738LC and CM247LC 
according to the roughness change 

Kyoung-Sup Kum, Young-Ze Lee* 

 
 School of Mechanical Engineering, Sungkyunkwan University, Suwon, Gyeonggi-do, Korea. 

 
*Corresponding e-mail: yzlee@skku.edu 

 
Keywords: Fretting; superalloy, roughness  

 
 

ABSTRACT – Especially, in the gas turbine blades, 
Inconel 738 LC and CM 247 LC have been mainly used 
as the substrate of blade’s components.  Since the gas 
turbine blades are rotating to generate the power, this 
makes the vibration between blades and blade wheel, so 
called “dovetails”. This induced vibration acts the 
fretting wear. The damage level of fretting wear is 
related with the surface shape such as the roughness. 
Therefore, we can reduce the damage level of fretting 
wear by control the roughness.  In this paper, the fretting 
test was conducted under the 3 steps-roughness (Ra 
2.5um, 0.7um, 0.02um) to verify the characteristics of 
the fretting wear depending on the roughness changes.  
The results show that the friction coefficient of fretting 
was decreasing as the roughness was increasing. 
Therefore, the main wear mechanism is adhesive wear 
since the friction coefficient shows higher in smoother 
surface. The fretting wear of CM247LC is less affected 
by the roughness change than Inconel738LC. However, 
the Inconel 738 LC may have better performance than 
CM247LC in 2.5um of Ra. 
 
1. INTRODUCTION 

In gas turbine plants and aero-engine industries, 
the super alloy has been used as the hot section 
components such as turbine blades and turbine wheel 
because the super alloy has the high thermal resistance. 
In the gas turbine blades, Inconel 738 LC and CM 247 
LC have been mainly used as the substrate of blade’s 
components [1,2]. Since the gas turbine blades are 
rotating to generate the power, this makes the vibration 
between blades and blade wheels, so called “dovetails” 
[3]. This induced vibration acts the fretting wear so that 
the crack initiation arises and finally the fracture breaks 
out on the blades. The damage level of fretting wear is 
related with the surface shape such as the roughness [4]. 
Therefore, we can reduce the damage level of fretting 
wear by control the roughness.  In this paper, the fretting 
test was conducted under the 3 steps-roughness to verify 
the characteristics of the fretting wear depending on the 
roughness changes. 
 
2. METHODOLOGY 

A fretting wear test rig was used to test the fretting 
wear behaviours under a contact configuration of flat-
on-flat. As shown in Fig. 1, the coin specimen was fixed 
at the upper holder, and moved with the piston of the 
hydraulic system. The flat specimen was fixed on the 
lower holder, which was mounted on the specimen 

chamber. The friction force was measured by sensor of 
load cell. The normal load (Fn) was applied on the 
clamp of the upper specimen by a weight set controller. 
During the fretting test, the coefficient of friction was 
measured by DAQ board and Labview program.  

Two kinds of superalloy, Inconel738LC and 
CM247LC was used in this experiment. Table 1 shows 
the material chemical composition of Inconel738LC and 
CM247LC. The specimen of Inconel 738LC is coin type, 
with diameter 25mm and thickness 3mm. And the 
specimen of CM247LC is also coin type with diameter 
17mm and thickness 3mm. Each counterpart is also 
same shape (coin type). The roughness of upper 
specimen is keeping Ra 0.08um. The roughness of 
lower specimen is Ra 2.5um, 0.7um, and 0.02um. Table 
2 shows the condition of the fretting experiment.    

 
Table 1 The Chemical composition: Inconel 738LC and 

CM 247 LC. 
Material Composition (unit: wt.%) 

Inconel 738 LC 

0.11C, 15.84Cr, 8.5Co, 2.48W, 
1.88Mo, 0.07Fe 0.92Nb, 3.46Al, 
3.47Ti 1.69Ta, 0.001S, 0.04Zr 
0.012B, balance Ni  

CM 247 LC 
0.07C, 8.1Cr, 9.2Co, 8.5W, 0.5Mo 
3.2Ta, 5.6Al, 1.4Hf, 0.7Ti, 0.15B, 
0.015Z, balance Ni 

 
Table 2 Fretting condition: Inconel738LC and CM247 

LC. 
Load Amplitude Time Frequency 

9.8N 2mm 30 
min 

120 
rpm 

 

 
Figure 1 Fretting machine structure. 
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3. RESULTS AND DISCUSSION 

Figure2. Show that the friction coefficient of 
fretting at the different conditions. In case of 
Inconel738LC, when the roughness was each Ra 
0.02um, 0.7um and 2.5um, COF was each about 0.9,   
0.6 and 0.4. Also, in case of CM247, when the 
roughness was each 0.02um, 0.7um and 2.5um, COF 
was each about 0.7, 0.65 and 0.55. In short, as the 
roughness was increasing, the friction coefficient of 
fretting was decreasing. Therefore, the main wear 
mechanism is   adhesive wear since the friction 
coefficient shows higher in smoother surface. When the 
surface is smoother, the real contact area will be 
increased so that the COF and wear is increased [5]. In 
addition, the difference of COF is smaller in CM247LC 
than that of Inconel738LC. That means the CM245LC is 
less affected by the roughness than Inconel738LC.  
However, when the roughness is 2.5um the COF of 
Inconel738LC is smaller than that of CM247LC. That 
means the Inconel738LC with Ra of 2.5um will be good 
performance under fretting condition. 
 

 
(a) 

 

 
(b) 

Figure 2 The coefficient of friction; (a) Inconel 738 LC 
(b) CM 247 LC. 

4. CONCLUSIONS 

 Inconel 738LC and CM 247LC have been mainly 
used as the substrate of blades’ components in gas 
turbine. Since the turbine blades are rotating, this makes 
vibrations which induce the fretting wear. In this paper, 
we researched the characteristics of Inconel738LC and 
CM247LC depending on the roughness.   
a) Both materials have the tendency that as the 

roughness is increasing, the COF is decreasing. 
b) According to this tendency, the fretting wear 

mechanism under this experiment conditions will 
be explained by adhesive wear mechanism. 

c) The fretting wear of CM247LC is less affected by 
the roughness change than Inconel738LC. 

d)  However, the Inconel 738 LC may have better 
performance than CM247LC in 2.5um of Ra. 
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ABSTRACT – Experiments had been carried out to 
investigate the effect of carburization process, utilizing 
Na2CO3-NaCl as the electrolyte, on the wear resistance 
of mild steel.  Increasing the duration of the 
carburization process resulted in higher peak hardness, 
greater case depth and amount of carbide in the grain 
boundaries, and larger but lesser retained austenite 
grains.  The austenite microstructure formed in the steel 
carburized for 1 hour exhibited higher intergranular 
cracking and fracture resistance than the steel 
carburized for 3 hours. The difference in the cracking 
and fracture resistance could be attributed to the 
difference in the grain size and the amount of cementite 
in the grain boundaries. The results showed that steel 
with remarkable cracking, fracture, and abrasive wear 
resistance could be produced by removing the retained 
austenite grains from the surface of the carburized steel. 
 
1. INTRODUCTION 

The wear resistance of mild steel can be enhanced 
using carburization process which involves the 
intentional diffusion of carbon into the subsurface of 
iron-based alloys at high temperature. The carbon rich 
layer at the subsurface will transform to other 
microstructure (such as martensite and bainite) 
depending on the rate of cooling used after the 
carburization process.  The formation of bainite and 
martensite on the subsurface of steel can result in a 
marked increase in the abrasive wear resistance of steel 
[1]. Molten salt containing toxic cyanide compound was 
the earliest compound used for the molten salt 
carburization process. Many research works have been 
carried out to eliminate the use of cyanide. More 
recently, we have developed an electro-carburization 
process utilizing non-toxic carbonate salts mixture as 
the electrolyte [2]. Several highlighted advantages of 
this process over the conventional method are the usage 
of non-toxic material, the efficient and rapid process 
that requires only 1-3 hours carburization process, the 
unnecessary addition of replenishment material for 
continuous source of carbon, a process that have 
capability to utilize abundant CO2 gas as continuous 
source of carbon, and the potential for scalable electro-
carburization process for larger production. This paper 
reports the study carried out to investigate the effect this 
carburization process on the wear resistance of mild 
steel. 
 
 

2. EXPERIMENTAL 

The wear behaviour of the non-carburized and 
carburized steel was investigated using a Ducom TR-
20EV-M3 reciprocating tester. Tests were carried out at 
different combinations of normal load and frequency in 
ambient air for a duration of 30 minutes. Cemented 
carbide balls with a hardness 1600 HV were used to 
slide on the non-carburized (NC steel) and mild steel 
carburized for 1 (C1 steel) and 3 hours (C3 steel). The 
set up the carburization process had been described in 
details in ref. [2]. The mild steel had a nominal chemical 
compositions of 0.2 wt.% C, 0.19wt.% Si, 0.60 wt.% 
Mn, 0.014wt.% P and 0.018wt.% S, balance Fe. 
 
3. RESULTS AND DISCUSSION  

Figure 1 shows the variation of the hardness of the 
subsurface of the carburized steel.  The C1 steel had a 
peak hardness of 727 HV at some distance from the 
surface and a case depth of 450 µm. The C3 steel had a 
higher peak hardness and case depth of 795 HV and 660 
µm, respectively. Towards the core, the hardness 
reduced to that of the NC steel. Examination of the 
etched surfaces using an optical microscope and XRD 
analysis (peak at 2T =43.8o) showed that the surfaces of 
C1 and C3 steel were dominated by retained austenite 
grains surrounded by grain boundaries (Fig. 2(a)). The 
diameter of the retained austenite grains on the surface 
of the C1 specimen measured using an optical 
microscope was found to be 10-30µm (Fig. 3(a-b)). C3 
steel had larger austenite grains with diameter of 10-150 
µm and greater amount of cementite in the grain 
boundaries (Fig. 3(c-d)). Precipitation of carbides at the 
grain boundaries was a result of the migration of the 
carbon in the austenite grains to the grain boundaries 
due to a marked reduction in the solubility limit of 
carbon in austenite during quenching. Martensite 
microstructure (Fig. 2(b)) could be observed after 
removing 5 µm thickness of material by polishing from 
the surface of the C1 steel. However, the martensite 
content at this subsurface was not high, therefore even a 
prolonged etching did not produce a dark martensite 
microstructure. Any retained austenite embedded in the 
martensite could be easily identified due to the 
difference in the colour of this microstructure (white) 
and martensite (dark).  At 10-20 µm beneath the original 
surface, the martensite was darker but the grain 
boundary was less evident (Fig. 2(c)). Further polishing 
unveiled the region with the highest density of 
martensite. At this subsurface, no grain boundary was 
visible (Fig. 2(d)). Dark martensite with fine grain 



Liew et al., 2015 
 

107 
 

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

0.050

0.055

0.060

10N 20Hz 50N 20Hz 150N 20 Hz

Vo
lu

m
e l

os
s (

m
m

3 )

Load and frequency

Non-Carburized
1 hour carburization
3 hours carburization
Martensite

0.167  0.0119 

Retained 
austenite 

Martensite 

Grain 
 boundary 

boundaries, occupied by numerous amount of cementite, 
appeared at the subsurface 5 µm beneath the original 
surface of the C3 steel. This showed that the C3 steel 
had higher density of martensite immediate below the 
surface dominated by austenite grains. Figure 1 shows 
that the carburized steel surface dominated by retained 
austenite microstructure, was softer than the martensite 
subsurface, 50-150 µm below the surface.   

 
 

 
 
 
 
 
 
 
 
 
Figure 1 Variation of the subsurface hardness of the 

carburized steel. 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Change in the microstructure of the mild steel 
carburized for 1 hour with the depth of the subsurface 
(a) top surface (b) 5 µm below the surface (c) 20 µm 
below the surface (d) 100 µm below the surface. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 SEM images of the surfaces of the steel 
carburized for (a-b) 1 hour and (c-d) 3 hours. 

 
The worn surfaces of the C3 steel showed 

evidence of intergranular cracking and fracture (Fig. 
4(a)). Cracking and fracture were found to be confined 
in the worn surfaces dominated by retained austenite 
microstructure. However, no cracking and fracture 
appeared on the  the worn surfaces of C1 steel 
dominated by austenite grains (Fig. 4(b)). C3 steel 
which had austenite grains with lower cracking and 
fracture  resistance suffered greater volume loss than the 

C1 steel (Fig. 5). Removing 20 µm  thickness of 
material from the surface of  the C3 steel by grinding 
produced steel with surface and subsurface rich in 
martensite.  This steel was also subjected to abrasion but 
suffered wear loss as compared to the C1 steel. These 
results showed that the presence of retained austenite  
reduced the   abrasive wear resistance of the carburized 
steel. Pacheco and Krauss [3] reported that carburized 
steel with smaller austenite grains exhibited higher 
fatigue strength. Formation of cementite in the austenite 
grain boundaries during quenching  in addition to the 
presence of other compounds such as manganese, 
silicon and carbon  can act as fatigue crack initiators, 
resulting in intergranular cracking [4]. 

 
 
 
 
 
 
 
Figure 4 SEM images of  the worn surfaces of  the steel 
carburized for (a) 3 hours and (b) 1 hour at 50N 2Hz. 
Intergranular cracking are evident on the worn surface 

in  (a). 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Volume loss after sliding tests using different 

combinations of frequency and load. 
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ABSTRACT – Al based self-lubricating hybrid 
composites containing SiC as the hard phase and MoS2 
as the solid lubricant were synthesized by using stir 
casting route. Dry sliding wear and friction 
characteristics of the composites have been examined at 
sliding speed of 1 m/s on a pin-on-disc tribometer under 
different normal loads of 9.8N, 14.7N, 19.6N, 24.5N. 
Both friction and wear rates were found to reduce with 
addition of MoS2, however, bonding between the matrix 
and reinforcements was not good. Hence, Mg was added 
to improve the wettability and this resulted in improved 
mechanical as well as tribological performance. 
 
1. INTRODUCTION 

Metal Matrix Composites (MMC’s) have very light 
weight, high strength, and stiffness and exhibit greater 
resistance to corrosion, oxidation and wear, which is 
desired for aerospace and automobile applications etc. 
Composite materials reinforced with ceramic 
particles/fibres (e.g. SiC, Alumina) are being extensively 
used in the applications where tribological properties 
(wear rate, coefficient of friction, lubrication) are 
important considerations. Aluminium is the most popular 
matrix for metal matrix composites because of its low 
density, low cost, its capability to be strengthened by 
precipitation, good corrosion resistance, and high 
thermal and electrical conductivity, improved 
tribological properties [1,2,3]. 

The objective of the present study is to synthesize 
self-lubricating aluminum based hybrid composites 
containing SiC as the hard phase and MoS2 as the solid 
lubricant through stir casting and characterize their 
friction and wear under dry sliding condition. 

 
2. METHODOLOGY 

The raw materials used for synthesis of composites 
are 99% pure Aluminum (Al) supplied by Hindalco India 
Pvt. Ltd., Silicon carbide (SiC) powder of 99% purity 
with average size particle of 25µm and  99% pure MoS2 
powder of 25 µm size supplied by Molychem Pvt. Ltd, 
Mumbai. 

The melting was carried out in a clay-graphite 
crucible placed inside the electric resistance furnace.  In 
550 g of Al melt, 10% by weight SiC powder was added 
to prepare Al/SiC by stir casting technique. In another 
casting 4% MoS2 by weight is mixed to study the effect 
of solid lubricant on the composite. To enhance the 
wettability of second phase,4% Magnesium (Mg) is 
added as a bonding element. Microstructure and 
mechanical properties such as hardness, tensile strength 

of the cast composites were determined using standard 
procedures. 

The dry sliding wear tests were performed on the 
pin-on-disc machine to evaluate the sliding wear 
characteristics of the cast composites under four different 
load of 9.8 N, 14.7 N, 19.6 N and 24.5 N at fixed sliding 
speed of 1m /s. The worn surfaces of the composites were 
examined under Scanning Electron Microscope (SEM).  

 
3. RESULTS AND DISCUSSION 

Figures 1(a to c) show microstructures of Al10SiC, 
Al10SiC4MoS2 and Al10SiC4MoS24Mg composites, 
respectively, at a magnification of 100X. SiC particles 
are black in color while MoS2 particles are lighter in color 
as marked by arrows in Figures 1(a) and (b). The 
distribution of added particles appears to be 
homogeneous.  

The ultimate tensile strength (UTS), hardness and 
densities of the composites and pure Al are shown in 
Table 1. The UTS of Al/SiC composite is greater than 
pure aluminum and it decreased with addition of only 
MoS2, due to softer nature of MoS2 while incorporation 
of molybdenum disulphide causes an increase in 
elongation. Magnesium reinforced composite has the 
highest UTS, hardness and densities where it may be 
attributed to the better bonding between matrix and 
reinforcement resulting from addition of Mg. A good 
bonding between the matrix and the reinforcement 
particulates with the addition of Mg has also been 
reported by Veeresh Kumar et al. [4]. 

 

 
(a) Al/SiC                 (b) Al/SiC/MoS2  

 

 
 (c) Al/SiC/MoS2/Mg 

Figure 1 Optical micrographs of composites. 
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Table 1 Mechanical properties of Aluminum and 
composites. 

Material   UTS 
(MPa) 

% 
Elong
ation 

Hard
ness 
BHN 

Density(
kg/m3) 

Pure Al     58   32     15    2700 
A l10SiC     92   20   26.4    2724 
Al10SiC4MoS2     73   27   21.4    2771 
Al10SiC4MoS24Mg     200   17    44    2734 

 
The variation of cumulative volume loss with 

sliding distance for the load of 9.8 and 24.5N is shown in 
Figs. 2 (a) and (b), respectively, the data points have been 
fitted using least square method. The cumulative volume 
loss increases linearly with increasing sliding distance for 
all materials. It could be seen that Al/SiC/MoS2/Mg 
composite shows the minimum cumulative volume loss, 
consistently at all the loads which may be attributed to its 
higher hardness in comparison other materials. Figure 3 
(a) shows variation of wear rate with normal load for 
different composites. At a given load wear rate i.e. 
volume loss per unit sliding distance, has been calculated 
from the slope of the linear least square fit shown in Fig. 
2. The wear rate is found to increase linearly with 
increasing normal load for pure Al and composites 
indicative of following Archard’s law [5]. 
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(a) 9.8N  (b) 24.5N 

Figure 2 Cumulative volume loss Vs sliding distance. 
 

Figure 3(b) shows the variation of average 
coefficient with normal load. The friction coefficient 
decreases with increasing normal load. At a particular 
load the friction coefficient decreases as one moves from 
pure Al to Al/SiC/MoS2/Mg composite. 
Al/SiC/MoS2/Mg composites have shown the lowest rate 
of wear as well as the coefficient of friction than others, 
It is interesting to note that the friction coefficient of pure 
Al drops at the highest load where it is almost equal to 
Al/SiC/MoS2 composite despite the presence of solid 
lubricant. It may be attributed to the softening of the pure 
Al due to the frictional heat developed at the higher load 
and the increased debonding of particles in Al/SiC/MoS2 
which is not able to sustain the frictional thrust at higher 
loads. However, addition of magnesium improves the 
bonding at the interface and provides increased capacity 
of holding the second phase particles which, in turn, 
results in higher hardness and lower coefficient of 
friction. 

SEM micrographs of Al/10SiC, Al/10SiC/4MoS2 
and Al/10SiC/4MoS24Mg are shown in Fig. 4 (a to c), 
respectively, at a load of 24.5 N. Fig. 4(a) shows the 
presence of wear debris in wear grooves. The debris gets 
generated due to pull out of the particles and these pulled 

out SiC particles act as third body and lead to increased 
wear [6, 7]. The worn surface of composites containing 
MoS2 on the surface however, the surface of 
Al/SiC/MoS2/Mg shows the presence of continuous thin 
layer of MoS2 whereas it appears to be scattered on the 
surface Al/SiC/MoS2 (Fig. 4 b). The thin layer of MoS2 
on the sliding surface acts as solid lubricant and inhibits 
metal-metal contact reducing both the wear rate and 
friction coefficient.  

 

 
(a) 

 
(b) 

Figure 3 Variation of (a) wear rate (b) coefficient of 
friction with normal load. 

 

 
(a) Al/SiC             (b) Al/SiC/MoS2 

 
    (c) Al/SiC/MoS2/Mg 
Figure 4 SEM micrographs of Worn surfaces at 24.5N. 

 
4. CONCLUSIONS 

The present investigation on Al based self-
lubricating cast composites shows that it is possible to 
synthesize self-lubricating Al/SiC/MoS2 through a low 
cost stir casting process. However, bonding between the 
particles and matrix is a major concern. Addition of 
Magnesium to Al/SiC/MoS2 results in better bonding and 
hence, in increased hardness and improved tribological 
performance of the composites.  
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ABSTRACT – The current study elaborates on a novel 
test methodology developed for investigating the effect 
of humidity on static�friction behavior of tribological 
contacts at laboratory scale. The break-away (limiting) 
friction, of two different steel�polymer tribopairs was 
investigated as a function of humidity on a modular 
tribometer with a ball-on-three-plates configuration at 
room temperature. Results showed that the effect of 
humidity strongly depends upon the hygroscopic 
properties of the test surface. 
 
1. INTRODUCTION 

Surface characteristics such as roughness, visco-
elastic properties, chemical activity, adsorbed layers, 
etc. strongly influence the tribological behavior of 
materials [1-3]. In the current report, we present a novel 
methodology which aids in determining the influence of 
humidity on the break-away friction of tribological 
systems at model scale with high precision. 

Humidity is the amount of water vapor in the 
atmosphere, and it can vary significantly depending 
upon temperature, geography, weather, altitude, etc. The 
measure of humidity is generally expressed in the form 
of percentage relative humidity (% RH) which is the 
ratio between partial pressure of water vapor in an 
air�water mixture to the saturated vapor pressure of 
water at a given temperature. An example from 
everyday life, where humidity can influence friction 
behavior is a touchscreen. While swiping a finger on a 
touchscreen, one can notice the difference in the force 
applied by the finger to initiate motion depends on the 
sweatiness of the finger.  

Advanced materials and coatings such as diamond 
like carbon (DLC), polymer components (ABS, nylon, 
polycarbonate, etc.) are expected to perform seamlessly 
in all conditions from the outback of Australia, as well 
as in humid Singapore. Therefore, for optimizing 
performance, efficiency, or even the feel of materials 
and systems at different humidity levels, model scale 
tribometric investigations can offer a quick and reliable 
means of evaluating and understanding the tribosystem 
of interest. 
 
2. METHODOLOGY 

Tribological tests were carried out on a Modular 
Compact Rheometer (MCR 702) based Tribometer, 
(MCR Tribometer), from Anton Paar. The tribometer 
was equipped with a convection temperature device, 
CTD 180 Humidity Ready. The chamber of this device 

is designed to facilitate precise control of temperature, 
and simultaneously regulate the humidity around the 
test specimen. Illustrations of the CTD chamber along 
with the ball-on-three-plates (T-BTP) setup are shown 
below in Figure 1. The specimen set for each test 
consisted of one ball and three plates. The material used 
for the specimen is provided below in Table 1. 
 

      
Figure 1. Detailed schematic of the ball-on-three-plates 
setup (left) and overview of the CTD chamber (right). 

 
Table 1 Tested material. 

Ball 
(� 12.7 mm) 

Plates  
(6 mm x 15 mm x 3 mm) 

1.4401 Steel 
(AISI 316) 

Polyamide 6.6 (PA6.6) 
Polyoxymethylene (POM) 

 
 Determination of limiting friction and the break-

away torque values of a system involve a simple 
principle. When at rest, the static friction between the 
bodies inhibits any relative motion, unless acted upon 
by an external force that exceeds this frictional 
resistance. Therefore, the applied force � in this case, 
the torque applied to the motor which in turn rotates the 
measuring shaft � is gradually increased and the 
resulting deflection or the sliding distance is measured. 
The moment the applied forces exceed the break-away 
forces, the system shows a sudden and substantial 
increase in the displacement of the shaft. While the 
principle in itself is simple, its execution requires 
precise control of the applied forces along with the 
ability to observe and record changes in the deflection 
angle of the shaft in the nano- to microscale range. 
Modern rheometers adapted for tribological tests offer 
an ideal combination of all the above features. 

During the tribological test, the measuring shaft is 
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lowered until the ball comes into contact with the plates. 
The maximum load here is restricted to 0.1 N to avoid 
shock loading. The load is then gradually increased to 
the predetermined value of 5 N. The system is then held 
at the test load for 15 minutes to allow it to relax. The 
torque is then increased logarithmically from 0.01 to 
50 mN.m. At least three tests were carried out with each 
system at three different humidity levels, i.e., 5%, 30%, 
and 70% RH. 

 
3. TEST RESULTS 

The test results are presented below in Figure 2 in 
the form of graphs depicting the change in sliding 
distance as a function of applied torque. The applied 
torque works to slide the ball against the plates, while 
the frictional resistance impedes the motion. 
Macroscopic motion is only achieved once the applied 
torque overcomes the frictional resistance. 

The break-away points in each of the curves in 
Figure 2 indicate the starting point of macroscopic 
motion of the ball against the plates. Until that point, the 
increase in the sliding distance with increasing torque is 
in the sub-micron to micron range. This increase is 
attributed to the elastic and plastic deformation of the 
system prior to the onset of macroscopic motion. Once 
the applied torque reaches the break-away point, the 
sliding distance shoots from a couple of micrometers to 
a few millimetres. This shift in the sliding distance by 
three orders of magnitude indicates the onset of 
macroscopic motion between the ball and the plates. 
The coefficient of friction recorded at the break-away 
point corresponds to the limiting friction of the system. 

For both the systems, i.e., Steel vs. PA6.6 and Steel 
vs. POM, the break-away torque increases with 
increasing humidity. However, the increase is much 
more significant in the case of Steel vs. PA6.6 system. 
This is due to the fact that PA6.6 is more hygroscopic 
than POM. This leads to a greater adsorption of water 
molecules at the surface of the PA6.6 specimen. The 
average limiting friction for each of the systems at 
different humidity levels is presented in Table 2. The 
values of the standard deviation mentioned in the 
brackets shows that the results obtained here are highly 
reproducible. 

 
Table 2 Values of limiting friction. 

 
 

 
Figure 2. Plots depicting sliding distance as a function 
of increasing torque for (a) POM�steel system and (b) 
PA6.6�steel systen. The torque value at the break-away 

points is the break-away torque of the system. 
 
4. SUMMARY 

 Tribometric tests were carried out on Steel�POM 
and Steel�PA6.6 tribopairs to study the influence of 
humidity on their static�friction behavior. Results show 
that the limiting friction at the contact for both systems 
increases with increasing humidity. However, due to its 
greater hygroscopicity, the frictional behavior of PA6.6 
shows a greater dependence on humidity than POM. 
Additionally, the tests show that the methodology 
adapted here offers a unique possibility of studying the 
influence of humidity on the tribological characteristics 
of a system. 
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Relative 
Humidity  

Coefficient of Limiting Friction [-] 

Steel vs. PA6.6 Steel vs. POM 

5 % RH  0.11 (± 003)  0.08 (± 004) 
30 % RH 0.15 (± 005) 0.10 (± 004) 
70 % RH 0.19 ((± 007) 0.12 (± 0) 
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ABSTRACT – Adhesive and abrasive wear are the two 
main mechanisms of mechanical wear. Tribological 
properties between these wear mechanisms are very 
different. Since wear transition could be an obstacle to 
running machineries, it is important to identify the 
changes in wear state. In this study, to detect wear 
transition, changes in the frequency spectrum of acoustic 
emission (AE) signals were examined by the friction and 
wear experiments using metal pin and abrasive paper. It 
was found that wear transition could be identified from 
the occurrence of high frequency AE signals. 
 
1. INTRODUCTION 

 Wear represents a large part of causes of trouble on 
machinery. Mechanism of wear can change in various 
conditions. In mechanical wear, there are two main 
mechanisms: adhesive wear and abrasive wear. 
Tribological properties between these wear mechanisms 
are extremely different. Since wear transition could be an 
obstacle to running machinery, it is important to identify 
the changes in wear state. 
 Acoustic emission (AE) technique is one of the 
diagnostic methods used for machineries that is 
performed by measuring elastic stress waves occurred 
when materials deform and fracture. From various 
experiments we have previously done, we have indicated 
that measuring AE signals is very useful to identify and 
evaluate tribological processes. In our previous study [1, 
2], it was found that the features of frequency spectrum 
of AE signals differ from wear mechanisms. In this study, 
we carefully looked at the changes in the frequency 
spectrum and the amplitude of AE signals to detect wear 
transition. It was found that wear transition could be 
identified from occurrence of AE signals which has a 
specific frequency peak. 
 
2. EXPERIMENTAL METHOD 

 Experiments were performed using a pin-on-disk 
type friction and wear tester. Figure 1 shows a schematic 
diagram of the experimental setup. A wide-band type AE 
sensor (frequency response: 0.5–4 MHz) was mounted 
onto the upper part of a pin specimen to measure AE 
signals. An aluminum pin was used and slid onto an 
abrasive paper bonded onto a steel disk to reproduce wear 
transition from abrasive wear to adhesive wear. Three 
abrasive papers with different abrasive grains (#600,  

 
Figure 1 Schematic diagram of the experimental setup. 

 
Table 1 Experimental conditions. 

Pin/Disk Al/abrasive paper (#600, 
#1000 and #2000) 

Normal load W 0.98 N 

Sliding velocity v 13 mm/s 

Sliding distance L 140 m (840 revolutions) 

Atmosphere dry, in air,  
at room temperature 

AE amplification factor 90 dB 

AE band-pass filter HPF: 500 kHz 
LPF: non-filter 

 
#1000 and #2000) were used to compare the transition 
point. The experimental conditions used in this study was 
summarized in Table 1. Each experiment was performed 
four times. All experiments were performed under dry 
condition in air at a room temperature. 
 
3. RESULTS AND DISCUSSION 

 Figure 2 shows the micrographs of sliding surface 
for the #1000 abrasive paper during the initial stage and 
late stage of sliding. It clearly shows that the loading onto 
the abrasive paper took place in Fig. 2 (b) because the 
spaces on the abrasive paper were completely filled after 
sliding. It was found from the observations that wear 
debris from the pin specimen filled the spaces of the 
abrasive paper as wear progresses also in other abrasive 
papers. 
 Since the frequency spectrum differs according to 
the wear mechanism [1, 2], the type of wear can predicted 
by looking at them closely. For example, high frequency 
peaks around 1 MHz in the frequency spectrum are only 
detected during adhesive wear. Figure 3 shows typical 



Alan Hase et al., 2015 
 

114 
 

frequency spectra of the AE signal waveforms observed 
during the initial stage and late stage of sliding for the 
#1000 abrasive paper. During the initial stage, low 
frequency peaks below 0.5 MHz were observed. On the 
other hand, during the late stage, high frequency peaks at 
around 1 MHz were observed. All experiments showed 
similar trends like shown in Fig. 3. From the observations 
and the features of the frequency spectra of AE signal 
waveforms, wear mechanism changed from abrasive 
wear to adhesive wear during the experiment. 
 To examine the wear transition, the results for each 
grain size were analyzed and the changes in their 
frequency spectrum in different stages were compared. 
Figure 4 shows the comparison of occurrence of the AE 
signals with high frequency components. After reaching 
a maximum value, the occurrence of high frequency AE 
signals either gets saturated or gradually decreases. It 
appears that at the time when the occurrence of high 
frequency AE signals increase rapidly is the point where 
wear transition shifts from abrasive wear to adhesive 
wear. Each point of wear transition in Fig. 4 was 
evaluated and summarized in Fig. 5. Looking at the data, 
the timing of wear transition occurs earlier in the #2000 
abrasive paper with the finest grain size. 
 As mentioned above, we were able to successfully 
detect the wear transition from abrasive wear to adhesive 
wear from looking closely at the high frequency 
components of AE signals. This finding could be applied 
in detecting the loading of grinding wheels. 
 

 
Figure 2 Observations of sliding surface for abrasive 

paper for (a) the initial stage and (b) late stage of 
sliding. 

 

 
Figure 3 Typical frequency spectra of AE signal 

waveforms for (a) the initial stage and (b) late stage of 
sliding for the #1000 abrasive paper. 

 
Figure 4 Comparison of frequency of the AE signals 

which have high frequency components. 
 

 
Figure 5 Comparison of the transition point of wear 
mechanism evaluated from the occurrence of high 

frequency. 
 
4. CONCLUSIONS 

 In this study, we have examined the changes in the 
frequency spectrum of the AE signals during the 
transition from abrasive wear to adhesive wear by sliding 
an aluminum pin on abrasive paper. From the 
experiments, the following conclusions were obtained: 
(1) When the loading of abrasive paper occurs, high 

frequency peaks in the frequency spectrum of AE 
signal waveforms are generated at around 1 MHz. 

(2) Wear transition point can be predicted from the 
occurrence of high frequency AE signals, and that 
wear transition can be detected in the order of 
abrasive grain sizes from fine to rough. 
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ABSTRACT – An Al-Silica based composites having 
four different compositions 5, 10, 15 and 20 wt. % 
Silica in aluminium matrix is developed using powder 
metallurgy rout. The developed composites have been 
characterized for compositional, microstructural, 
mechanical and sliding wear behavior. Wear behavior of 
different composite was studied with different parameter 
like sliding distance and applied loads. It has been 
observed that the Al- 10wt. % SiO2 composites exhibits 
an optimum mechanical and wear resistance properties.  

 
1. INTRODUCTION 

Monolithic materials have limitations in achieving 
good combination of strength, stiffness, toughness and 
density. To overcome these shortcomings and to meet 
the ever increasing demand of modern day technology, 
composites are most promising materials of recent 
interest. Metal matrix composites (MMCs) possess 
significantly improved properties including high 
specific strength; specific modulus, damping capacity 
and good wear resistance compared to unreinforced 
alloys. There has been an increasing interest in 
composites containing low density and low cost 
reinforcements [1-3]. 

Advances in the science of MMCs present us an 
opportunity to design light-weight aluminum based 
materials with precise balances of mechanical, physical 
properties and essentially tribological characteristics. 
Now a days the particulate reinforced Al matrix 
composite are gaining importance because of their low 
cost with advantage like isotropic properties. The 
strengthening of aluminum alloys with dispersion of 
fine ceramic particulate composite materials were 
developed as an alternative of unreinforced alloy, for 
obtaining materials with high stiffness (high 
strength/modulus) and low density with special interest 
for the wear resistant and structural applications [4-7]. 
In the present investigation Al-Silica based composite 
have been developed for a optimum mechanical and 
wear resistance properties for applications of aero-
space, auto mobile and marine engineering field. 

  
2. METHODOLOGY 

For the development of composite commercially 
pure aluminium (99%) used as matrix and silica with 50 
µm size was added as reinforcement to get the improve 
properties.  

 Commercially pure Aluminium (99%) powder 

(Loba Chemie) and silicon dioxide powder were mixed 
with varying wt.% of silicon oxide from 5% to 25%, at 
an interval of 5%. The powders were mechanically 
mixed with the help of mortar pestle up to 45 minutes. 
After mixing powders filled it into die of 10 mm 
diameters and compressed up to 15 ton with the help of 
universal testing machine (UTM). Zinc stearate was 
used as lubricant to prevent sticking of powder with the 
die walls and easy removal to compacts from the die. 
Then dimensions of the compacts were measured by a 
Vernier’s caliper, they were weighted in a weighing 
machine (having least count 0.001 gm), to calculate 
green density of the compacts. After compaction 
sintering was done at 550°C for 2 hours in a tube 
furnace in Argon atmosphere to prevent oxidation. After 
sintering of different compositions, compacts were 
again weighted and their dimensions were measured to 
calculate sinter density at different temperatures. After 
sintering compacts samples were characterized for 
microstructure by using scanning electron microscopy 
(SEM). Then sintered compacts were tested for bulk 
hardness, uniaxial compression test and dry sliding wear 
properties. 

 
3. RESULTS AND DISCUSSION 

The scanning electron microscope (SEM) sintered 
at 5500 C for the holding time 2 hours with 
different %wt. are shown in Figure 1.  

 

   
(a) 5%wt (b) 10%wt (c) 20%wt 

Figure 1 Scanning Electron Microscope of compact 
composites. 

 
By comparing the micrograph of Al-SiO2 

composites of different composition we can observe that 
the porosity is least in 10% sample. It indicates that 
porosity decreases on increasing the wt. % of SiO2 from 
5% and reaches minimum at 10%. Again on increasing 
the wt. % of SiO2, the porosity of composites increases.  

Table 1 shows the variation of hardness and 
uniaxial compressive strength (UCS) of composite 
materials. It has been observed that the hardness and 
uniaxial compressive strength increasing with 
increasing the wt. % of silica up to 10%wt. Further on 
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increasing the wt. % of silica, the hardness and uniaxial 
compressive strength decreasing. This may be attributed 
due to the variation of porosity. Initially on increasing 
the wt. % of silica, the porosity reduced and further 
addition increasing the porosity.  

 
Table 1 VHN of compacts made by P/M route of Al & 

SiO2 powders. 

Sl. 
No. 

Wt%  
SiO2 

 

Vickers 
Hardness 

(HV) 

UCS (×105 

N/m2) of 
length 6 cm 

1 5 46 187.16 
2 10 52 243.31 
3 15 40 162.21 
4 20 33 134.13 

 
Figure 2(a) to (d) shows the variation of 

cumulative volume loss with sliding distance for 
different compositions having 5, 10, 15 and 20 wt. % 
and at different normal loads of 5N, 10N, 15N, 20N 
respectively. It is observed that variation of cumulative 
volume loss is linear with all loads and it is increasing 
with increasing normal load. Here it is also observed 
that   initially on increasing the wt.% of SiO2, the 
cumulative volume loss decreases and it achieved 
minimum at 10%. However, on further increasing the 
wt.% of SiO2 , the cumulative volume loss increases, it 
is mainly due to increase in porosity.  

Figure 3(a) shows the variation of wear rate at 
different load and different composition. It has been 
observed that as the load increases the wear rate also 
increases. However, variation with respect to 
compositions is different. Here 10wt. % composition 
has minimum wear rate relative to other wt. % 
composition. Wear coefficient has been also calculated 
with the help of Archard’s law and shown in Figure 
3(b). It is observed that the 10 wt. % compositions have 
better wear resistant property than any other because it 
has relative less value of wear coefficient.  

 
4. CONCLUSIONS 

From the above results and discussion the 
following conclusions has been drawn: 
a) Hardness of commercially pure aluminium is 

increased from 29 VHN to 52 VHN with addition 
of Silica. Sintered composite yields better result of 
ultimate compressive strength. 

b) Optimum wear resistance properties up to the 
addition of 10 wt. % SiO2. 

c) The sintered composite exhibits a better wear 
resistance due to compaction. 

d) Cumulative volume loss increases with increasing 
the sliding distance and normal load. 

e) Wear rate is minimum for Al-10wt.% SiO2 
composites. 
 

 
Figure 3 (a) Variation of wear rate with normal load (b) 

wear coefficient. 
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ABSTRACT – In this present study, three insitu 
composites have been produced with different 
reinforcement of Al3Zr, ZrB2 and Al3Zr+ZrB2 in 
AA5052 alloy matrix by direct melt reaction (DMR) 
technique. These composites were characterized by 
XRD for phases present, for morphology under SEM. 
Mechanical properties have been evaluated in detail and 
tribological properties have been studied under dry 
sliding wear conditions for all composites for different 
variables such as sliding distance and applied loads. 
XRD and SEM results show the successful formation of 
reinforcements. The mechanical and wear test results 
shows that Al3Zr+ZrB2 reinforced AA5052 composite 
has the superior mechanical properties and wear 
resistance among all composites. This composite could 
be a suitable substitute for existing materials for 
applications related to automobile, aero-space and 
marine applications.  
 
1. INTRODUCTION 

Aluminium matrix composites (AMCs) exhibit 
superior specific strength, specific modulus, damping 
capacity and wear resistance as compared to monolithic 
materials [1]. Al-Mg alloy has moderate-to-high-
strength, work-hardenable, good welding characteristics 
and high resistance to corrosion in marine environment 
[2]. Al3Zr and ZrB2 are considered as potential 
reinforcements to this alloy because Al3Zr has low 
density, high melting point and high elastic modulus 
with excellent resistance to oxidation and corrosion [3] 
while ZrB2exhibitsunique combination of mechanical 
and physical properties, high melting points, good 
thermal and electrical conductivities [4]. 

Based on above mention properties of base alloy 
and reinforcement, in this present study, three 
composites have been fabricated with different 
reinforcement Al3Zr, ZrB2 and Al3Zr+ZrB2by DMR 
technique. These composites are characterized for 
morphology, mechanical and tribological properties 
under dry sliding conditions. 

 
2. METHODOLOGY 

In the present study, the starting material was 
AA5052 alloy and inorganic salts K2ZrF6, KBF4. 
Initially, inorganic salts were pre-heated in an electric 
oven at 250°C for 3 hours to eliminate the moisture 
content, simultaneously, AA5052 alloy was brought to 
melt condition and heated to 885°C temperature in the 

graphite crucible kept in vertical muffle furnace. The 
dehydrated powders were added in required amount 
while stirring the melt until insitu reaction was complete 
and melt was bottom poured into a mild steel mould. 
The composition of as cast composites with designation 
is shown in Table 1. 

The phases present in the composites were 
identified by Rigaku Miniflex II X-ray diffractrometer. 
FESEM Quanta 200FEG scanning-electron microscope 
(SEM) was used to study morphology of particles and 
their distribution in the composites. Tensile tests were 
carried out at room temperature at a strain rate of 1.07 
×10-3 s-1 using a 100 KN screw-driven Instron™ 
Universal Testing Machine (Model 4206). The bulk 
hardness of the composites was made by Aktiebolaget 
Alpha Brinell hardness testing machine. Dry sliding 
wear test were carried out at room temperature on a pin-
on-disk wear and friction tester (DUCOM, Bangalore, 
India, model: TR20-LE) for various distance and load. 

 
Table 1 Composition and designation of composites. 
S.N. Designation 

 
Compositions 

1 C0 AA5052 alloy 
2 C1 10 vol.%Al3Zr/AA5052 
3 C2 3 vol.%ZrB2/AA5052 
4 C3 10 vol.%Al3Zr+3 vol.%ZrB2 /AA5052 

 
3. RESULTS AND DISCUSSION 

Figure 1 shows the XRD pattern of the as cast 
AA5052 base alloy and composites synthesized from 
AA5052 alloy and inorganic salts using direct melt 
reaction method. XRD analysis of peaks indicates the 
presence of Al, Al3Zr and ZrB2 phase which confirm the 
successful formation of second phase reinforcement in 
AA5052 alloy matrix. The possible reactions between 
the alloy and salts to form the Al3Zr, ZrB2 and 
Al3Zr+ZrB2 reinforcement particles take place in the 
following sequence:  

 
3K2ZrF6+13Al→3Al3Zr+4AlF3(g)+6KF(g) 
3K2ZrF6+6KBF4+10Al→3ZrB2+9KAlF4(g)+K3AlF6(g) 

3K2ZrF6+2KBF4+12Al→ZrB2+2Al3Zr+2KAlF4(g)+4AlF3(g)+6KF(g) 
 
Figures 2a-d show the SEM micrographs of 

composites. Al3Zr particles are uniformly distributed in 
the alloy matrix in two shapes namely, polyhedron and 
rectangular in micron size as shown in Fig. 2a. 
ZrB2particles are uniformly distributed in hexagon and 
rectangular shapes in nano to micron size as evident 
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from Fig. 2b and Fig. 2c at higher magnification. Figure 
2d indicates the presence of Al3Zr and cluster of ZrB2 
particles.  

 

 
Figure 1 XRD pattern of composites with base alloy. 

 

 
Figure 2 SEM micrographs of composites (a) C1, (b) 

C2, (C) Morphology of ZrB2 particles, (d) C3. 
 

Table 2 shows the tensile properties and hardness 
of composites and base alloy. It is observed that with 
incorporation of Al3Zr and ZrB2 particles in base alloy, 
tensile properties are improved when reinforced with 
different particles and it is highest in case of Al3Zr 
+ZrB2 reinforced composite. It is interesting to note that 
%elongation of all composites is superior to base alloy.  
 

Table 2 Tensile properties and hardness of composites 
and base alloy 

S. 
N. 

Alloy/ 
Composites 

UTS 
(MPa) 

0.2% 
YS 
(MPa) 
 

Elongation 
 (%) 

Bulk 
hardness 
(BHN) 

1 C0 89.0 59.0 6.0 26 
2 C1 106.2 64.4 12.88 35 
3 C2 129 71 16.5 38 
4 C3 150.3 116.5 13.01 47.5 

 
Figures 3a-b show the variation of wear rate and 

average coefficient of friction for base alloy and 
composites with different reinforcement at 1 m/s sliding 
velocity and different normal load. It is observed that 
wear rate continuously increases with an increase in 
normal load (Fig. 3a) while average coefficient of 
friction shows an opposite trend (Fig. 3b).Figure 4a 
shows the variation of cumulative weight loss and 
average coefficient of friction with sliding distance for 

base alloy and composites with different reinforcements 
at 40 N normal load and 1 m/s sliding velocity. The 
Bulk wear continuously increase with sliding distance 
but with incorporation of reinforcement bulk wear 
decreases, however, a fluctuating tendency is observed 
in case of coefficient of friction with sliding distance as 
observed in Fig. 4b. Figures 5a-b show the variation of 
wear rate and coefficient of friction for all compositions 
at 1 m/s sliding velocity. Minimum wear rate is 
observed in the (Al3Zr+ZrB2)/AA5052 composite (Fig. 
5a), whereas coefficient of friction is higher (Fig. 5b) as 
compare to other composites and base alloy. 

 

 
Figure 3 (a) variation of wear rate with normal load, (b) 
variation of average coefficient of friction with normal 

load. 
 

 
Figure 4 (a) variation of cumulative wear with distance 
and (b) variation of average coefficient of friction with 

distance. 
 

 
Figure 5 (a) variation of wear rate with composition, (b) 

variation of coefficient of friction with composition. 
 

4. CONCLUSION 

From the present study, the following conclusions 
may be drawn: 
1) The AA5052 base composites reinforced with 

Al3Zr, ZrB2 and Al3Zr+ZrB2 can be successfully 
fabricated by DMR route. 

2) The Al3Zr particles are in polyhedron and 
rectangular shapes, while ZrB2 particles are in 
hexagonal and rectangular shapes 

3) Maximum improvement in UTS and YS is 
observed in the Al3Zr+ZrB2 reinforced composite. 
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4) Percentage elongation in all composites is higher 
than base alloy. 

5) Cumulative weight loss and wear rate increases 
with increase in the sliding distance and normal 
load. 

6) Minimum wear rate is observed in the 
(Al3Zr+ZrB2)/AA5052 composite, while 
coefficient of friction is higher. 
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ABSTRACT – Surface temperature is an important 
factor controlling tribological behavior of sliding pair. 
Various techniques were used to measure the 
surface/interface temperature in tribological tests. The 
limitations of each technique are highlighted.  
 
1. INTRODUCTION 

Frictional motion in various tribological 
applications and manufacturing processes (cutting, 
grinding, etc.) generates heat. Frictional heat causes 
various effects such as oxidation of the surface, changes 
in the structure and properties of the sliding materials, 
softening or melting of materials, and also thermo-
elastic instabilities in the contact zone [1-2]. 
The resulting high contact temperatures can affect 
the friction and wear behavior and performance of the 
parts/components in sliding motion. Therefore, it is 
important to know the amount of heat generated from 
frictional heating in order to prevent/predict failure of 
machine and/or to improve the performance of the tribo-
system. In this paper, the various temperature 
measurement techniques normally used in tribological 
experiments and their associated challenges are 
reviewed and highlighted.  

 
2. TECHNIQUES FOR TEMPERATURE 

MEASUREMENT IN TRIBOLOGICAL 
APPLICATIONS 

Several techniques have been used for the 
measurement of temperature in tribological application. 
They included: 1) Thermocouples, 2) Optical infrared 
radiation pyrometers, 3) Change in microstructure with 
temperature. 

 
2.1   Thermocouples  

Embedded thermocouples and dynamics 
thermocouples are commonly used in temperature 
measurement by tribologists. This is mainly due to their: 
(1) low cost, (2) ease of in operation and signal 
processing, and (3) simple in construction [3].  

Embedded thermocouple is one of the oldest 
techniques used for temperatures measurement in 
different tribological and manufacturing applications. 
Under this technique, the thermocouples are inserted to 
tiny holes drilled in different interior locations of the 
targeted friction surface (usually stationary surface). 
The surface contact temperature is then estimated by 
extrapolation or calibration. Temperature measurement 
using embedded thermocouples were used extensively 

in tribological experiments [4-8]. However, several 
concerns are to be considered when this technique is 
selected for temperature measurement. These concerns 
are: (i) A tiny hole of diameter around 0.8-2 mm, 
depending on the size of the thermocouple is required to 
be drilled underneath the surface. This hole alters the 
original heat flow and temperature distribution of the 
specimen which affects the accuracy of the temperature 
results. (ii) The tiny hole is difficult to be machined, 
especially on hard and/or brittle materials such as 
ceramics, and tungsten carbides.  (iii) Measuring 
junction of thermocouple is required to be inserted and 
fixed in the holes. To prevent the loosening of the 
thermocouples junction from the specimen during 
sliding tests, adhesive materials are required to fix the 
thermocouples in the hole. (iv) Since the embedded 
thermocouple is embedded underneath the friction 
surface, this technique can only provide temperature 
reading underneath the surface. Thus, interpolation is 
required to estimate the temperature of the contact 
surface. (v) The distance between the sliding surface 
and the measuring point, y in Figure 1 is reducing with 
sliding time, and this causes error in temperature 
estimation when using simple interpolation method, and 
(vi) Thermocouples have high time constant and limited 
transient response.  

Dynamic thermocouples are also named as tool-
work thermocouple or Herbert–Gottwein technique [1]. 
Under this technique, the tool is considered as one 
component of the thermocouple and the workpiece as 
the other component. With the tool–work material 
interface of two different metals forming the junction, 
the electromotive force is then generated. Calibration of 
the tool-work thermocouple is done using the normal 
procedure. Dynamic thermocouples were used in 
temperature measurement in some tribological related 
researches [9-11]. The limitations of dynamic 
thermocouples were widely reported in previous 
literatures [3, 12]. Some of the limitations or concerns 
are: (i) Calibration is conducted in a static situation but 
actual measurement is in a dynamic situation. This 
might cause error in measurement. (ii) Dynamic 
thermocouple measures the mean temperature over the 
entire contact area and unable to provide reading of a 
simple contact point. (iii)  Oxide layers or contaminants 
formed on surface during sliding might alter the 
calibration of the tool–work thermocouple. (iv) A 
separate calibration is needed for each tribo pair 
combination. 
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Figure 1 Locations of contact temperature and measured 

temperature. 
 

2.2  Optical and Infrared Radiation Pyrometers  

This technique determines the temperature of a 
body through measurement of the thermal radiation 
emitted by the body [13]. Since this technique requires 
no direct contact, it does not disturb the original 
temperature distribution of the specimen. Beside this, it 
can also be used to measure temperature at remote area 
and easy to be used.  Due to these advantages, 
pyrometers are used in previous researches [14-17]. 
Nevertheless, pyrometer can only measure the surface 
temperature, and not the interface temperature of the 
tribo-pair. Accuracy of the temperature measurement 
depends on the correct emissivity setting of the 
pyrometer and a correct setting of emissivity value in 
pyrometer remains a challenge in pyrometry.  A good 
pyrometer is expensive and requires correct calibration 
to provide reliable results.  

 
2.3  Metallographic Method 

Metallographic technique is the least popular 
method among tribologists, in comparison to other 
techniques. The maximum temperature during sliding 
process of a tribo pair can be estimated by comparing 
the microstructure of the specimen after sliding with the 
standard (microstructure at known temperature). This 
method was used by Wright and Trent [18] to obtain the 
temperature distribution of cutting tool in machining. 
However this postmortem method can only provide a 
rough estimation of maximum temperature reached after 
a test and is unable to provide exact temperature value 
and instantaneous temperature reading during a test [1]. 
In addition, this method can only be used on metals that 
show a change in microstructure with temperature. 
Moreover, microstructure is depends on cooling rate 
also [19-20].  

 
3. CONCLUSION 

Thermocouples (embedded and dynamics), 
infrared pryometry and metallographic method are 
commonly used in temperature measurement of 
frictional heating in tribological studies. Selection of a 
temperature measurement method depends on several 
factors, such as: accuracy, budget (cost), dynamic or 
static. However, all existing techniques are not able to 
provide accurate results in measuring the contact 
temperature. Therefore, development of a new 
temperature measurement technique for tribology 
experiment is crucial. 

 
 

4. REFERENCES 

[1] B. Bhushan, Modern Tribology Handbook. CRC 
Press, 2000. 

[2] F. E. Kennedy, Y. Lu, and I. Baker, “Contact 
temperatures and their influence on wear during 
pin-on-disk tribotesting,” Tribol. Int., vol. 82, Part 
B, pp. 534–542, 2015. 

[3] R. Komanduri and Z. B. Hou, “A review of the 
experimental techniques for the measurement of 
heat and temperatures generated in some 
manufacturing processes and tribology,” Tribol. 
Int., vol. 34, no. 10, pp. 653–682, 2001. 

[4] P. D. Neis, N. F. Ferreira, and F. P. da Silva, 
“Comparison between methods for measuring 
wear in brake friction materials,” Wear, vol. 319, 
no. 1–2, pp. 191–199, 2014. 

[5] L. C. Brandao, R. T. Coelho, and A. T. Malavolta, 
“Experimental and Theoretical Study on 
Workpiece Temperature when Tapping Hardened 
AISI H13 Using Different Cooling Systems,” J. 
Brazilain Soc. Mech. Sci. Eng., vol. 32, no. 2, pp. 
154–159, 2010. 

[6] K. Ji, Y. Xia, H. Wang, and Z. Dai, “Foamed-metal 
reinforced material: tribological behaviours of 
foamed-copper filled with polytetrafluoroethylene 
and graphite,” Proc. Inst. Mech. Eng. Part J-
Journal Eng. Tribol., vol. 226, no. J2, pp. 123–
137, 2012. 

[7] M. Siroux, A.-L. Cristol-Bulthe, Y. Desplanques, 
B. Desmet, and G. Degallaix, “Thermal and 
tribological study of a periodic contact under 
braking conditions,” Int. J. Surf. Sci. Eng., vol. 4, 
no. 2, pp. 93–110,  2010. 

[8] R. N. Rao, S. Das, and S. L. Tulasi Devi, “Seizure 
pressure and sliding velocity diagrams on 
tribological behavior of Al alloy composites in as-
cast and heat-treated conditions,” Tribol. Int., vol. 
80, pp. 1–6, 2014. 

[9] F. E. Kennedy, D. Frusescu, and J. Li, “Thin film 
thermocouple arrays for sliding surface 
temperature measurement,” Wear, vol. 207, no. 1–
2, pp. 46–54,  1997. 

[10] D. A. Stephenson, “Tool-Work Thermocouple 
Temperature Measurements—Theory and 
Implementation Issues,” J. Manuf. Sci. Eng., vol. 
115, no. 4, pp. 432–437, 1993. 

[11] J.-W. Lin and H.-C. Chang, “Measurement of 
Friction Surface and Wear Rate between a Carbon 
Graphite Brush and a Copper Ring,” Tribol. 
Trans., vol. 54, no. 6, pp. 887–894, 2011. 

[12] G. Stachowiak and A. Batchelor, Experimental 
Methods in Tribology. 2004. 

[13] J. Holman, Experimental Methods for Engineers, 
Seventh Ed. McGraw-Hill, 2001. 

[14] B. F. Yousif, “Design of newly fabricated 
tribological machine for wear and frictional 
experiments under dry/wet condition,” Mater. 
Des., vol. 48, pp. 2–13,  2013. 

[15] A. Tavasci, F. Arizzi, D. Dini, and E. Rizzi, “Heat 
flux evaluation in High temperature ring-on-ring 
contacts,” Wear, 2015. 



Yap et al., 2015 
 

 

122 
 

[16] B. Berthel, A.-R. Moustafa, E. Charkaluk, and S. 
Fouvry, “Crack nucleation threshold under fretting 
loading by a thermal method,” Tribol. Int., vol. 76, 
pp. 35–44, 2014. 

[17] G. Sutter and N. Ranc, “Flash temperature 
measurement during dry friction process at high 
sliding speed,” Wear, vol. 268, no. 11–12, pp. 
1237–1242, 2010. 

[18] P. K. Wright and E. M. Trent, “Metallographic 
methods of determining temperature gradients in 
cutting tools,” J Iron Steel Inst., vol. 211, pp. 364–
388, 1973. 

[19] S. Ilangovan, S. Viswanathan, and K. Gopath 
Niranthar, “Study of effect of cooling rate on 
mechanical and tribological properties of cast Al-
6.5Cu alumium alloy,” Int. J. Res. Eng. Technol., 
vol. 3, no. 05, pp. 62–66, 2014. 

[20] A. R. Valizadeh, A. R. Kiani-Rashid, M. H. 
Avazkonandeh-Gharavol, and E. Z. Karimi, “The 
Influence of Cooling Rate on the Microstructure 
and Microsegregation in Al–30Sn Binary Alloy,” 
Metallogr. Microstruct. Anal., vol. 2, no. 2, pp. 
107–112, 2013.  

 



Proceedings of Malaysian International Tribology Conference 2015, pp. 123-124, November 2015 
  
 
 

__________ 
© Malaysian Tribology Society 

 

Effects of oxidative degradation on the wear and wear particles of 
cross-linked UHMWPE 

L. Zhang1, Y. Sawae2,3,*, T. Murakami3, T. Yamaguchi2,3 

 
1) Graduate School of Engineering, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka, 819-0395, Japan.  

2) Faculty of Engineering, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka, 819-0395, Japan. 
3) Research Center for Advanced Biomechanics, Kyushu University,  

744 Motooka, Nishi-ku, Fukuoka, 819-0395, Japan. 
 

*Corresponding e-mail: sawa@mech.kyushu-u.ac.jp 
 

Keywords: Cross-linked UHMWPE; oxidation; wear 
 
 

ABSTRACT – This paper investigated the effects of 
oxidation and radiation dose on the wear and wear 
particles of cross-linked Ultra-high Molecular Weight 
Polyethylene (UHMWPE) by the FT-IR and multi-
directional pin-on-plate wear tester. Scanning electron 
microscopy (SEM) and the necessary software were 
used for quantitative analysis of wear particles. Results 
showed that the wear rate and wear particles of cross-
linked UHMWPE were not sensitive to the oxidation 
when the oxidation index (OI) under a certain level. 
With the increase of OI, the wear and wear particles 
were strongly affected by oxidation. The wear properties 
of 1000 kGy cross-linked UHMWPE showed lower 
sensitivity to oxidation. 
 
1. INTRODUCTION 

 Highly cross-linked UHMWPE with an improved 
wear resistance is now widely used as a major bearing 
material for hip joint prostheses, since wear of 
UHMWPE has been the main reason to cause the joint 
failure [1]. However, many of current cross-linked 
UHMWPEs have a risk of the post-irradiation oxidation 
caused by residual free radicals and there are concerns 
about its adverse effects on the wear resistance [2]. In 
this study, the relationship between the oxidation index 
(OI), which was defined in ASTM F2102-06 to quantify 
the degree of polyethylene oxidation, and specific wear 
rate was examined experimentally for cross-linked 
UHMWPE specimens, those were shelf-aged for 7 years 
after cross-linking, and effects of the gamma radiation 
dose for cross-linking were investigated.  
 
2. METHODOLOGY 

2.1 Materials 

 Compression-moulded UHMWPE (GUR 1050) 
rods were irradiated with gamma rays to the total doses 
of 50, 100 and 1000 kGy at a dose rate of 10 kGy/h in 
air. These rods were subsequently annealed at 110 ℃ for 
8 hours inside a vacuum oven. Prior to the machining 
into the final shape (cylinder: diameter of 6 mm, length 
of 15 mm), any surface oxidation product that occurred 
during the irradiation was removed. Finally, all samples 
without sterilization were shelf-aged in an air-permeable 
package for 7 years at the lab temperature to carry out 
the post-irradiation oxidation process. A virgin 

UHMWPE was used as the control. 
 
2.2 Experiments 

 Our previous study [3] showed that the oxidation 
behavior within cross-linked UHMWPE bulk is depth- 
and dose-dependent. Based on this finding, three 
representative regions were chosen to check effects of 
the oxidation on the wear and wear particles: surface 
region (mild oxidation), subsurface region (severe 
oxidation) and center region (moderate oxidation). A 
proper shape of sample was designed for wear testing 
(Figure 1). Prior to the wear testing, the oxidation level 
of the testing surface was checked with Nicolet iS5 FT-
IR spectrometer (Thermo Scientific, USA). 
 The wear behavior of cross-linked UHMWPE was 
evaluated by using the multi-directional pin-on-plate 
wear tester [3]. Cast CoCrMo alloy with a surface 
roughness Ra of 0.01μm was used as the mated plate. 
The wear test conditions were described in our previous 
work [3]. The specific wear rate k (mm3N-1m-1) was 
calculated by dividing the wear volume ΔV by with the 
sliding distance S and applied normal load F. 
 The 30 vol% fetal bovine serum (FBS) lubricant 
was collected for the isolation of the wear particles after 
each wear test. A certain volume of 3 mm3 of serum was 
digested and analysed according to the method of Wang 
et al. [4]. After isolation, at least 200 wear particles per 
sample were analysed. Area and perimeter 
measurements were taken in each images to obtain 
particles size distribution. Equivalent circle diameter 
(ECD) was calculated to characterize the wear particles. 
 

 
Figure 1 The geometry of pin sample. 

 
3. RESULTS AND DISSCUSSION 

 The Table 1 shows that the increase of OI value of 
cross-linked UHMWPE followed the order from 
surface, center to subsurface regions. The center region 

Testing 
surface 
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of 1000 kGy sample showed a very low OI value 
compared to the other cross-linked samples. 
 

Table 1 Oxidation index of the testing surfaces. 

Regions 0  
kGy 

50  
kGy 

100 
kGy 

1000 
kGy 

Surface 0 0.20 0.15 0.35 

Subsurface — 4.32 5.14 4.65 

Center — 1.97 2.06 0.59 
  
 The Figure 2 shows that the specific wear rate of 
surface region of all samples maintained low values and 
decreased with radiation dose. This result indicated that 
under a certain of OI, the wear rate of UHMWPE is not 
sensitive to oxidation and still dominated by the 
crosslinking. At center and subsurface regions which 
having higher OI, the wear were observed to increase 
significantly. These phenomenon were due to the high 
sensitivity of the resulting material to oxidation. In 
addition, at surface and subsurface regions, 1000 kGy 
sample showed lower wear rates compared to 50 kGy 
sample even under the higher OI conditions, presumably 
due to the higher cross-linking density caused by the 
higher irradiation dose. 
 

 
Figure 2 Specific wear rate of all testing surfaces. 

  
 The wear particles analysis results showed that the 
subsurface region of 50 kGy generated large amount of 
wear particles of smaller size (Figure 3), while the 100 
kGy and 1000 kGy samples showed different results. As 
seen in Figure 4, the median values of ECD showed that 
the surface region of these two samples generated the 
smaller size particles.  
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Figure 3 Size distribution of wear particles of 50 kGy 

cross-linked UHMWPE. 

 The wear behavior of surface region with low OI is 
controlled by crosslinking. Higher cross-linking density 
with increased radiation dose could reduce the plastic 
deformation of UHMWPE and subsequently decreased 
the size of wear particles. However, the material became 
brittle with increased of OI, which would cause the 
deterioration of wear and mechanical properties of the 
material [4]. Some large size wear particles came off at 
the subsurface regions due to the fatigue fracture. 1000 
kGy sample showed the smallest size wear particles 
compared to the other samples at the same region due to 
the unique structure after 1000 kGy crosslinking. 
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Figure 4 Median values of ECD of wear particles of all 

testing samples. 
 
4. CONCLUSION 

 The wear rate and wear particles of cross-linked 
UHMWPE were not sensitive to the oxidation when the 
OI was under a certain level and was still controlled by 
the crosslinking. With the increased of OI, the wear 
behavior was strongly affected by oxidation. 1000 kGy 
sample showed lower sensitivity to the oxidation due to 
the unique microstructure with highly cross-linking 
established by extremely high radiation dose.  
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ABSTRACT – Effects of the moisture content in high 
purity gas on friction characteristics of carbon fiber filled 
PTFE was investigated by pin-on-disc tests. Results 
showed that the reduction of moisture content in gas tend 
to decrease friction coefficient. Analyses of transfer films 
by XPS, FT-IR, Raman spectroscopy, and laser 
microscopy showed that a part of the transfer film 
consisted of thin and smooth carbon layer and the area of 
smooth layer became larger with lower moisture content 
in gas. Therefore, the trace moisture might have some 
influence on the formation of the smooth carbon film.  
 
1. INTRODUCTION 

 PTFE has self-lubricity, and PTFE composites with 
filler materials are used as a sealing material in gas 
compressors and valves [1]. In addition, some studies [2] 
have shown that the type of gas environment and its 
moisture content influences the frictional characteristic 
of sliding materials. In this study, sliding tests of carbon 
fiber filled PTFE in high purity gas environments were 
carried out and the moisture content of the test gas was 
controlled at ppm level to investigate how the trace 
moisture content in high purity gas influence the 
frictional characteristic of PTFE composites. 
  
2. METHODOLOGY 

 Sliding tests were carried out with a pin-on-disc 
type friction tester. It was installed in a vacuum chamber 
equipped with a moisture control unit to control the trace 
moisture content in high purity gas environment at ppm 
level. 
Pin specimens were prepared from 20 vol.% carbon fiber 
filled PTFE, and SUS440C was used as the disc 
specimens. Surface roughness (Ra) of disc specimens 
were adjusted to 0.05µm by using waterproof abrasive 
papers before sliding test. Other experimental 
conditions were listed in Table 1. Before starting 

an experiment, the chamber was evacuated to 5.0×10-4 Pa, 
and then filled with N2 gas. Initial 10000 m sliding was 
conducted as a running-in and friction and wear behavior 
was evaluated during the following 40000 m sliding. 
 
3. RESULTS AND DISCUSSION 

3.1 Sliding Tests 

 Figure 1 and 2 show the transition of friction 
coefficient with sliding distance. When the tests were 
carried out with a contact pressure of 1 MPa, friction 
coefficients were about 0.1 under the condition A and B, 
at low moisture content in the gas. However, under the 
condition C, with the second highest moisture content in 
the gas, it increased to about 0.35. Furthermore, under the 
condition D, with the highest moisture content in the gas, 
the friction coefficient eventually increased to 0.4. In 
addition, when the test was conducted with a contact 
pressure of 3 MPa, the friction coefficient was about 0.08 
under the condition E, at low moisture content. On the 
other hand, under the condition F, in which the moisture 
content was higher than E, friction coefficient was about 
0.13. These results indicated that friction coefficient 
decreased with reducing the moisture content in N2 gas 
under the same contact pressure. 
 

Table 1 Test condition. 

 

 
Figure 1 Friction coefficient with different moisture 

contents at 1MPa. 

 

 
Figure 2 Friction coefficient with different moisture 

contents at 3MPa. 

Atmosphere N2 
Sliding speed 2m/s 

Sliding distance 10000m(running-in)+40000m 
Contact pressure 1MPa 3MPa 

Moisture 
content 

A(1.3-1.8ppm) E(1.6-1.8ppm) 
B(3.0-3.4ppm) F(45-53ppm) 
C(13-14ppm) 

  
D(56-60ppm) 
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3.2 Analyses of Transfer Film 

After sliding test, some analyses of transfer films formed 
on disc specimens were carried out. First, to investigate 
the presence of PTFE, transfer films were analyzed with 
FT-IR mapping by peak area intensity of spectra (peak 
area from 1150 to 1280 cm-1), but the presence of PTFE 
was not confirmed in all disc specimens. After the FT-IR 
analysis, XPS analyses were conducted. The C(1s) 
spectrum of all samples showed a clear peak derived from 
carbon at around 284eV. However, the peak of PTFE at 
around 689eV was not observed. These results revealed 
that PTFE didn’t adhere to the disc specimens and 
transfer films mainly consisted of carbon from the filler 
material.  
 To analyze the amount and structure of transferred 
carbon, Raman spectroscopy was conducted. Raman 
spectrum is considered a combination of D and G peaks 
by the Gaussian curves. The carbon peak is characterized 
by a large G peak close to 1580 cm-1

 with broad peak 
shoulder close to 1360 cm-1 [3]. Based on the results, 
Raman mapping by peak area intensity of spectra (peak 
area from 900 to 1800 cm-1) was carried out to investigate 
the carbon distribution in transfer films. Figure 3 shows 
the laser microscope image and the result of Raman 
mapping of the disc specimen in condition C. The peak 
intensity from point (a) was stronger than that from point 
(b). It means that the amount of transferred carbon at the 
point (b) is limited compared with that at point (a). The 
Raman mapping indicated that the area in which the 
amount of transferred carbon was small corresponded to 
the white parts in the laser microscope image. 
 

 
Figure 3 Raman spectra and mapping of transfer film 
formed on disc specimen (Condition C, Scale bar = 

10µm). 
 

 In addition, the surface profile of white parts in 
condition C was measured by laser microscope. From 
this analysis, the surface profile of white part was very 

smooth compared with other parts in the transfer film.  
Laser microscope images of the disk surface with all test 
conditions were summarized in Fig. 4. Comparing these 
images, it indicated that the area of white parts in the 
transfer films was relatively large in the specimens, 
which showed lower friction coefficient. From these 
results, it was suggested that the thin and very smooth 
carbon layers might be contributing to decrease friction 
coefficient. In addition, the area fraction of the thin and 
smooth carbon layer in the transfer film was large when 
moisture content in gas was small. Therefore, the 
moisture content in gas had some influence on the 
formation of the smooth carbon layer in the transfer films.  
 

 
Figure 4 Pictures of transfer films formed on disc 

specimens by all conditions. 
 

4. SUMMARY 

In this study, sliding tests were conducted between 
carbon fiber filled PTFE and SUS440C to investigate 
how trace water content in a high purity gas influences 
the friction characteristics. Results of sliding tests and 
analyses of resultant transfer films indicated that the 
reduction of the trace water content in gas tended to 
decrease friction coefficient under the same contact 
pressure. Furthermore, if a thin and smooth carbon layer 
was successfully formed on some parts of disk surface, 
friction coefficient could be reduces. Further experiments 
and detailed analyses would be needed to confirm the 
detailed mechanism.  
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ABSTRACT – Severe-mild wear forms transition in 
self-mated sliding of pure Fe was studied in normal 
atmospheric air and the influence of relative humidity 
(RH) rates was discussed. The period of the severe wear 
form before the transition was not recognized in high 
RH rate environment while that had certain length in 
low RH rate. The influence of RH rate in atmospheric 
air on the transition was discussed with consideration on 
adsorbed water layer on the metallic surface. 
 
1. INTRODUCTION 

 The terms severe and mild might firstly be used for 
the forms of wear by Archard and Hirst in 1956 [1] as 
“they exhibit two forms of wear, one mild, the other 
severe.” Some of metallic materials are known to show 
severe-mild wear transition and initial period with 
severe wear form is also recognized as running-in 
period which usually results in much wear amount of 
newly produced machines. This is why studying the 
mechanism of the transition is practically important. 
The transition should be studied based on understanding 
of the adhesive wear mechanisms and the influences of 
environmental gases. One of the most convincing 
physical models of adhesive wear is a mutual transfer 
model proposed by Sasada and Norose [2]. As for 
influences of environmental gases, one of the authors of 
this research found that the severe-mild wear transition 
in dry sliding of some metallic materials is strongly 
influenced by RH rate in atmospheric air [3]. Water is 
one of the most influential gaseous species in 
atmospheric gas on tribological properties and it was 
found that even ppm to ppb level trace water can 
dominate tribological properties of materials [4-6]. In 
this paper, influence of RH rate on severe-mild wear 
transition is studied.  
 
2. EXPERIMENTAL PROCEDURES 

 Figure 1 shows a schematic drawing of a pin-on-
disk apparatus used in this study. To avoid partial 
contact of specimens during experiments due to the 
misalignment of specimens, a pin which has spherical 
head with radius of 4 mm was used. Pure Fe was 
selected for material of both disk and pin because pure 
Fe shows severe-mild wear transition in low and high 

RH [3]. The surface of pin and disk to be tested were 
polished using a 3 μm diamond slurry, and the typical 
surface roughness of the specimens was 0.005 μm Ra. 
Both of the specimens were twice cleaned ultrasonically 
using a mixture of acetone and hexane for 10 minutes 
each, and then they were set in the apparatus. Diameter 
of sliding track on the disk was 20 mm. Table 1 sets out 
the experimental conditions of the sliding test in this 
study. The sliding tests were conducted in air with room 
temperature and controlled RH at 4 or 81%. 
 

 
Figure 1 Pin-on-disk apparatus. 

  
Table 1 Experimental conditions. 

Sliding speed 0.0628 m/s 

Load 10 N 

Sliding distance 628 m (10,000 disk rotations) 

Lubricant None 

Atmosphere Normal air with RH 4 or 81 %, 
room temperature 

 
3. RESULTS AND DISCUSSION 

 Figures 2 and 3 show chronological changes of 
coefficient of friction and pin displacement 
perpendicular to the sliding surface, respectively. For 
RH 4%, severe-mild wear transition took place at 
around 3,500 rotations of disk. At the transition point, a 
wear rate suddenly reduced and a coefficient of friction 
also reduced slightly and became stable at around 0.7. 
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On the other hand, for RH 81%, both of a wear rate and 
coefficient of friction showed small values from the 
beginning of the sliding, in other words, it was difficult 
to detect severe wear form even in early stage of sliding 
for RH 81%. Table 2 shows specific wear rates of pin 
and disk in both RH rates. All of these wear rates 
showed good agreement with data obtained for same 
material by similar experimental conditions in the 
previous study [3]. Wear rates for RH 4% are larger than 
those for RH 81% because the period of mild wear form 
for RH 4% was shorter than that for RH 81%. The slope 
of data curve in Fig. 3 can be regarded as kind of a wear 
rate and slopes of both RH rates shows similar values in 
mild wear period. However, their coefficients of friction 
are very different even in the mild wear period and 
“mild wear” appeared in high and low RH rates should 
be recognized as different phenomena. 
 Severe wear form observed in RH 4% showed 
typical adhesive wear mechanisms which gave serious 
damage on the sliding surface [7] in an early stage of 
sliding. The damaged layer formed oxide layer on the 
sliding surface before severe-mild transition. On the  
 

 
Figure 2 Chronological change of coefficient of friction. 
 

 
Figure 3 Chronological change of pin displacement 

perpendicular to the sliding surface. 
 
 
 

Table 2 Specific wear rates (mm2/N). 
 Pin Disk 

RH 4% 4.6x10-7 7.5x10-7 

RH 81% 2.9x10-8 2.2x10-8 
 
other hand, sliding surface of RH 81% did not have 
severe damage due to adhesive wear mechanism and 
thick adsorbed water layer [8] was supposed to 
contribute for the transition to the mild wear form. 
Different types of mild wear form observed for different 
RH rates in this study should be attributed to different 
mixture ratio of contributions of oxide layer formation 
and the thickness of adsorbed water layer. 
 
4. CONCLUSIONS 

 Different types of mild wear form were recognized 
for dry sliding of pure Fe in normal air with different 
RH; 4% and 81%. Oxide layer formation and the 
thickness of adsorbed water layer are supposed as major 
parameters which governs the establishment of mild 
wear form. 
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ABSTRACT – The occurrence of wear damage was 
observed on a combustion liner of a power generation 
gas turbine. The combustion liner is made of nickel 
based superalloy (Hastelloy X). The worn surface 
generally occurred at mating surfaces of the combustion 
liner. The purpose of this study is to determine the types 
of wear at three different mating surfaces (connected to 
a SS304 stainless steel, Nimonic C263 and carbon steel) 
after being exposed to 8,000 of running hours at high 
temperature and vibration. The affected areas of the 
mating surfaces were analyzed and the wear mechanism 
was discussed.  
 
1. INTRODUCTION 

 Nickel base superalloys are widely used in extreme 
applications such as the combustor components of a 
power generation gas turbine. The components had 
experienced up to 1100 °C in the gas turbine [1] leading 
to severe surface degradations on the combustion liner 
after 8,000 hours in service. Many combustion liners 
suffered severe operation conditions due to the 
following factors: operation environment (high 
temperature and vibration) and mechanical action 
(relative movement between mating surfaces and forces 
between mating surfaces) [2]. 

The combustion liners are subjected to heavy 
repair processes thus increasing the cost of the 
refurbishment [2]. The contacting materials comprised 
of four vital components, which are the fuel nozzle, the 
flow sleeve, the transition piece and the crossfire tube. 
Detailed analyses of wear on the components related to 
hardness, microstructure characteristics and wear 
mechanisms, and wear measurement have been 
considered to predict the wear characteristics of the 
components. Tucker [3] had revealed that the processes 
of accurately detailing wear consist of a series of 
defined tasks undertaken by several tribologist and each 
task is designed to obtain specific information from the 
worn components and system. 

Detailed wear analysis is very crucial as it cannot 
be relied only to visual observation and measurement, 
but deep understanding in wear mechanisms, hardness 
factor and wear microstructures in order to evaluate the 
severity of wear and thus improve the current practices 
(repair and replace) [1]. To date, little and insufficient 
data is available for wear mechanisms, microstructure 

analysis and remaining life calculation particularly on 
the combustor liners. Bernstein [4] had revealed that in 
gas turbine hot section components, wear had become 
the main problem for combustion hardware. The 
contacting surfaces of the combustion liners were 
continually rubbing against each other due to the 
combustion pulsations. During the start-stop operation 
of the engine, these surfaces can underwent large 
relative motion. The ability to predict the wear of gas 
turbine combustor components is still in infancy with 
very limited data. The objective of this paper is to study 
the characteristics of wear on combustion liner after 
being exposed to 8,000 running hours in order to predict 
the dominant wear mechanism and identify surface 
protection that has been applied on the component. 

 
2. METHODOLOGY 

 In this work, the combustion liner was taken from 
a 97MW gas turbine. The process took place due to a 
reaction between fuel and gasses inside the combustion 
liner. The involved temperature was 1100°C. Figure 1 
shows the 4 mating surfaces on a combustion liner. 
These 4 surfaces were selected based on their wear 
severity and consistency for the refurbishment processes 
[2].  
 
Zone 4: Spring seal 
 
Zone 3: Cross fire tube  
      collar 
 
Zone 2: Liner Stop 
Zone 1: Fuel nozzle collar 
 
 

Figure 1 Selected components of a combustor liner. 
 

The wear analysis was carried out after the 
operating 8,000 hours of combustion operation. The 
combustion liner mating surfaces are made of a nickel 
base Hastelloy X [1]. The chemical composition result 
for the combustion liner is shown in Table 1.  

A hardness test was carried out on the mating 
surfaces using a 1 kg load of Vickers hardness with 4 
seconds of indentation. An average of 5 indentations on 
each component was carried out. The mating surfaces 

25cm 



Pauzi et al., 2015 
 

130 
 

were then characterized by using an optical microscope. 
The microstructures of the combustion liner were 
recorded before the installation and after its removal 
from the gas turbine for a comparison purpose. 

 
Table 1 Chemical composition of Hastelloy X 

combustion liner. 
Element Hast X 
Cr 22 
Ni 47 
Co 1.5 
Fe 18 
W 0.6 
Mn 1 
Si 1 
Mo 9 
C 0.1 
B 0.0008 

 
3. RESULTS AND DISCUSSION 

3.1 Visual Observation 

Visual observation was performed on four 
components of the combustion liner mating surfaces. 
Table 2 shows the changes that had occurred before and 
after the standard operating hours.  
 
Table 2 Visual observation of combustion liner mating 

surfaces (before installation and after removal). 
Mating 
surface 

Visual 
observation 

Microstructure Hardness 
(HV) 

Before After Before After Bef
ore 

Aft
er 

Fuel 
nozzle 
collar 

    

594 

334 

Liner 
stop 

 

    379 

Cross 
fire 
tube 

collar 

    237 

Spring 
seal 

 

    370 

 
3.2 Wear Mode and Symptoms 

 It was found that all four components had 
experienced severe surface damages. These components 
were subjected to a high oscillatory motion due to 
vibration during operation [5, 6]. Both fuel nozzle collar 
and the cross fire tube collars that are connected to fuel 
nozzle and cross fire tube showed similar symptoms in 
which significant localized damages had occurred. 
Materials loss with the evidence of colored debris 
arising was observed on these components. Only little 
wear debris was retained on the surfaces due to high 
amplitude of sliding [5, 7]. For the liner stop, significant 
loss of surface material was observed and resulted a 
mirror surface finish on its surface. As for the spring 
seal, corroded stained surfaces was observed with 
adherence of the counterface materials on the surface. 

With different contrast appearances, it was suspected 
that an adhesive wear mechanism had existed [8]. 
 
3.3 Hardness and Wear Resistance 

Miller [8] stated that the harder the material, the 
greater the wear resistance. From this study, the 
hardness of the connected components had decreased in 
the average of 45% after 8,000 hours in operation which 
was most likely due to high cyclic loading and repeated 
action that generated severe wear, reducing the wear 
resistance, thus reduced the hardness of the components 
[9]. Chromium carbides in nickel base superalloy are 
very oxidation corrosion resistant. Above the 
temperature of 870 °C, the chromium carbides will start 
to oxidise and soften. The hardfacing coating are widely 
used in gas turbine combustor components application. 
The optimum coating hardness that can be 
recommended for higher temperature wear, erosion and 
cavitation is more than 698 HV [10].  Other example of 
application to reduce wear of combustor components is 
encapsulation of with wear resistance materials such as 
Haynes 25 plate [11].   
 
4. CONCLUSIONS 

It was observed that the dominant wear mechanism 
of the combustor liner is adhesive wear. No sign of 
work hardening had occurred. This was most likely due 
to lack of knowhow of wear reduction application in gas 
turbine combustion section and too rely on the existing 
repair practices.   
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ABSTRACT – High speed transmission table is wildly 
used in industry and its demand is increased. Preloaded 
ball-screw device is a major component in a 
transmission system. In order to bear applied load, 
preload and inertia force, double-nut ball-screw is 
necessary. Each nut has two ball cycles, the kinematic 
behavior and friction of ball and raceway are more 
complex than double-cycles ball-screw. A new 
calculating concept is used to simplified complex 
calculation. Contact and friction were found out at each 
cycle and they are varied with operating conditions, 
such as applied axial load and rotational speed. The 
study is helpful in realizing contact and friction 
behavior in a preloaded double-nut ball-screw. 
 
1. INTRODUCTION 

The increasing demands in precision engineering 
applications for positioning systems have instigated the 
investigation into ball screws. The reciprocating ball 
screw mechanism is a force and motion transfer device. 
The high transmission speed ball screw is a major 
component in rapid processing devices, and must be 
designed with a high degree of positioning accuracy and 
stiffness by applying a higher preload.  

Lin et al. [1,2] presented a theoretical study on the 
kinematics of the ball screw mechanism where a 
function was developed to understand the motion of the 
balls and their contact patterns with the contact 
elements. However, the friction coefficients, normal 
forces and contact angles created at the ball-screw and 
ball-nut contact areas were assumed to be equal. Also, 
the drag force produced by a ball moving in an oil 
lubricant was not considered in the force balance. 

Kinematic analysis of the ball screw mechanism 
that considered variable contact angles and elastic 
deformations was studied by Wei and Lin [3]. Their 
theoretical analysis was developed for a ball screw with 
a single nut and a single cycle of balls. Therefore, no 
preload effect on the mechanical efficiency was 
discussed in the study. An analytical method developed 
by Takafumi et al. [4] was used to determine the motion 
of the ball and the ball load distribution, including the 
effect of the motion for a given ball screw geometry and 
its operating conditions. Wei et al. [5] presented an 
analytical model for a preloaded ball screw system with 
lubrication, and the numerical results confirmed the 
mechanical efficiency of their experimental data. 
Contact and friction analyses of double-cycle ball-screw 
mechanism are already well established [5]. Four-cycle 

ball-screw mechanism is more complex than double-
cycles and wieldy used in industry. The study presents a 
well analyzing process and finds out contact and friction 
behavior at ball and raceway contact areas of a four 
cycles preloaded ball-screw. 
 
2. THEORETICAL MODEL 

Four-cycle ball-screw mechanism is shown in 
Fig.1. Non-external load is applied in the ball-screw, as 
shown in Fig.1(a), right hand side contact behavior is 
opposite to the left hand side due to the preload which is 
exerted between the left and right hand sides. When an 
enough load, Fa, which is greater than the preload, is 
applied on the nut, contact geometry is changed as 
shown in Fig.1(b). The difficult of the analysis is how to 
arrange load bearing on each contact side. Each contact 
side has one pair balls, and these two contact side can 
also be considered as two balls. Fist, assume load is 
average bearing on two balls of each contact side, 
respectively. Then calculating contact geometry and 
kinematic behavior of each contact side, as shown in 
Fig.2. The analyzing model is based on the single-nut 
double cycle ball-screw numerical calculating. Detail 
analyzing equations are referred to the paper published 
at 2009 [5]. Analyzing coefficients of ball-screw are 
listed in the Tab.1.  

 

 
(a) 

(b) 
Figure 1 Sketch of four-cycle ball-screw, (a) without 

external load, (b) with external load. 
 

Contact loads at contact area between ball and 
raceway are varied with axial load, as shown in Fig.3. 
Contact force of right contact side is greater than the left 
side, and they have the same tendency varying with the 
increase of applied load at the same contact side. The 
variance of contact load affecting by the preload and 
axial load is similar to the double-cycles ball-screw [5]. 
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Table 1 Parameters of the testing ball-screw [From 

catalogue of Hiwin Corp.] 
Type R32-16k2-FDC-598-776-0.018 

Parameter Value Unit 
Helix angle 8.67 Degree 

Cycles of each nut 2  Lead 16 mm 
Curvature of 

raceway 3.429 mm 

Ball diameter 6.35 mm 
Effect ball 

number 66  
Preload 120 kgf 

 

 
Figure 2 Flowchart of calculating process. 
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Figure 3 Contact forces VS axial load. 

 
Friction forces are slightly increasing with the 

increase of contact forces as shown in Fig.4. The 
difference of friction force at outer and inner contact 
area of each cycle is few. But friction force is increased 
with rotational speeds proportionally, as shown in Fig.5. 
Average friction forces of right contact side are larger 
than the left side. Owing to the contact geometry is 
different at these two contact side, friction forces are not 
increased with the increase of contact forces. They are 
affected by contact angles and sliding speeds of contact 
areas. 
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Figure 4 Friction forces VS axial load. 
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3. SUMMARY 

The study has built an analyzing model for a 
vertical motion preloaded double nut ball-screw device. 
Vertical motion lets the applied axial load is extremely 
existed at the nut. Contact force existed at R2 ball cycle, 
which is nearby the applied preload and axial load, is 
greater than the other cycles. Contact force of left 
contact side is decreased with the increase of applied 
axial loads initially. After the axial load is greater than 
the preload, contact forces of both contact side are 
gradually raised with the increase of applied axial load. 
Friction forces are dominated with the increase of 
rotational speed and only slightly increase with the 
rising of applied axial load. The study can help in 
understanding the contact and friction behaviors in a 
vertical motion ball-screw system. 
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ABSTRACT – Carbide cutting tool is widely used in 
machining process due to its availability. It is also 
cheaper than the majority of better performance cutting 
tool such as cubic boron nitride (CBN), polycrystalline 
diamond etc. In addition, the carbide cutting tool has 
substantial hardness and toughness that is suitable to be 
applied in intermittent cutting compared to the ceramic 
cutting tool. This paper presents the case study of wear 
mechanism experienced on edge of the coated and 
uncoated carbide tools in machining process (turning 
and milling). It was observed that the tools failed 
primarily due to wear on the two main areas of flank 
and rake faces for machining Inconel 718, and titanium 
alloy. Therefore it can be concluded that the mode of 
failure for the carbide cutting tools was similar 
regardless of the machining operations. The failure is 
believed to be due to the mechanical properties of the 
carbide materials such as brittleness rather than the type 
of machining operations. 
 
1. INTRODUCTION 

The cutting process occurs when a small volume 
of material around the cutting edge is removed either in 
continuous or intermittent cut. This cutting edge/work-
piece interface determines the performance of the tool, 
the machinability of the material and the quality of the 
machined surface. During the cutting process, many 
events occur at the said interface that cannot be 
observed by the naked eye. They are tool vibration, tool 
wear, metal flow, and increasing temperatures, which 
could only be estimated through analytical and 
experimental methods. Wear rate is defined as the 
volume or mass material removed per unit time or per 
unit sliding distance and is a complex function of time 
[1]. The initial period during which wear rate changes is 
known as the ‘run-in’ or ‘break-in’ period. Wear during 
run-in depends on the initial material structure and 
properties and on surface conditions such as surface 
fluids [2]. Wear of cutting edge is caused mainly by 
load, friction, and high temperature. Wear mechanism 
could be classified as adhesion, abrasion, diffusion, 
oxidation, and fatigue[3]. 

In machining process, most of the mechanical 
energy used to remove material becomes heat, which 
generates high temperature in the cutting region. The 
higher the cutting speed, the faster the heat generation 

and higher temperature resulted. The new challenge in 
machining is to use high cutting speed in order to 
increase productivity. This is the main reason for rapid 
tool wear. This paper presents the wear mechanism that 
caused the failure of carbide tool which commonly 
occurred on the cutting edge of carbide tools in 
machining various materials of inconel alloy and 
titanium alloy. 
 
2. METHODOLOGY 

Machining experiments were conducted to study 
the effect of machining parameters on the wear 
mechanism and failure mode of carbide cutting tools in 
milling and turning operations.  

Milling was carried out for block of double aging 
Inconel 718 using tungsten carbide with multi-layer 
PVD TiAlN/AlCrN grade ACK 300. The tungsten 
carbide insert was 10 mm diameter, with tool geometry 
of relief, radial rake, and axial rake angles of 11o, 0o, 
and -3o respectively. The approach angle was 90 o. 

Turning was carried out for a cylindrical bar of 
alpha-beta (α-β) titanium alloy Ti-6Al-4V extra-low 
interstitial (ELI). A carbide insert with the International 
Standards Organization (ISO) designation of CNGG 
120408-SGF-H13A was used in the machining 
experiments. The cutting tools used were uncoated, 
straight tungsten carbide chip breakers with a rhombic 
shape.  

Tool wear measurement was done using a 
Mitutoyo toolmaker’s microscope, 30x magnifications 
with repeatability ± 3 μm.  In order to eliminate any 
influence of previous cutting effect on work piece, every 
new layer will be faced/turned using a non-test insert. 
The tool wear on the flank face was measured after a 
specific pass interval; the cutting tool would be 
discarded from the tool holder in order to observe and 
measure the progression of wear. The wear 
measurement requirement would then depend on the 
rate of wear growth. The measured parameter to 
represent the progress of wear was the maximum tool 
wear VBmax. The machining was stopped when 
VBmax = 0.3 mm. This is according to ISO 8688-2-
1989, tool life failure for end mill, and ISO: 3685, 1993 
for turning. The detailed investigation of wear 
mechanisms were carried out using scanning electron 
microscope (SEM). 
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3. RESULTS AND DISCUSSION 

3.1 Wear Mechanisms of Coated Carbide in Milling 
of Inconel 718 

Both uniform (VB) and localised flank wear 
(VB3) were observed during experiment, at initial stage 
of cutting time, the growth of flank wear rise steadily 
with the increase of cutting length. Fig. 1 shows detail 
of the tool damage during initial stage, which consists of 
abrasive wear on the flank and rake face causes thinner 
coating. Sliding force of chip flow and feed force during 
cutter rotation cause delamination on both sides. Hence, 
exposed the WC-Co base material. Further repetitive 
load during interrupted cutting causes pitting on the 
unprotected cutting edge. 

 

 
Figure 1 Several failure modes during machining of 

Inconel 718. 
 

 
Figure 2 Failure mode observed during catastrophic 

failure. 
 

3.2 Wear Mechanisms of Coated Carbide in Turning 
of Titanium Alloy Ti-6Al-4V ELI 

At the initial cutting process, the uniform wear on 
the flank face, nose and rake face were clearly seen. 
Further cutting caused the wear width on the nose to 
increase faster than that on the flank and rake faces. 
Flank wear, nose wear, and crater wear were formed on 
their respective areas as shown in Fig. 3, as well as 
temperature-activated wear mechanisms, which 
adhesion and dissolution-diffusion became predominant. 
These type of wear mechanisms occurred mostly at the 
high cutting speed where the temperature generated 
exceeded the chemical dissolution temperature 1100°C 
of tungsten carbide. The cutting edge of an insert is 
subjected to a combination of high stresses, high 

temperatures, and perhaps chemical reactions, which 
cause the tool wear due to one or several mechanisms 
[3]. 

 

 
Figure 3 Wear on the uncoated carbide tool edge when 

turning Ti-6Al-4V ELI. 

 
Figure 4 Crater wear on the top rake face of the tool;   
A) smooth wear area due to diffusion mechanism; B) 

melted titanium alloy. 
 
4. CONCLUSIONS 

From the observation using SEM on the wear 
experienced on the cutting tools, it can be concluded 
that the tools failed primarily on two main areas of flank 
and rake faces for cutting the Inconel 718, and titanium 
alloy. Wear such as crater, nose wear, abrasion, 
notching, fracturing, cracking were observed. This 
finding indicated that the mode of failure for the carbide 
cutting tools were similar regardless of the turning or 
milling operations, since the failure was mainly 
determined by the carbide tool properties such as 
toughness, hardness and brittleness properties, and the 
machined work piece material. Furthermore due to the 
removal of the coating material, the cutting tool fails 
similar to that with the uncoated tool. 
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ABSTRACT – This study aims to develop a new 
experimental setup to measure friction between two 
interacting fibers. In the experiment, the frictional force 
is measured when two individual fibers are placed in 
perpendicular contact with applied normal load under 
several environmental conditions. It has been found that 
the dependence of the frictional coefficient on the 
normal load is substantial, as the coefficient was 
reduced by increasing the load. In addition, the moisture 
level also contributes to the friction factor force 
measured. 
 
1. INTRODUCTION 

 Friction in fiber-fiber contact is a very important 
property at all phases in a composite industry in the 
alteration of fibers intend products. Many processes 
involved friction, such as during molding, drawing, 
spinning etc. During the process, there are interaction 
occur between fibers with machine parts as well as 
between fibers. Friction can be desirable or a nuisance 
depending on the type of application. Therefore it is 
vital to study the frictional behavior in details especially 
at microscopic level. 
 Although much research had been carried out to 
measure the frictional behavior using different types of 
instruments and techniques, still none of them could be 
considered as a standard [1-6]. Friction between single 
fibers is first explored Gralen and Olofsson [1] 
measuring the friction between natural fibers using a 
twisting method. Roselman and Tabor [2,3] have used 
cantilever and capstan apparatus in measuring the 
friction between the carbon fibers. 
 An overview by Yusekkaya [4] found that the 
effect of moisture level was dependent on the type of 
fiber being tested. It is also observed that friction 
proportional to relative humidity from dry to wet 
condition. However up to now, little has been published 
about especially the effect of moisture level on Aramid.  
 In this present paper, friction between fibers will 
be discussed. In particular, the effect of moisture also 
will be discussed. 
 
2. EXPERIMENTAL SETUP 

In this study, acantilever apparatus as illustrated in 
Figure 1 has been developed and tested. Before the 
experiment, the fiber is clamped on the fiber holder 
using UV hardening glue. The glued fiber are exposed 

to UV light and cured. During the experiment, the fiber 
is brought into contact with each other perpendicularly 
at a 90° skew angle. The first holder is mounted on the 
positioning stage. Using this stage, the normal load is 
being applied. The second holder is placed on the 
movable flat stage where its sliding motion can be 
controlled. 

 

 
Figure 1 Schematic arrangement of crossed fibers. 

 
In this experiment, the capacitive sensor is 

mounted on the force measuring mechanism (FMM) as 
shown in Figure 2. It is functioned to measure two 
perpendicular forces independently in two directions 
(the applied normal force and the friction force). This 
measurement setup is carried out in the vacuum 
chamber as shown in Figure 3. Here, this chamber is 
used to realize several humidity levels. The setup is 
described details in paper produced by M.A Yaqoob [7]. 

 

 
Figure 2 Details illustration of force measuring 

mechanism (FMM) [7]. 
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Figure 3 Fiber holder mounted in a vacuum chamber. 

 
 In the friction experiment, single Aramid fibers 
with diameter of 10 µm and 2-10 mm long are used. 
Table 1 summarizes the relevant experimental 
parameters which had been controlled during friction 
experiments.  
 

Table 1 Experimental parameters. 
Description                       Value 
Load range    0.2 -10 mN 
Speed                 0.1 &1 um/sec 

 Relative humidity                 1.8 – 96 %  
Temperature                 23 – 25 oC 

  
3. PRELIMINARY RESULTS 

The friction experiments have been carried out in 
wet and dry condition and the comparison between both 
is shown in Figure 4. The result shows that the 
coefficient of friction relies on the environmental 
conditions. An increment in friction on wet condition is 
expected as the contact may introduce adhesion and 
shear stress. However, further experimental studies are 
required to verify this theory. 

  

 
 

Figure 4 Coefficient of friction as s function of load for 
aramid fiber. 

 
The load dependency of the friction force can be 
explained as follows: 
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where 𝜇 is coefficient of friction, 𝐹𝑤 is frictional force, 
𝐹𝑁is normal load, 𝜏 is shear stress and 𝐴 is contact area. 

From the results it is clear that the friction force is 
found to be higher under wet condition. 

 
4. CONCLUSIONS 

In summary, the experimental setup to measure 
friction between individual fibers has been developed 
and tested. It can be concluded that the frictional force 
is correlated to the applied normal load. Besides, result 
also show that there is significant effect of the moisture 
level on the friction behavior.  
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ABSTRACT – Three mechanisms operate during wear 
of materials.  These mechanisms include the Strain Rate 
Response (SRR - effect of strain rate on plastic 
deformation), Tribo-Chemical Reactions (TCR) and 
formation of Mechanically Mixed Layers (MML).  The 
present work investigates the effect of these three in 
context of the formation of MML.  For this wear 
experiments are done on a pin-on-disc machine using 
Ti64 as the pin and SS316L as the disc.  It is seen that 
apart from the speed and load, which control the SRR 
and TCR, the diameter of the pin controls the formation 
of MML, especially at higher speeds. 
 
1. INTRODUCTION 

 Titanium alloys are widely used in structural 
applications because of its high strength to weight ratio 
and good corrosion resistance. Ti64 is one of the mostly 
used alloys of titanium [1]. Though having the 
aforementioned advantages, tribological behavior of 
titanium alloys are relatively poorer compared to other 
structural materials [2].   

Pauschitz [3] reported that the wear behavior of 
materials is correlated to the type of tribo-layer formed. 
The formation of tribo-layer depends on sliding 
conditions and material pairs used, which in turn 
decides the wear rate. Tribolayer is generally classified 
into three layers 1) Transfer layer with low oxygen and 
same composition as that of counterface, usually 
appears at room temperature with softer counterface 
than the sliding material; 2) MML with low oxygen 
content, which is hard and tough, formed at relatively 
higher temperature in sliding systems of softer and 
medium hardness; and 3) Composite layer with high 
oxygen content, which is hard and brittle, formed at 
higher temperature [4]. 

Mao et al. [5] found that tribo layer existed on 
worn surfaces under various conditions. The protective 
role of tribo-layer depended on the presence of oxides. 
The tribo-layer with more oxides acted as protective 
layer due to its high hardness.  
 In the present work, experimental analysis has 
been carried out to evaluate the effect of the two 
mechanisms (SRR and TCR) in context of the formation 
of MML and the protection of a pin surface by MML. 
The effect of pin diameter on SRR, TCR and MML has 
been studied which is not yet reported in any of the 
previous studies on Ti64.  
 

2. METHODOLOGY 

In the present study, dry sliding tests were 
performed in a specially designed vacuum-based high 
temperature pin-on-disc tribometer under ambient 
environment in accordance with ASTM-G99 standard 
[6]. Ti64 alloy was used as the pin, and SS316L was 
selected as the disc material. This pair was selected due 
to their notable differences in density, thermal 
conductivity, hardness and crystal structure. 
Experiments were conducted at a constant sliding speed 
of 1.5ms-1 and by using pins of different diameters (2.1, 
4.6 and 6.6 mm) with normal load of 13.7, 68.7 and 
137.3N respectively.  A constant pressure of 2.8MPa 
was maintained throughout all the experiments. A 
combination of loads and diameter of pins ensured 
constant pressure. Prior to the experiments, both the pin 
and disc were ultrasonically cleaned in acetone for 3 
minutes and then dried to remove surface 
contaminations. The frictional force was measured by a 
load cell which had the capacity of 500 N with an 
accuracy of ±1 N. Height loss of pin was measured 
using a Linear Variable Differential Transducer (LVDT) 
which had a maximum possible sliding distance of 4500 
µm with an accuracy of ±2 µm. Detailed investigation 
of worn surfaces of pin and sub-surface was carried out 
using Scanning Electron Microscopy (SEM) (FEI 
ESEM Quanta 200). 
 
3.  RESULTS AND DISCUSSION 

At lower diameter of pin (2.1mm), very less MML 
was observed at the trailing edge (Fig. 1a) and the 
thickness of the layer was measured to be 4-12 µm as 
shown in Fig. 2. It is due to low intensity of ASB/SRR 
and formation of TCR mix with Fe which promotes the 
MML. MML, observed due to the transfer of material is 
often accompanied with other events such as 
accumulation, compaction, fragmentation, oxidation due 
to chemical reaction with the environment, and 
mechanical mixing between the two sliding materials 
[5-7]. Formation of MML is observed towards leading 
edge when pin diameter is increased (5.6mm), which is 
shown in Fig. 1b. Layer thickness was observed to be 
higher at the trailing edge which gradually reduces to 
the leading edge (Fig. 2). This is due to the increasing 
possibility of entrapment of debris found at the loading 
edge as the diameter of the pin increased. Thickness of 
tribo-layer measured was 15-51µm from trailing edge to 
leading edge when the pin diameter was 4.6mm. 
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It is an interesting result that with changing the pin 
diameter, at same constant pressure, huge difference is 
observed in thickness of MML. The elevated local 
temperature is favorable for interdiffusion during the 
mixing process caused by the sliding [7]. The presence 
of the intermetallic phase Fe-Ti-Al confirms mechanical 
mixing and alloying on an atomic scale generated by the 
sliding wear [6,7].  

At higher diameter of pin (6.6mm), thickness of 
MML vary from leading edge to trailing edge (9-75µm) 
and the whole pin is protected by MML as shown in 
Fig. 1c. Thickness and length of MML are higher as 
compared to the lower pin diameter which is due to the 
availability of more area for mixing the material and 
sufficient interface temperature [4-6].  

 

Fig. 1 SEM image of cross section of pin shows varying 
thickness of MML at different diameter. 

 

  
Fig. 2 Graphical representation of variation in thickness 

of MML from leading edge to trailing edge. 
  

The graph in Fig. 2 shows the variation of 
thickness of MML with the distance from the centre of 
the pin. At lower pin diameter, there is less thickness of 
MML and is present only at the trailing edge. As we 
increase the size of pin to 4.6 mm, thickness of MML at 

the trailing edge further increases to 50 µm but still 
there is no MML at the leading edge. At pin size of 
6.6mm, MML is present at the leading edge as well as 
trailing edge, but the thickness at the trailing edge is 
very high i.e. nearly 75 µm which gradually reduces to a 
minimum of 10 µm at distance of 1mm from leading 
edge and then again rises to 20 µm at leading edge). 
 
4.  CONCLUSIONS 

1. At lower diameter of pin (2.1mm), thickness of 
MML is very less which is due to low contact area 
and formation of TCR with unstable oxide. 

2. On increasing the pin diameter (4.6mm), elevated 
local temperature was favorable to form MML and 
it resulted in the increase in thickness of MML. 

3. At higher diameter of pin (6.6mm), MML 
protected the whole surface due to presence of 
sufficient interface temperature and environment 
to form the layer. 

4. It is therefore observed that the diameter of the pin 
controls the formation and thickness of MML 
especially at higher speeds, apart from speed and 
load which control the SRR and TCR. 
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ABSTRACT – Lightweight aluminium composite 
possesses the potential requirement for modern 
technological applications due to its inherent and 
superior properties over monolithic materials. This 
study compares both mechanical and wear behaviour of 
single particle size (SPS) and multiple particle size 
(MPS) reinforced 6061 Al-20 wt% SiCp composite. The 
composite is produced using a bottom pouring stir 
casting set up. Standard impact and hardness test was 
conducted to ascertain the energy absorbed before 
fracture failure and resistance to plastic deformation of 
the composite. Pin-on-disc test was also investigated at 
room temperature under dry sliding wear condition. It 
was observed that the MPS-AMC exhibited superior 
hardness compared to the SPS-AMC because coarse 
particle size (CPS) support a greater fraction of applied 
load while the fine particle size (FPS) and intermediate 
particle size (IPS) sustain hardening due to dislocation.  
 
1. INTRODUCTION 

Composite materials constitute the combination of 
two or more material phases in order to achieve a 
multiphase material with desired properties which 
cannot be attained by the individual material phases. 
Recent research [1, 2] have shown that aluminium 
matrix composite (AMC) possesses the desired potential 
properties such as high specific strength and stiffness, 
required wear resistance to withstand various in the 
automotive and aerospace industries. Bhandare and 
Sonaware [3] showed that silicon carbide (SiC) is an 
ideal candidate because of its significant ability to 
enhance the strength, modulus, thermal stability, and 
abrasive wear resistance of the matrix. 

Generally, the wear and mechanical properties of 
composites can be influenced by the particle size 
variation and volume fraction. Huang et al. [4] reported 
that the wear resistance of MMCs with 3µm SiC 
particles is considerably lower compared to 20µm SiC 
particles. This phenomenon is attributed to the tendency 
of finer reinforced particles to be easily gouged out and 
machined away by abrasive particles. Bindumadhavan 
et al. [5] studied the tribological behavior of a low 
volume fraction dual particle size (DPS) SiCp 
reinforced composite and compared with single particle 
size (SPS) reinforced composite. They found that the 
DPS composite exhibited better wear resistance 
properties compared to same volume fraction of SPS 

composite. Due to the possibility to influence the AMC 
properties with reinforcement particle size, this study 
aims to investigate the mechanical and wear behaviour 
of the MPS-SiC variation on AMC considering higher 
percentage of CPS when compared to SPS-SiC AMC.  

 
2. METHODOLOGY 

2.1  Materials and Methods 

The matrix and reinforcement phase material 
utilized for this study are Al 6061 alloy and silicon 
carbide particulate (SiCp) in the ratio 80:20 
respectively. The SiCp comprises of three different 
particle sizes of mean sizes; 15 µm, 40 µm and 80 µm 
as described in Table 1. The composite was synthesized 
using the liquid metallurgy route through the bottom 
pouring stir casting technique. The SiCp was preheated 
to 900 °C maximum temperature of 1000 °C. The Al 
6061 alloy was superheated to a temperature of 800 °C. 
The AMC was prepared into four different variation of 
20 wt% SiCp phase. The ratio of the MPS-SiC for the 
mixed composition comprises of 5:5:10 with the coarse 
particle consisting of 50% of the 20 wt% SiCp. 

 
Table 1 Variation of AMC with different particle sizes. 

Matrix Alloy Mean particle size 
of SiCp (µm) Designation 

6061 Al 15 (fine) ⃰AMC I 
6061 Al 40 (intermediate) ⃰AMC II 
6061 Al 80 (coarse) ⃰AMC III 
6061 Al 15-80 (mixed) ⃰AMC IV 

⃰AMC: Aluminium Matrix Composite 

The stirrer speed was maintained at 550 rpm as the 
stirring continued for a period of 3 minutes after the 
complete incorporation of the preheated SiCp powder. 
Metallographic analysis of the sample surface was 
conducted using standard technique to achieve a better 
microstructural observation.  

 
3. RESULTS AND DISCUSSION 

3.1  Microstructure Studies 

Figure 1 shows the morphology of the as received 
SiCp for different particle sizes and the ball milled SiCp 
for the MPS using SEM. The MPS-SiC shows a uniform 
distribution of particulates after mixing. 
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(a)              (b)              (c)                   (d) 
 

 

Figure 1 SEM view of as received single SiCp (a) 15µm 
(b) 40µm (c) 80µm and (d) mixed SiCp (15-80µm). 

 
3.2  Hardness Test 

The Rockwell hardness test was performed in 
accordance with ASTM E18 - 14a at room temperature 
condition. Based on the average results, AMC IV had 
the highest hardness value of 98 HRB as shown in 
Figure 2. Maximum hardness is achieved as a result of 
the combined influence of the three sizes. The coarse 
particle size influences the AMC because larger 
particles support a greater fraction of the applied load. 

  

Figure 2 Hardness value for different AMC variations. 

Moreover, the fine particle sizes (FPS) possess greater 
amount of particle matrix interface which enhances 
more hardening due to dislocations. Also, IPS provides 
additional support for the resistance to deformation by 
bridging interparticle spacing gap for the CPS and FPS 
to improve the hardness of AMC IV. 

   
3.3  Impact Toughness 

Impact test was conducted using the Charpy 
impact tester. The test is performed according to ASTM 
E23 procedure. Compare to other AMC variations, the 
energy absorbed by AMC IV is 3J indicating a brittle 
nature compared to the matrix alloy of 18J. The 
brittleness occurred due to strain energy been lowered 
thereby inducing brittle fracture. The impact toughness 
increases with the SiC particle size. This is as a result of 
alumina carbide (Al3C4) formation during composite 
processing. CPS experiences minimum contact with the 
matrix when compared to the FPS, thereby producing 
less Al3C4, unlike the FPS which have maximum contact 
thereby catalyses the higher formation of Al3C4.  

 

 
Figure 4 SEM facture surface of AMC IV. 

However, the CPS has the tendency for particle cracking 
due to possible weak bonding and particle 
fragmentation, but this effect is reduced (Figure 4) with 
the addition of the IPS which compensates for the 
variation between the coarse and fine particle sizes. 
However, the FPS influences good bonding effect 
between the reinforcement and matrix due to its 
maximum contact. 
 
3.4  Wear rate analysis 

The wear test was conducted in order to study the 
effect of the particle size variation on AMC. The wear 
rate was analyzed from the equation below; 

r
wW

2 rntS
'

 
           

 

 
Where, Wr is the wear rate, Δw is weight loss, n is 
revolution per minute, r is radius of steel disc, t is time.   

AMC IV, exhibited high wear resistance when 
compared to other AMC variations. This is as a result of 
the load bearing capacity of the coarse particle size. The 
high interfacial strength which exists between the 
matrix and CPS is achieved due to large surface bonding 
which makes it difficult for particle pull out from the 
matrix. This strong bonding provides a shielding effect 
for the IPS and FPS which provides toughness and 
strength respectively. Figure 5 shows the SEM image of 
the worn surface characterized by localized 
narrow/shallow grooves and less fragmented particles. 
The smooth surface on the worn AMC IV could be 
ascribed to the load bearing capacity demonstrated by 
the CPS providing multiple shielding for the matrix.  

 

 
Figure 5 SEM micrograph of worn AMC IV surface. 

 
4. CONCLUSIONS 

1) The MPS-SiC shows the possibility to tailor its 
properties to meet engineering requirements by 
suitable choice of particle size variations. 

2) The MPS-SiC AMC was found to have higher 
impact energy than SPS composites with same 
quantity of reinforced phase.  

3) Study reveals that the presence of higher 
percentage of CPS influences the MPS-SiC AMC 
by enhancing the wear resistance and hardness 
properties as compared to SPS-AMC. 
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ABSTRACT – Self-lubricating materials are used in 
industry as a means to reduce friction and facilitate 
motion of machine components. With self-lubricating 
materials, the need for lubrication circulation system is 
reduced or eliminated. In this current study, the effect of 
oil treatment on wear characteristics of medium carbon 
steel obtained from a company were investigated. 
Abrasion Resistance Tester TR-600 was deployed to 
measure volume loss and subsequently determine the 
corresponding specific wear rate. Based on the results, it 
was found that treated materials have better wear 
resistance compared to the untreated ones. A difference 
of 34.5% in the accumulated volume mass between 
untreated and treated cases was recorded.  
 
1. INTRODUCTION 

 These days, medium carbon steel has been made to 
produce roller chain that is widely used in many 
industries. A roller chain is a set of journal bearing that 
joint together and articulate as they enter and leaves the 
sprockets. This movement made pins and bushings to 
wear. If the pins and bushings are not in good condition, 
the roller chain will experience wear regardless of other 
factors [1]. 

Treated materials, such as self–lubricating, have 
gotten a great attention from manufacturers especially in 
applications where normal lubrication is difficult or 
impossible [2]. From a mechanical point of view, chain 
bush made from self-lubricating materials are good 
substitutes for non-self-lubricating material due to 
beneficial characteristic in several aspects such as low 
coefficients of friction, minimal maintenance, low cost 
and simple installation [3]. Countless authors have 
studied the dry sliding wear behavior of different 
materials including carbon steel [4-5] but literatures on 
the sliding characteristic of oil treated carbon steel under 
lubricated conditions were limited. In manufacturing 
process of chain bush, an oil treatment process has been 
included but studies looking into the effect is lacking. 
Hence, this study aims to investigate the effect of oil 
treatment on the abrasive wear profile of medium carbon 
steel obtained from a company. 
 
2. WEAR 

Wear can be defined as the interactions between two 
surfaces that slide, rolls or impacts with each other within 
a working environment that may result in loss of material 

from the surface. Abrasive wear occurs when a surface of 
rough, equal or greater hardness are sliding across a 
softer surface. Hard particle embedded in a harder 
surface occupied the space between two sliding surfaces 
and act like cutting tool to remove material from the 
surfaces. This particle size is either equal or slightly 
bigger than the space between two sliding surfaces. A 
specific wear rate, Wr can be determined by using 
Archard wear model [6]. 

 
𝑊𝑊𝑊𝑊 =  (𝛥𝛥𝛥𝛥) / (𝐿𝐿 𝑥𝑥 𝜌𝜌 𝑥𝑥 𝐹𝐹)                 (1)            
 
Where 𝛥𝛥𝛥𝛥 is mass loss (kg); F is applied force (N), 𝜌𝜌 is 
density (kg m3⁄ ); and L is sliding distance (m). 
 
3. APPARATUS AND MEASUREMENT 

 Figure 1 shows the Abrasion Resistance Tester 
deployed and the corresponding schematic diagram. The 
abrasive wheels are made of silicon carbide. Different 
samples were prepared and categorized accordingly for 
easy identification and analysis: untreated sample for 200 
RPM (Sample 1), untreated sample for 300 RPM 
(Sample 2), treated sample with fully synthetic oil for 200 
RPM (Sample 3), treated sample with fully synthetic oil 
for 300 RPM (Sample 4), treated sample with semi 
synthetic oil for 200 RPM (Sample 5) and treated sample 
with semi synthetic oil for 300 RPM (Sample 6). Two 
types of oils were used namely fully Synthetic engine oil 
(5W/40) and semi Synthetic engine oil (10W/40). The 
diameter and thickness of the sample is 122mm and 
1.2mm respectively. 

The tests were run at different sliding speeds (200 
RPM and 300 RPM) at a specific load of 24.5 N. 
 
4. RESULTS AND DISCUSSION 

 The results for cumulative mass loss at 200 RPM 
and 300 RPM are shown in Figure 2 and 4 respectively.  
The corresponding results of wear rate are given in Figure 
3 and 5 for 200 RPM and 300 RPM respectively.  

In Figure 2 and 3, the mass loss of all samples 
increases with increasing sliding distance.  Based on the 
results, untreated samples have the highest cumulated 
mass loss over sliding distance. In Figure 2, the highest 
difference in the accumulated volume mass between 
untreated and treated samples (treated with fully 
synthetic oil) is 34.5%. 
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Figure 1 Abrasion Resistance Tester and the schematic 

diagram. 
 

 
Figure 2 Cumulative mass loss at 200 RPM. 

 

 
Figure 3 Specific wear rate at 200 RPM. 

 
 In Figure 3 and 5, the profiles of specific wear rate 
for all cases have similar trend. In the region before 5 km 
distance, the slope tend to be sharper indicating higher 
wear rate. Running in is likely in the region of 1 to 2 km 
of sliding distance. Previous studies [6-7] have obtained 
similar profiles for the case of kenaf and OPEFB 
composites. 
 

 
Figure 4 Cumulative mass loss at 300 RPM. 

 

 
Figure 5 Specific wear rate at 300 RPM. 

 
5. CONCLUSION 

Dry sliding wear tests have been conducted to 
investigate the effect of oil treatment on wear 
characteristics of medium carbon steel. The results 
indicate that the mass loss and specific wear rates for both 
types of treated samples with oils are lower compared to 
untreated samples. The highest difference in the 
accumulated volume mass between untreated and treated 
samples at 200 RPM is 34.5% for those treated with fully 
synthetic oil. This preliminary study indicates that oil 
treatment has promising potential in reducing cost due to 
wear in application such as chain system.  
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ABSTRACT – An investigation was conducted to find 
out the impact of the rotational speed and tool pin 
profile on the tribological properties of the friction stir 
welded AZ80A magnesium alloy joints. A series of FSW 
joints were fabricated using three different tool pin 
profiles at various tool rotational speeds. The tensile 
fracture surfaces are subjected to microstructural 
investigations. Additionally, detailed experimental 
measurements are also done on hardness & wear losses 
of the joints. The joints fabricated at 1000 rpm using the 
taper cylindrical pin profiled tool exhibited sound joints 
with better tensile strength, higher microhardness values 
and minimum wear losses. 
 
1. INTRODUCTION 

Since being one of the lightest material under the 
metallic category, Mg alloys in practical usage, provide 
an extensive potential for weight saving in the 
automotive industries. Mg sheets can be used in the 
fabrication of automobile body parts including semi 
structural and non-structural applications [1]. 
Conventional welding processes are not suitable for 
joining magnesium alloys because of their strong 
cracking susceptibility, large energy requirement and 
high corrosion of with respect to copper electrode. 
Friction Stir Welding (FSW), a ingenious welding 
technology formulated by TWI (The Welding Institute), 
can present higher potential for magnesium alloys [2]. 
Because, it utilizes a non-consumable rotating tool for 
producing heat from friction, facilitating plastic 
deformation at nugget zone [3]. It had also been 
observed that the aluminium lap joints using FSW are 
found to be stronger than the comparable resistance spot 
welded and riveted lap joints [4]. High quality of welds, 
cheaper price, ability to weld various types of hard–to–
weld metals & non-metals is yet another reason for 
choosing FSW to join AZ80A Mg alloys.  
 
2. METHODOLOGY 

Magnesium alloy is taken as the base material in 
this present investigation. AZ80A Mg alloy were 
obtained in the required dimensions (150 mm X 50 mm 
X 5 mm) by machining the rolled plates of AZ80A Mg 
alloy. The chemical compositions and mechanical 
properties of AZ80A wrought magnesium alloy are 
listed in Table 1. 

Table 1 Chemical compositions & mechanical 
properties of AZ80A Mg alloy. 

Alloy 
Composition 

Wt % 
Mechanical 
Properties 

Al Zn Mn Mg Tensile 
Strength 

Yield 
Strength 

AZ80A 
Mg  alloy 7.8 0.7 0.3 Bal 

290 
Mpa 

193 
MPa 

 
A semi-automatic FSW machine (10kW; 1500 

rpm; 5 Ton) was used in this investigation. The FSW of 
the Mg alloys were performed by firmly securing the 
flat plates with the help of specially designed fixtures as 
illustrated in Figure 1. 

 
 
  

 
 
 
 
 
 
 
 
 
 
Figure 1 Arrangement of AZ80A Mg Alloy plates along 

with the with taper cylindrical pin profiled tool. 
 
 

2.1  Tool Material and Design 

The tool pin profile design has a direct impact on 
the plastic flow thereby influencing uniformity of the 
FSW welded joints [5]. Figure 2 illustrates the 
photographic view of the 3 different HSS tool pin 
profiles used in this investigation. 

 

 
Figure 2 HSS tools with straight square, straight 

cylindrical & taper cylindrical pin profiles. 



Sevvel and Jaiganesh, 2015 
 

145 
 

3. RESULTS AND DISCUSSION 

AZ80A Mg flat plates are successfully joined by 
means of FSW process using three different pin profiled 
HSS tools at various tool rotational speeds by applying 
a constant axial force at uniform feed rate. Photographs 
of the series of FSW joints fabricated under above 
mentioned conditions are shown in Figure 3. 

 

 
Figure 3 Photographs of the part of the joint specimens 
fabricated by FSW using the three different tool profile 

and various rotational speeds. 
 

3.1 Tensile Strength 

 By analyzing the macro and microstructures of the 
joint surfaces fabricated in this investigation, it was 
observed that the geometry of the tool pin profile and 
axial force value had played a significant role in 
determining the quality of the weld and defect free 
sound weld joints were obtained during the use of tool 
with taper cylindrical pin profile at 1500 rpm. 

Procedures prescribed by the ASTM standard 
guidelines were adopted during the preparation of the 
specimens for carrying out the tensile tests. The joints 
produced using taper cylindrical pin profiled tool 
geometry at a tool rotational speed of 1000 rpm 
exhibited better tensile properties compared to joints 
fabricated under other conditions. 

By carefully examining the microstructural images 
of the base metal and defect free joint shown in figure 4, 
it can be visualized that the coarse unevenly distributed 
grain structure of the base metal have been transformed 
into an uniformly distributed fine grain structure at the 
nugget centre region in the fabricated joints.   
 

  
Figure 4 Micrographs of the AZ80A Mg alloy base 
metal & nugget zone of defect free joint specimen. 

 
 

3.2 Distribution of Microhardness 

 The values of micro hardness of the welded 
specimens fabricated using the taper cylindrical pin 
profile at various tool rotational speeds are graphically 
demonstrated in the Figure 5. By producing very fine 
grain sizes in the nugget zone compared with that of the 
base metal, higher values of hardness was achieved in 
the nugget zone of these joints.  
 

 
Figure 5 Graphical representation of micro hardness 

values under different conditions. 
 

3.3  Losses Due To Wear 

 Further, it can be seen that the refined fine grain 
size and uniform distribution grain in the nugget zone 
leads to minimum wear losses compared with the coarse 
& large grain structures. Finally, it was evident that the 
taper cylindrical pin profiled tool produces minimum 
wear losses at 1000 rpm. 
 
4. CONCLUSIONS 

The results produced in the present investigation 
allow us to draw the following conclusions:  
a) The joints welded using the taper cylindrical pin 

profiled tool at 1000 rpm exhibited higher tensile 
strength of 234 MPa, yield strength of 156 MPa, 
elongation of 7.1%.  

b) Materials having smaller sizes of grains are found 
to possess higher values of hardness or greater 
strength. 

c) It was experimentally observed that the wear 
losses are minimum at the highest tensile strength 
values. And the minimum wear losses were 
experienced in the specimens fabricated using 
taper cylindrical pin profiled tool at 1000 rpm. 
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ABSTRACT – In this paper, the role of as-received 
(rCF-AR) and cryogenic treated (rCF-T) recycled carbon 
fiber (rCF) reinforcements were investigated on the 
tribological behavior of epoxy composites by using a 
micro pin-on-disc tribotester apparatus under dry sliding 
condition. The wear behavior of the composites was 
analyzed based on three different sliding velocities at a 
constant load and constant sliding distance. The results 
showed the reinforcement effect of rCF-T as compared to 
rCF-AR has enhanced the wear resistance of epoxy 
composite, which are attributed by the improved 
adhesion between the treated rCFs and epoxy matrix.  
 
1. INTRODUCTION 

 The current trend of carbon fiber reinforced 
thermoset polymer composite material has formed a very 
important class of tribo-engineering materials in non-
lubricated condition. This is particularly due to their 
lightweight as compared to conventional materials. In 
addition, carbon fiber improved mechanical and 
tribological properties of epoxy composites [1]. Due to 
their advantages, this has posed the approaching needs to 
recycle and reuse the non-biodegradable carbon fiber 
composites’ waste in the landfills. 
 A composite’s wear performance is determined by 
the interfacial adhesion of the fiber/matrix. Therefore, the 
cyclic cryogenic treatment was introduced to promote 
strong interfacial bonding between the fibers and the 
matrix as reported by researchers [2, 3]. The treatment 
has proven to shell off remnant of epoxy resin as well as 
the weak amorphous carbon layer along the recycled 
carbon fiber surface [3], leading to increase surface 
roughness of the fibers that provide more active sites for 
better adhesion of the fiber with the freshly introduced 
matrix [4]. 
 In this study, the wear behaviors of as-received and 
cryogenic treated recycled prepeg carbon fiber reinforced 
epoxy composites are compared at different sliding 
velocities at a constant load to understand the effect of 
the reinforcements on the wear mechanisms of 
composites.  
 
2. METHODOLOGY 

2.1 Materials 

 Thermoset liquid epoxy resin made from 
Bisphenol-A and Epichlorohydrin cured by modified 
liquid amines used in this study as the matrix polymer 

was supplied by Chemrex Corporation Malaysia. As 
received (rCF-AR) and cryogenic treated (rCF-T) are 
used for the study. rCF-T was prepared by immersing 
rCF-AR carbon fiber in liquid nitrogen for 3 minutes and 
then exposed to the room temperature until the rCFs 
temperature reached 22 to 24 ºC for 25 times .The surface 
morphologies of the rCFs were observed using scanning 
electron microscope (SEM). The average diameter of the 
recycled carbon fiber is approximately 7.6 µm with an 
average fiber length of about 90 µm.  
 
2.2 Fabrication of Epoxy Composites 

 The rCFs were homogeneously dispersed in epoxy 
resin through ultrasonic dispersion for 10 minutes using 
an ultrasonicator (UP100H, Hielscher). After dispersion, 
the mixtures were then added with a hardener followed 
by mechanical stirring at 99 rpm under vacuum for 10 
minutes in Vacuum Casting Machine. The well-mixed 
composites were then flowed into silicone mold pattern 
in the vacuum environment. The composites were left to 
cure at room temperature for 24 hours. The composition 
of the composites:  EP/rCF-AR (epoxy reinforced as-
received rCFs) and EP/rCF-T (epoxy reinforced treated 
rCFs) was 90 wt. % of epoxy resin and 10 wt. % of rCFs.  
 
2.3 Wear Test 

 Micro pin-on-disc tribotester (CM-9109, Ducom) 
as per ASTM G99 was utilized for the dry sliding wear 
experiments at room temperature to study the wear 
behavior of the composites. The counter-body of the wear 
disc is made of EN-31 steel hardened with an average 
initial surface roughness of 0.2 µm and hardness of 58-
60 HRc. The tests were carried out at a constant load of 
16 N with three sliding velocity of 0.4, 0.7 and 1.0 m/s 
under sliding distance of 21,579 m. After each wear test, 
the difference between the initial and final weight of the 
specimen was noted as a measure of wear loss to 
calculate the specific wear rate of the composite. For each 
composition, the specific wear rate was obtained by 
taking the average of three calculated values. After wear 
test, wear debris was collected for analysis. 
 
2.4 Morphology Observation 

The worn surfaces and wear debris were examined 
using scanning electron microscope (Evo 50, Carl Zeiss) 
to reveal the influence of fibers on the corresponding 
wear behavior and to understand the possible wear 
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mechanism. 
 
3. RESULTS AND DISCUSSION 

 Both the as received and cryogenic treated carbon 
fibers are shown in Figure 1.  It is apparent that epoxy 
resins were removed from cryogenic treated recycled 
carbon fiber. 
 

 
Figure 1 SEM surface morphologies recycled carbon 

fiber: a) as-received b) after cyclic cryogenic treatment. 
 
 The wear test results of the epoxy composites are 
presented in Figure 2.  
 

 
Figure 2 Specific wear rate of epoxy composites in 

conjunction with different sliding velocities with the 
constant load of 16 N and sliding distance of 21,579 m. 

 
It is seen that the wear resistance of all EP/rCF-T 

composites improved significantly compared to EP/rCF-
AR composites.  The results revealed that the 
reinforcement effect of treated carbon fibers proven to be 
beneficial to improve the wear resistance, reflecting the 
importance of fiber/matrix interfacial bonding.  

For EP/rCF-AR composites, fatigue wear is the 
main mechanism responsible for the material loss as 
shown in Figure 3(a). It also indicate that the 
particle/matrix interaction is not strong enough to resist 
the repeated shear loading during wear test [5]. When the 
breakage of epoxy matrix occurs, the fibers are easily 
being removed, because the local support of the matrix is 
missing [6]. Consequently, the specific wear rate is 
higher. Meanwhile, for EP/rCF-T composites, the worn 
surface become less coarse as shown in Figure 3(b), 
implying that that a major share of normal load was 
supported by the fibers. Therefore, fiber thinning, 
breakage and peeling off are the dominant wear modes. 
The fibers were always removed gradually and thus 
contributed to the enhancement of the wear resistance 
[6].  

The depth of the peeled-off wear debris 
measurement further complies with the wear results. The 
wear debris measurements are shown in Table 2. The 
detached peeled-off large fiber debris of EP/rCF-AR 

could then act as third body abrasive that increases the 
wear rate of epoxy composites. 

 

 
Figure 3 SEM morphologies of worn surfaces of a) 

EP/rCF-AR b) EP/rCF-T at 1.0 m/s with the constant 
load of 16 N and sliding distance of 21,579 m. 

  
Table 2 Wear debris measurements. 

Materials Depth (µm) 

rCF-AR 8.190 ± 0.27 

rCF-T 6.546 ± 0.22 
 
4. CONCLUSIONS 

In this study, it can be concluded that the addition 
of cyclic cryogenic treated recycled carbon fiber is a 
valuable product worth to be reused in new composite 
material to serve as reinforcement as it improved the 
tribological feature of epoxy composite. This is due to the 
well-adhered recycled carbon fiber on the matrix. 
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ABSTRACT – This paper presents an experimental 
work to determine the effect of kenaf fibre loading in the 
polyester matrix through dry sliding test. These 
composites were produced by mixing raw kenaf fibre 
with polyester resin. The samples were prepared at 5 
different weight percentages of fibre namely: (5, 10, 15, 
20 and 25 wt%). Abrasion Tester (TR-600) was used to 
carried out abrasive wear tests in dry sliding conditions. 
These tests were performed at 10N load and constant 
sliding velocity of 1.5m/s. The specific wear rates of 
natural fiber composites were obtained. The morphology 
of composite surface before and after tests was also 
examined using 3D microscope imaging.  
 
1. INTRODUCTION 

Fiber can be classified into two components; man-made 
and natural fiber. The natural fiber can come from plant, 
animal and also mineral. The most common type of plant 
fiber is kenaf. Usage of natural fibers as a reinforcement 
for polymer composites are well known for major studies 
because of their properties such as lightweight, 
renewability, low density, high specific strength, non-
abrasive, combustibility, non-toxicity, low cost and 
biodegradability [1,2]. 
Wear was defined as the loss of material from any 
contacting surface when subjected to relative motion. 
Other definitions of wear were any form of surface 
damage due to rubbing process on one surface against 
another. Abrasive wet test also known as erosion test or 
slurry test defined as loss of material under lubricating 
contact. Previous study on dry sliding experiment define 
Specific wear rate, Ws, as [2-5], 
 
Ws= (Δm) / (L x ρ x F) (1) 
 
Where, Ws in (mm3/Nm); Δm is weight loss (g); F is 
applied load (N), ρ is density (g/mm3) and L is sliding 
distance (m). 

 
2. EXPERIMENT SETUP 

2.1 Kenaf Fibre Composite 

Kenaf Fiber with Polyester Composite was supplied by 
Innovative Pultration Sdn. Bhd. Polyester Resin was 
supplied by Mostrong Industries Sdn. Bhd. The kenaf 
fibres loading used in the composite was 5, 10, 15, 20 and 
25 wt%. From previous research have been done before, 
the proses of sample preparation can be summarized as 
Figure 1.  

 
Figure 1 Fabrication of specimen. 

 
2.2 Experimental Setup 

 Abrasion Resistance Tester (TR-600) was used in 
this sliding wear test. Kenaf fibre composite sample was 
attached to the rotational disc and put in contact with two 
rotating abrasive wheels made of vitrified bonded silicon 
carbide. Before each test, abrasive wheels were cleansed 
from any dust using a dry brush. The size of the 
composite sample is 122 mm in diameter and 5 mm 
thickness. Summary of the operational conditions was 
tabulated in Table 1. The amount of weight loss for each 
specimen was measured before and after the test at 
suitable intervals by weighing the disc specimen to an 
accuracy of +0.0001g using a precision balance. Specific 
wear rate at each operating condition was determined 
using equation (1). 

The surface condition of each material sample was 
also analyzed using an optical 3D surface measurement 
device. From the 3D surface measurement, details of the 
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surface morphology and the surface roughness were 
obtained. Infrared camera (PTI 160) was used to capture 
the thermal distribution at the contact of the surface. 
 

Table 1 Operational parameters in abrasion test. 
Parameters Experimental conditions 

Contact Geometry Cylinder on Flat 

Applied load (N) 10 

Sliding Speed (m/s) 1.5 

Sliding distance (m) 2000 to 10000 at interval 
of 2000 

 
3. RESULTS AND DISCUSSIONS 

The results obtained from experiment for specific wear 
rate was shown in Figure 2. Specific wear rate of 20% 
and 25% of kenaf had a smaller wear rate after 2000m 

 

 
Figure 2 Specific wear rate of Kenaf composite over 

distance. 
 

Observation on surface morphology gives the 
surface roughness of kenaf composite. Average surface 
roughness (Ra) for before and after tests were tabulated 
in Table 2. 

 
Table 2 Surface roughness before and after test. 

Sample 
Average Surface Roughness (Ra) 

Before After 
5% 1.601 1.553 

10% 2.350 2.225 
15% 2.601 2.373 
20% 2.896 2.601 
25% 3.366 2.817 

 
Thermal distributions at the abrasive wheel contact were 
captured for selected samples as shown in Figure 3. The 
maximum temperature values recorded was 39.2oC. This 
data enable us to know the composite condition due to 
friction.  

 

 
Figure 3 Thermal distribution at abrasion wheel. 

 
4. CONCLUSIONS 

From this study it can be concluded that 
composition of kenaf fibre had an effects to specific wear 
rate of the composite surface. Besides, surface roughness 
of test sample is increased with increasing of fiber 
loading. 
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ABSTRACT – In the present work, tribological study 
of nano particle based mineral oil has been carried out 
using pin-on-disk apparatus. Graphite(macro 
particles),multi wall carbon nano tube(MWCNT) and 
zinc oxide(ZnO) nano particles are used as additives on 
weight percentage basis(wt.%). It has been observed 
that MWCNT based lubricant sample shows significant 
decrease in frictional properties and wear than graphite 
based and pure mineral oil at an optimum additive 
concentration of 0.05wt.%. Flash point, fire point and 
viscosity also increases with the increase in addition of 
additives(nano and macro). SEM images shows high 
roughened surface in case of pure mineral oil and 
mineral oil with graphite as compared with 
nanoparticles based lubricant. 
 
1. INTRODUCTION 

 With the advent in technologies and awareness of 
environmental pollutions many additives such as 
sulphur and phosphorous etc. has been discontinued. 
Researchers are now looking into the concept of 
“minimal additivation”. Nanoparticles have attracted 
researchers because of their superior mechanical and 
physical properties. It has also been observed that the 
addition of nano particles has enhanced the anti-wear 
and load bearing capacity of the lubricant. Researchers 
have also proposed various mechanisms [1-4] which are 
responsible for improving the tribological behaviour of 
nanolubricants.  
 
2. METHODOLOGY 

 Commercially available industrial gear mineral oil 
of viscosity 460cSt has been procured from local oil 
supplier. Mineral oil 460cSt has been chosen as it is 
commonly used in gear boxes of process plants. 
Graphite(0.2wt.%), multi wall carbon nano tube and   
zinc oxide nano particles  
(0.05wt.%,0.1wt.%,0.15wt.%,0.2wt.%)  are suspended 
in mineral oil to formulate the nano lubricant which is to 
be used during tribo testing. The anti- wear tests were 
carried out using a pin-on-disk tribometer 
(Make:Ducom.Model TR20).The pin material chosen is 
EN24 (hardness 12HRc) as it finds its application in 
gear manufacturing. The disc of pin on disc is EN 
31(hardness 60 HRc). Approximately 5±0.2mL 
lubricant was used during the test under 120N normal 

load and 0.7m/sec sliding speed. The pin was 10mm in 
diameter and 25mm in length. All pins were cleaned 
with acetone and dried before and after the tests. Oil 
was supplied drop by drop at the interface in order to 
maintain thin film lubrication/boundary lubrication [3].  
Each test was performed six times and the average value 
of the test has been shown in this work. The surfaces of 
the worn pins were characterized using SEM. EDS of 
the pin surfaces were also performed to investigate the 
lubrication mechanism. 
 
3. RESULTS AND DISCUSSIONS 

3.1 Analysis of Viscosity 

 As observed from Table 1, the viscosity decreased 
with the increase in temperature but increased with the 
increase in concentration of the additives. As the 
concentration of nano particles increase they 
agglomerate and tend to form larger and asymmetric 
particles which prevents the movement of oil layers 
over each other; thus, increasing viscosity [4]. 
 

Table 1 Viscosity of lubricant. 

Oil Sample Viscosity at 
40⁰C (cSt) 

Viscosity at 
100⁰C (cSt) 

MO 390.28 33 
MO+ 0.2wt.% 
Graphite 420.07 30.86 

MO+ 0.05wt.% 
MWCNT 418.36 33.17 

MO+ 0.1wt.% 
MWCNT 422.19 33.68 

MO+ 0.15wt.% 
MWCNT 429.1 34.09 

MO+ 0.2wt.% 
MWCNT 429.55 35.46 

MO+ 0.05wt.% ZnO 440.22 32.02 
MO+ 0.1wt.% ZnO 439.93 33.13 
MO+ 0.15wt.% ZnO 439.95 33.24 
MO+ 0.2wt.% ZnO 441.81 39.47 

 
3.2 Flash and Fire Point 

 As observed from Table 2, both flash and fire point 
increases as the concentration of nano particles 
increases.  
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Table 2. Flash and fire point of lubricants. 

Oil Samples Flash Point(⁰C) Fire 
Point(⁰C) 

MO 220 262 
MO+ 0.2wt.%Graphite 222 285 
MO+ 0.05wt.% MWCNT 230 302 
MO+ 0.1wt.% MWCNT 230 310 
MO+ 0.15wt.% MWCNT 230 315 
MO+ 0.2wt.% MWCNT 230 318 
MO+ 0.05wt.% ZnO 222 262 
MO+ 0.1wt.% ZnO 230 285 
MO+ 0.15wt.% ZnO 230 295 
MO+ 0.2wt.% ZnO 240 310 

 
3.3 Analysis of Co-Efficient Of Friction and Specific 

Wear Rate 

 An increase in weight gain in the pins (after tribo 
test, Table 5) has been observed in case of all ZnO 
nanoparticles based lubricant tested pins but no such 
situation is observed in MWCNT based lubricants 
(Table 4). It may be due to the tribo chemical reaction 
between ZnO, base lubricant and EN 24 or may be due 
to adhesive wear. The result of ZnO looks little unusual 
and will be checked again. 
 

Table 3. Co-efficient of friction. 
Oil Samples COF 
MO 0.0430 
MO + 0.2%Graphite 0.0310 
MO+0.05wt.% MWCNT 0.0170 
MO + 0.1wt.% MWCNT 0.0260 
MO + 0.15wt.% MWCNT 0.0310 
MO+ 0.2wt.% MWCNT 0.0320 
MO + 0.05wt.% ZnO 0.0300 
MO + 0.1wt.% ZnO 0.0220 
MO+ 0.15wt.% ZnO 0.0230 
MO+ 0.2wt.% ZnO 0.0231 

 
Table 4. Weight loss and Specific wear rate after pin on 

disk experiment using MWCNT. 

Oil Samples 

Initial 
wt. of 
pins 
(g) 

Final 
wt.of 
pin  (g)  

Volume 
loss    
x 
10⁻ ¹⁰  
(m³) 

Specific 
wear 
rate x 
10⁻ ¹⁴  
(m²/N) 

MO 15.818 15.8164 2.5518 2.02  
MO+ 
0.2wt.%Graphite 15.594 15.5938 1.0936 0.864 

MO+ 0.05wt.% 
MWCNT 15.316 15.3157 0.9721 0.768 

MO + 0.1wt.% 
MWCNT 15.250 15.249 1.2151 0.864 

MO+ 0.15wt.% 
MWCNT 15.208 15.206 3.4025 1.73 

MO + 0.2wt.% 
MWCNT 

15.454 15.450 4.8670 3.12 

 
4. CONCLUSIONS 

 The friction reduction properties of mineral oil can 
be enhanced by adding multi wall carbon nano tubes 
and ZnO nano particles. The MWCNTs and ZnO 
nanoparticles exhibits mechanism such as – nano 
bearing and protective layer [2] which protects the 
parent material from wearing. MWCNTs exhibits better 

anti wear property than ZnO and the required quantity 
of MWCNT is much lesser than ZnO nano particles and 
graphite. The pin surfaces as observed in Figure 1, are 
rougher with micro cracks and pits in case of mineral oil 
as compared with nano particles based lubricants. There 
exists an optimum concentration of 0.05wt.% MWCNT 
and 0.1wt.% ZnO nanoparticles beyond which frictional 
properties increases. The present work would be helpful 
in formulating new nano lubricants. 

 
Table 5 Weight gain and specific wear rate using ZnO 

based lubricant. 

Oil 
Samples 

Initial 
wt. of 
pins 
(g) 

Final wt. 
pin 
(g) 

Volume 
gain  
x 10⁻ ¹⁰  
(m³) 

Specific 
wear 
rate 
x 10⁻ ¹³ 
(m²/N) 

MO+ 
0.05wt.% 
ZnO 

15.1888 15.1996 1.3 1.061 

MO+ 
0.1wt.% 
ZnO 

15.8202 15.8291 1.1 0.8750 

MO+ 
0.15wt.% 
ZnO 

15.1749 15.185 1.2 0.9930 

MO+ 
0.2wt.% 
ZnO 

15.8686 15.8855 2.1 1.6715 

       

 
Figure 1 SEM micrographs of (a) Mineral oil (b) 
Mineral oil+ 0.5wt.% graphite (c) Mineral oil + 

0.05wt.% MWCNT (d) Mineral oil + 0.1wt.% ZnO. 
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ABSTRACT – A series of lube thickness matrix using 
Demnum-typed perfluoropolyether (PFPE) lubricant 
embedded with small traces of additive (ADOH) were 
evaluated so as to determine the head-disk interface 
(HDI) tribological performance of magnetic disks. The 
thickness of the main PFPE coated on the magnetic 
disks was varied from 6.5Å to 10.5Å, with the 
increment of 1.0Å for each condition. HDI tribological 
performance of these thin films in terms of flying 
characteristic and media durability were investigated 
based on the head touchdown, altitude-drag and burnish. 
The results obtained revealed that the HDI performance 
were strongly dependent on the lubricant thickness.   
 
1. INTRODUCTION 

To date, with the requirement of achieving 
anticipated areal density capacity of future rigid 
magnetic disk, the spacing between the read-write 
element and the rigid disk surface in hard disk drives 
has become critically small and narrow (1-2 nm) [1]. 
The magnetic layer in recording media is protected by a 
diamond-like carbon over coat together with a layer of 
lubricant applied on top of it. The boundary lubricant of 
choice in today hard-disk drives (HDDs) continues to be 
perfluoropolyether (PFPE), preferably with functional 
end groups. This is to enhance its absorption to the 
magnetic disk carbon overcoat thin film. This allows the 
lubricant to be retained onto the disk surface for 
extended period in an extreme environment such as high 
temperature and high rotation rates [2]. Hence, in the 
current hard-disk drive systems, a molecularly thin film 
of 1.0-1.5 nm perfluoropolyether lubricant is topically 
applied to the carbon overcoat of the magnetic recording 
media to reduce the stiction force and wear when the 
head-disk contact each other [3].  

Magnetic disks of 65mm in diameter were coated 
with different thickness of PFPE lubricant with mixture 
of additive. HDI flyability performance was evaluated 
based on the touchdown power of the head slider when 
the slider’s pole tip area was thermally expanded and 
protruded until it touched the disk surface. The HDI 
reliability was measured based on the head burnish of 
slider trailing edge after continuous contact between 
slider and disk surface. The altitude drag measurement 
of magnetic disk under low pressure condition to obtain 
the failure point from the interface friction between disk 
and head was introduced as the durability test. The work 
reported herein addresses some of the advantages and 

drawback of lubricant thickness towards HDI properties 
and thus provide a trade-off balance and direction for 
the optimization of the HDI performance. In particular, 
we investigate the HDI flyability and durability as a 
function of D4OH film thickness with traces of ADOH 
additive as there are relatively few studies on this kind 
of lubricant mixture in the tribology application of 
magnetic disk. 
 
2. METHODOLOGY 

The PFPE lubricant and additive used in this work 
were commercially obtained from Moresco Corporation 
(Japan) under the tradename of D4OH and ADOH. The 
lubricants were applied to the disks from the solution of 
fluorinated solvent (known by its trade name Vertrel) 
marketed by Dupont using a standard dip-coating 
method in which the film thickness after dipping was 
quantified using FT-IR spectroscopy method (grazing 
angle). Table 1 shows the lubricant conditions matrix of 
the magnetic disks used in this study. Lubricant bonding 
ratio (%) was represented by the percentage ratio of 
residual lubricant thickness after rinsing with Vertrel to 
the initial lubricant thickness before rinse. The magnetic 
media used in this experiment were 65-mm diameter 
rigid glass disks. They were sputtered with layers of 
chromium and cobalt-based magnetic recording alloy, 
and nominally of amorphous nitrogenated carbon 
overcoat, CNx. Surface energy profile of PFPE-
lubricated disk was determined using water (γl

d = 21.8 
mN/m, γl

p = 51.0 mN/M) and n-hexadecane (γl
d = 27.5 

mN/m). The contact angles (θ) made between a liquid 
and a solid surface were measured through the sessile 
drop method using a Kyowa contact angle meter. The 
Giriflaco-Good-Fowkes-Young equation was used to 
calculate the surface energies from the measured contact 
angle data [3]. 

 
Table 1 PFPE lubricant, additive thickness and bonded 

ratio used to investigate the film thickness effect. 
No. D4OH 

thickness (Å) 
ADOH 

thickness (Å) 
Bonded 

ratio (%) 
1 6.5 1.5 75% 
2 7.5 1.5 75% 
3 8.5 1.5 75% 
4 9.5 1.5 75% 
5 10.5 1.5 75% 
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3. RESULTS AND DISCUSSION 

The measured surface energy of the lubricated 
media disk was outlined in figure 1. From the result, it 
was clear that the measured total surface energy reduced 
upon increasing the lubricant thickness. This tendency 
could be interpreted in terms of lubricant coverage 
whereby for magnetic disks having thicker lubricant, the 
fraction of the high energy carbon surface covered by 
the low surface energy liquid increased, thus resulted a 
lower total surface energy [4]. 
 

 
Figure 1 Total surface energy (γ), dispersive (γd) and 
polar (γp) components of thin films of PFPE derived 

from water and n-hexadecane (unit, mN/m). 
 

The measurement results of touchdown power for 
magnetic hard disk as a function of lubricant layer 
thickness was depicted in figure 2. In terms of the HDI 
flyability, the touchdown power tends to reduce when 
the PFPE thickness increases. A decrease of touchdown 
power represents a reduction or loss in the flying 
characteristics. The thinner lubricant showed 
approximately 4.7 mW improved touchdown between 
the slider and the disk surfaces. This result was fully 
expected on the basis of thinner film allows lower flying 
before onset of pole tip region-disk interference. 
 

 
Figure 2 Different lubricant layer thicknesses towards 

the head flyability touchdown power performance. 
 

Higher burnish implies that the amount of wear to 
the magnetic head protruding element by the magnetic 
disk is high. Based on figure 3, thinner D4OH thickness 
was prone to higher burnish rate. As the PFPE thickness 
increased, the burnish rate improved significantly. The 
magnetic disk durability in terms of altitude-drag test as 
a function of lube thickness was depicted in figure 4. A 
higher wear resistance (kPass) implied better durability 
of the media. It was clear from the plot that once the 
lubricant thickness reaches >9.5Å, the altitudes drag 

increased significantly. Even though there was only 
1.0Å difference, but the wear resistance increased from 
32.0 to 152.  kPass. The durability was greatly improved 
for lubricant having thickness more than 9.5Å above as 
faster replenishment of the lubricant by the free mobile 
lubricant layer could occur on the disk surface, thus 
enhances the wear durability of the slider head. 
  

 
Figure 3 Relationship between lubricant layer thickness 

and the burnish rate. 
 

 
Figure 4 Altitude drag durability test according to the 

PFPE thickness. 
 
4. CONCLUSION 

Overall, the effect of D4OH main lube thickness 
with mixture of ADOH on the HDI performance was 
investigated. The results of this experiment were found 
to be consistent with the interpretation that high and low 
lube thickness possess strong relation with the HDI 
flyability and durability. 
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ABSTRACT – Thermal degradation of graphene based 
mineral oil lubricants was studied using 
thermogravimetric analysis (TGA). As-synthesized 
graphene sheets of 8, 12, 60 nm thick, engine-oil 
formulation of API standard 20W50 SN/CF, SJ/CF and 
base mineral oils 150, 500, 2100 SUS were used for 
synthesizing various test samples. FTIR, XRD, FESEM, 
EDX, zeta potential and UV-vis spectrophotometry was 
used to characterize graphene and nanolubricants. 
Thermal gravimetric analysis (TGA) revealed that the 
weight loss in the presence of graphene could be 
delayed by more than 20 °C. Resistance to oil 
degradation depends strongly on graphene nanoparticle 
size, concentration and heating rates. Moreover, with the 
addition of graphene, SN/CF oil formulation shows 
better enhancement than SJ/CF under most parameters. 
The reasons for this phenomenon could be attributed to 
graphene's large surface area, stable dispersion and 
Brownian motion of graphene flakes. 
 
1. INTRODUCTION 

 Improving lubricant properties has been an 
indispensable area of research for many decades. 
Several additives were introduced to enhance thermal 
and lubricating properties of the lubricants yet the 
efficiency is compromised. Recently it was shown that 
the addition of nanometer sized (1-100 nm) particles to 
liquids could significantly enhance various properties of 
base fluids. Such nanoparticle suspensions are widely 
known as nanofluids or nanolubricants [1]. CNT 
nanofluids were found superior to most of the metallic 
and oxide nanofluids in terms of enhanced thermal 
conductivity. Nonetheless, the discovery of graphene 
nano-flakes [2] made it possible to synthesize 
nanofluids with much better efficiency. Graphene nano-
flakes are made of one layer of atomic carbon with 
theoretical specific surface area up to 2600 m2/g. In 
addition, it has excellent in-plane thermal conductivity 
which can be as high as 5200 W/m-K [3]. Although a 
few oil based nanoparticle suspensions have been 
investigated [4, 5] for its thermal conductivity and 
viscosity, SAE standard engine oil formulation based 
graphene nanolubricants have not been thoroughly 
investigated. In this study, we have investigated the 
thermal degradation of graphene based API standard 
SN/CF and SJ/CF 20W50 engine oil formulations using 

TGA. The experimental results were also compared 
with TGA kinetic models. 
 
2. MATERIALS AND METHODOLOGY 

 Graphene flakes (Table 1) were purchased from 
Graphene Labs Inc, USA. The graphene powder was 
suspended in mineral oil at 0.01 wt% concentration 
(Figure 1). To ensure proper mixing of the nanoparticles 
in oil, stirring and sonication was performed for 4 hours 
using bath-sonicator (JAC Sonicator 1505, 4 kHz). The 
samples were physically monitored to examine settling 
of nanoflakes. UV-Vis spectroscopy (Perkin-Elmer 
Lambda 35) was performed to confirm the characteristic 
peak of the samples.  
 

Table 1 Graphene dimensions as per supplier. 

Material 
(thickness, nm) 

Specific 
surface area 

Lateral 
dimensions (nm) 

Graphene (60) <15 m2/g 3000 - 7000 
Graphene (12) 80 m2/g 

 
1500 - 10000 

Graphene (8) -100 m2/g 150 - 3000 
 

 
Figure 1 Engine oil samples (0.01wt%) representing 

stability. A – 20W50 SJ/CF+G60 nm; B-1:20 dilution of 
A; C – 20W50 SN/CF+G60 nm; D-1:20 dilution of C; E 

– 150 SUS; F – 500 SUS; G - 2100 SUS. 
 
 The graphene nanoflakes were mounted on stubs 
with conductive carbon tape and coated with platinum 
using JEOL JFC-1600 auto fine coater. All the samples 
were analyzed for their morphology and elemental 
compositions with energy-dispersive X-ray 
spectroscopy (EDX) using SEM (JOEL JSM 6400 LV, 
Japan). Thermal degradation studies were performed 
using Simultaneous Thermal Analyzer (STA) 6000, 
Perkin Elmer. Oil samples (<15 mg) were analyzed 
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under nitrogen gas at a flow rate of 20 ml/min. The 
samples were maintained at 30°C isothermal state and 
then gradually raised up to 800°C with a heating rate of 
5°C/min, 10°C/min, 15°C/min and 20 °C/min according 
to the desired experiment.  
  
3. RESULTS  

 The characteristic spectra of graphene 
nanolubricant were observed for various concentrations. 
The absorbance was increasing with the increase in 
concentration and the peak was observed approximately 
at 225 nm wavelength.  

 

 
Figure 2. Scanning electron microscope graphs of 

graphene: 60, 12 and 8 nm thick. 
 

 The SEM images with 2 µm magnification shows 
the physical nature of graphene flakes in powder form, 
Figure 2. The as-synthesized graphene is hydrophobic in 
nature and it does not disperse well in polar solvents. 
After EDX analysis, using quantitative method the 
graphene flakes were analyzed and normalized results 
were obtained. The composition comprised of C - 
92.89% and Zr – 7.11%. Although the dispersion was 
not observed under a microscope, it is expected that the 
sonication would enable the graphene flakes to disperse 
uniformly. Zeta potential results (not shown) indicate 
that that functionalized graphene in water and the as-
synthesized graphene in the oil formulation is stable 
over a month. Particle agglomeration, hydrophobicity, 
fluid polarity, surface charges of the particle and other 
factors determine the stability of the suspensions. The 
pure base mineral oil as seen in the figure 1 has poor 
stability owing to particle agglomeration and strong 
nonpolar nature. 
 
3.1    Thermogravimetry Results 

 Figure 3 indicates that the addition of graphene 
could delay the oxidation by around 20 °C. Moreover, 
the weight loss during the oxidation could be delayed by 
over 20-40 °C. The size has considerable effect on the 
thermal conductivity, and as a result affects the weight 
loss. Figure 4 shows that similar thermal behavior could 
be observed in SJ/CF oils however, the enhancement is 
comparatively low when compared with SN/CF. 
 It is well known from the existing reports on 
nanofluids that the inherently stochastic motion of 
nanoparticles could be a probable explanation for the 
thermal conductivity enhancement since smaller 
particles show greater enhancements of thermal 
conductivity with temperature. Similarly, elevated 
temperature might modulate random motion of 
graphene nanoparticles in fluid and thus resulting in 
considerable enhancement of thermal properties. 
 

 
Figure 3 TGA plots with a heating rate of 5 °C/min 

under nitrogen. 
 

 
Figure 4 TGA plots of SJ/CF oil with a heating rate of 5 

°C/min under nitrogen. 
 
4. CONCLUSION 

 The addition of graphene to mineral oils can 
significantly enhance the thermal properties. The 
enhancement depends on graphene size, concentration 
and heating rates. Stability of the nanolubricant is vital 
to retain the enhanced thermal properties. 
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ABSTRACT – In this paper, the effect of boundary slip 
and surface texturing on the lubrication performance is 
discussed, based on a CFD model.  In order to model 
hydrophobicity, the enhanced user-defined-function 
(UDF) in the FLUENT package was developed. It is 
shown that a hydrophobic textured surface is superior to 
a hydrophilic textured one.  The results also show that 
compared to a well-chosen complex boundary slip flat 
surface, a textured surface is still less efficient to 
increase the load support even if the hydrophobic 
property is used in the textured region.  
 
1. INTRODUCTION 

 Miniaturization as well as the rapid development 
of micro-electro-mechanical-systems (MEMS) has 
attracted great attention. Many MEMS devices include 
moving (sliding/rolling) surfaces and thus it is necessary 
to apply a lubricant between the contacting surfaces to 
reduce friction and wear. The general purpose of  
lubrication is to minimize friction, wear, and heating of 
machine components which move relative to each other. 
In order to improve the lubrication performance, 
boundary slip and surface texturing have been 
introduced. As known from previous research, surface 
texturing as well as surface slippage is an effective 
means of controlling lubrication performance in 
lubricated sliding contacts [1-10]. The most promising 
technique originates from investigations by modifying 
the contacting surface in a controlled way by laser 
surface texturing (LST).    

The analysis of textured and/or slip surface system 
generally has been carried out using the Reynolds 
equation [1-4,7-10]. However, with the increase of 
complex geometries for which the Reynolds equation is 
unsuited and the availability of user-friendly, 
commercial CFD codes based on the Navier-Stokes 
equations, the application of CFD simulation is quite 
effective [5,6]. 

In this paper, a user-defined-function (UDF) to 
model boundary slip in the FLUENT® package is 
developed to simulate the effect of a hydrophobic 
surface in a deterministic way. In the computations 
conducted, the predicted lubrication performance 
(pressure and thus load support) induced by boundary 
slip and surface texturing is simultaneously evaluated 
and compared with the performance of an optimum 

operating smooth (without texturing) sliding contact. 
 

2. METHOD 

 Figure 1 presents a lubricated parallel sliding 
contact with surface texturing and boundary slip. To 
analyze the effect of texturing and the slip, the Navier–
Stokes equations (Eqs. 1) are solved over the domain 
using a finite-volume method with the commercial CFD 
software package FLUENT®. In order to model the slip 
behavior in FLUENT®, it is necessary to make an 
additional subroutine to enhance FLUENT’s capability 
and customize its feature for lubrication modeling 
analysis. This subroutine is called as User-Defined-
Function (UDF) [11].  
 
ρ(u x� )u = -� p+ 2K� u  (1a) 
 
�x u = 0   (1b) 
 

The simulations have been carried out for various 
cases: (1) no-slip contact, (2) complex slip contact, (3) 
hydrophilic partially textured contact, (4) hydrophobic 
partially textured contact. In the present paper, 
simulation results will be presented in non-dimensional 
form.  

 

 
 

Figure 1 Schematic of a lubricated parallel sliding 
contact with boundary slip and surface texture. (Note: ld 

= dimple length, lc = texture cell length, hd = dimple 
depth, hi = inlet film thickness, hf = ho = land film 

thickness, Lt = length of textured zone, L = total length 
of lubricated contact, uw = moving wall velocity). 
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3. RESULTS AND DISCUSSION 

 Recently, in addition to the surface texturing, the 
use of complex slip has become popular with respect to 
lubrication, since this type of surface enhancement 
would give a better tribological performance. In this 
paper, all parameters including the length of the slip 
region Ls, length of the texturing zone Lt, and the texture 
cell aspect ratio λ (where λ = ld / hd) have been initially 
optimized (see Table 1). As can be seen in Table 1, the 
maximum improvement in load support, w+ (where w+ = 

� �2 2/o wwh u LK ), is obtained for the artificial complex 
slip surface (about 100% larger). For the hydrophobic 
partially textured pattern, the computation predicts a 
95% improvement. The partially hydrophilic textured 
surface (without slippage) does not increase load 
support, w+ = 0.155 which means that a decrease in w+ 
is noticed (3% lower). So, with respect to the load 
support, while the hydrophobic textured surface with 
boundary slip is superior to the textured surface alone, it 
is not as effective as the smooth configuration with a 
complex slip. 
 The comparison of the predicted pressure is 
presented in Figure 2. It is shown that the highest 
pressure is found for the smooth slip surface situation in 
which the pressure value is approximately three times as 
large as the maximum pressure obtained from those 
without slip. It is interesting to note that in a real 
application, for example in lubricated-MEMS 
containing moving surfaces, the fact that load support 
can be produced by an artificial complex slip surface on 
a perfectly smooth surface seems to be a very promising 
way for designing highly loaded lubricated mechanisms. 
 

Table 1 Optimized lubricated contact characteristics 
Contact 
type Type hi/ho Ls/L Lt/L λ w+ 

Classical  1 2.2 - - - 0.16 
Complex 
slippage 2 1 0.65 - - 0.33 

Hydrophilic 
textured 3 1 - 0.55 5 0.155 

Hydrophobic 
textured  4 1 0.55 0.55 5 0.32 
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Figure 2 Non-dimensional pressure distributions p+ for 

various cases. (Note: � �2 /o wp ph u LK�   and  
x+ = x/L). 

4. CONCLUSIONS 

The aim of the investigation was to examine the 
effect of the hydrophobic surfaces combined with 
surface texturing by using CFD software. The present 
results explain the connection between  surface 
texturing and hydrophobicity (boundary slip) in a 
deterministic way. Indeed, an effective hydrophobic 
textured surface, as indicated in this paper, can be 
utilized as a guideline for the fabrication of modified 
sliding surfaces, for instance, in lubricated-MEMS.  
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ABSTRACT – In this study, the modified Reynolds 
equation for lubrication with non-Newtonian power-law 
fluid was proposed. The equation was solved 
numerically using a finite difference equation obtained 
by means of the   micro- control   volume   approach. 
Here, numerical computations for slider bearing with 
several power-law indexes were compared in the 
presence of the pocket and slip. The numerical results 
showed that the lowest index of the non-Newtonian 
lubrication model gives the best performance for 
lubricated pocket bearing considering boundary slip. 
 
1. INTRODUCTION 

In recent years, micro-electro-mechanical-systems 
(MEMS)  devices have  offered  significant   
technological  advancement  and  have  played 
important  roles  in  many  significant  areas  such  as  
information,  electro-mechanical, chemical and 
biological applications. However, one main factor that 
limits the widespread development and reliability of 
MEMS is a high level of friction and wear [1]. The use 
of artificial surface texturing is becoming popular in oil 
lubricated devices because of its potential benefits in 
terms of load support and friction force both 
experimentally and theoretically. It was shown 
experimentally that such texturing  enhances the load 
support and reduces friction force, for  instance, 
systems with two parallel sliding surfaces [2], and in 
reciprocating (cylinder-liner) contacts [3]. Recently, in 
addition to surface texturing, the use of an artificial slip 
surface is also of great interest with respect to 
lubrication [4-5]. As mentioned above, the lubrication 
performance analysis uses Newtonian fluids as 
lubricants. 

As a consequence of the development of modern 
machines and the requirement of severe operation 
conditions, the increasing use of non-Newtonian fluids 
as lubricants have received much attention. For slider 
bearings with non-Newtonian fluids investigation, Dien 
and Elrod [6] employed the regular perturbation 
technique to expand the pressure and the velocity into 
series of forms and then substituted them into the 
Navier-Stokes equation to derive a modified Reynolds 
equation for a power-law fluid model. Furthermore, the 

model was used to analyze the lubrication performance 
of journal bearings. Buckholz [7] used a power-law 
model as a non-Newtonian lubricant in a slider bearing. 
Li-Ming Chu at al. [8] proposed an analytical method 
approach for analysis of slider bearing with non-
Newtonian lubricants. However, all of them still applied 
no-slip surface boundary condition.  

Therefore, to improve this approach, it is 
necessary to include the boundary slip effect on the non- 
Newtonian lubricated contact. This paper aims at 
comparing the models for pocketed slip slider bearing 
with non-Newtonian lubricant. Moreover, power-law 
indexes affecting the pressure were examined. 

 
2. METHODOLOGY 

In this study, non-Newtonian fluid is modeled by 
power-law. It reads:    
 

1nu u
z z

W K
�w w

 
w w

 (1) 

 
With the assumption of Navier slip for modeling the 
boundary slip, the modified flow rate reads:  
 

w
3 uh 3 ' '1 1

12 ' ' 2 'x
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K DK DK
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              (2)

 
 
The modified Reynolds equation is solved 

numerically using a finite difference equation obtained 
by means of the   micro- control   volume   approach    
[9].   The entire computed domain is assumed as a full 
fluid lubrication. By employing the discretization 
scheme, the computed domain is divided into number 
of control volumes. The  mesh number for  all  the  
situations   obtained  from  a  mesh refinement  study  
are 1000 for  model val ida tion and  5000 nodes for 
pocketed slip slider bearing analysis, respectively. For 
all derivatives, the central difference is used except at 
the boundaries. Appropriate one-sided difference is 
used at the boundaries. The schematic of a lubricated 
slider bearing is presented in Figure 1. 
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Figure 1 Schematic of a lubricated slider bearing. (Note: 

ho = inlet film thickness, hp = texture thickness, hd = 
pocket height, Xb = pocket length, uw = moving 

velocity). 
 
3. RESULT AND DISCUSSION 

Figure 2 shows the comparison of the 
dimensionless pressure distributions   with various 
power-law exponent of pseudoplastics for classical (no-
slip) bearing. For validation of the present numerical 
computation, the results were compared to the exact 
solution proposed by Dien & Elrod [6]. It can be seen in 
Figure 2, the simulation results match well with the 
theoretical prediction [6], especially with n=1. In the 
case of non-Newtonian fluid with n=1/3, n=1/2, the 
deviation is relatively small (< 3%). Therefore, the 
numerical algorithm can be extended for analyzing the 
pocketed bearing with boundary slip. 

 

 
Figure 2 Pressure distribution for infinite width slider 
with various pseudoplastics (h0/h1 = 2, n = 1/3, 1/2 and 

1). (Note: � �2 /o wp ph u LK�   and x+ = x/L). 
 

 
Figure 3 Pressure for pocketed slider bearing with 

various pseudoplastics (n = 0.6, 0.8 and 1). 
 
Figure 3 shows the comparison of the 

dimensionless pressure distributions   with various 

power-law exponent of pseudoplastics for pocketed 
slider bearing with boundary slip. As reflected in Figure 
3, the peak of dimensionless pressure distribution is the 
highest for the lowest power-law index. Consequently, 
the bearing will have the highest load support. For 
Newtonian fluid (when n = 1), the generated load 
support has the lowest value. 
 
4. SUMMARY 

A numerical algorithm based on the finite volume 
method has been developed to deal with the slip 
pocketed bearing. The results showed that unlike 
Newtonian fluid, non-Newtonian model with the lowest 
index combined with boundary slip gives the best 
performance for lubricated pocket bearing. This finding 
seems to be a promising result to develop a pocketed 
non-Newtonian lubricated bearing with the highest 
performance. 
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ABSTRACT – One of the methods to improve the 
combustion behavior in internal combustion engine is 
by introducing additive to the base fuel.  However, some 
additive resulted in higher Brake Specific Fuel 
Consumption (BSFC) and emission of CO and NOx. 
The objective of this study is to examine the effects of 
fuel additives quantity to the fuel economy and engine 
emission. The tests were carried out at different engine 
speeds (1500rpm-3000rpm) and different engine loads 
(40Nm - 100Nm) using a four stroke gasoline engine. 
The additive was blended with gasoline (RON95) in 
composition of 5, 10 and 15 milliliter per liter 
accordingly. BSFC was measured using Pro V2 
software and exhaust emission was measured using 
MRU AIR gas analyzer. Results showed that gasoline 
blended with 5ml fuel additive lead to a significant 
improvement on (BSFC) and higher carbon dioxide 
(CO2) in its emission. Base fuel blended with 10ml/l and 
15ml/l additive showed increasing in BSFC.   
 
1. INTRODUCTION 

In current economy crisis, requirement to develop 
high technologies for securing usage of lower fuel 
consumption with higher ambient air quality 
improvement, green house gas reduction and energy 
security becomes highly important in automotive 
industries. Considering stringent emission regulations, 
as well as increasing shortage of primary energy 
resources, the development of new highly efficient and 
environment friendly combustion systems, associated 
with alternative fuels becomes increasingly important 
and hence research need to be carried out in this 
domain. One of the best method to improve the 
combustion behaviour is by blending base fuel with 
additives [1-3] Eventhough fuel additive shows a 
positive result, it also has several problems including 
higher octane number that lead to engine damage due to 
knocking. There are two objectives of this study: 
i. To examine the effect of various ratios fuel 

additives blended with gasoline to the brake 
specific fuel consumption and exhaust emission of 
spark ignition engine.  

ii. To compare the effect of various quantity of fuel 
additive to the fuel economy and exhaust emission. 

2. METHODOLOGY 

Experimental work is carried out by using a four 
stroke gasoline engine attached with the dynamometer 
and fuel measuring system. Engine was run at various 
engine loads (40-100 Nm) and speeds (1500-3000 rpm). 
During each test, the engine was warm up with base fuel 
for 15 minutes to stabilize the engine temperature. The 
detail of the engine specification is shown in Table 1. 

 
Table 1 Engine specification. 

Powertrain Engine and Performance 

Gasoline Engine 4 Cylinder, DOHC 16V 

Injection Type Fuel system multi-point 
injection (MPI) 

Configuration In-line 

Bore (mm) 76 

Displacement (mm) 1597 

Stroke (mm) 88 
   

Test fuel used in this study is Gasoline (RON95). 
Every one liter of gasoline was blended with 5, 10 and 
15ml of additive.  Two important parameters namely 
engine speeds and loads were control during the test. 
Pro V2 software is used to communicate with engine 
and dynamometer. The data from the dynamometer sent 
to DaTAQ Pro V2 for analysis and Gas analyzer MRU 
AIR is used to measure the CO emissions.  

 
3. RESULTS AND DISCUSSION 

Figure 1 shows the pattern of brake specific fuel 
consumption (BSFC) for RON 95 at various engine 
speeds and constant engine load (40 Nm). From the 
figure, reduce the additive tend to reduce the amount of 
BSFC. This was believed due to improvement of 
combustion process through the increments of 
efficiency of the combustion. From the literature, the 
reduction in BSFC is reported due to the ability of 
additive to reduce the friction in combustion chamber 
[1, 4]. 
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Figure 1 Engine speed versus BSFC 

 
Figure 2 shows the percentage of carbon dioxide 

(CO2) emissions for RON 95 at various engine speeds at 
constant engine load (100 Nm). The result proves that 
by adding additive, it tends to increase the carbon 
dioxide. Increases of carbon dioxide are due to the 
effect increases of oxygen that contribute to increase the 
rate of complete combustion [1]. Increase of oxygen in 
combustion will result more carbon able to be converted 
to carbon dioxide [5, 6]. 
 

 
Figure 2 Engine speed versus carbon dioxide. 

 
4. CONCLUSIONS 

 The results found that base fuel blended with 
additive improved the BSFC and reduce in CO 
emissions. The study proved that base fuel (RON 95) 
without additive resulted in lower engine performance 
and higher exhaust emission compare to base fuel with 
additive. The comparison between constant speed with 
variable loads and constant load with variable speeds of 
engine performance and exhaust emission are listed 
below: 
 
 

1. Base fuel blended with 5ml/l of additive resulted 
in decreasing of brake specific fuel consumption 
by approximately 8% but show the increasing of 
carbon dioxide by approximately 5% compare 
with base fuel without additive. 

2. Base fuel blended with 10ml/l of additive resulted 
in increasing carbon dioxide by approximately 7% 
and BSFC by approximately 12% compare with 
base fuel without additive. 

3. Base fuel blended with 10ml/l of additive resulted 
in increasing carbon dioxide by approximately 3% 
and brake specific fuel consumption by 
approximately 6% compare with base fuel without 
additive. 

In conclusion, the base fuel blended with additive show 
higher brake specific fuel consumption and lower in CO 
emissions. This is due to the properties of additive that 
act as a lubricant and oxidizing agent. 
 
5. ACKNOWLEDGEMENT 

The author would like to thank to Khairul Anuar 
Othman for his support in experimental works. The 
research work was supported by the Research 
Acculturation Grant Scheme (RAGS) from the Malaysia 
Higher Education Department and Universiti Teknologi  
MARA (UiTM) (Grant No. 600-RMI/RAGS 5/3 
(222/2014)). 
 
6. REFERENCES 

[1] G. Ioannis, M. Dimitrios, G. Theodoros, X. 
Panagiotis, K. Dimitrios, and T. Zisis, 
"Performance and Emission Characteristics of 
Spark Ignition Engine Fuelled with Ethanol and 
Methanol Gasoline Blended Fuels,” 2011. 

[2] “History of Technology: Internal Combustion 
engines". Encyclopedia Britannica.Britannica.com. 
Retrieved 2014-4-20. 

[3] E.A. Anyebe, Combustion Engine and Operations, 
Automobile Technology Handbook; 2009. 

[4] R. F. Erica Kassel, Chris Benedict, Jacqueline 
Craig, "Automotive Technology Curriculum 
Module 3: Engine Performance," T.C.O.T.U.O. 
Missouri, Ed., 2005. 

[5] "Palmer FH, Vehicle performance of gasoline 
containing oxygenates, paper C319/86,” in 
International Conference on Petroleum Based 
Fuels and Automotive Applications. London: I. 
Mech. E Conf. Publication 1986-11, MEP, 1986, 
pp. 36–46. 

[6] H. H. M. B.M. Masumn, M.A. Kalam, I.M. 
Rizwanul Fattah, S.M. Palash, M.J. Abedin, 
"Effect of ethanol–gasoline blend on NOx 
emission in SI engine," vol. 24, pp. 209–222, 
2013. 

 
 
 
 
 
 
 
 

 
 



Proceedings of Malaysian International Tribology Conference 2015, pp. 163-164, November 2015 
  
 
 

__________ 
© Malaysian Tribology Society 
 

Numerical investigation of the combined effects of slip and texture on 
tribological performance of bearing  

Susilowati1,2,*, M. Tauviqirrahman2, J. Jamari2, A.P. Bayuseno2 
 

1) Laboratory for Research and Unit Operation of Chemical Engineering, Chemical Engineering Department, 
Faculty of Industrial Technology, Universitas Pembangunan Nasional “Veteran”, East Java 

Jl. Raya Rungkut Madya, Gunung Anyar, Surabaya 60294, Indonesia. 
2) Laboratory for Engineering Design and Tribology, Department of Mechanical Engineering, University of Diponegoro, 

Jl. Prof. Soedarto, SH, Tembalang, Semarang 50275, Indonesia. 
 

*Corresponding e-mail: zuzisukasno@gmail.com 
 

Keywords: Boundary slip; gap ratio; texture  
 
 

ABSTRACT – In order to enhance the load support and 
decrease the friction force, a combined textured surface 
bearing using boundary slip is discussed. A modified 
Reynolds equation with slip is adopted. The results 
show that combined techniques of slip and texture have 
a significant effect on the improvement of the 
tribological performance of bearing, that is, a high load 
carrying capacity but low friction force. The influences 
of the gap ratio of the bearing are also explored, and are 
found to significantly affect the lubrication behavior. In 
addition, it is shown that even with a parallel gap, high 
load support can also be produced. 
 
1. INTRODUCTION 

As commonly known, surface texturing has been 
considered as a technique to improve the tribological 
performance of the bearing [1-4]. This technique has 
been proven to enhance the load support and/or reduce 
the friction force. However, recently, direct 
experimental [5] and numerical evidences [6-10] have 
also been presented to show that the boundary slip can 
alter the flow pattern of the lubrication behavior at the 
bearing. In this way, the boundary slip, as well as 
surface texturing, can be engineered to generate a 
positive effect with respect to the lubrication 
performance. Based on the literature survey, very few 
researchers [8-10] appear to have considered the 
interplay of the surface texture and the boundary slip on 
tribological performance.   

This paper presents the combined effects of slip 
and texture on tribological performance of bearing by 
numerical analysis. The modified Reynolds equation 
developed by Tauviqirrahman et al. [9] is adopted. The 
load support and friction force behavior are studied 
under various gap ratio values of the bearing. 

 
2. NUMERICAL METHOD 

An artificial complex slip can be applied to 
bearings without geometrical wedge, i.e. parallel 
bearings [8]. In this paper, the wedge effect of slip 
textured bearing has been taken into account. The 
physical configuration of such bearing is shown in 
Figure 1. The slip and texturing techniques are applied 
on the stationary surface.   

 

 
Figure 1 Schematic of a lubricated parallel sliding 

contact with boundary slip and surface texture. (Note: hi 
= inlet film thickness, ho = outlet film thickness, Lst = 

length of slip textured zone, L = total length of 
lubricated contact, U1 = moving wall velocity). 

 
The modified Reynolds equation is discretized 

over the flow using the finite volume method, and is 
solved using tridiagonal matrix algorithm (TDMA).  By 
employing the discretization scheme, the computed 
domain is divided into a number of control volumes 
using a grid with uniform mesh size. The grid 
independency is validated by various numbers of mesh 
sizes. An assumption is made that the boundary 
pressures are null at both sides of the contact. However, 
the Reynolds cavitation model is adopted.  

The simulation results will be presented in 
dimensionless form, i.e. 2 2

1/ ( )iW wh U LP  for 
dimensionless load support in which w is the load per 
unit length, and µ = the lubricant viscosity, while 

1/iF fh U LP  for dimensionless friction force (where 
f is the unit width friction force). 

 
3. RESULTS AND DISCUSSION 

As reported in the literature, the surface texturing, 
as well as the boundary slip, plays a vital role in the 
lubrication performance. In this work, the load support 
and the friction force are of main particular interest with 
various gap ratio values. In this work, gap ratio of the 
bearing is defined as ratio of the inlet film thickness (hi) 
over the outlet film thickness (ho), see Figure 1. 

Figure 2 shows the influence of the length of slip 
textured zone, Lst on the dimensionless fluid load 
support W at various gap ratio of the bearing. It can be 
observed that when Lst = 0.65 L for gap ratio of 1 (i.e. 
parallel sliding bearing), the load support achieves the 
maximum value. It is interesting to note, that this result 
is quite similar to the modified smooth bearing with 



Susilowati et al., 2015 
 

164 
 

boundary slip, see [6, 9]. In addition, based on Figure 2, 
it can be stated that when Lst = L for gap ratio of 1, the 
load support W becomes zero, while for other gap ratio 
values, the hydrodynamic pressure presents. This 
indicates that the wedge effect plays a dominant role to 
create the pressure rather than the full slip effect. 
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Figure 2 Effect of the length of slip textured zone, Lss on 

the dimensionless fluid load support W at various gap 
ratio of the bearing. 

Figure 3 shows the influence of the length of slip 
textured zone, Lst on the dimensionless friction force F 
at various gap ratio of the bearing. Based on this figure, 
the minimum friction force is achieved for all range of 
the length of slip textured zone when the gap ratio of 3 
is applied at the bearing. This is expected because the 
wedge effect due to the presence of the gap ratio of the 
bearing leads to the decrease in the friction force. When 
slip is applied on the texture, the wall shear stress 
becomes smaller and thus the reduced friction force. 
The combined effects of the gap ratio and the presence 
of the boundary slip reduce the friction force.  
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Figure 3 Effect of the length of slip textured zone, Lst on 
the dimensionless friction force F at various gap ratio of 

the bearing. 

4. CONCLUSIONS 

This paper was dedicated to a geometrical 
investigation of surface texture and boundary slip. The 

studies in this paper are summarized as follows: 
(1) For maximum load support, the length of slip 

textured zone is set to 0.65 while the bearing 
configuration used is parallel. 

(2) Full texturing with slip leads to decrease the 
friction force significantly for all gap ratio values. 
The minimum friction force is achieved when gap 
ratio of the bearing is high. 
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ABSTRACT – In this work Non Asbestos Low 
Metallic Disc Brake pads are developed by varying the 
lubricant namely artificial graphite, thermal resistance 
filler Mica flakes and designated as LM01, LM02, and 
LM03. The various characterizations of the developed 
pads are done based on IS2742 and ISO6312 standards. 
The thermal stability is found using TGA. The fade and 
recovery characterizations are done based on JASO-C-
406 standards in inertia brake dynamometer. It was 
observed that LM02 proved to be best with good 
thermal stability leading to low fade and high recovery 
characteristics. SEM studies helped to study the surface 
wear morphology.  
  
1. INTRODUCTION 

 The Brake system is used to slow down and stop 
the vehicle in motion. In the braking process the kinetic 
energy of the moving vehicle is converted in to thermal 
energy [1]. Brake friction materials mostly contain 
compositions of different raw materials which mostly 
include fibers, fillers, binders, lubricants, abrasives and 
friction modifiers [2]. Fibers are mostly used for 
structural reinforcement. Fillers are mostly of two types, 
functional filler and space filler, function filler are used 
for specific function namely mica for increasing the 
thermal resistance and space filler used to fill up the 
space , primarily to reduce the cost and improve 
manufacturability. The resin acts as a binder and holds 
the composition together [3]. Solid lubricants such as 
graphite are used to stabilize the coefficient of friction. 
The friction modifiers are added to ensure the stable 
mechanical and frictional properties as well as to control 
the wear rate of both the pad and disc. 
 
2. MATERIALS AND METHODOLOGY 

2.1   Formulation of the Composites 

 The non-asbestos low metallic disc brake pad 
consists of more than 15 elements were the lubricant 
artificial graphite coarse powder, the mica flakes as 
fillers are all varied by weight % in a complementary 
manner which results in three low metallic disc brake 
pad formulations LM01, LM02, LM03 as shown in 
Table 1. 
 

2.2 Fabrication of the Composites 

 Fabrication of the full low metallic disc brake pad 
was carried out in four steps; (i) mixing of raw materials 
(ii) hot compression moulding, (iii) post curing of 
composites and (iv) centre cut and grinding [4]. The 
details are given in Table 2. 
 

Table 1 Varying Ingredients in the brake pad 
formulation. 

Si.
No 

Raw 
Material 

LM01 
by wt% 

LM02 
by wt% 

LM03 
by wt% 

1 Artificial 
graphite 16 12 10 

2 Mica 
Flakes 5 9 11 

 
Table 2 Fabrication methodology. 

Si.No Procedure Conditions 
1 Sequential 

mixing  
in Plough 
Shear 
Machine 

Total duration 20 minutes shovel 
140 RPM Cutter Speed 3000 
RPM and 25 Kg mix is prepared 
Sequence  (a) Fibres (b) Powdery 
Ingredients (c) Binders  

2 Curing  Compression Moulding machine 
with 8 cavities, Temp. 140°C; 
Compression Pressure 17 MPa; 
Each cavity is filled with 110gms 
of the mixture 
Curing time : 7minutes (Curing 
Time: Thickness of pad/ 2) 

3 Post- curing  120°C, 5.5 hours.  

4 Finishing  Grinding and centre cut on 
finished pad 

 
2.3   Characterization of the Composites 

     The composites were characterized for physical 
properties like specific gravity, porosity, chemical 
properties like acetone extraction, and mechanical 
properties like hardness, hot shear strength, cold shear 
strength, thickness loss and thermal properties like loss 
of ignition as per IS2742 Part3 and ISO 6312 standard 
practice [4]. Table 3 shows the various characterizations 
of composites, in which LM02 was superior compared 
to other LM01 and LM03 due to the optimal percentage 
of graphite, MoS2 and Mica flakes. 
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Table 3 Various characterizations for the developed 
composites. 

Si. 
No Properties Unit LM0

1 
LM0
2 

LM0
3 

1 Specific gravity g/cc 2.2 2.25 2.3 
2 Hardness HRS 96 100 90 
3 Acetone Extraction % 1.96 1.45 2 
4 Loss of Ignition  % 24 23 25 
5 Cold Shear  Kg/cm2 44 46 42 
6 Hot Shear /200ºC/ 

30Min 
Kg/cm2 26,2

7 
30,3
1 

27,28 

7 Normal µ Mue 0.43 0.45 0.4 
8 Hot Friction Mue 0.36 0.4 0.38 
9 Weight Loss % 4.6 3.6 4.4 
10 Thickness loss % 3.4 3.4 3.8 

 

 
Figure 1 TGA for developed samples. 

 
 The TGA gives the weight loss for the samples by 
which lesser the weight loss higher stable the sample, 
which was proved by LM02, which has the 23.152% 
followed by LM01 (24.969%)and LM03(26.973%). 
 
2.4  Fade and Recovery Characteristics using 

Dynamometer 

        The Full scale brake inertia dynamometer is used 
to evaluate the developed brake pads for its tribological 
performances [5] following JASO C 406 standards The 
results of the dynamometer tests are shown in figure in 
which the LM02 has low fade, high recovery and less 
wear when compared to other two composites and also 
has optimal friction characteristics throughout without 
much fluctuations in the friction graph as shown in 
figure 2. Even in pressure and speed fade characteristics 
the LM02 found to be producing lesser pressure and 
fade characteristics as shown in table 4 based on the 
equation 1. 
 
Pressure/ Speed Fade = µmax − µ𝑚𝑖𝑛

µ𝑚𝑎𝑥
  × 100          (1) 

 
3. CONCLUSIONS 

 Based on the experimental characterizations 
following conclusions were arrived. 
1) The hardness, cold shear, hot shear increased while 

the acetone extraction and loss of ignition 
decreased. 

2) TGA revealed that LM02 proved with less weight 
loss at 800ºC which shows it better thermal 
stability. 

3) The Coefficient of friction was not fluctuating and 
the higher pressure and speed attributed to the 
increase in friction. 

4) The pressure and speed fade characteristics of 
LM02 was less compared to other two composites.  

 Thus LM02 proved to be best performer due to the 
thermal stability of mica, graphite which we are in 
optimized percentage and by literature if there is 
increase in lubricants there exist a drop in friction, 
which was proved by this way. 
 

  

  
Figure 2 Performance, fade and recovery characteristics. 

 
Table 4 Pressure and speed characteristics. 

Pressure 3 Bar 6 Bar 

speed LM 
02 

LM 
01 

LM 
03 

LM 
02 

LM 
01 

LM 
03 

50 20.93 4.76
2 

8.695
6 

12.19
5 

2.43
9 16 

100 6.818 19.6 16 6.976 20.4
1 

25.4
6 

130 4.347 6.12 24.48
9 4.545 6.25 9.09 
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ABSTRACT – In this study, Raman scattering signals 
from molecules in a thin lubricant film were measured 
by using a newly developed tribotester with the Otto-
attenuated total reflection (ATR) configuration. This 
system employs a point contact between a transparent 
dove prism (N-SF11) and an aluminum ball. From the 
electric field enhancement effect based on the Otto-ATR 
configuration, a high sensitivity measurement of Raman 
scattering signals was realized under shearing of thin 
lubricant films. 
 
1. INTRODUCTION 

 Raman spectroscopy has been known as one of the 
most important measuring techniques used in tribology 
[1]. In particular, in-situ Raman spectroscopy based on 
the attenuated total reflection (ATR) configuration has a 
powerful potential for understanding the mechanism of 
lubrication [2]. The direct measurements of the Raman 
spectrum at contact regions allow us to identify physical 
and chemical structures of lubricant films. 
 In this study, we developed a new tribotester with 
an in-situ Raman spectroscopy, based on the Otto-ATR 
configuration. The advantage for using the Otto-ATR 
configuration in Raman measurement systems is its 
signal enhancement effect resulting from the surface 
plasmon resonance (SPR). In addition, the measurement 
of SPR signals allows obtaining additional information 
about physical structures of adsorbed thin lubricant 
films, such as their film thickness, and density. 
 As a first step, this paper discussed the possibilities 
of the developed in-situ Raman spectroscopy. Using two 
types of test oils (n-hexadecane or n-hexadecane 
containing 1.0 wt% oleic acid), Raman spectrum was 
measured under shearing condition. 
 
2. EXPERIMENTAL DETAILS 

2.1 Experimental Apparatus 

 A photograph of an experimental setup developed 
in this study is shown in Figure 1. This system employs 
a point contact between a copper ball (φ = 25.4 mm) and 
the lower face of a dove prism (made of BK7). A 
normal load was applied by using a restitution force of a 
coil spring. A sliding speed can be controlled by 
adjusting a rotation speed of an AC servomotor that is 
connected to the copper ball via a flexible coupling. 
 For Raman measurements, an attenuated total 
reflection (ATR) is utilized as illustrated in Figure 2. A 
collimated green laser beam (wavelength: 532 nm, 
maximum power: 100 mW) was focused at the lower 

face in the contacting region, and Raman scattering 
signals at the region were condensed by an objective 
lens tube system and recorded by a spectrometer. In 
addition, images of the contact region were also 
captured by using a CCD camera. 
 The ATR configuration developed corresponds to a 
well-known Otto configuration for SPR. The use of the 
copper surface allows to excite the SPR under optical 
wavelengths. A polarizing plate was fixed between the 
laser diode and the first objective lens, because the laser 
light to excite SPR should be polarized parallel to the 
incident plane (i.e., p-polarized).  
 

 
Figure 1 Photograph of experimental setup. 

 

 
  

Figure 2 Schematic of ATR configuration. 
 
2.2 Experimental Procedure 

 First, test oil (i.e., n-hexadecane or n-hexadecane 
with 1.0 wt% oleic acid) was filled in the contact point 
between the prism and ball, and then a normal load of 
37 N was applied. After waiting scheduled time, the ball 
was rotated with a constant rotating speed; the surface 
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velocity of the ball was set to be 25.0 mm/s under all 
conditions. Before and after rotating roller, the Raman 
signals were recorded in each acquisition time and 
averaging times. 
 
3. RESULTS AND DISCUSSION 

 Figure 3 shows the results of the Raman spectra of 
n-hexadecane and oleic acid, which was measured at the 
outside of the contact region with an enough large film 
thickness. Several peaks are clearly observed in the 
spectrum; these peaks include the intensities resulting 
from C-H, C-C stretching modes, respectively. 
 Figure 4 shows the results of Raman spectrum. 
From above, Figure 4(a) shows the Raman spectrum of 
n-hexadecane under non-shearing (non-rotating) 
condition. Figure 4(b) also shows the Raman spectrum 
of n-hexadecane with 1.0 wt% oleic acid under the 
stationary condition. Figure 4(c) is the Raman spectrum 
of n-hexadecane with 1.0 wt% oleic acid under shearing 
condition.  
 From the comparison between Figure 3 and Figure 
4(a), it was found that the developed Otto-ATR system 
has an enough sensitivity to find spectrum peaks even if 
the film thickness has a small value. The film thickness 
in the stationary condition will correspond to the level 
of surface roughness, i.e., 0.3 μm. However, as shown in 
Figures 4(a) and (b), it is difficult to recognize the 
difference between Raman spectrum peaks with or 
without oleic acid.  In shearing condition, Fig. 4(c), the 
spectrum has a different trend compared to the results in 
situational conditions, Figures 4(a) and (b). It implies 
that the system has a potential to observe the structure 
changes in molecule due to shearing. 
 As described above, the developed system has a 
high ability for in-situ Raman spectroscopy. For more 
quantitative discussion, however, the enhancement of 
measuring accuracy is required. The optimization of 
optical systems will be a key to discuss the mechanism 
of lubricant dynamics. 
 
4. CONCLUSION 

 Using a developed tribotester with the Otto-ATR 
configuration, the Raman scattering signals from thin 
lubricant films were directly measured under shearing 
conditions. These results provided a high possibility to 
realize in-situ Raman spectroscopy under thin film 
lubrication conditions. 
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Figure 3 Raman spectrum (a) lubricant: n-hexadecane, 
acquisition time: 6 s, averaging times: 10, (b) lubricant: 
oleic acid, acquisition time: 0.2 s, averaging times: 300. 

 

 
Figure 4 Results of Raman spectrum: (a) lubricant: n-
hexadecane, acquisition time: 6 s, averaging times: 50, 

(b) lubricant: n-hexadecane with 1.0wt% oleic acid, 
acquisition time: 6 s, averaging times: 50, and (c) 

surface speed 25.0 mm/s, lubricant: n-hexadecane with 
1.0 wt% oleic acid, acquisition time: 6 s, averaging 

times: 50. 
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ABSTRACT – This study proposed a novel method for 
in-situ observation of thin boundary lubrication films 
based on the attenuated total reflection (ATR) in Otto 
configuration. The developed system was composed of 
the point contact between a high refractive index prism 
and a copper hemisphere, and other optical components. 
As sample oils, base oil (Hexadecane) and base oil with 
additives (1% Oleic acid) were used. The measurement 
of SPR spectrum allows making a quantitative analysis 
for identifying the value of thickness and coverage of 
adsorbed films. 
 
1. INTRODUCTION 

The use of Surface plasmon resonance (SPR) is a 
powerful method for measuring the properties of thin 
films adsorbed on solid/solid interfaces. The advantages 
in using SPR method are its high sensitivity, simple 
construction, and high time performance. The small 
changes of refractive index of an observing adsorbed 
film can be detected in order of 10-5 with a high time 
resolution of few second [1]. 

In the field of tribology, in-situ observations of 
lubricant films during sliding motion have been strongly 
required to understand the mechanism of lubrication. 
For the request, the use of the Otto SPR configuration is 
the best choice to apply SPR measurement techniques 
for tribology situations. By using the Otto configuration, 
the SPR signals involving information of adsorbed films 
can be easily detected.  

In this study, we firstly developed a tribotester 
with an in-situ SPR microscopy based on Otto ATR 
configuration. This system employs the point contact 
between a high refractive index prism and a copper 
hemisphere. By comparison between the obtained SPR 
signals and theoretical calculation results, the coverage 
of adsorbed films was quantitatively estimated. 

 
2. EXPERIMENTAL DETAILS 

2.1   Theory of Multi Optical Layer Model 

The response SPR signals were theoretically 
calculated based on the multi optical layer model [1]. In 
the Otto configuration, a three-layer structure with 
prism/lubricants and lubricants/copper interfaces was 
assumed as a calculation model. These three layers have 
different dielectric constant εi; thus, the wave number in 
the perpendicular direction to the contacting surface kiz 
for light of frequency ω is given by 
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where subscripts i means the number of layers; i = 1: 
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The observed SPR signals include the wavelength 
dependence of reflectivity. Therefore, the comparison 
between measured reflectivity curves and Eq. (3), we 
can find the dielectric constant, i.e., refractive index, of 
the adsorbed layers. 

It should be noted that when adsorbed films are 
formed on the metal surfaces, four-layer models should 
be used. In this case, the theoretical equation for the 
reflectivity can be similarly solved. 
 
2.2 Experimental Setup 

Figure 1 illustrates a schematic of the developed 
optical system with the ATR Otto configuration. As 
shown in the figure, the point contact between a high 
refractive index prism and a copper hemisphere with a 
diameter of 25.4 mm was used. The normal load of 1.2 
N was applied by loading the copper hemisphere, which 
is connected to the y-directional motorized stage via a 
soft double cantilever (spring constant k = 594N/m). 
The value of normal load was calculated from the  

 

 
Figure 1 Schematic diagram of the optical system. 
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measurement of the deflection of the double-cantilever. 
The surface roughness of the copper hemisphere was set 
to be Ra = 0.032μm by polishing processes. 
 As a light source, a white light (halogen lamp, 
PICL-NEX, NPI) was used. The light goes through a 
polarization plate and an objective lens (5X, f = 200 
mm), and then, it was totally reflected at the lower face 
of the regular triangle high refractive index prism made 
of refractive index 1.785. The direction of polarization 
of the light can be changed by rotating a polarizer. The 
reflected light at the contact interface was imaged by 
using a second objective lens (10X, f = 200 mm) and an 
imaging lens (1X, f = 200 mm). The contact images 
were captured by a CMOS camera (2048×2048 pixels 
with a pixel size 5.5μm×5.5μm, Point Grey).  
 Furthermore, the spectrum of the refractive light 
was measured by using a spectrometer. To fix the 
spectrometer, the CCD camera was replaced by a 
spectrometer without the change of these positions. It 
should be noted that in order to increase the resolution 
of the spectrum measurement, the reflective light was 
spatially filtered with a pinhole (φ=100μm).  
 
2.3 Lubricants 

As lubricants, two types of oils were prepared: (1) 
Hexadecane, (2) Hexadecane with 1.0% Oleic acid. 
These oils were dropped on the outside of the contact 
after the normal load was applied. After the scheduled 
period, the contact images and SPR spectrum were 
measured. 
 
3. RESULTS AND DISCUSSION 

3.1 Reflected Light Images at Contact Points 

Figure 2 shows SPR images around the contact 
regions. Left and right figures are the results in p and s -
polarized light, respectively. 

As shown in the images, it was found that the blue 
outer circle surrounds the central contact region, and it 
was observed only p -polarized light. From the Hertz 
contact theory, these regions are located at the outside of 
direct contact regions, as illustrated in the upper figures. 
Considering these above results, it was found the blue 
circles indicate the SPR signals.  

 
3.2 SPR Spectrum 

Figure 3 shows the wavelength dependence of 
reactance (SPR spectrum) at the point depicted at the 
white circle in Figure 2(a). Red and blue curves are the 
SPR spectrum in Hexadecane and Hexadecane with 
1.0% Oleic acid lubricants, respectively. In addition, 
dotted lines of each color show theoretical values, 
which was fitted by changing the coverage of adsorbed 
films of oleic acid based on least square method. 

We can clearly see a down-bel-shape curve, which 
corresponds to the well-known shape of SPR spectrum. 
By applying a small amount of oleic acid, the curve 
slightly shifts to the right hand. It means that the 
effective refractive index of lubricants near the contact 
interface increases by the formation of adsorbed films. 

Furthermore, it was found that the theoretical 
curves are well fitted; here, the coverage of the adsorbed 

(a)    (b) 

 
Figure 2 Schematic illustration of the contact 

geometries and SPR images around the contact regions; 
(a) p -polarized light, (b) s -polarized light. 

 

 
Figure 3 SPR spectrum at the white circle depicted as 
the white circle in Figure 2(a): (1) Hexadecane, (2) 

Hexadecane with 1.0% Oleic acid. 
 
film is formed by oleic acid. By fitting processes, the 
coverage of the adsorbed film was quantified as 46%. 
 As described above, a quantitative estimation of 
the coverage of adsorbed films was realized. This 
estimation was performed at the outside of the contact 
region. For in-situ observation in the contact regions, 
more improvement of the optical system was required. 
In addition, in the theoretical model, it was assumed that 
a flat monolayer was formed as the adsorbed film. More 
accurate discussion, the improvement of theoretical 
models was also needed. However, finding of this study 
provides the high possibility of ATR Otto configuration 
for in-situ observations of thin lubricant films.  
 
4. CONCLUSION 

Through experiments, the high possibility of the 
in-situ SPR microscopy for the observation of thin 
lubrication films was obtained. In addition, required 
improvements to realize a high accuracy analysis were 
also discussed. 
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ABSTRACT – The present work investigates the 
performance of compensated hole-entry hybrid journal 
bearing by constant flow valve (CFV) restrictor under 
micropolar lubricants. The Reynolds equation for 
micropolar lubricants has been solved with finite 
element technique. Performance of bearing has been 
evaluated as a function of external load (�̅̅̅�𝒐). The 
simulated characteristics of bearing under micropolar 
lubricants have been compared with similar bearing 
under Newtonian lubricant. The results have been 
presented for the selected values of micropolar 
parameters 𝑵𝟐 and 𝒍𝒎. Simulated results indicate that 
the bearing under micropolar lubricants exhibits the 
increased values of characteristics than similar bearing 
under Newtonian lubricant. 
 
1. INTRODUCTION 

 The estimation of flow behavior of lubricant plays 
an important role in order to accurately predict the 
behavior of bearings. The concept of micropolar fluid 
theory was given by Eringen [1] which accounts for the 
internal structures of fluids. This theory of fluids 
exhibits microrotational effect and microrotational 
inertia [2]. Several researchers studied the operation of 
journal bearings under micropolar lubrication [3-5]. 
Tipei [3] presented the characteristic parameters of short 
journal bearing under micropolar lubrication. A 
numerical study by Wang and Zhu [4], deals with finite 
hydrodynamic bearing operating with micropolar fluids. 
Later on, Nathi and Sharma [5] analyzed the effect of 
micropolar lubrication on compensated hole-entry 
hybrid journal bearing by orifice restrictor. Many 
studies about the performance of hole-entry journal 
bearings have been reported [6,7]. Cheng and Rowe [6] 
proposed a selection model which is concerned with the 
selection of bearing type and configuration, the fluid 
feeding device and bearing material. Later on, the 
performance of hole-entry journal bearing was analyzed 
by Rowe et al. [7]. This study considers the influence of 
micropolar lubricants on performance of compensated 
hole-entry hybrid journal bearing by CFV restrictor.  
 
2. ANALYSIS 

 The modified Reynolds equation governing the 
flow of lubricant in hole-entry journal bearing [Fig.1] 
for micropolar lubrication is expressed as [5] 

𝜕
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𝑁 and 𝑙 are two parameters which characterize the 
micropolar lubricant and makes it different from the 
Newtonian lubricant. When 𝑙 𝑚 approaches to infinity 
and 𝑁2 tends to zero, the lubricant behaves like a 
Newtonian lubricant.  
 

 
 

Figure 1 Hole-entry journal bearing. 
 
3. RESULTS AND DISCUSSION 

 An analytical model is used to determine the 
performance of hole-entry hybrid journal bearing under 
micropolar lubricants. A computer program has been 
developed according analytical model. The bearing 
characteristics parameters have been presented in terms 
of minimum fluid film thickness(ℎ̅𝑚𝑖𝑛) and stability 
threshold speed margin (�̅�𝑡ℎ). The results have been 
presented for values of micropolar parameters 𝑁2 =
0.1 − 1.0, 𝑙𝑚 = 5 − 30 and Newtonian lubricant. The 
numerically simulated results have been presented 
through Figs.2 to 3 for bearing parameters such as 
Bearing aspect ratio (O) = 1.0; Land width ratio (�̅�𝑏) = 
0.25; Speed parameter (:) = 1; No. of rows of holes = 
2; No. of holes per row = 12; External load (�̅�𝑜) = 1.25; 
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concentric design pressure ratio (𝛽∗) = 0.5. Fig.2 shows 
the variation of minimum fluid film thickness ℎ̅𝑚𝑖𝑛  with 
coupling number 𝑁2. It may be noticed that the value of 
ℎ̅𝑚𝑖𝑛 increases with decreasing value of characteristic 
length of micropolar lubricant 𝑙𝑚 at constant value of 
coupling number 𝑁2 when bearing operates with 
micropolar lubricants than Newtonian lubricant. 
However, the maximum percentage of increase in the 
value of ℎ̅𝑚𝑖𝑛  at 𝑁2 = 0.9 and 𝑙𝑚 = 5 is 10.26% as 
compared to the bearing with Newtonian lubricant. 
Fig.3 indicates the influence of micropolar parameters 
𝑁2 and 𝑙𝑚 on the value of stability threshold speed 
margin �̅�𝑡ℎ. It may be observed from Fig.3 that an 
increase of 85.21%, 39.11%, 25.31% and 17.15% in 
stability threshold speed is found corresponding to the 
coupling number 𝑁2 = 0.9 for the values of 𝑙𝑚 =
5, 10, 15 & 20 respectively as compared to the bearing 
under Newtonian lubricant.  
 

 
Figure 2 Variation of ℎ̅𝑚𝑖𝑛 with  𝑁2. 

 

 
Figure 3 Variation of �̅�𝑡ℎ with 𝑁2. 

4. CONCLUSIONS 

 The following conclusions have been drawn from 
numerically simulated results in this study: 
1. It is observed that the value of minimum fluid film 

thickness ℎ̅𝑚𝑖𝑛 gets increased due to increased 
value of coupling number and lower value of 
characteristics length of micropolar lubricant as 
compared to the same bearing under Newtonian 
lubricant. 

2. The influence of micropolar parameters on the 
bearing stiffness and damping coefficients gets 
improved significantly for bearing under 
micropolar lubricant than Newtonian lubricant.  

3. The stability threshold speed margin �̅�𝑡ℎ is larger 
for a bearing with micropolar lubricant as 
compared to corresponding similar bearing with 
Newtonian lubricant.  
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ABSTRACT – The mechanism of the increase in oil film 
thickness with a steel ball with sub-micrometer 
downsteps beside the contact point on a ball under point-
contact elastohydrodynamic lubrication (EHL) condition 
was investigated. The film thickness was measured using 
a disk-on-ball friction tester with optical interferometry. 
The Reynolds equation and finite element method were 
used to calculate the pressure and deformation 
distributions, respectively. The analytical results showed 
that the increase in the oil film thickness was due to the 
ball and disk taking a unique deformed shape. This 
restricted oil flow from the contact point, causing the film 
thickness to increase.  
 
1. INTRODUCTION 

 Under lubrication conditions, oil films are generally 
formed between sliding surfaces, which reduces friction 
and thus reduces wear occurrence. Improving the 
lubrication conditions is an important topic in tribology, 
and many techniques for improving them have been 
investigated. A particularly promising way to improve 
the tribological conditions is to use surface texturing, 
which involves the formation of dimples, steps and 
grooves on the surface. It was recently, reported forming 
sub-micrometer downsteps beside the contact point of the 
ball and disk is effective to increase the film thickness 
under elastohydrodynamic lubrication (EHL) [1]. In this 
study reported, to we investigated the mechanism of the 
increase in EHL oil film thickness by using the Reynolds 
equation and the finite element method (FEM). 
 
2. EXPERIMENT 

 To determine the effect of sub-micrometer 
downsteps on EHL film thickness, we used a disk-on-ball 
friction tester with optical interferometry as shown in Fig. 
1. The test samples were SUJ2 balls with curvature R of 
20 mm and sapphire glass disks with 15 mm and in 
diameter I�Rf�180 m. The disks had been coated with a 
semi-reflective chromium layer. 
 Illustrations of the prepared balls with sub-micron 
downsteps are shown in Fig. 2, and their dimensions are 
listed in Table 1. The sub-micrometer steps were 
manufactured by femtosecond laser processing. The ball 
without steps is ‘test ball O’, the one with 100 nm is ‘test 
ball A’ and one with 500 nm-depth downsteps is ‘test ball 
B’. 

 
Figure 1 Disk-on-ball friction tester with optical 

interferometry. 
 

 
(a) Test ball A 

  
(b) Test ball B 

Figure 2 Illustrations of the test balls with downsteps. 
 

Table 1 Dimensions of test balls. 
Test 
ball 

Step distance 
[µm] 

Step depth 
[nm] 

Downstep 
[μm] 

O - 0 - 
A 200 100 1000 
B 200 500 1000 

  

 The experimental conditions are listed in Table 2. 
The maximum Hertzian pressure and contact diameter 
under the 20-N load were about 610 MPa and 250 µm, 
respectively. 

 

200𝜇𝑚 

200𝜇𝑚 

100𝑛𝑚 

500𝑛𝑚 

1000𝜇𝑚 

1000𝜇𝑚 

Video camera 

PC 

Servomotor 

Disk 

Cr layer 
(20nm) 

Microscope 

Load 

Ball 
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Table 2 Experimental conditions. 
Disk Material Sapphire glass 

Elastic modulus 420 GPa 
Ball Material SUJ2 steel 

Elastic modulus 208 GPa 
Condition Load 20 N 

Slip ratio 0.1 
Rotational speed 1.0-3.0 m/s 

Lubricant Turbine oil 
(26.9 cP@40ºC) 

Temperature R.T. 
  
 As shown in Fig.3, the central EHL fil, thickness at 
the contact point increased with the rotational speed due 
to the sub-micrometer downsteps beside the contact point. 
With the test ball A, the film was the thickest the (almost 
twice as thick as with the non-step ball). The film shape 
obtained by the test ball A is shown in Fig. 4. The film 
shape was a typical horse shoe one. 

 

 
Figure 3 Central EHL film thicknesses at various the 

rotational speed. 
 

 
Figure 4 EHL film shape for test ball A at rotational 

speed of 1.5 m/s. 
 

3. NUMERICAL ANALYSIS 

 Numerical analysis was used to investigate the 
mechanism of the increase in film thickness. The 
Reynolds equation and FEM were used to calculate the 
pressure and deformation distributions, respectively. 
First, the pressure distribution was obtained by the 
Reynolds equation. Second, the deformation distribution 
was calculated by FEM under the previously obtained 
pressure distribution. The analytical model for the FEM 
analysis is shown in Fig. 4. The calculation area was set 
to 1.0(r)×0.5(T)×1.0(y) mm. As shown in Fig. 5, both of 
the ball and disk were deformed by the pressure. The 
enlarged figure for the clearance distribution between the 

disk and ball in Fig. 6 show that the distribution took a 
unique shape and was clearly constricted in the step area. 
This constriction may have restrict oil leakage from 
resulting in thicker film. 
 

  
Figure 4 Analytical model for FEM analysis. 

 

 
Figure 5 Deformation of disk and ball for pressure 

distribution calculated using the Reynolds equation. 
 

 
Figure 6 Clearance distribution between disk and ball A 

calculated from result in Figure 5. 
 

4. CONCLUSION 

We experimentally investigated the mechanism of 
the increase in oil film thickness with sub-micrometer 
downsteps beside the contact point under point-contact 
EHL. The analytical result showed that the increase in the 
oil film thickness was due to the ball and disk taking a 
unique deformed shape. This restricted oil flow from the 
contact point, causing the film thickness to increase. 
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ABSTRACT – The recent increase in demand for 
effective lubricating oils that reduce friction and wear 
has led to a need for accurate evaluation of oil 
properties. To meet this need, a rheometer has been 
developed that can measure rheological properties at 
various sliding speeds. It has a surface-restricted 
aerostatic thrust bearing that enables the clearance 
between the upper and lower disks to be kept constant 
on the micron or submicron level during shear force 
measurement. It was used to investigate the rheological 
properties of lubricating oils with an additive. The 
experimental results showed that the viscosity of 
lubricating oils with an additive was lower than that 
without the additive regardless of sliding speed. 
 
1. INTRODUCTION 

 Technologies for reducing friction and wear 
provide great benefits because friction causes many 
problems such as energy loss and machine degradation. 
Oils with an additive are commonly used to reduce 
friction as they form a boundary layer at the interface 
between sliding surfaces. There is a need to accurately 
evaluate oil properties as the origins of boundary layers 
is much increasing, but conventional rheometers cannot 
accurately evaluate the rheological properties of 
boundary layers because their clearance for evaluation 
generally exceeds 0.1 mm. To meet this need, we have 
developed a rheometer that can provide both micron and 
submicron order clearance between parallel disks, 
enabling evaluation of the rheological properties of the 
oil, including the effect of boundary layers. 
 
2. DESCRIPTION 

 A schematic diagram of the main part of the 
rheometer is shown in Fig. 1. The upper and lower disks 
are attached to the rheometer for testing. The upper disk 
has an aerostatic thrust bearing face in the center (O.D. 
= I22 mm) and a simple flat face in the outer toric area 
surrounding the bearing area (I.D. = I24 mm; O.D. = 
I30 mm), as shown in Fig. 1. Air is supplied from the 
center hole (I2 mm) to the aerostatic bearing face 
having surface restriction. The lower disk has a simple 
flat face, and is supported by a soft gel at the bottom. 
The lower disk holder is movable vertically, and the 
clearance between the upper and lower disks is 
controlled by adjusting the pressure of the air supplied 

to the aerostatic bearing through the upper disk or the 
pushing load applied from the bottom of the lower disk 
by an air cylinder. The clearance is fixed at a certain 
value where the force fs generated in the aerostatic 
bearing and the pushing load fb for the upper direction 
are equal. 
 In a test, the target oil is first injected into the gap 
between the upper and lower disks in only the outer 
toric area. The rheological properties of the target oil are 
evaluated by measuring the rotational torque of the 
lower disk by using a load cell operated in the 
circumferential direction when the upper disk rotates. 
 

 
Figure 1 Schematic diagram of developed rheometer. 

  
 A photograph of the developed rheometer is shown 
in Fig. 2. The electric motor on the right rotates a 
hollow shaft connected to the upper disk through 
pulleys and a timing belt. Another load cell between the 
lower disk holder and the air cylinder is used to measure 
the pushing load in the axial direction. 
 

 
Figure 2 Photograph of developed rheometer. 

 
3. PERFORMANCE VERIFICATION 

 To verify the performance of the developed 
rheometer, we first investigated the relationship between 
the clearance and pushing load fb (force fs generated in 
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aerostatic thrust bearing). Two types of poly-α-olefin, 
PAO30 and PAO95, were used as sample oils. Their 
viscosities were 37.9 and 127.7 cP, respectively, at 30ºC. 
Since PAO molecules are non-polar and stable, PAO oil 
is widely used as a base oil for sliding parts. The sample 
oils were injected into the gap in the outer toric area, 
and the rotational torque of the lower disk was 
measured when the upper disk rotated. The pressure of 
the air supplied to the aerostatic bearing was set to 0.27 
MPa. 
 The bearing clearance estimated by applying 
Newton’s viscous law to the obtained rotational torque 
for each pushing load is shown in Fig. 3. The bearing 
clearance could be kept constant for each load 
regardless of the rotational speed of the upper disk. 
Moreover, the minimum clearance achieved (with a 
pushing load of 70 N) was about 1 µm. This means that 
the developed rheometer can be used to accurately 
evaluate the rheological properties of a sample liquid  
with a change in the rotational speed in a narrow gap, 
which can be set from several micrometers to sub-
micrometer. 
 

 
Figure 3 Estimated bearing clearance based on pushing 

load. 
 

Fig. 4 shows the relationship between the pushing 
load (load capacity of aerostatic bearing) and the 
clearance for PAO30 and PAO95. The load capacity 
plots are on a common curve, meaning that the load 
capacity did not depend on the viscosity of the sample 
liquid. This means that the load was supported in only 
the aerostatic bearing and that the sample oil in the outer 
toric area did not generate a significant amount of 
hydrodynamic pressure. The theoretical curves 
calculated using the Reynolds equation considering the 
effects of surface restriction and inherent restriction are 
also shown. The experimental values agreed well with 
the theoretical load capacity curve when contraction 
coefficient C was set to 0.35. 
 This performance verification demonstrated that 
the clearance can be set regardless of the viscosity of the 
sample liquid and sliding speed and can be varied from 
sub-micrometer to several micrometers by changing the 
pushing load. 
 
4. EVALUATION 

 For our evaluation, we used PAO95 with palmitic 
acid, a typical oil additive that forms a boundary layer at 

a solid-liquid interface. The concentration of acid was 
0.3 mass%, and the pushing loads and air supply 
pressure were set to 55, 60, and 65 N and 0.27 MPa, 
respectively. The expected clearances were 2.0, 1.5, and 
1.2 µm, respectively. 
 The apparent viscosities calculated from the 
rotational torque are shown in Fig. 5. The viscosities of 
the oil with an additive were lower than those of the oil 
without an additive. The reduction ratio of the apparent 
viscosities became larger, meaning that the effect of the 
additive became larger, as the clearance became 
narrower. However, this tendency was not seen for a 
pushing load of 65 N because of occasional contact 
between the upper and lower disks. Since an additive 
forms a boundary layer at the interface, there may have 
been interfacial slip of the flow due to the existence of a 
boundary layer. 
 

 
Figure 4 Load capacity of bearing (pushing load) versus 

estimated clearance. 

Figure 5 Apparent viscosities of PAO95 with palmitic 
acid for each pushing load. 

 
5. CONCLUSION 

 A rheometer has been developed that can keep a 
constant clearance regardless of the viscosity of the 
sample liquid and sliding speed. The clearance can be 
adjusted from sub-micrometer to several micrometers 
by changing the pushing load. The apparent viscosity 
was lower for an oil with an additive than for one 
without the additive due to the formation of a boundary 
layer. 
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ABSTRACT – One of the methods to improve the 
combustion behavior for internal combustion engines is 
by introducing fuel additives. However, some additives 
resulted in higher Brake Specific Fuel Consumption 
(BSFC) and higher emission of carbon monoxide (CO). 
The objective of this study is to investigate the effects of 
fuel additives quantity to the fuel consumption and 
engine emissions. The tests were carried out at different 
engine speeds (1500rpm-3000rpm) and constant engine 
loads of 60Nm by using a 1.6L multi-cylinder four 
stroke gasoline engine. The additive was blended with 
gasoline (RON97) in composition of 5, 10 and 15 ml 
per liter of RON97 accordingly. BSFC and engine 
emissions were measured using Pro V2 software and 
MRU AIR gas analyzer respectively. Results showed 
that gasoline blended with 5ml additive lead to a 
significant improvement on (BSFC) and lower carbon 
monoxide (CO) emissions. However, RON97 blended 
with 10ml/l and 15ml/l additive showed increasing in 
BSFC compared with 5 ml of additive. 
 
1. INTRODUCTION 

 With the rapid growth of the automobile industry, 
there are major concerns involving on the depleting of 
fossil fuels due to its higher demand in terms of the 
usages and concerns on reducing vehicle emissions 
which harmful to health and raise environmental 
concerns [1-3]. In addition, increasing global concerns 
especially on greenhouse effect has generate much 
interest in the green fuel technology and fuel additives 
that both of them are possible to improve engine 
performance and emissions simultaneously.  
 Fuel additive is a compound formulates to 
enhance the quality of the fuels used in vehicles. The 
main purpose is to improve the combustion behavior. 
Types of additives include metal deactivators, corrosion 
inhibitors, oxygenates and antioxidants [1]. There are 
several types of fuel additives were formulated with 
different chemical composition, function and feed-
stocks. For instant, certain fuel additives were designed 
to provide an antioxidant for the engine that helps to 
minimize the corrosion within the engine components. 
This study discusses the findings of the data obtained 
from the experimental work. It is based on the results 
obtained such as Brake Specific Fuel Consumption 
(BSFC) and Carbon Monoxide (CO) emissions. 
 
  

2. METHODOLOGY 

Experimental work is carried out by using a 1.6L 
multi-cylinder four stroke gasoline engine attached with 
the dynamometer and fuel measuring system. Engine 
was operated at constant engine load of 60 Nm with 
various speeds of 1500-3000 rpm. The experimental 
work is set up at constant ambient temperature of 33°C 
and relative humidity of 71%. 

During each test condition, the engine was warm 
up with base fuel to stabilize the engine coolant and oil 
temperature. The detail of the engine specification is 
shown in Table 1. 

 
Table 1 Engine specification. 

Powertrain Engine and Performance 

Engine 4 Cylinder, DOHC 16V 

Injection Type Fuel system multi-point 
injection (MPI) 

No. of  Cylinder  4 

Configuration In-line 

Bore (mm) 76 

Displacement (mm) 1597 

Stroke (mm) 88 
   

 The base fuel is RON97 and the test fuels consist 
of varying amount of fuel additives (5ml, 10ml and 
15ml) blended with 1litre of RON97. 

The fuel consumption is measured by using fuel 
measuring system and CO emissions is measured by 
using Gas analyzer MRU AIR.  

 
3. RESULTS AND DISCUSSION 

Figure 1 shows the pattern of fuel consumption 
(BSFC) for test fuels at various engine speeds and 
constant engine load (60 Nm). From the graph, as the 
engine speed increases from 1500 rpm to 3000 rpm, the 
value of BSFC has gradually decreased. This is due 
higher air flow rate at higher engine speed resulted in 
complete mixing process and combustion. Base fuel 
RON 97 resulted in the highest value of BSFC while 
RON 97 blended with 5ml of additive resulted in the 
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lowest value of BSFC regardless of engine speed. This 
value (177.4 g/kWhr) gives a reduction of 15.9% lower 
than RON97. The additives lead to shorter ignition 
delay resulted in higher rate of heat release at the early 
combustion stage which improves the fuel consumption 
[1]. In fact, fuel additives improved the properties of 
base fuel such as octane number, viscosity, evaporate 
rate, surface tension and density that effects the mixing 
process resulted in complete combustion. 
 

 
Figure 1 Engine speed Vs BSFC. 

 
 Figure 2 shows the pattern of carbon monoxide 
(CO) emissions for test fuels at various engine speeds 
with constant engine load (60 Nm). The graph shows a 
decreasing trend for both the base fuel (RON 97) and 
the additive blended fuels as the speed increases due to 
increased air flow rate. Carbon monoxide (CO) is an 
intermediate product in the combustion and mainly is 
related to quality of mixture between fuel-air. Base fuel 
(RON 97) resulted in the highest production of CO 
while RON 97 blended with 10ml of additive emitted 
the lowest emissions of CO. The value is 1250 ppm at 
3000rpm which is 26.55% lower compared with base 
fuel RON97 at the same engine test condition. The 
complete combustion with 10 ml of fuel additive 
leading to an increase in the burning gas temperature in 
the cylinders resulted in lower CO emission [3-6]. 

 

 
Figure 2 Graph of CO vs engine speed. 

 
4. CONCLUSION 

 The results clearly showed that increasing the 
engine speed from 1500 rpm to 3000 rpm resulted in a 
significant improvement in fuel consumption and CO 

emissions regardless of additive quantity. The current 
study also found that when the engine was operating 
with additional 5 ml of fuel additives resulted in lowest 
BSFC. However, the additional of 10 ml of fuel resulted 
in lowest carbon monoxide (CO) emissions. 

The overall results show that the engine operating 
with fuel additive produces improved overall results. It 
can therefore be assumed that the fuel additive will 
improved combustion behavior inside the combustion. 
This can be considered as an enhanced strategy in order 
to improve fuel consumption and reduce exhaust 
emissions. 
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ABSTRACT – A new oil sensor system is presented for 
the continuous, online measurement of the wear in 
turbines, industrial gears, generators, hydraulic systems 
and transformers. Detection of change is much earlier 
than existing technologies such as particle counting, 
vibration measurement or recording temperature. Thus 
targeted, corrective procedures and/or maintenance can 
be carried out before actual damage occurs. Efficient 
machine utilization, accurately timed preventive 
maintenance, increased service life and a reduction of 
downtime can all be achieved.  
 
1. INTRODUCTION 

 The oil sensor system measures the components of 
the complex impedances X of the oils, in particular the 
electrical conductivity, N and relative dielectric constant, 
Hr, and the oil temperature T. The values N and Hr are 
determined independently. 
 

 
Figure 1 Sensor with triple plate design. 

 
 Inorganic compounds occur at contact surfaces 
from the wear of parts, broken oil molecules, acids or 
oil soaps. These all lead to an increase in the electrical 
conductivity, which correlates directly with the wear. In 
oils containing additives, changes in dielectric constant 
infer the chemical breakdown of additives. The 
determination of impurities, a reduction in the 
lubricating ability of the oils, the continuous evaluation 
of the wear of bearings and gears and the oil aging all 

together follow the holistic approach of real-time 
monitoring of changes in the oil-machine system. 
 
2. PRINCIPLE OF OPERATION 

With the WearSens® unit, components of the 
complex impedances X of oils, in particular the specific 
electrical conductivity N and the relative permittivity Hr 
as well as the oil temperature T are measured [1-3]. The 
values N and Hr are determined independently of each 
other. Figure 1 shows the sensor with its triple plate 
design. Oils are electrical non-conductors. The electrical 
residual conductivity of pure oils lies in the range below 
1 pS/m. Figure 2 illustrates conductivities of various 
materials.  
The conductivity range of the WearSens® sensor system 
is marked in green. It starts below the conductivity of 
the distilled water. For comparison, the electrical 
conductivity of the electrical non-conductor distilled 
water is larger by six orders of magnitude. 
 

 
Figure 2 Conductivities of liquids and solids, 

measurement range of the presented sensor system is 
marked in green. 

 
Abrasive (metallic) wear, ions, broken oil 

molecules, acids, oil soaps, etc., cause an increase of the 
oil conductivity N. It rises with increasing ion 
concentration and mobility. The electrical conductivity 
of almost all impurities is high compared with the 
extremely low corresponding property of original pure 
oils. A direct connection between the electrical 
conductivity and the degree of contamination of oils is 
found. An increase of the electrical conductivity of the 
oil in operation can thus be interpreted as increasing 
wear or contamination of the lubricant. The aging of the 
oil is also evident in the degradation of additives. The 
used additives reveal high conductivity compared with 
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the oil.  
Ion mobility and thus, electrical conductivity N are 

dependent on the internal friction of the oil and 
therefore, also on its temperature. The conductivity N�of 
the oil increases with temperature. The type of 
contamination and its temperature dependence cannot 
be assumed to be known. To improve the comparability 
of measurements, a self-learning adaptive temperature 
compensation algorithm is necessary. A change of the 
oil quality can then be assessed by the temperature 
compensated conductivity value, even though the 
specific contamination is not determinable. The relative 
permittivity is measured with the same basic sensor 
arrangement as used for the determination of the 
electrical conductivity. 

Figure 3 shows the effect of temperature 
compensation. 
 

 
Figure 3 Temperature compensation algorithms. 

 
While the conductivity N changes significantly 

with temperature, the temperature compensated 
conductivity, N 40 stays nearly constant. 
 
3. CONCLUSIONS 

The online diagnostics system measures 
components of the specific complex impedance of oils. 
For instance, metal abrasion due to bearing wear at the 
tribological contact, broken oil molecules, acids or oil 
soap cause an increase in electrical conductivity that 
directly correlates with the degree of pollution of the oil. 
The dielectrical properties of the oils are especially 
determined by the water content, which, in the case of 
products that are not enriched with additives, becomes 
accessible by an additional accurate measurement of the 
dielectric constant. In the case of oils enriched with 
additives, statements on the degradation of additives can 
also be deduced from recorded changes in the dielectric 
constant.  

Indication of damage and wear is measured as an 
integral factor of, e.g., the degree of pollution, oil aging 
and water content, acidification and the decomposition 
state of additives or abrasion of the bearings. It provides 
informative data on lubricant aging and material loading 
as well as the wear of the bearings and gears for the 
online operative monitoring of components of 

machines. Additional loading, for instance, by vibration 
induced mixed friction in rolling-sliding contact (rolling 
bearings, gears, cams, etc.) causes faster oil aging. 
Verified in roller bearing rig tests, the oil suffers from 
incipient resinification and significant acidification, as 
proven by infrared spectroscopy of used lubricant. 

For an efficient machine utilization and targeted 
damage prevention, the new WearSens® online 
condition monitoring system offers the prospect to carry 
out timely preventative maintenance on demand rather 
than in rigid inspection intervals. The determination of 
impurities or reduction in the quality of the lubricants 
and the quasi-continuous evaluation of the bearing and 
gear wear and oil aging meet the holistic approach of a 
real-time monitoring of a change in the condition of the 
oil-machine system.  

The measuring signals can be transmitted to a 
web-based condition monitoring system via LAN, 
WLAN or serial interfaces of the sensor system. The 
monitoring of the tribological wear mechanisms during 
proper operation below the tolerance limits of the 
components then allows preventive, condition-oriented 
maintenance to be carried out, if necessary, long before 
regular overhauling, thus reducing outages caused by 
wear while simultaneously increasing the overall 
lifetime of the oil-machine system. 

The oil sensor system was installed into an oil 
circuit of a hydraulic actuator system for ground 
resonance excitation performing a long term analysis of 
the hydraulic oil quality. The functionality of the 
introduced electric online condition monitoring sensor 
system is tested successfully. The evaluation of the 
experiment is presented. 
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ABSTRACT – Four kind of lubricants with different 
viscosity were applied to the tube spinning process. A 
theoretical analysis based on the two dimensional 
isothermal Reynolds equation was developed for the 
hydrodynamic lubrication. Experimental was done on a 
lathe machine where the metal spinning was done. The 
results show that linear velocity of the forming tool and 
rotational velocity of the mandrel both influence the 
establishment of a hydrodynamic lubricant film 
thickness at the inlet zone. Formation of a 
hydrodynamic lubricant film thickness at the inside of 
the tube is ruled by the eccentricity of the mandrel and 
tube. Theoretical and experimental estimate the values 
film thickness. The comparison illustrates that they are 
related on lubricant viscosity, but not for spray lubricant 
type.   
 
1. INTRODUCTION 

Metal spinning is a kind of forming process which 
is used to form pre-formed blanks either to be stretched 
further or modify shapes. The pre-formed tube shape 
product is placed over the mandrel and held firmly to 
the mandrel.  In forming process, the mandrel with the 
pre-formed tube rotates and the forming tool, with one 
or two small rollers used to apply localized pressure, 
and moves forward over the mandrel length with steady 
velocity. This movement stretches the tube in axial 
direction and decreases its thickness. The presence of  
an effective lubricant  film between  contact surfaces in 
tube spinning process will increase  the reduction  in  
thickness, reduce tool  wear, prevent cracking and  wave  
forming  build-up, and effect  the  surface roughness of 
the  product. 

Researches and studies in metal forming with 
hydrodynamic lubrication have been conducted by 
many researcher.  Scaraggi, M. (2013), studied the 
friction properties of lubricant and analyzed the texture 
surfaces, where an experimental based on 
hydrodynamic lubrication.  Alshamma, F. (2011) 
performed a research of a combined effect of 
hydrodynamic lubrication in cold rolling. 

Previously, the results and  analyses of plasto-
hydrodynamic lubrication in other metal forming  
processes such as in extrusion process by Wilson(1971),  
wire drawing  given by Dowson, Parson and Lidgitt 
(1972), and  deep drawing by Mahdavian and Shao 
(1993). However, they have not be either to implement 
or modified for the spinning process to estimate the 
lubricant film thickness. The major difficulty in using 

these models is the additional relative movement 
between the tool and work-piece in the spinning process 
which makes it different from the other processes.  

In this paper, researcher   concerned with the 
development, using the two dimensional Reynolds 
equation, of a realistic steady hydrodynamic lubrication 
model for the metal tube spinning process. This analysis 
includes both the tool and mandrel velocities. The 
analysis produces an estimate of the lubricant film 
thicknesses between the inside and outside surfaces of 
the work-piece, mandrel, and forming tool.  

 
2. PROCESS ANALYSIS 

Process of tube spinning with lubrication of work-
piece and tooling surfaces is shown in Fig.1. The tube is 
clamped to the mandrel and is rotating with the same 
speed with the mandrel. The forming roller, while free 
to rotate, is also advancing forward, parallel to the 
mandrel axis towards the trailing edge of the tube. The 
lubricant is drawn between the outside surface of the 
tube and the roller into the converging wedge spaces 
between these surfaces. The following table is the type 
of lubricant applied during the experiments. 

 
Table 1 Type of Lubricants application. 

Type of 
Lubricant 

 Viscosity at Room 
Temperature 
(Pa.s) 

Remark 

Castor  Oil 0.082 - 
Drawing Oil  0.164 - 
DK 1172 Oil 1.472 - 

PTFE  Spray 
Oil - 

Colloidal 
dispersed 
type 

 
The lubricant film between the mandrel and the 

inside tube surface, is formed due to both stretching of 
the tube wall in the feed direction over the surface of 
mandrel and also by squeezing the lubricant between the 
inside tube and mandrel surfaces. It is essential to notice 
that the spinning action, which is caused by continuous 
changes in the clearance between the tube and mandrel, 
is due to the eccentricity of the mandrel while rotating 
against the roller.  

Theoretical analyses are carried out to estimate the 
lubricant film thickness at the inside and outside 
surfaces of the tube. The steady Reynolds equation for 
the inlet zone is: 
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w/wx(h3 wp/wx)= 6K (Uwh/wx   +    V wh/wy )              (1) 
 
Derivation of several equations generates the film 
thickness hi is, 
 
hi =  3K  U/ Vy R tanD                (2) 
 
Where, 
 
K  : viscosity 
U : Forming tool linear speed 
Vy : Yield stress of material 
R  : Radius resultant 
D  : Angle of attack 

 

 
Figure 1 Lubricated tube spinning. 

Comparison between theory and the experimental 
results is shown in Fig.2. Lubricant film thickness 
between the work-piece - mandrel  theoretically  and 
practically  produce similar trend as indicated 
significantly   The experimental results  are higher than 
the theoretical  results beyond the viscosity of  drawing 
oil which is 0.164 Pa s. This is because of the factors or 
variables that have not been considered in the 
formulation of the equation such as the influence of 
temperature and pressure changes in viscosity.  Another 
factor that can be influenced to this phenomena is the 
estimation of the eccentricity between the mandrel and 
the tube. Since the eccentricity can affect the speed of 
the lubricant on Z direction, the eccentricity has to be 
estimated accurately. 

3. CONCLUSIONS 

In this research the theoretical analysis for the film 
thickness in tube spinning was derived by using the 
Reynolds equation (1).  Theoretical models was 
developed for the inlet zone of the work-piece. The film 
thickness at the inside of the wall, between the work-
piece and mandrel, was analyzed. The result of the 
theoretical model for the inlet zone film thickness was 
obtained in a closed form equation (2). The variation of 
film thickness was plotted for the various viscosities and 
it was concluded that the formation of high lubricant 
thickness is only achieved under certain conditions. It 
was also shown that the angle of attack  D  influences 
the magnitude of the film thickness. Increasing the feed 
rate and mandrel rotation results in a higher film 
thickness. The comparison between theoretical and 
experimental film thickness indicated that the inside 
film thickness from theory was higher than the 
experimental measurement especially but beyond the 
viscosity of 0.164 Pascal second.   
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Figure 2 Comparison of the film thickness between experimental and theoretical results. 
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ABSTRACT – The implementation of high boost 
pressure, exhaust gas recirculation (EGR), and fuel 
injection pressure to diesel engines will improve the 
performance of fuel efficiency and reduce exhaust 
emissions. Hence, the present study is conducted at a 
different parameter of injection pressure and ambient 
density into the spray chamber. A dual nano-spark 
shadowgraph method and rapid compression machine 
(RCM) has been carried out to simulate real diesel 
engine to further understand the dynamic behavior of 
atomization, evaporation and droplets size distribution 
at the spray boundary. Data was obtained at the timing 
of quasi-steady state at 2.1ms after end-of-injection 
(aEOI). Based on this analysis, the structure of diesel 
spray has improved the atomization and droplets 
distribution of non-evaporating spray after end-of-
injection (aEOI) onwards and it will lead an efficient 
diesel combustion and emission formation. 
Furthermore, the liquid phase penetration of evaporating 
spray is hardly affected by ambient atmosphere and 
pressure fuel injection. 
 
1. INTRODUCTION 

 Recently, applying high supercharging, exhaust 
gas recirculation (EGR) and high-pressure injection will 
improve the engine performance. Furthermore, study on 
fuel spray is necessary to achieve high efficiency engine 
combustion. Therefore, some publications [1-2] reported 
that the effect of high ambient density will change the 
resistance of the atmosphere inside the spray chamber 
and affect the structure of diesel sprays and droplet 
evaporation. Previous studies [2-3] stated that the 
characteristics of penetration such as time and length 
depend on ambient density. By applying high pressure 
injection it will improve the atomization and mixture 
formation of spray evaporation. In the other hand, 
understanding the dynamic behavior and the mixture 
formation process of fuel spray, signifies a large effect 
on the exhaust emission and combustion ignition. 
According to this issue, the present study focuses on 
atomization at the spray centre, droplets size distribution 
and spray evaporation due to the effect of fuel pressure 
injection and atmospheric density of diesel spray after 
end-of-injection [4-5] conditions were investigated. 

 
2. METHODOLOGY 

 Figure 1 and Fig 2 shows a schematic diagram of 
the experimental setup consisting of a spray chamber, a 

rapid compression machine, fuel injection device and a 
nano-spark photography unit. The experiment uses a 
single-hole injector with a hole-diameter of 0.18mm at 
an orientation of 15° from injector axis. The fuel of 
JIS#2 diesel fuel is used in this study. Here, the injection 
period is fixed at 2.0ms. The spray chamber is 60mm in 
diameter and 20mm in width is filled with inactive 
gases to enable the capturing of the spray image without 
burning. In the rapid compression machine (RCM) 
device, high pressure nitrogen gas in the cylinder 
rapidly compresses and drives the aluminum piston of 
50mm diameter to the spray chamber, this is to imitate 
the temperature and pressure field of a condition inside 
a real diesel engine. 
 

Figure 1 Experimental setup of single nano-spark 
shadowgraphy photography method. 

 

 
Figure 2 Optical arrangement of dual nano-spark 

shadowgraphy method. 
 
 Furthermore, as shown in Fig 2, a short high 
intensity light of 30ns duration have send towards spray 
imaging. Here, two images of different short time 
intervals are being captured. These images are used to 
study the droplets formation, atomization and 
evaporation at the spray boundary. Ambient density at 
ρa=15kg/m3 to 35kg/m3 and ambient temperature of 
Ti=298K are changed as experimental parameters. The 
injection pressure is adjusted from 60MPa to 100MPa. 
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3. RESULTS AND DISCUSSION 

3.1 Effect of Fuel Injection Pressure and Ambient 
Density of Spray Evaporation 

 Figure 3 shows the comparison of the spray image 
with the condition of Ti=298K under room temperature 
and the density of the atmosphere increases from 
ρa=15kg/m3 to 25kg/m3. The image is captured after 
start of injection 2.1ms aSOI. In this condition, the 
spray has already transformed from non-evaporating to 
evaporating spray at the entire spray region. The shape 
and tip of the spray are still the same although they are 
in a different ambient density condition. This is contrary 
to the early injection condition. Furthermore, the tip of 
the spray has loses its initial momentum due to no fuel 
supply and the interaction between fuel and air is quite 
weak as previous study [4]. Compared to the early 
injection, the density or core inside the spray region is 
still difficult to expand and atomize. However, at the 
aEOI condition, the atomization in the spray centre has 
improved. This is cause by air motion inside the spray 
chamber that is entrained into fuel spray. By imposing 
high pressure fuel injection, a lot of atomization and 
droplets are produced during spray evaporation. This is 
due to the air surface has a low shear stress and friction 
after end of injection (aEOI). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Effect of fuel pressure injection on macro-scale 

spray structure at spray boundary (Ti=298K). 
 
3.2 Dynamic Behavior of Droplets Distribution 

 Figure 4 shows the number of droplets N, against 
the diameter, D of 5µm of each particle size of the 
droplets under Ti=298K. This figure clearly shows that 
smaller droplets are hard to spread out during initial 
stage due to high density atmosphere. Furthermore, 
droplet size distribution is formed at the upper and 
middle spray boundary especially at the spray center. 
This means that the liquid fuel shows much better spray 

atomization when the time increases. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Change in droplets size distribution at spray 
boundary (Ti=298K, Pinj=60MPa). 

 
4. CONCLUSION 

 By comparing the condition after end-of-injection 
(aEOI) and after start of injection (aSOI), the 
atomization increases as the time increases at the upper 
and middle stream of spray boundary. Looking at the 
atomization and evaporation of droplet size distribution, 
the analysis shows a lot of droplets are formed at after 
end-of-injection (aEOI). This is because the air 
entrainment affects the evaporation of the spray 
especially in the spray centre eventhough under high 
ambient density condition. 
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ABSTRACT – Lubricating oil deterioration in 
operating machinery is a complicated and dynamic 
process. With oil ages, its performances attenuate. In 
this paper, the process of lubricating oil deterioration 
was investigated with an on-line monitoring system. A 
four-ball test was carried out to accelerate oil 
degradation, and three indexes including dynamic 
viscosity, permittivity and wear particle were monitored 
to record the aging process. As main results, oil 
degrades gradually and the selected indexes can 
characterize oil degradation from different aspects 
quantitatively.  
 
1. INTRODUCTION 

 Lubricating oil that contains all the tribological 
information plays a vital role in life-span performances 
of various machines [1]. Besides lubricating tribo-pairs, 
lubricating oil can scavenge wear debris and remove 
heat from friction surfaces [2]. Due to oxidation and 
thermal stresses in working conditions, physical and 
chemical properties of lubricating oil will degrade and 
eventually cause the increase of wear rate. Therefore, 
the monitoring of lubricating oil could reveal the 
deterioration of tribo-system [3]. However, studies on 
lubricating oil monitoring have been confined in wear 
debris analysis [4], the degradation mechanism of 
lubricating oil remains indistinct in principle.  
 In this study, the laws of lubricating oil 
deterioration characterized by dynamic viscosity, 
permittivity and wear particle are investigated to 
characterize oil aging process. Furthermore, the results 
from on-line monitoring are examined with off-line 
analysis to verify the accuracy of on-line data.  
 
2. EXPERIMENT SETUP 

 To simulate an aging process of lubricating oil 
under an operating machine, a four-ball test rig is 
adopted as shown in Fig 1. To obtain real-time data of 
lubricating oil, a wear debris sensor (OLVF) [5] and an 
oil property sensor were employed in the oil cycling 
line. In addition, a temperature control system was set to 
offer a fixed temperature for the oil property sensor. By 
doing this, wear conditions and dynamic viscosity and 
permittivity of lubricating oil can be monitored 
simultaneously.   
 To accelerate oil degradation, a test composed with 
varied loads and speeds was carried out. Details of 
varied conditions are shown in Table 1. The test was 
stopped and restarted when working conditions were 

changed. The waiting time for the intervals lasts a few 
hours to make sure each test starts with room 
temperature.  
 

 
Figure 1 On-line monitoring system for lubricating oil 

 
Table 1 Working conditions for the test 

Section No. Load/N Rotated Rate/rpm Time/h 

1 1500 1000 6 

2 1500 1000 6 

3 2000 1000 3.5 

4 2000 1000 4 

5 2000 1500 1 
 
3. RESULTS AND DISCUSSION 

3.1 On-line Data Analysis 

 The total testing time is 1230 min. The variation 
data of dynamic viscosity, permittivity and wear particle 
of lubricating oil are illustrated in Fig 2.  
 Because temperature had a profound influence on 
the properties of lubricating oil, the testing temperature 
was fixed to 50℃ in this paper in order to obtain 
viscosity and permittivity laws under the same 
temperature. The test is divided into 5 sections, 
presented in Fig 2, and at every stop and start points, 
there are fluctuations on the variation curve of the above 
three indexes. Some results can be found as:  
1) The variation of IPCA (Index of Particle Coverage 

Area, representing the concentration of wear 
particles) shows three stages including running-in, 
normal, and severe stages, which agrees with the 
typical “bathtub curve”. Moreover, the severe 
stage shows greater wear than the running-in one. 
In addition, the heavier the loads, the greater the 
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wear (obtained by the comparison between section 
2 and section 3);  

2) The variation of permittivity shows a slight 
reduction at the first section; remains almost a 
stable condition at sections 2, section 3 and section 
4; and sharply increase at the last section;  

3) The variation of dynamic viscosity shows an 
uptrend in the full test. In addition, the heavier the 
loads, the greater the viscosity variation (obtained 
from the slopes of the lines at section 2 and section 
3).  

  

 
Figure 2 On-line data for lubricating oil. 

 
3.2 Off-line Data Analysis 

 In order to verify the accuracy of on-line data for 
lubricating oil, off-line data analysis has been 
investigated. The results of element composition 
analyses (ASTM D6595-00) are shown in Fig 3. It can 
concluded that the main metal-particles in the 
degradation process are iron (Fe) and silicon (Si), where 
Fe has been monitored by on-line wear debris sensor, 
and Si can attribute to the dust in the air. Moreover, the 
losses of elements Mg, Ca, Zn and P represent the losses 
of additives of lubricating oil, which explains the 
decrease of permittivity.  
  

 
Figure 3 Element composition analyses. 

 The comparison results between on-line viscosities 
and off-line viscosities are presented in Table 2. The 
results of new oil are the measurements of lubricating 
oil at the beginning of the test, and the results of used 
oil are the measurements of lubricating oil at the end of 
the test.  
 It can be found that after 1230 minutes’ severe 
working, the off-line viscosity of lubricating oil remains 
almost unchanged, while the on-line viscosity increases 
a lot.  
 

Table 2 On-line and off-line viscosity. 
Sample On-line Data/cP Off-line Data/cP 

New Oil 52.65 52.64 

Used Oil 89.18 51.59 
   
4. CONCLUSIONS  

 The developed on-line monitoring system is able 
to detect the changes in process of lubricating oil 
deterioration, as well as wear conditions in real-time.  
 The variation laws of lubricating oil degradation 
can be concluded as follows: 
1) The three indexes, wear particle, dynamic viscosity 

and permittivity, can be monitored to track the 
aging process of lubricating oil;  

2) The wear particle concentration presents three 
stages including run-in, normal wear and severe 
wear in the running process, and heavy load will 
increase the wear rate;  

3) The permittivity goes down first on account of 
losses of additives of lubricating oil, then remains 
stable afterwards, and finally goes up, which 
attributes to the acidic oxides produced from the 
oxidation;  

4) The dynamic viscosity increased gradually at each 
section, and heavy load will lead to great viscosity 
variation. 
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ABSTRACT – Biodiesel is one of the potential fuels of 
the future to overcome petroleum fuel depletion. At 
present, various standards were referred for Biodiesel 
fuel properties and testing method. Not all of these 
standards were found suitable for the tropical conditions 
in Malaysia, therefore called for development of 
Malaysian owned Biodiesel Standard. Previous research 
shows that several biodiesel properties such as density, 
kinematics viscosity, flash point, acid value and water 
content at ambient temperature at 25°C were worth 
investigated where contributed significantly to engine 
failure if not being properly addressed. A study on 
comparison of European EN 14214, American ASTM 
D6751, Japanese JIS K 2390 against Malaysian 
Standard MS 2008 were conducted. Results shows that 
Flash point, Density and Acid Value were found very 
similar while Kinematic Viscosity and Water Contents 
deviate away from all of the three European, American 
and Japanese Standards. However analysis on two 
properties sample (Flash Point and Density) found 
interesting differences in response of Higher Blend 
Ratio (HBR) Biodiesel, which need to be further, 
explored. Recommendations of Malaysian Standard 
were proposed to better suit Malaysian Scope, however 
need further investigation and clarification. 
 
1. INTRODUCTION 

 The global awareness on the important of 
renewable energy has tremendously driven the effort on 
finding sustainable energy solution. The potential of 
biodiesel becoming as fuel of the future has driven 
enormous amount of research work focusing in this 
area. Palm oil-based biodiesel, become the best 
candidate in the Asian region due to the high yield and 
more economical as compared to other feedstock [1-3]. 
In Malaysia, the agency responsible for biodiesel R&D 
and standard development is Malaysian Palm Oil Board 
(MPOB). Currently, most biodiesel testing and 
specification were referred to European, American and 
Japanese standard. However, major concerns from most 
of these standard were for cold weather application. 
Therefore, there is a need for Malaysian government to 
develop its own Biodiesel standard, which reflect its 
tropical climate condition. 
  

2. METHODOLOGY 

 In development of Malaysian Biodiesel Standard, 
one has to review the existing governing standard 
especially from American Society for Testing of 
Material (ASTM), European Standards (EN), Japanese 
Industrial Standards (JIS), and others. However, it was 
noticed that not all of these available standard really 
reflect the Malaysia weather conditions. The main 
concerns of the existing standard emphasized on cold 
weather application, where potential problem appears to 
be more crucial as compared to hot weather especially 
in the normal operating condition of the diesel engine. 

For this research, the existing ASTM, EN, JIS and 
MS standards have been used as the guideline to 
perform any experimental work on biodiesel. Some 
comparison will be made among these four (4) 
international standards to study their compatibility for 
experimental work in Malaysia which using Malaysian 
standards developed by Department of Standards 
Malaysia (DPM).  

In this paper, the emphasis is on the collaboration 
work between Universities and Industries in Malaysia 
for activities involving biodiesel experimentation. Some 
of the investigation performed at the universities could 
be compensated and validated against the analysis done 
by industries and other agency such as MPOB.  
Currently, MPOB have conducted a very substantial 
investigation especially in qualifying low pour point or 
winter grade biodiesel in thrust for export. 

This study is conducted to compliment the initial 
study by MPOB in providing better understanding of 
existing regulatory standard around the globe. 
Researchers in UTeM, alongside with their Malaysian 
Technical University Network (MTUN) counterparts 
with UM collaboration, performed fundamental studies 
for better understanding of the behavior in term of Acid 
Value, Flashpoint (oC), Density (g/ml), Kinematic 
Viscosity and Water Content changes over a certain 
period.  

Humairak et al. [4] and Khalid et al. [5-6] 
conducted experiment to study several biodiesel 
properties such as density, kinematics viscosity, flash 
point and water content at ambient temperature at 25°C 
for a duration of 60 to 63 days. The palm oil biodiesel 
have been blended to various blending ratio of B5(5% 
biodiesel fuel 95% petroleum diesel fuel), B10, B15, 
B20, B25, B30, B35, and B40 in order to make a 
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comparison between data collected from each 
properties. The condition of biodiesel fuel itself will 
affect each of the chemical and physical properties. It 
was shown that when the blending ratio of the biodiesel 
fuel increases the value of almost properties will 
increases also due to the different percentage ratio of 
biodiesel-diesel used in that experiment.  

Several equipment were utilized in this study 
according to the governing standard established from 
ASTM, EN and JIS. The Biodiesel test equipment are 
shown in Table 1. 

 
Table 1 Biodiesel properties equipment 

 
 

Four-biodiesel blend were tested including 
Standard Diesel, B70, B80 and B90. Three storage 
containers were design for Ambient, Hot and Cold 
Storage conditions. The ambient container temperature 
was around 23-24 OC. The Hot containers temperature 
was around 40 OC while the cold containers temperature 
approximately 12oC with a tolerance of +/- 2oC. 
 
3. BIODIESEL STANDARDS COMPARISON 

Table 2 shows the data for biodiesel standard as 
compared with the data in this study. Sample from two 
of the properties investigated (flash point and density) 
were further analyze to understand its response 
behavior. The results for fuel density (g/ml) were 
tabulated and presented in Figure 1. It was observed that 
the standard fuel density remains unchanged over 
different temperatures over a period of 5 weeks storage 
time (in red). The results for higher blend ratio (HBR) 
Biodiesel were obviously much higher as compared to 
the standard diesel. Generally, the density is increasing 
against higher the blend ratio biodiesel. However, it was 
also noted that the stability of HBR were not obtained 
within duration of 5 weeks. It can also be concluded that 
the stability of HBR reduces as the HBR Biodiesel 
increased. 

 
Table 2 Comparison experimental data with existing 

biodiesel standard. 

 

 
Figure 1 Fuel Density versus various storage conditions 

over time. 
 
Increasing density could possibly indicates few 

hypothesis in HBR Biodiesel including formation of 
residual glycerin, catalyst, alcohol, increasing cloud 
point and even bacterial growth within the fuel storage 
system. However these hypotheses need further 
investigation to proof its validity. The potential engine 
problem associated with these concern may perhaps 
reduce life of a diesel engine due to injector choking, 
filter plugging, sediment formation and reduce fuel flow 
in the fuel lines. 
 
4. FLASH POINT OBSERVATION 

Flashpoint refers to the lowest temperature at 
which the fuel will ignite if exposed to flame or high 
compression in the case of CI engine. The experimental 
results for flashpoint against various temperatures and 
storage time (in week) are shown in Figure 2. In this 
figure, it was obvious that each HBR biofuel and 
standard diesel have less variation in each range of 
flashpoints. The measurement shows a very consistence 
reading. 

Another significant finding in Figure 2 is that as 
HBR biodiesel blend increased, the flashpoint also 
increased accordingly. The flashpoint is less responsive 
to the storage time in week. It is more sensitive to the 
composition of HBR of biodiesel.  
 

 
Figure 2 Flash point (oC) versus various storage 

conditions over time. 
 
In this case, it can be concluded that, the higher 

HBR biodiesel blends, it is more difficult for 
combustion to occur in the diesel engine. However, the 
higher the HBR biodiesel, the safer it get for storage in 
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the vehicle as well as in emergency situation such as 
accidents or fuel leakage. This information is important 
to various automotive Original Equipment Manufacturer 
(OEM) in designing suitable storage tanks and 
supporting system for diesel vehicle. 
 
5. CONCLUSION AND DISCUSSION 

Based on the two properties investigated, it could 
be concluded that, the density is more sensitive to 
temperature variation as compared to the flashpoints. 
The density is an important property, with impact to fuel 
quality and injection systems, pumps, and injectors must 
deliver an amount of fuel precisely adjusted to provide 
proper combustion. 

From this investigation, a better understanding for 
some of the biodiesel properties is established. This 
information is important in the development of a more 
specific biodiesel standard relevant to Malaysian 
context, aligned with its tropical weather conditions. 
This standard could be named as Malaysian Biodiesel 
Standard and would be the main reference points for all 
activities related to biodiesel production and application 
in Malaysia. The public awareness should be further 
enhanced to avoid compliance requirements to 
unrealistic and irrelevant Biodiesel standard developed 
by the American, European or Japanese. 
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ABSTRACT – The aim of this study is to investigate the 
friction properties of nano-oil and SAE 15W40 oil 
diluted with biodiesel fuel. An optimal composition of 
0.5 vol.% 70nm hexagonal boron nitride (hBN) 
nanoparticles was dispersed into SAE15W40 oil and 
diluted by four difference percentages of B100 biodiesel 
fuel in the range of 5 to 20 vol.%. As a comparison, the 
SAE 15W40 oil was diluted by the same composition. 
The tribological test was performed using a four-ball 
tribometer. The Scanning Electron Microscope (SEM) 
was used to determine the prominent wear mechanisms 
on the worn surfaces. It was found that the addition of 
biodiesel fuel increases both coefficient of friction (COF) 
of nano-oil and SAE 15W40 oil. However, the COF of 
SAE 15W40 oil is drastically increasing after diluting 
with 15 vol.% of biodiesel fuel, resulting in mild-to 
severe wear transition. 

 
1. INTRODUCTION 

 Diluted engine oil can be very detrimental to an 
engine and its components. Under normal operating 
conditions, the engine oil film is keeping metal surfaces 
and their asperities separated to prevent it from wear [1]. 
There are many symptoms when the fuel enters the 
crankcase and contaminates the engine oil, especially it 
will reduce the oil viscosity [2], disrupts the oil film 
strength causing metal asperities to contact each other 
promoting engine wear, particularly in the cylinder/ring 
area [3]. It also may weaken lubricant detergency and 
increases volatility, which in very extreme cases it can 
lead to a crankcase explosion. There are several cases 
where this dilution also accelerates the lubricant 
oxidations which lead to acid formation/corrosion. 
Usually, the diluted oil present in low oil pressure and 
entrapped the varnish formation. 

 The causes of this phenomena can be result of many 
things such as leaking on injectors, excessive of idle time, 
incomplete combustion, cool engine operating conditions, 
frequent short trip driving, engine modification, 
restricted air filter/bad air to fuel ratio, worn piston 
rings/excessive blow-by, incorrect choke settings, over 
fuelling and also may be due to improper injector timing. 
According to Amsoil [4], depending on the application 
and operating conditions, a cautionary limit of up to 2% 

fuel dilution may be allowed provided viscosity has not 
changed. However, it may be recommended to examine 
the engine and analyze operating conditions. Dilution 
ranging between 2.5% to 5.0% is considered excessive 
and requires immediate maintenance action. 
 Nano-oil [5] or modern oil enhanced by 
nanoparticles additives currently being discussed a lot on 
their performance as friction modifier and anti-wear 
additive, but less studies discuss about the tribological 
effects of this diluted oil. Thus, this study focus on the 
frictional properties of the diluted nano-oil as compared 
with the SAE 15W40 oil. 

 
2. METHODOLOGY 

 The nano-oil was prepared by dispersing an optimal 
composition of 0.5 vol.% 70nm hBN nanoparticles into 
15W40 oil using ultrasonic homogenizer (Sartorius 
Labsonic P). The optimal value of hBN nanoparticles 
was determined from the previous study [6]. The nano-
oil and SAE 15W40 oil were then diluted separately by 
four difference percentages of B100 biodiesel fuel of 5, 
10, 15 and 20 vol.%. The tribological test was performed 
using a four-ball tribometer (TR20) according to the 
ASTM D4172 (Standard Test Method for Wear 
Preventive Characteristics of Lubricating Fluid). The 
speed, load, time, and temperature, were 1200rpm, 
392.4N, 3600sec, and 75oC, respectively. The four-ball 
tribometer incorporated three 12.7mm diameter carbon 
chromium steel balls, clamped together, and covered with 
lubricant for evaluation. A fourth steel ball of the same 
diameter (referred to as the top ball), held in a special 
collet inside a spindle, was rotated by an AC motor. The 
top ball was rotated in contact with the three fixed balls 
that were immersed in the oil sample. The coefficient of 
friction was recorded using a data terminal processing 
system. Table 1 shows the mechanical properties of the 
ball bearing material. The surface morphology of the ball 
bearing was observed using SEM. 

 
3. RESULTS AND DISCUSSION 

Figure 1 shows that the steady state COF for both 
diluted nano-oil and SAE15W40 oil increases with 
increasing biodiesel fuel amount. However, the COF of 
SAE 15W40 oil increases drastically from 0.1 to 0.4 after 
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diluting with 15 vol.% biodiesel fuel. According to 
Bartels et al. [7], the more diluted engine oil the higher 
reduction in oil viscosity which can weaken the lubricant 
detergency; lubricant thickness become thinner which 
can cause increases of friction between asperities and 
resulting in increases of COF and wear.  

 
Table 1 Mechanical properties of ball bearing material 
aProperties Ball bearing 

material 
Hardness (H), HRC 61 
Density (U), g/cm3 7.79 
Surface roughness (Ra), µm 0.022 

aFrom laboratory measurements 
 

 
Figure 1 Steady state COF of nano-oil and SAE 15W40 

oil diluted with B100 biodiesel. 
 

 
Figure 2 SEM images of the worn surfaces of the ball 
bearing tested by SAE 15W40 oil with 15 vol.% B100 

biodiesel fuel with (a) adhesive wear and, (b) pitting and 
scuffing surfaces. 

 

 
Figure 3 SEM images of the worn surfaces of the ball 

bearing tested by nano-oil with 15 vol.% B100 biodiesel 
fuel with clear grooves formed by abrasive wear. 

Adhesive wear with some pitting and scuffing was 
clearly observed on the worn surfaces of ball bearing 
tested by SAE 15W40 oil with 15 vol.% of biodiesel fuel, 
as shown in Figure 2. This feature is characteristic of a 
mild-to-severe wear transition as proven in Figure 1. 
However, from Figure 3, only parallel grooves are 
formed by abrasive wear when tested with nano-oil 
diluted by the same amount of biodiesel fuel.  

These results show the potential of hBN 
nanoparticles as an effective friction reduction additive to 
address the challenge of oil dilution even though being 
diluted by 20 vol.%.  

 
4. CONCLUSIONS 

In conclusions, both COF of diluted nano-oil and 
SAE 15W40 oil increases with increasing biodiesel fuel 
amount. However, at 15 vol.%, the COF of diluted SAE 
15W40 oil starts to increase drastically from 0.1 to 0.4, 
resulting to mild-to-severe wear transition. Adhesive 
wear with some pitting and scuffing was indicated as the 
prominent wear mechanism of the ball bearing material 
tested with diluted SAE 15W40 oil, while for diluted 
nano-oil, only abrasive wear was observed on the worn 
surfaces. The results presented here may facilitate 
improvements in the friction properties of diluted oil by 
hBN nanoparticle additive.  
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ABSTRACT – The aim of this study is to evaluate the 
piston ring wear using 0.5 vol.% 70nm hexagonal boron 
nitride (hBN) nanoparticles additive, where 
homogeneously dispersed in SAE 15W40 diesel engine 
oil. The single cylinder diesel engine test was conducted 
using 20hp eddy current dynamometer (air cooled type). 
The wear of piston ring was evaluated by measuring the 
mass changes. Surface characterization was observed 
using Scanning Electron Microscopy (SEM), and 
Energy-Dispersive X-ray spectroscopy (EDX). It was 
found that the wear of piston ring reduces 
approximately 50% when lubricated with nano-oil. 
Besides, surface damage of the piston ring due to 
adhesive wear type with intensive plastic deformation 
was less pronounced than for SAE 15W40 diesel engine 
oil. 
 
1. INTRODUCTION 

 Most of small engine nowadays easy to fail even 
though in normal operating condition causes of 
mechanical losses due to the friction in engine elements 
such as piston, piston rod, camshaft, crankshaft and also 
transmission system especially diesel type of engine. 
Reducing this friction and wear to a minimum level, 
which can promise to a better efficiency and 
performance of the engines become a challenging part 
to all engine related party. Thus, lubricant has been the 
alternative in solving this problem. The basic principle 
of lubricant is to keep the oil film between separated 
surfaces of the moving part relative to each other which 
can minimize the occurring wear. The addition of 
additives in lubricant could provide new desirable 
properties, improve existing features, and eliminate 
undesirable features or at least reduce it to a minimum 
level [1-5]. 
 The boron nanoparticle has become an interesting 
additive in lubricant technologies. This is due to the fact 
that low-cost, environmental friendly and good 
lubrication properties of boron nanoparticles, dispersed 
in conventional oil, could potentially reduce the friction 
coefficient and wear [3-5]. However, most of current 
wear tests are limited to lab scale test which is not 
reflected in the real world applications. Thus, in this 
work, the potential of hBN nanoparticles as an effective 

additive in SAE 15W40 diesel engine oil to reduce wear 
of piston ring in small diesel engine was studied. 
 
2. METHODOLOGY 

 The nano-oil was prepared by dispersing optimal 
composition of 0.5 vol.% 70nm hBN nanoparticles in 
SAE 15W40 diesel engine oil using ultrasonic 
homogenizer. The optimal value of hBN nanoparticles 
was determined from the previous study [5]. The 
Nippon Piston Ring (NPR) with a diameter of 70mm 
was used in AIRMAN YANMAH YX2500CXA single 
cylinder diesel engine. Prior to test, the piston was 
cleaned using acetone in an ultrasonic bath. The engine 
test was performed using air cooled type 20hp eddy 
current dynamometer as shown in Figure 1. The test was 
repeated three times with a new piston ring for each test 
to ensure the results are more precise and reliable. The 
wear of piston ring was evaluated by measuring the 
mass before and after the test. The Surface morphology 
of the piston ring was observed using SEM and EDX. 
 

 
Figure 1 Schematic diagram of the engine test setup. 

 
3. RESULTS AND DISCUSSION 

The average value and percentage of piston ring 
mass loss is shown in Table 1 and Figure 2. The average 
mass loss of the piston ring lubricated with engine oil 
with and without hBN nanoparticles additive is 0.0052g 
and 0.0114g, respectively. This contributes to the 50% 
reduction of piston ring wear when lubricated with 
nano-oil. 

Figure 3 shows the SEM micrograph of worn 
piston ring surfaces before and after the engine test. It 
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can be observed that piston ring wear mechanism is 
dominated by the adhesive wear type with intensive 
plastic deformation of asperities. This wear type 
mechanism is slightly small in piston ring lubricated 
with nano-oil. This might be due to the mending effect, 
where boron (B) element has been detected entrapped 
and deposited in the worn contact areas of piston ring, 
as shown in Figure 4. This phenomenon could reduce 
friction coefficient and consequently reduce wear [6]. 

 
Table 1 Average value of mass loss of tested piston 

rings. 

Test 
Run 

SAE 15W40 Nano-oil 
Before 
[g] 

After 
[g] 

Mass 
loss 
[g] 

Before 
[g] 

After 
[g] 

Mass 
loss 
[g] 

1 6.3715 6.3129 0.0586 6.3716 6.3422 0.0294 
2 6.3714 6.2941 0.0773 6.3715 6.3328 0.0387 
3 6.3715 6.3148 0.0567 6.3714 6.3413 0.0301 
Ave 6.3715 6.3073 0.0642 6.3715 6.3388 0.0327 
*V 0.0001 0.0114 0.0114 0.0001 0.0052 0.0052 

*V = standard deviation 
 

 
Figure 2 Comparison of average mass loss of piston ring 
lubricated with SAE 15W40 diesel engine oil and nano-

oil. 
 

 
(a)                        (b)                         (c) 

Figure 3 SEM micrograph of worn piston ring surfaces: 
(a) before test, (b) after tested with 15W40 diesel engine 

oil and, (c) after tested with nano-oil. 
 
4. CONCLUSIONS 

In conclusions, wear on the piston ring reduces 
approximately 50% when lubricated with nano-oil. This 
might be due to the hBN nanoparticles entrapped and 
deposited in the worn contact areas of piston ring 
resulting in low friction and preventing contact between 
sliding components. Besides, an adhesive wear with 
intensive plastic deformation of asperities was observed 

on the worn surfaces of piston ring. This wear type 
mechanism is slightly small in piston ring lubricated 
with nano-oil.   

 

 
Figure 4 SEM micrograph and EDX spectrum of 

entrapped particles in the worn contact areas of piston 
ring lubricated with nano-oil. 
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ABSTRACT – Improvement in the anti-wear (AW) and 
extreme pressure (EP) ability of chemically modified 
jatropha oil (CMJO) by adding nanoparticles was 
experimentally evaluated. Nano-lubricants were 
synthesized by adding 1 wt% tungsten disulfide (WS2) 
nanoparticles to CMJO. The AW/EP ability of trial oils 
were evaluated using four-ball wear tests. Wear surfaces 
were analyzed by scanning electron microscopy (SEM) 
along with energy-dispersive X-ray (EDX). The 
addition of 1 wt% oleic acid as surfactant (S) assisted in 
reducing the agglomerates. The addition of WS2 
nanoparticles improved AW/EP properties of CMJO. 
 
1. INTRODUCTION 

 With the recent advances in renewable energy 
alternatives, development of vegetable oil based 
biodegradable lubricant is of great interest for 
tribologists and researchers. The related advantages are 
energy security, biodegradability, nontoxicity, and 
recyclability. However, low thermal stability and low 
oxidation stability obstructs the direct use of vegetable 
oils as lubricants. Over the years the researchers worked 
for the better oxidation and thermal stability of the 
vegetable based oils to be used as lubricants. Different 
chemical changes to crude vegetable oil have been 
performed to improve the oxidation stability and 
thermal stability [1, 2]. However for the lubrication 
purposes, chemically modified vegetable based oils 
become significantly less effective at extreme loads 
between the interacting surfaces [3]. To address the 
AW/EP related limitations of chemically modified 
vegetable oils the mechanism of nanotribology can be 
helpful. The nanoparticles improve AW/EP ability by a 
number of mechanisms which involve, the ball bearing, 
polishing, mending, and protective film formation 
effects [4].  The major focus of nanoparticle enriched 
lubricants has been related to mineral and synthetic base 
oil while a few studies have been reported for vegetable 
oil-based nano-lubricants [5]. Researchers have 
investigated that chalcogenides such as molybdenum 
disulfide (MoS2) [6] and tungsten disulfide (WS2) [7] 
have shown better EP and wear prevention 
characteristics. As only a few studies have been 
reported for nanoparticle enriched bio based lubricants, 
the present research develops and uses chemically 

modified jatropha oil (CMJO) as a base lubricant. 
Nanoparticles of 1 wt% WS2 are used to formulate the 
trail oil. Formulations with 1 wt% WS2 and 1 wt% oleic 
acid are also synthesized to observe the effect of 
surfactant on the dispersion and AW/EP mechanism of 
nanoparticles. The standard four-ball test is used to 
evaluate the anti-wear (AW)/extreme pressure (EP) 
characteristics of the oil samples. The wear surfaces are 
analyzed for nanoparticle deposition using SEM and 
EDX. 
 
2. METHODOLOGY 

2.1   Preparation of Nano Bio-Lubricant 

 The transesterification process was used in the 
presence of Trimethylolpropane (TMP) to modify the 
jatropha methyl ester chemically for better oxidation 
and thermal stability. The detailed procedure and 
mechanism for producing chemically modified 
vegetable oil were adapted from an earlier investigation 
of this research [2]. The WS2 nanoparticles were added 
in CMJO in 1 wt% concentration. Table 1 shows the 
properties of the nanoparticles and base oil (CMJO) 
used in this study. The size and structure of 
nanoparticles were verified using SEM as shown in 
Figure 1. 
 

 
 Figure 1 SEM micrograph of WS2 nanoparticles. 

 
2.2    AW/EP Tests 

 For the four-ball configurations, the AW/EP test 
was performed using the ASTM standard D2783. AISI 
52100 steel balls with 12.7 mm diameter and HRC 64–
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66 hardness were used. Parameters like, load–wear 
index (LWI), last non-seizure load (LNSL), initial 
seizure load (ISL), and weld point (WP) were evaluated 
for all lubricant samples.  
 

Table 1 Material properties. 
Materials                 Properties 

Nanoparticles Purity 
(%) 

Size 
(nm) 

Molecular 
wt (g/mol) 

WS2 99 50 - 2000 
 

247.97 

Base Oil                                       Physical Properties 

                                     Viscosity 10.21 cSt (100 oC)  
                                     Density 0.912 Kg/m3 (15 oC) 

 
2.3    Worn Surfaces Analysis 

 The worn scar surface were analyzed using SEM. 
The EDX spectrum was used to identify the elements on 
worn surfaces.  
 
3. RESULTS AND DISCUSSION 

 The WS2 nanoparticles show better AW/EP 
characteristics. Table 2 shows the results of the 
considered wear parameters of all samples. The LWI 
values clearly show that CMJO dispersed with the WS2 
nanoparticles show better wear protection than blank 
CMJO. Similarly, the parameter values are equally good 
for CMJO+1% WS2+1%S. The comparison of the WP 
values for all the trial oils shows that the WS2 
nanoparticle-enriched lubricants show an improvement 
in EP ability of CMJO. SEM micrograph (Figure 2) 
shows tribo-sintering of WS2 nanoparticles on the worn 
surfaces at ISL. The tribo-sintering mechanism helped 
in providing wear protection and improved the load 
carrying capacity of CMJO. 
 

Table 2 LNSL, ISL and LWI and WP values. 

 
4. CONCLUSION 
 The WS2 nanoparticles were found to be effective 
AW/EP additives to CMJO. The nanolubricants 
provided high load carrying capacity by tribo-sintering 
mechanism. 
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Figure 2 SEM micrograph (25x) at ISL. 
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LNSL/N 686 784 784 
ISL/N 784 980 980 
LWI/N 192.6 217.1 217.1 
WP/N 1568 1764 1764 



Proceedings of Malaysian International Tribology Conference 2015, pp. 196-198, November 2015 
 
 
 

__________ 
© Malaysian Tribology Society 
 

Non-edible palm oil: Alternative to mineral based lubricant in metal 
forming process 

M.A. Nurul1,2,*, S. Syahrullail2, D.M. Razak1,2 

 

1) Jabatan Pengajian Politeknik, Kementerian Pengajian Tinggi Malaysia, 
Presint 2, Pusat Pentadbiran Kerajaan Persekutuan, 62100 W.P Putrajaya, Malaysia. 

2) Faculty of Mechanical Engineering, Universiti Teknologi Malaysia, 
81310 Skudai, Johor, Malaysia. 

 
*Corresponding e-mail: m.a.nurulaini@gmail.com 

  
Keywords: Non-edible oil; palm oil; cold extrusion 

 
 
ABSTRACT – In this paper, the effect of non-edible oil 
in cold extrusion process were investigated by cold 
work forward plane strain extrusion experiments. It then 
was compared to existing metal forming lubricant 
additive free paraffinic mineral oil, VG95 and 
commercial extrusion oil. A pair of taper die and a 
symmetrical work piece (billet) was placed inside 
extrusion rig which acted as main experimental 
apparatus. The experimental result shows that nonedible 
oil has similar maximum extrusion load with mineral 
based lubricant and commercial extrusion oil. 
 
1. INTRODUCTION 

 Vegetable oil is divided into two categories, edible 
and non-edible oil. Non-edible vegetable oils or also 
known as tree borne oil seeds are not suitable for human 
food due to the presence of some toxic components in 
the oils [1]. As mentioned by [2] and [3], liquid plant 
oils appear to be well fit for metal forming because of 
its stability and palatability. Besides that, plant is a 
renewable resource and environmental friendly [4], so 
that it can be easily decomposed. Furthermore, 
vegetable oils are biodegradable and non-toxic, unlike 
conventional mineral-based oils [5]. As a result, the cost 
of acquiring plant oil is much cheaper, compared to 
mineral and synthetic oil. Thus, the use of non-edible oil 
can help to overcome the issues of environmental 
pollution. Due to depletion issue and environmental 
problems from mineral based lubricants, evaluation of 
potential non-edible oils are carried out in order to 
investigate their suitability as an alternative lubricant in 
extrusion process, as well as other metal forming 
processes. Non-edible oil is chosen because it possesses 
some characteristics which make it suitable to be used 
as a lubricant in extrusion. It is also not involving food 
based market which related with edible oils. This 
present work hopefully, would help to promote the 
application of renewable natural resources as well as to 
protect the environment. 

 
2. METHODOLOGY 

 Fig. 1 illustrates the experimental set-up of the 
plain strain extrusion apparatus, while Fig. 2 shows a 
schematic sketch of the billets used in the experiments. 
The billet material is pure aluminum (A1100). The main 
components are container wall, taper die, and work 

piece (billet). The taper die has a sharp edge with 5 
mmm die half-angle. This plain extrusion apparatus was 
assembled and placed on the load cell to record the load 
extrusion (Y-axis) during each test. The displacement of 
ram stroke (X-axis) also was recorded by using the 
displacement sensor is attached to the holder of plain 
extrusion apparatus. Extrusion was stopped at a piston 
stroke of 35 mm, where the extrusion process is 
expected in steady state condition. After the experiment, 
the partially extruded billets were taken out from the 
plane strain extrusion apparatus and the combined 
billets were separated for the surface roughness 
measurement. 
 

 
(a) 

 
(b) 

Fig. 1 (a) Schematic of plane strain extrusion apparatus; 
(b) Schematic for billet used in the experimental works. 

 
 Lubricants. The tested lubricant from non-edible 
palm oil is RBD palm kernel. RBD is derived from 
Refined Bleached Deodorized, which means that oil has 
gone through a purifying process to dissipate the 
unnecessary fatty acid and odour. It was compared to 
existing metal forming lubricant, commercial extrusion 
oil and additive free paraffinic mineral oil, VG95 in 
order to find out whether there is any significant 
mcorrelation between each tested lubricants. One drop 
of lubricant (approximately 15 mg) was applied on the 
experimental surface of taper die before the experiment. 
The initial lubricant amount was predicted to create full 
film lubrication regime at the early stage of extrusion 
process. 
 
3. RESULTS AND DISCUSSION 

 Extrusion Load. The extrusion load reached a 
constant level during the process and the extrusion 
process becomes a steady state condition at a piston 
stroke 15 mm onwards. The maximum extrusion load 
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for RBD palm kernel, commercial extrusion oil and 
PMO VG95 are 77.80 kN, 80.54 kN and 60.67 kN 
respectively.  
 

 
Fig. 3 Maximum extrusion load. 

 
As plotted by bar graph in Fig. 3, clearly show that 

the viscosity of lubricant can leads to its ability in 
reducing friction. PMO VG95 become a lowest 
extrusion load among the others, and yet the highest 
viscous lubricant during experimental temperature. Due 
to that, it will result less friction and less extrusion load 
during extrusion process. A lesser metal-to-metal 
contact between billet and taper die resulting less 
friction and less extrusion load. [6] said that a lubricant 
is suitable to be applied on extrusion process if the 
lubricant used can minimize the extrusion load to a 
reasonable range. RBD palm kernel and commercial 
extrusion oil seems to have more contact and it proved 
that when more metal-to-metal contact occurs, the 
process need more energy to shear the material and 
make the extrusion load becomes higher [7,8]. 

Surface Roughness and Wear Observation. The 
experimental surface was defined as the surface of billet 
which was in contact with each other with taper die and 
container during the extrusion process. The measure 
direction is perpendicular to the extrusion direction. The 
distribution of arithmetic mean surface roughness, Ra in 
product area is shown in Fig. 4. The analysis area for the 
billets is same as tested for wear observation in Fig. 5. 
All tested lubricants tend to stay at the surface of 
contact area due to their high concentrated physical 
attributes. The surface roughness values were slightly 
lower from the beginning of the process towards the 
end. For less viscous lubricant, more metal-to-metal 
contact between sliding surface occurs, resulting higher 
friction and wear [9]. Nevertheless, CCD image shows 
that no severe wear occurred among all tested 
lubricants. 

 
4. CONCLUSIONS 

A type of non-edible palm oil, RBD palm kernel 
was tested as lubricant using plane strain extrusion 
apparatus. Non-edible oil has similar maximum 
extrusion load with commercial extrusion oil with low 
surface roughness at product area, and yet no severe 
wear occurred. To be conclude, RBD palm kernel was 
evidenced can be considered as one of alternative to 
metal forming lubricant in the future. 

 
Fig. 4 Surface Roughness at product area. 

 

   
Fig. 5 Wear observation at product area. 
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ABSTRACT – Sustainable metalworking fluids have 
been used in the manufacturing industry due to the 
environmental concern and health impact. Bio-based oil 
is the suitable to replace petroleum-based oil in order to 
reduce the aforementioned problems. This study was 
focus on the investigation of wear and friction 
characteristics of modified jatropha oil (MJO). MJO 
was formulated at different molar ratio of 
trimethylolpropane and jatropha methyl ester to produce 
MJO1, MJO3 and MJO5. Next, a hexagonal boron 
nitride (hBN) was mixed with MJOs at different 
concentration.  The samples were tested by using four 
ball tribotester machine and compared with synthetic 
ester (SE). The result shows that the concentration of 
0.05wt. % of hBN particles in MJO5 enhances the 
tribological performances. The mixture of hBN particles 
influenced the sliding effect by reducing the wear and 
friction.  This study shows that MJO has a potential to 
replace SE as a sustainable metalworking fluid. 
 
1. INTRODUCTION 

Generally, lubricant was formulated with 70-90% 
of based oil with the addition of various additives. The 
oil based can be mineral, vegetable and synthetic oil. 
Sustainable metalworking fluids (MWFs) from bio-
based oils has been considered in the manufacturing 
industry to replace the usage of mineral oils. Mineral 
oils are normally from petroleum-based oil and 
additives that contribute to the water contamination and 
health impact. However, bio-based oil from the crude 
vegetable has low oxidation and thermal stability. Thus, 
the crude oil performances can be enhanced by additive 
mixtures and chemical modification. 

Additive consists of boron and nitrite was explored 
as a solid lubricant additive. Bouville and Deville [1] 
identifies that hexagonal boron nitrite (hBN) has high 
thermal conductivity, high thermal stability and low 
surface energy. Besides, Ji et al. investigated that the 
hBN poses excellent anti-wear and anti-friction 
behavior [2].  

Therefore, this research was aimed to determine 
the interaction between modified jatropha oil (MJO) 
with different percentage of hBN additives. The 
tribology characteristics in term of wear and friction 
were investigated in order to recognize the potential of 
MJO as a sustainable MWF. 

2. METHODOLOGY 

2.1  Preparation of Metalworking Fluids 

MWFs samples from crude jatropha oil (CJO) 
were formulated via chemical modification process in 
order to improve its properties. Prior to this, jatropha 
methyl ester (JME) was prepared from CJO with two 
steps acid-based catalyst transesterification process. 
Then, JME was reacted with trimethylolpropane (TMP) 
by transesterification process. The modified jatropha oil 
(MJO) was formulated with various molar ratio of 
JME:TMP as shown in Table 1. Once completed, the 
MJOs were then mixed with hBN at different 
percentage (0.05wt. %; 0.1wt. % and 0.5 wt. %, based 
on oil weight percentage). The size of hBN particles 
was in the range of 2 to 5 µm.  The entire samples were 
compared with commercially synthetic ester as the 
reference oil. 

 
Table 1 Modified jatropha oils. 

Descriptions Molar ratio 
MJO1 JME:TMP; 3.1:1 
MJO3 JME:TMP; 3.3:1 
MJO5 JME:TMP; 3.5:1 

 
2.2  Metalworking Fluids Characteristics 

The tribology test was conducted using tribotester 
according to four ball wear test method according to 
ASTM D4172.  This experiment was conducted by 
using four stainless steel balls as shown in Figure 1.  
The lubricant sample was poured approximately 10 ml 
into the ballpot.  Furthermore, the operating temperature 
was regulated at 75± 2oC for one hour operation time.  
The top ball which attached to the ball holder was 
rotated at 1200±60rpm.  The bottom three balls were 
pressed with the applied load force at 392N.  From the 
testing, the coefficient of friction (COF) was determined 
by the Winducom 2010 software. Meanwhile, the 
average mean wear scar diameter (WSD) was measured 
by using image acquisition system.  This testing was 
repeated for two times and the average value of COF 
and WSD was recorded.   
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Figure1 Four ball test set up. 

 
3. RESULTS AND DISCUSSION 

The tribology value was an important 
characteristic that affect the machining performances 
[3]. Figure 2 (a), (b) and (c) illustrates the results of 
different percentages of hBN as an additive in the 
MJOs.  MJOs act as the carrier fluids that allow the 
additive particles to remain in between the sliding 
contact surfaces.  It can be seen in the graph that MJO5 
outperformed MJO1 and MJO3 in terms of WSD. The 
average value of WSD in between the range of 1.2 to1.7 
mm. In addition, the value of WSD for all MJOs was 
decreased when it mixed with 0.05% of hBN. MJO5 
with 0.05%wt. hBN has reduced 23.6% when compared 
with SE respectively.  The additive particles susceptible 
to form a thin lubrication film subsequently prevent an 
adhesion wear mechanism at the contact surfaces [2].  

It can be observed that the COF of MJOs mixed 
with the hBN was lower than SE.  The values of COF 
were ranging from 0.02 to 0.04. MJO5 with 0.05wt. % 
of hBN recorded the lowest value of COF compared to 
all samples. The COF reduces 2% and 75% when 
compared with MJO5 and SE respectively.   The thin 
lubrication film established by the additive prone to 
reduce the friction between the sliding surfaces 
subsequently contributes to an anti-friction 
characteristic. The sliding friction was changed to the 
rolling effect, resulting in a reduction of friction at the 
contact area [4]. 

However, the increment of percentage of hBN 
imparted the WSD and COF values.  The excessive 
amount of additive caused negative impact to the sliding 
area and severe the contact surfaces.  These can be seen 
from higher increased of WSD values.   

 
4. CONCLUSIONS 

The following conclusions can be drawn from the 
current study; 
1) The 0.05wt. % of hBN particles as an additive in 

the MJOs enhanced the tribology characteristic in 
terms of wear and friction. 

2) The higher percentages hBN detrimental the 
tribology characteristic and damage the contacts 
area. 
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Figure 2 Average wear scar diameter (WSD) and 
coefficient of friction (COF) for different MWFs. 
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ABSTRACT – Due to environmental legislations, 
automotive industry is striving hard to shift from 
mineral/synthetic oils to environmental friendly ones 
such as vegetable oils. In this study, effectiveness of 
ZDDP in enhancing the tribological properties of 
steel/steel contact, when used in combination with 
palm-oil based TMP ester, has been investigated and the 
results are compared with that of PAO. Friction and 
wear experiments were carried out using four-ball tribo-
testing machine. TMP and TMP+PAO offered low 
values of friction compared to PAO. In addition, ZDDP-
derived tribofilm was detected on the interacting 
surfaces, when TMP+PAO+ZDDP lubricant was used, 
resulting in decreased wear.  
 
1. INTRODUCTION 

Nowadays, automotive sector are under immense 
pressure of ecological authorities demanding vehicles 
compatible with environmental friendly and 
biodegradable lubricants [1]. In order to meet this 
challenge, automotive manufacturers are working 
closely with their lubricant partners. The most 
commonly used base oils in commercial lubricants are 
either derived from petroleum or synthetic [2]. Because 
of their hazardous effects on the environment and 
difficult waste management, there is an ongoing trend to 
shift to biodegradable base oils [3]. Chemically 
modified vegetable oils such as palm-oil based 
trimethylopropane (TMP) esters are one of the potential 
candidates for alternate lubricant base oils due to their 
extraordinary lubricating properties [4]. Some of the 
favorable properties of vegetable oils as lubricants 
include high flash point, enhanced biodegradability, 
non-toxicity and  enhanced viscosity index [5]. Since, 
most of the commonly used lubricant additives are 
optimized for conventional base oils; therefore, there is 
a need to evaluate the effectiveness of these additives in 
bio base oils. In this paper, most commonly used 
antiwear additive zinc dialkyldithiophosphate (ZDDP) 
is used in combination with synthetic, bio and blended 
base oils to compare their tribological performance 
using four-ball machine. Scanning Electron Microscope 
(SEM) is used to measure the wear scar diameters 
(WSD) of balls which represent wear behavior of a 

particular lubricant/material pair. Energy dispersive x-
ray (EDX) spectroscopy is deployed to detect the 
elements deposited on the interacting surfaces as a result 
of tribochemical interaction with the lubricants using 
tabletop Phenom ProX (Phenom-World, Netherlands).  
 
2. METHODOLOGY 

Tribological experiments were conducted on four-
ball machine using AISI 52100 steel balls according to 
ASTM D 4172-B standard. The material properties of 
the balls and tribo-test conditions are summarized in 
Table 1 and Table 2 respectively. Before and after each 
test, balls and machine components were washed with 
toluene to remove contaminants and residual lubricant 
films. Three balls at the bottom were held stationary in a 
lubricant containing pot and pressed against a rotating 
top ball establishing a point contact.  

 
Table 1 Material properties of AISI 52100 steel balls. 
Properties  Specifications 
Diameter 12.7 mm 
Hardness 64-66 HRC 
Surface roughness 0.03 – 0.04 Ra 
Density 7.80 g/cm3 

 
Table 2 Four-ball tribo-test conditions. 

Physical Quantity Specifications 
Load 40 kg (392.4 N) 
Speed of top ball 1200 RPM 
Duration 3600 sec 
Temperature  75°C 

 
Table 3 Composition of additivated and non-additivated 

lubricants. 
Lubricant  
Name 

PAO  
(wt%) 

TMP  
(wt%) 

ZDDP  
(wt%) PAO 100 - - 

TMP - 100 - 
TMP+PAO 50 50 - 
PAO+ZDDP 99 - 1  
TMP+ZDDP - 99 1 
TMP+PAO+ZDDP 49.5 49.5 1 

 
PAO, TMP, and a blend of TMP & PAO mixed in a 
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ratio of 1:1 by weight were used as base oils. In addition 
to this, three additivated lubricants were also prepared 
by mixing commonly used antiwear additive ZDDP at a 
concentration of 1.0 wt%. Composition details of the 
lubricants used in this study are given in Table 3. For 
each tribo-test, 10 ml of lubricant was used.  

  
3. RESULTS AND DISCUSSION 

Tribological performance of base oils and 
formulated lubricants was evaluated by comparing their 
coefficients of friction and wear scar diameters. In 
Figure 1, it can be seen that lowest value of friction was 
observed with TMP whereas PAO+ZDDP offered 
maximum friction between the interacting surfaces. 
Generally, an increase in friction was observed when 
ZDDP was mixed with base oils. Contrary to that, 
appreciable improvement in wear resistance of 
steel/steel contact was witnessed with lubricants 
containing ZDDP especially with TMP+PAO (Figure 2). 
Similar behavior was also observed in case of PAO but 
unfavorable effect of ZDDP was experienced on the 
wear performance when used in TMP. SEM 
micrographs showing WSDs of stationary steel balls 
with additivated and non-additivated lubricants are 
shown in Figure 3. In Figure 3, it can be seen that 
adhesive wear was the dominant cause of high wear 
rates in base oils. Inclusion of ZDDP not only changed 
the wear mechanism to polishing wear but also 
prevented the asperity breakages by forming tribofilms 
especially in case of TMP+PAO.  

 

 
Figure 1 Coefficient of friction for steel/steel contact 

with additivated and non-additivated lubricants. 
 

According to EDX results, increase in zinc and 
phosphorus content was observed on the steel balls with 
PAO+ZDDP and TMP+PAO+ZDDP. This demonstrates 
that additive-derived tribofilm consisting of ZnS, ZnO 
and ZnSO4 was formed on the interacting surfaces 
resulting in wear reduction. Negligible change in the 
concentration of above mentioned elements was seen in 
case of TMP+ZDDP. This shows that no tribochemical 
interaction took place resulting in highest wear rates 
with TMP+ZDDP among the tested lubricants. 

 
4. CONCLUSIONS 

In this study, effectiveness of ZDDP in different 
base oils is evaluated. In additivated and non-
additivated form, bio-based lubricants demonstrated 
better tribological performance as compared to their 
synthetic counterparts. Tribochemical interaction 
between interacting surfaces and ZDDP was observed 
when PAO and TMP+PAO were used as base oils 
whereas no such behavior was observed with 

TMP+ZDDP. From these observations, it can be 
concluded that TMP in combination with PAO has a 
potential to be used as base oil in automotive lubricants. 

 

 
Figure 2 Wear scar diameters for steel/steel contact with 

additivated and non-additivated lubricants. 
 

 
Figure 3 SEM micrographs of wear scar diameters with 

additivated and non-additivated lubricants. 
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ABSTRACT – This paper aims to promote 
environmentally friendly manufacturing areas without 
sacrificing productivity, by the application of 
biodegradable minimum quantity lubricant (MQL) 
coolant in end-milling Inconel 718. This study is carried 
out by comparing a machining cost and method of 
lubrication applied in the end-milling process. High-
speed cutting of Inconel 718 was performed, according 
to response surface methodology (RSM). Later, the 
optimum condition of the PVD TiAlN/AlCrN coated 
carbide tool consumption and minimum quantity 
lubrication (MQL) are evaluated, based on the tool 
performance; i.e. machining time and material removed. 
In addition, the number of cutting tool edges is taken 
into consideration in the machining cost calculation. 
Machining performance at maximum tool life, 
minimum surface roughness and force are compared 
with the optimum condition, and the results show that 
the application of MQL and using ball-nose end mill 
under optimum condition is competitive. Since this type 
of tool has a high index number which reduces the 
number of cutting tools required drastically. The multi-
objective optimization of cutting parameters, with 
regard to the criteria of the maximum material removed 
(9.029 cm3) and the lowest total cost ($11/100 cm3), 
gives the combination parameter that meets the 
requirement for green manufacturing; i.e. by reducing 
the usage of cutting tools and the amount of lubrication 
consumption.  
 
1. INTRODUCTION 

Nowadays, many manufacturers are implementing 
Minimum Quantity Lubrication (MQL) with 
biodegradable lubricant as a move toward green 
manufacturing. MQL is one of the cooling and 
lubricating strategies during material removing process. 
MQL differs from traditional metalworking coolant by 
applying small amounts of high-quality mist-form 
lubricant directly onto the cutting tool-workpiece 
interface [1]. Chalmers [2] outlined pertain to health and 
environment issues. More than 100 million gallons of 
coolant are used in the US every year, with 1.2 million 
employees exposed to health risk. The long term 
exposure to metalworking fluid may contribute to bad 

health effects and other safety issues, including toxicity, 
respiratory problem, dermatitis and cancer. With respect 
to occupational safety, MQL offers numerous 
advantages over water-mixed metalworking fluids, such 
as better compatibility concerning skin care. In addition, 
the implementation of minimum quantity lubrication 
savings significantly cutting fluid and other related 
handling costs. 

The necessity for machines to apply less risky 
cutting fluids has encouraged many researchers to 
investigate the use of MQL in many applications, such 
as machining performances and parameter optimization 
in drilling, turning, milling and grinding. However, little 
attention is placed on the economic cost analyses of 
adopting the MQL technique. This work presents the 
cost evaluation associated with the machining time and 
removed material, using biodegradable MQL coolant in 
the end milling of Inconel 718. 

 
2. EXPERIMENT SETUP 

The work piece material used was a rectangular 
block of Inconel 718 that had been age-hardened (42±2 
HRC). The chemical composition of the work piece 
material confirms the following attribute (wt.%): 0.49 
Al; 0.004 B; 0.051 C; 5.0Cb; 18.30 Cr; 0.04 Cu; 0.23 
Mn; 3.05 Mo; 53.0 Ni; < 0.005 P; < 0.002 S; 0.08 Si; 
1.05 Ti and balance Fe. Figure 1 shows the assembly of 
the cutting tool and tool holder used in the experiment. 
The insert was a 16 mm-diameter ball-nose end mill 
with the following features: WC-10% Co with PVD 
coating of multilayer TiAlN/AlCrN; relief angle 11°; 
radial rake angle 0°; axial rake angle -3°. All the milling 
experiments were conducted on the DMC 635 V Eco 
CNC milling machine. The cutting parameters were set 
as the finishing process, as shown in Table 1. The tests 
were stopped when uniform tool wear (VB1) reached 0.3 
mm or localized flank wear reached 0.5 mm (VB3), in 
accordance with ISO 8688-2 (1989). 

As shown in Figure 2, the MQL nozzles were 
positioned so that the mist could be jetted out to the rake 
and flank face of the cutting tool. The distance between 
the nozzle and the tool was 30 mm. The flowrate of 
MQL was set at 50 ml/hr. The medium of lubrication 
was biodegradable Coolube® 2210EP, an advanced 



Kasim et al., 2015 
 

204 
 

metal-cutting lubricant based on a composition of 
natural esters, which are formulated from renewable 
plant-based oils [1].  

 

  
Figure 1 Assembly of ball-nose end mill and tool holder. 

 

 
Figure 2 MQL experiment setup. 

 
Response surface methodology was used to design 

experiments, model and optimize three response 
variables; namely, tool life, tl, surface roughness, Ra, 
and resultant force, Fr. Each independent variable was 
coded at three levels between -1 and +1 in the matrix. 
The variables investigated were cutting speed, feed rate, 
axial depth of cut and width of cut, and varied in the 
range, as shown in Table 1. 

 
Table 1 Cutting condition. 

Cutting speed, Vc 100–140 m/min 
Feed rate, fz 0.1–0.2 mm/tooth 
Axial depth of cut (DOC), ap 0.5–1.0 mm 
Width of cut (WOC), ae 0.2–1.8 mm 
Run out  10 µm (radial) and 5 

µm (axial) 
Overhang length 30 mm 
Cutting configuration Down milling 
Lubricant  MQL with flow rate of 

50 ml/h 
 

3. EXPERIMENTAL RESULTS AND 
DISCUSSION 

The effect of machining parameter on tl, Ra, and Fr 
were recorded under MQL conditions. Test no. 1 (Vc 
100 m/min, fz 0.15 mm/tooth, ap 0.75, ae 0.2 mm) was 

found to have the longest tool life among the other 
cutting parameters, while the lowest Ra can be obtained 
by a combination of test no. 22 (Vc 140 m/min, fz 0.15 
mm/tooth, ap 1 mm, ae 1 mm) and test no. 6 (Vc 120 
m/min, fz 0.15 mm/tooth, ap 0.5 mm, ae 0.2 mm), 
which gives the lowest resultant force generated during 
machining. 

 

 
Figure 3 SEM image of notch wear of TiAlN/AlCrN 

cutting tool under MQL cutting condition.  
 

Table 2 shows the cost comparison with various 
experiment result conditions. The maximum tool life, 
min surface roughness and minimum force do not 
guarantee cost effective. The optimum cutting parameter 
offers cost effective with the total cost incurred $11.03 
per 100 cm3. 
 

Table 2 Comparison of estimation machining cost for 
removal of every 100 cm3 of Inconel 718. 

Result 
condition 

Cutting 
tool cost 
($) 

Lubricati
on cost 
($) 

Total 
cost 
($) 

Max tool life 10.48  8.7  19.22 
Min surface 
roughness 39.59   1.0  40.58 
Min cutting 
force 22.10  10.1  32.21 
Optimum 
cutting 
parameter   7.38  3.7  11.03 

* Not include tool holder and initial cost. 
 
4. CONCLUSION 

Multi objective optimization of maximum tool life, 
minimum surface roughness and low cutting force offers 
better total machining cost than single objective. 
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ABSTRACT – This paper investigated the effects of 
graphene nanoplatelets (GNP) as additives in 
trimethylolpropane (TMP) ester blended in 
polyalphaolefin (PAO), where different concentrations 
of GNP were used and tested on fourball tribotester. 
Addition of 0.05wt% GNP in PAO resulted in the lowest 
COF and WSD, thus selected as the optimum 
concentration of GNP in lubricant to be added in 
blended lubricants consisting of 85% PAO and 15% 
TMP. The tribological behaviors of GNP in blended 
lubricants were studied and frictions were reduced by 
4.16% at RT and 3.22% at 75˚C. However, GNP does 
not behave as wear reducer to the lubricants. 
 
1. INTRODUCTION 

Lubricants are widely used in applications such as 
machining industries, automotive and others. The main 
characteristics of lubricants are its lubricity, the ability 
of lubricant to reduce friction that exist between 
surfaces when they are in relative motion [1]. Due to the 
increasing awareness of environmental issues, lubricant 
industry tends to produce more biodegradable and 
environmental friendly products that can performed as 
good as commercial lubricants in the market.  

The main specialties of bio-based lubricant are its 
broad availability and renewable resources, make it is 
easy to be found worldwide. It is also known as 
environmentally lubricant [2] where the lubricant is 
capable in reducing the emission of carbon  monoxide 
and hydrocarbon to the surrounding when being used as 
engine oil [3]. 

To improve bio-based lubricants performance, 
additives can be added to the lubricants in order to 
create more environmentally products with no toxicity 
labels [1]. Masjuki and Maleque [4] discovered the 
usage of Palm Oil Methyl Esters (POME) as lubricating 
oil additives in a two-stroke engine. 

The usage of nanoparticles as additive in 
lubricating oils is emerging in the 21st century due to its 
unique properties such as the effects of quantum-size, 
effects of small-size, effects of surface and interface and 
others [5]. The nanoparticles behave as anti-friction and 
anti-wear additives since they acted as the spacer 
between two frictional surfaces [6]. 

This paper will discuss on the effects of GNP as an 
additives in biolubricants on the physical and 
tribological properties. The optimum amount of GNP 
need to be added in bio-based lubricants also will be 
determined at the end of this study. 

2. METHODOLOGY 

2.1 Samples Preparation and Test Procedures 

Lubricants used in this study were polyalphaolefin 
(PAO), synthetic mineral-based oil and palm oil 
trimethylolpropane (TMP) ester, a bio-based lubricant. 
The additive used was graphene nanoplatelets (GNP) 
with ≈5nm thickness and 120m2/g surface area.  

GNP were added to PAO at 0.01wt%, 0.03wt%, 
0.05wt%, 0.1wt%, 0.2wt%, 1wt%, 3wt% and 5wt% and 
mixed ultrasonically for 1 hour. The concentrations 
were selected to illustrate low, medium and high 
concentration of nanoparticles in lubricants. 

The nanofluids were then tested for 1 hour on 
fourball tribotester at 392N load, room temperature (RT) 
and 1200rpm speed to investigate their tribological 
behavior and to select the optimum GNP concentration 
in lubricants. 

85% of PAO was blended with 15% TMP ester 
before mixed with GNP at the optimum concentration. 
The bio-based nanolubricant was then tested on fourball 
tribotester for 1 hour using 392N load and 1200rpm 
speed at RT and at 75˚C. The friction coefficients (COF) 
and wear scar diameters (WSD) were evaluated and 
further surface characterizations were done using SEM 
and EDX on the steel balls to analyze the wear 
behaviours. 

 
3. RESULTS AND DISCUSSION 

Figure 1 shows the COF and WSD of GNP added 
into PAO at different concentrations. Addition of 
0.05wt% GNP showed the greatest COF and WSD 
reduction compared to other concentrations. This result 
was consistent with studies conducted by Kheireddin, et 
al. [7] and Zen and W. [8]. Even though 5wt% GNP 
shows the least COF, but WSD does not showed any 
improvement. This might be due to the GNP acted as 
ball bearing but in the same time, agglomerations which 
caused by high concentration of GNP resulted in 
abrasive-like wear to happen [7]. This also proved that 
addition of nanoparticles might cause deleterious effects 
in some cases either by increasing COF or WSD [9]. 

As in Figure 2, 0.05wt% GNP added into 
85PAO15TMP showed reductions in COF but no 
obvious improvement can be seen at WSD values for 
both temperatures. Thus, it can be said that GNP can act 
as a friction reducer in bio-based lubricants but not as 
anti-wear additives. 

Figure 3 presented the SEM and EDX analysis on 
the steel balls. Balls b) and c) showed more visible 
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groove as compared to ball a). This proved that GNP as 
additives does not improve anti-wear ability of the 
biolubricants. 

 

 
Figure 1 COF and WSD of GNP added into PAO at 

different concentrations. 
 

 
Figure 2 COF and WSD of 85PAO15TMP with and 

without GNP at RT and 75˚C. 
 

 
Figure 3: SEM and EDX analysis of scars from a) 

85PAO15TMP at RT, b) 85PAO15TMP + 0.05wt% GO 
at RT and c) 85PAO15TMP + 0.05wt% GO at 75˚C. 

 
4. CONCLUSIONS 

 0.05wt% of GNP in lubricant resulted in the 
smallest COF and WSD and addition of the optimum 

amount of GNP into blended lubricants exhibit better 
friction reduction ability but does not behave as an anti-
wear reducer. Further researches need to be done to 
investigate the mechanisms of film forming, load 
carrying capacity and etc. of the GNP as additive in 
biolubricants. 
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ABSTRACT – This study compared the tribological 
performance of RBD palm kernel as alternative 
lubricant. Further, the analysis of chemically modified 
palm kernel oil with zinc-dialkyl-dithio-phosphate 
(ZDDP) additive was carried out to determine its 
lubricity performance by using modified pin-on-disc 
tester. Commercial mineral oil SAE 40 was used as 
reference lubricant. The experiment conditions include 
sliding speed, normal load, weight percentage of ZDDP, 
and lubricant’s quantity. The findings reveal that the 
RBD palm kernel oil has better lubricity performance 
compared with mineral oil. The addition of ZDDP 
exhibited good friction reduction and anti-wear 
properties compared with raw RBD palm kernel oil. 
 
1. INTRODUCTION 

In industrial and machinery world, lubricant plays 
a vital role to reduce the friction between two moving 
surfaces or reduce metal to metal contact. Not only that, 
lubricant can help to prolong machine life and improve 
the efficiency of machine where it will protect the 
machinery parts against wear and reduce in energy loss 
[1]. Various type of lubricant was used in this world 
where mostly are petroleum-based lubricant [2]. But, 
recently there is an increase in environmental issue and 
depletion of fossil fuel has opened the world eye in 
seeking the alternative lubricant for industrial lubricants 
especially by using vegetable oil [3, 4].  Vegetable oils 
are potential substitutes for petroleum-based oil because 
of their numerous advantages including renewability, 
biodegradable, non-toxic and environmental friendly 
[5]. 

There are a quite few research studies on the 
tribological performance of vegetable oils. Various type 
of experiment was also done to improve the 
performance of vegetable oils due to their limitation on 
oxidation where many of researchers carried out the 
experiment by making chemical modification to 
vegetable oils. The goal of this study is to evaluate the 
refined, bleached and deodorized (RBD) palm kernel oil 
to be used as a potential substitute of petroleum-based 
oil and further investigate the tribological performance 
of chemically modified palm kernel oil with the addition 
of zinc-dialkyl-dithio-phosphate (ZDDP) additive. 

 
2. METHODOLOGY 

A pin-on-disc machine was used to evaluate the 

anti-wear and anti-friction properties of the refined, 
bleached and deodorized (RBD) palm kernel oil and 
commercial mineral lubricant (SAE 40) in accordance 
to American Standard Testing Material ASTM G99. The 
effect of the additive addition into the vegetable oils was 
also evaluated in term of their wear and friction 
performance where 5wt% of ZDDP was added to RBD 
palm kernel. In this experiment, pure aluminum A1100 
hemispherical pin with diameter of 6mm and SKD11 
modified disc was used. The disc was design with 10 
mm width and 1 mm depth of groove at 70 mm wear 
track diameter (see Figure 1). The function of the 
groove was to make sure that the lubricant didn’t flow 
out during the rotation of the disc.  For each experiment, 
2.5 ml of the lubricant will be used where all tests will 
be carried out at room temperature, 27 ± 2℃. RBD 
palm kernel will be heated first to change it into liquid 
form and cooled at room temperature before each 
experiment. All tests were carried out with a sliding 
speed of 1.5 m/s for 60 minutes under 1 kg applied load.  
 

 
Figure 1 Modified grooved disc. 

 
3. RESULTS AND DISCUSSION 

The tribological performance of RBD palm kernel 
as alternative lubricant was investigated by using pin-
on-disc tester. The coefficient of friction of the tested 
lubricants; commercial mineral oil (SAE40), palm 
kernel oil and palm kernel oil + 5% ZDDP is shown in 
Figure 2. It is clearly seen that SAE40 lubricant 
exhibited the highest coefficient of friction compared 
with palm kernel oil. The addition of 5% ZDDP into 
palm kernel oil has improved the anti-friction 
performance where more than 14% of friction 
coefficient was reduced compared with pure palm 



Farhanah et al., 2015 
 

208 
 

kernel oil. Table 1 shows wear scar diameter of three 
tested lubricants under the same load and sliding 
velocity. The wear scar diameter becomes larger in the 
order palm kernel oil + 5%ZDDP, palm kernel oil and 
SAE40. The results indicate a direct relationship 
between the coefficient of friction and wear scar 
diameter. The wear scar diameter of palm kernel oil was 
almost similar with commercial oil SAE40. However, 
the wear scar diameter of the palm kernel oil + 
5%ZDDP decreased about 33.45% compared with pure 
palm kernel oil.  
 

 
Figure 2 Coefficient of friction of commercial mineral 
oil (SAE40), palm kernel oil and palm kernel oil + 5% 

ZDDP. 
 

Table 1 Wear scar diameter of pins in pin-on-disc test. 
Tested lubricant Wear scar diameter (mm) 

SAE 40 2.82 

Palm kernel oil 2.75 

Palm kernel oil + 
5%ZDDP 1.83 

 
Palm kernel oil shows better lubricity performance 

compared with commercial mineral oil because 
vegetable oil contain long and polar fatty acid chains 
where the adsorption of polar compounds help in the 
formation of protective thin film hence prevents direct 
metal-to-metal contact [3,6]. This result indicates that 
fatty acid in vegetable oil help in reduction of friction 
coefficient and provides better anti-wear performance. 
Besides that, the addition of ZDDP in palm kernel oil 
also has improved the lubricity performance since 
ZDDP was able to create ‘soap film’ to form a 
protective layer against wear and prevent from direct 
metal-to-metal contact. ‘Soap film’ was the ability of a 
lubricant to provide a thin film by chemical absorption 
of fatty acid to the interface [7]. Presence of 5wt% 
concentration of ZDDP in palm kernel oil help in 
reduction of frictional torque on the contacting surface, 
hence minimize the friction coefficient [8]. The findings 
provide evidence that ZDDP additive was suitable to be 
used as an anti-wear and anti-friction additive in 
chemically modified RBD palm kernel oil. 

 
 

4. CONCLUSIONS 

The following is a summary of conclusions: 
1) RBD palm kernel oil exhibit better lubricity 

performance compared with commercial mineral 
oil (SAE40). 

2) The addition of 5% ZDDP into raw RBD palm 
kernel reveals a significant reduction in friction 
and wear. 
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ABSTRACT – Calcium carbonate (CaCO3) is one of 
the most abundant minerals in nature. CaCO3 
nanoparticles were synthesized from cockle shells. The 
tribological properties of the CaCO3 nanoparticles as an 
additive in bio-based lubricant were evaluated with a 
four-ball tester. The bio-based lubricant is a mixture of 
PAO and 5% palm oil-based TMP ester. The results 
show that these CaCO3 nanoparticles improved the 
tribological properties of bio-based lubricant. The 
optimum concentration of CaCO3 nanoparticles is 8 
wt.%. The results show that a boundary film mainly 
composed of CaCO3, CaO, and iron oxide was formed 
on the worn surface during the friction process to 
protect the surface. 
 
1. INTRODUCTION 

In recent years, many studies related to automotive 
have been looked in the ways to improve the 
performance of engine and its efficiency. In tribology, 
nanoparticles can be categorized as a new low friction 
technology and a method to improve the anti-wear 
properties. These nanoparticles were added into the 
lubricating oil to improve friction-reduction and anti-
wear properties and due to its nanometer size, it permits 
them to enter the contact area between surfaces easily 
[1].   

Green additives have received more attention in 
recent years, especially calcium carbonate (CaCO3) 
because it is not likely to give any potential threat to 
environment. Previous researchers have reported the 
addition of CaCO3 nanoparticles as an oil additive in 
lithium grease [2] and polyalphaolefin (PAO) [3], which 
show a great performance in wear and friction reduction 
properties. Calcium carbonate nanoparticles can be 
prepared by carbonation method, which has been widely 
used in many studies to obtain CaCO3 [2, 4]. Besides 
that, the solution route, via double decomposition 
reaction, also been practiced in some studies to obtain 
CaCO3 nanoparticles [5]. However, in this paper, CaCO3 
nanoparticles were synthesized from its natural 
reservoirs such as cockle shells, which a simple, low-
cost and environmental friendly method. This easy-to-
perform method produces pure nanoparticles powder 
[6]. The blended bio-based lubricant consisted of 5% 
palm oil- based TMP ester in volume basis with PAO 
because this is the optimum percentage of TMP ester in 
PAO [7]. 
 

2. METHODOLOGY 

2.1 Material Preparation of CaCO3 Nanoparticles 

 Approximately 250 gm of cockle shells were 
washed and scrubbed to remove dirt, boiled for 10 
minutes and then cooled at room temperature. This 
allows the shell and flesh to be separated easily. The 
shells were then washed thoroughly with the distilled 
water and dried for seven days at 50 ͦC in an oven. Small 
pieces of aggregate were finally grounded into powder 
form by using a blender machine. The powders were 
sieved using 45 µm using a stainless steel laboratory test 
sieve. To synthesis nanoparticles, 5 grams of micron-
sized cockle shells powders were placed into a conical 
flask and 50 ml of distilled water were added to form 
slurry, also 2 ml of dodecyl dimethyl betaine (BS-12). 
The mixtures were stirred and the collected samples 
were separated from the mother liquid using a filter 
paper and the final products were dried for 1 day in an 
oven [6]. 
 
2.2 Preparation of Bio-Based Nanolubricant 

 The blended bio-based lubricant consisted of 5% 
palm oil- based TMP ester in volume basis with PAO 
was mixed with different concentrations of CaCO3 
nanoparticles. It is mixed by mechanical stirring. 

 
2.3 Four-Ball Test 

The effect of CaCO3 nanoparticles as an additive 
on the tribological properties of bio-based lubricant 
were investigated through a series of four-ball friction 
tests. The four-ball wear tester consists of three balls 
held stationary in a ball pot plus a fourth ball held in a 
rotating spindle as shown in Figure 1. The test 
conditions were 40 kg for load, operating temperature is 
at room temperature, rotational speed of 1200 rpm and 
operation time is 60 minutes.  
 

 
Figure 1 Schematic of four-ball test machine. 
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2.4 Surface Analysis 

The worn surfaces of the lower steel balls were 
investigated by using scanning electron microscope 
(SEM) equipped with energy dispersive X-ray analyzer 
(EDX). 
 
2 RESULTS AND DISCUSSION 

From SEM analysis, the cockle shells powder has 
rod-like shaped, orthorhombic crystals. The presence of 
BS-12 probably catalyzed the breakdown of bigger 
particles into smaller ones through the improvement of 
inter particle adhesiveness [6]. 

 

  
(a) (b) 

Figure 2 SEM images of cockle shells powders before 
(a) and after (b) the addition BS-12. 

 
Based on Figure 3, bio-based lubricant added with 

CaCO3 nanoparticles reduced coefficient of friction 
(CoF) and wear scar diameter (WSD) compared to bio-
based lubricant alone. From the graph, the CoF of bio-
based lubricant alone is 0.08813 and the lowest CoF can 
be achieved is 0.07088, with the addition of 8 wt.% 
CaCO3 nanoparticles and it is reduced by 19.57%. On 
the other hand, WSD for bio-based lubricant alone is 
547.99 µm while the lowest WSD achieved from this 
test is 447.21 µm. The addition of 8 wt.% CaCO3 
nanoparticles reduced the WSD by 18.39%. Thus, the 
optimum concentration of CaCO3 nanoparticles is 8 
wt.%. It can be highlighted that bio-based lubricant with 
the addition of CaCO3 nanoparticles as an additive can 
be used as friction reducer and improve the anti-wear 
properties of bio-based lubricant. 
 

 
Figure 3 CoF and WSD with different CaCO3 

concentrations in bio-based lubricant. 
 

During the friction process, CaCO3 may be 
nanoparticles deposited on the surfaces, forming a 
boundary film. Based on SEM and EDX analyses of the 

worn surface, it can be seen that the boundary film 
was composed of CaCO3 nanoparticles, CaO, and iron 
oxide [2]. The tribo-chemical reaction film is consisted 
of absorbed organic materials coming from additives or 
bio-based lubricant itself, CaO, and iron oxide, which 
acts as solid lubricants during the friction process. This 
results in good tribological behavior on the rubbing 
surface of the friction pair. Hence, the deposits of 
CaCO3 nanoparticles and tribo-chemical reaction 
products on the worn surface improve the tribological 
properties of bio-based lubricant [2, 3]. 
 
3 CONCLUSIONS 

In conclusion, the CoF and WSD for bio-based 
lubricant were higher than bio-based lubricant with 
CaCO3 nanoparticles as an additive. It shows that 
lubricant with the addition of CaCO3 nanoparticles can 
reduce the friction and improve anti-wear properties. It 
can be seen that the optimum concentration of CaCO3 
nanoparticles as an additive in bio-based lubricant is 8 
wt.%, where it reduced the CoF and WSD by 19.67% 
and 18.39%, compared to bio-based lubricant alone. The 
boundary film was composed of CaCO3 nanoparticles, 
CaO, and iron oxide. 
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ABSTRACT – Incineration or disposal of carbon fiber 
waste from the aircraft industry lead to serious energy 
consumption and environmental pollution. The use of 
this waste as reinforcement is a wise approach to 
appreciate the high performance of the carbon fiber. In 
this study, the sliding wear and frictional behavior of 
recycled aerocomposites grade carbon fiber prepreg 
(rCFP) reinforced polypropylene prepared via melt 
compounding method using an internal mixer were 
studied. The samples were categorized into 
polypropylene reinforced by carbon fiber with resin (A) 
and carbon fiber without resin (B). Pin on disc method 
was utilized to evaluate the effect of rCFP content and 
fiber state on tribological performance of the 
composites. The results were supported by 
morphological analyses using Scanning Electron 
Microscopy (SEM). It was found that polymer 
composites B for rCFP without resin exhibited better 
tribological performance than composites category-A. 
The addition of rCFP into polypropylene was observed 
to increase its wear resistance with minimum coefficient 
of friction was achieved at 3 wt. % of rCFP content for 
both polymer composites.  
 
1. INTRODUCTION 

 Current scenario pertaining to the depletion and 
high cost of the metal supply had spurred scientist 
globally to seek and search for another green and 
innovative substitute over the non-conventional raw 
materials [1]. Polymeric matrices reinforced with glass 
and carbon fibers were being increasingly developed for 
numerous mechanical and tribological purposes, such as 
seals, gears, bearings and cams [2-4]. Whereas, carbon 
fiber reinforcement dominates high performance 
applications due to its outstanding mechanical 
properties combined with lightweight characteristic. 
Besides, the reinforcement plays a major role in 
maintaining strength, stiffness, thermal stability and 
frictional properties of a composite material [5, 6]. 
However, most of the present studies were only focused 
[5, 6] on mechanical or tribological properties of virgin 
fiber reinforced polymer composites yet very few deals 
with recycled carbon fiber reinforced polymeric matrix. 

Thus, the performance of recycled carbon fiber 
reinforced thermoplastic based composites in tribology 
needs further study. 
 
2. METHODOLOGY 

2.1 Materials 

 The polypropylene (PP) used in this research is 
polypropylene homopolymer (TITANPRO 6531, 
isotactic type) with a specified melt flow index of 
6g/min. Recycled carbon fiber prepreg  (rCFP) was 
supplied by local aerocomposites company (Figure 1a). 
The rCFP were cut into 5-10 mm in sizes using scissor. 
For category A, the rCFP was crushed using pulverizer 
to produce fine particle and sieved using sieve shaker 
without pre-cleaning. However, for category B samples, 
the rCFP was immersed in acetone for 1 hour to remove 
any residual, purities and resin entrapped in the fiber 
prepregs (Figure 1b). Then, the rCFP was washed with 
distilled water and dried in an oven at the temperature of 
60°C for 24 hours to remove moisture before 
undergoing the crushing process to produce fine 
particle. 

 

 
Figure 1 (a) Waste of carbon fiber prepreg (rCFP) and 

(b) crushed rCFP after cleaning with acetone for 
category-B composites. 

 
2.2 Preparation Process 

The preparation of PP reinforced with rCFP 
composites was performed using an internal mixer 
(Thermo Electron, Haake Rheomix OS) at 180oC and 
rotor speed of 50 rpm for 10 minutes. The mixture was 
left to cool down to room temperature before crushed 
into pellets using a crusher. Subsequently, the mixture 
was compression molded using the hot compression 
machine at 200 oC for 15 minutes to produce cylindrical 
shape for tribological testing in accordance with ASTM 

Figure 1: (a) Waste of carbon fiber prepreg (rCFP) and (b) crushed
rCFP after cleaning with acetone for category-B composites

a b
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G99. Five different compositions of category A and B 
composites were produced i.e., 3 wt.%, 5 wt.%,10 wt.%, 
13 wt.% and 15 wt.% of rCFP including of neat PP as a 
control sample. 

2.3  Test Procedure 

Wear test was performed by the pin-on-disc tester 
(TR-20LE, Bangalore) machine. The wear test was 
conducted based on ASTM G99 to study the dry sliding 
wear of the fabricated composite. The geometry of 
sample dimension for the wear test is 6mm x 28 mm. 
Prior to the testing, the sample was polished with 2000-
grade SiC emery paper to ensure smooth surface, Ra < 
0.6 for a close contact with the counter surface. The test 
was carried out with the application of sliding velocity 
of 200 rpm, at constant load of 16 N and constant 
sliding distance of 2.261 km. Wear behavior as the 
function of wear rates, Ws and coefficient of friction 
(COF) for each sample was determined. Eq. (1) was 
used to compute the wear rates of the specimen.  

Ws =  ∆m
FN.L

 [ g
N.m

]                                      (1) 

 
After the test, the counterface and the worn surface 

were observed under SEM EVO 50 (Carl Zeiss SMT, 
UK) at four magnifications which are 200x, 500x, 
1000x, and 2500x to view the microstructure but only 
500x are included in this abstract. 

 
3. RESULTS AND DISCUSSION 

 In Figure 2a, both polypropylene composites 
exhibit similar pattern where COF increases with rCFP 
content except for loading at 3 wt%. Besides, the sliding 
resistance for category-A were lower than category-B 
once compared with virgin PP. This indicates the rCFP 
with resin showed increase tendency to improve 
lubricating performance of polypropylene. This 
behavior was resulted from interaction between uncured 
thermoset resins on rCFP surfaces with PP matrices and   
assisted with lubrication characteristics of carbon 
material. The lubrication effect decreases as the rCFP 
content increases due to the reduction in matrix fraction 
which essential to significant polymer-reinforcement 
interaction in the composites.  
 

 
Figure 2 (a) Coefficient of friction and (b) wear rates of 

category-A and category-B composites. 
 
Figure 2b shows wear resistance of the PP composites 
increases with the increase of rCFP content. In the range 
of 5 to 15 wt%, a slight difference was observed where 
category-B showed lower wear rates than category-A. It 
is in agreement with hardness value where category-A 
composites showed lower hardness than category-B 

composites. The detail results are not incorporated in 
this extended abstract. Softer surfaces of category-A 
composites increase the tendency of embedded fibers to 
be ploughed-out during the action of wear and tear. 
Furthermore, softer polymer surface provides greater 
adhesion with sliding member. These observations are 
in-line with morphological characteristics of the worn 
surfaces for both composites (Figure 3).  
 
4. CONCLUSION 

 As the conclusion, the rCFP reinforced 
polypropylene was successfully produced via melt 
compounding method. It was found that different state 
rCFP (with/without resins) lead to polymer composites 
with unique tribological behaviors. Both category has 
potential to increase wear resistance with increment in 
lubrication effect for category-A (with resins) and better 
wear resistant exhibited by category-B (without resins). 
Furthermore, the rCFP content played major role in 
tribological properties for both categories. The wear 
resistance increases with the increase of rCFP loading in 
the composites with lower sliding resistance were 
observed at 3 wt% for both categories. 

 

 
Figure 3 SEM micrographs of a (a) category-A 

composites for rCFP with resin and (b) category-B 
composites for rCFP without resin (x500). 
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ABSTRACT – Newly developed lubricant was 
produced by introducing Zinc Dialkyldithiophosphate 
(ZDDP) into commercialized corn oil. ZDDP added 
acted as a physical property improver which lowers the 
kinematic viscosity and reduces coefficient of friction. 
The newly developed oil was tested with a kinematic 
viscometer while characterized using a pin on disc 
tribometer. Corn oil with 2 wt% ZDDP and 5 wt% 
ZDDP showed a decreasing trend of coefficient of 
friction with increment of applied load on the pin on 
disc test. Corn oil with 2 wt% ZDDP showed a desirable 
kinematic viscosity value of 36.3 cSt.  
 
1. INTRODUCTION 

Demand for environmentally friendly lubricants 
are increasing because of the high concern for 
environmental protection. Vegetable oils are being 
explored as a source of environmentally acceptable 
lubricant as they have exposed their anti-wear and 
fatigue resistance properties rather than mineral oils, as 
well as improved deterioration load carrying capacity 
[1]. Plant oil lubricants also obtain most of the 
properties required for lubricants such as high viscosity 
indices because of their high molecular weights, low 
volatility and good lubricity because their ester bonds 
enable the oil molecules to stick to metal surfaces 
through physical bonding and offer better boundary 
lubricity compared to nonpolar petroleum-based mineral 
oil [2]. 

However, oxidation stability of vegetable oil is one 
of the problems in formulating bio-lubricants using 
vegetable oils [3]. The high content of unsaturated fatty 
acids in vegetable oils produces the oil less cooperative 
in stabilizing the oxidation. The modification of the 
vegetable oil or addition of antioxidant additives could 
help in stabilizing the oxidation process [4]. The 
degradation of lubricant oil can be decreased by the 
addition of ZDDP into the base parent oil as the 
effective antiwear and antioxidant additive [5]. 
 
2. METHODOLOGY 

In this study, 0 wt%, 2 wt% and 5 wt% of ZDDP 
was added into commercialized corn oil to study the 
lubricity effect of the oil. The prepared samples were 
then immersed in a 50ºC water bath for 20 minutes to 
ensure that ZDDP is properly dissolved into the parent 
base oil.  

After sample preparation, the samples were then 

tested for kinematic viscosity at 40ºC using a Kittiwake 
Heated Viscometer and characterized using a pin-on 
disc tribometer with 4 different loads applied.  

 
3. RESULTS AND DISCUSSION 

3.1  Effect on Kinematic Viscosity 

The prepared samples were tested using heated 
viscometer at 40oC. Table 1 shows the kinematic 
viscosity of three different concentrations of oil tested 
using heated viscometer. 

From Table 1, it is evident that the value of 
kinematic viscosity at 40ºC reduces to 36.3cSt when the 
oil was added with 2 wt% ZDDP while increases to 37.9 
cSt when added with 5 wt% ZDDP. With the addition of 
2wt% ZDDP the newly developed oil has been found to 
create a boundary film which forms on the metal 
surfaces contacting. The film formed by ZDDP acts as a 
friction reducer showing that ZDDP additive in the right 
amount is beneficial [6]. At higher concentration the 
excess ZDDP adversely effect on the boundary film 
formation. Zinc forms a film on the metal surface. With 
the increase of weight percentage of the oil, more film is 
formed on metal. This condition may be contributed to 
the increase of the viscosity due to the excess of the 
metal present in the oil. [7]. This resulted in significant 
increment of kinematic viscosity of oil with addition of 
5 wt% ZDDP. 

 
Table 1 Kinematic viscosity of corn oil with 0 wt%, 2 

wt% and 5 wt% ZDDP. 
Properties 0 wt% 2 wt% 5 wt% 
Kinematic 
viscosity 37.3cSt 36.3cSt 37.9cSt 

 
3.2 Effect on Coefficient of Friction 

The coefficient of friction for corn oil without any 
addition of ZDDP is seen to be increasing with the 
increment of load applied using pin-on disc tribometer 
as shown in Figure 1. However, with the addition of 2 
wt% of ZDDP in corn oil, the coefficient of friction is 
seen to be decrease to 0.42 when 5 N of load was 
applied. The trending of decrement continues with the 
increment of applied load. The addition of ZDDP helps 
to form a reaction film where this film acts as a 
mechanical protective barrier between the two 
contacting surfaces. This will help to reduce the 
frictional torque of the contacting surfaces with the 
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addition of ZDDP at 2 wt%. The reduction of frictional 
torque will lead to a lower coefficient of friction [6]. At 
5 wt% ZDDP addition, the coefficient of friction has 
increased to 0.51. At higher ZDDP concentration, the 
boundary film formation is affected. The adverse effect 
of the boundary layer is due to the fact of the presence 
of excess zinc adsorption on the contact surfaces. This 
leads to an increment of frictional torque of the 
contacting surfaces leading to an increase of coefficient 
of friction. 

 

 
Figure 1 Coefficient of friction for corn oil with 0 wt%, 

2 wt% and 5 wt% ZDDP. 
 
4. CONCLUSION  

Vegetable oil based lubricants are indeed in the 
limelight for substitution of mineral oil. The addition of 
ZDDP at 2wt% gives a desirable lower kinematic 
viscosity at 36.3 cSt and a lower coefficient of friction 
at 0.42. The newly found results would encourage 
further studies on green bio-lubricants.  
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ABSTRACT – Physical properties of canola oil added 
with Zinc Dialkyldithiophosphate (ZDDP) as bio-
lubricant was investigated. Commercialized canola oil 
added with 0 wt%, 2 wt% and 5 wt% ZDDP were 
prepared and tested in a rotating disc electrode 
spectroscopy (RDE) and a heated viscometer. The 
blending method has been a success proven by the 
increment on zinc and phosphorous concentration 
observed by RDE. Canola oil with addition of 2 wt% 
ZDDP showed a promising kinematic viscosity value of 
38.63 cSt which is lower compared to canola oil without 
any addition of ZDDP. 
 
1. INTRODUCTION 

According to Gawrilow, vegetable oils have been 
used as lubricants since way back in the 1650BC [1]. 
However, recent developments have put vegetable oil in 
the limelight as machinery lubrication as substitution to 
mineral based oil lubricants [2]. The increasing demand 
for this substitution is due to the fact of high concern for 
environmental protection [3]. The charecteristics of 
mineral oil which is non-biodegradable and non-
renewable makes vegetable oil a good substitution 
[4].Vegetable oils are being explored as a source of 
environmentally acceptable lubricant as they have 
exposed their anti-wear and fatigue resistance properties 
as compared to mineral oils [3]. Furthermore, vegetable 
oil based lubricants possesses high viscosity index 
because of their high molecular weights and good 
lubricity for their ester bonds making vegetable oils 
more preferred for this characteristics [2].  

However, the limitations of vegetable oils include 
poor oxidative and hydrolytic stability [5]. The high 
content of unsaturated fatty acids in vegetable oils 
causes the oil to be prone to oxidation. This will limit 
the ability of vegetable oil to act efficiently as 
machinery lubricants. The introduction of ZDDP in 
canola oil is to modify the properties of canola oil 
through stabilizing the oxidation process [6]. The rate of 
degradation of vegetable oil based lubricant can be 
slowed down by the addition of ZDDP into the base 
parent oil as the effective antiwear and antioxidant 
additive [7]. 

 
 

2. METHODOLOGY 

Samples were prepared by addition of ZDDP into 
commercialized canola oil. Samples with 0 wt%, 2 wt% 
and 5 wt% ZDDP were prepared through direct 
introduction method. The prepared samples were then 
immersed in a 50ºC water bath for 20 minutes to ensure 
that ZDDP is properly dissolved into the parent base oil.  

After sample preparation, the samples were then 
tested with a rotating disc electrode in accordance with 
ASTM D6595 and for kinematic viscosity at 40ºC using 
a Kittiwake Heated Viscometer.  

 
3. RESULTS AND DISCUSSION 

3.1  Concentration of Phosphorous and Zinc 

Zinc dialkyldithiophosphates were originally 
prepared by the reaction of phosphorus pentasulfide 
(P2S5) and another different alcohol to give the 
dialkyldithiophosphoric acid, which was neutralized by 
the addition of zinc oxide to give the product [8]. 
Henceforth, to see the effectiveness of dilution, two 
elements were examined using an RDE spectroscopy 
which is Phosphorous and Zinc. From Table 1 it is 
evident that, with an increasing percentage of ZDDP in 
the oil, it will eventually give a positive increment of 
zinc and phosphorus concentration. This could suggest 
that ZDDP has been completely diluted into the parent 
canola oil. 
 

Table 1 Concentration of phosphorous and zinc in 
canola oil with 0wt%, 2wt% and 5wt% ZDDP. 

Properties 0 wt% 2 wt% 5 wt% 

Zinc <1ppm 1412ppm 2816ppm 

Phosphorous 14ppm 1399ppm 3894ppm 
 
3.2 Effect on Kinematic Viscosity 

The prepared samples were tested using heated 
viscometer at 40oC. Table 1 shows the kinematic 
viscosity of three different concentrations of oil tested 
using heated viscometer. 
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The value of kinematic viscosity at 40º of canola 
oil with 0 wt% ZDDP was observed at 40.33 cSt. The 
value of kinematic viscosity at 40º was then reduced 
to38.63 cSt after canola oil was added with 2 wt% of 
ZDDP.  With the addition of 2 wt% ZDDP, the newly 
developed oil has been found to create a boundary film 
which forms on the metal surfaces contacting. This film 
acts as a friction mitigation agent showing that ZDDP 
additive in the right amount is beneficial [9]. However, 
the kinematic viscosity of canola oil with 5 wt% ZDDP 
showed an increment value to 43.73 cSt. At higher 
concentration the excess ZDDP adversely effect on the 
boundary film formation. With the increase of weight 
percentage of the oil, more film is formed on metal. 
This condition may contribute to the increase of the 
kinematic viscosity due to the excess of the metal 
present in the oil [10]. This resulted in significant 
increment of kinematic viscosity of oil with addition of 
5 wt% ZDDP. 

 

 
Figure 1 Kinematic viscosity of canola oil with 0 wt%, 

2 wt% and 5 wt% ZDDP. 
 
4. CONCLUSION  

Vegetable oil based lubricants are prone to 
oxidation. Introduction of antioxidant additive, ZDDP to 
the base oil, canola oil were successfully produced 
using direct introduction method. Three different 
concentration of ZDDP were effectively added to canola 
oil and proven by RDE spectroscopy. Canola oil with 2 
wt% ZDDP showed a promising lower kinematic 
viscosity at 40ºC of 38.63 cSt. The newly found results 
would encourage further studies on green bio-lubricants. 
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ABSTRACT – Due to less water content during its 
processing, RCO would have a good physical and 
tribological properties. However, the information related 
to lubrication capability of RCO is still limited. In 
addition, abundant source of coconut oil in Indonesia 
can be exploited to develop bio-lubricant for industrial 
usage. Thus, this present study was conducted to 
investigate the benefit of dry processing in extracting 
coconut oil and to compare coconut oil extracted 
through wet processing. The result highlighted that dry 
processing could be able to improve lubricating 
capabilities of coconut oil.  
 
1. INTRODUCTION 

The environmental and resource problem triggered 
by the use of mineral oils and synthetic lubricants has 
escalated the environmental awareness in limiting its 
usage as well as its composition. Thus, development of 
vegetable oil has become the focus recently in seeking 
environmentally friendly lubricant for industry [1]. The 
vegetable oil possesses comparable physical properties 
to petroleum-based lubricants. In addition, its unique 
chemical structure and its biodegradability make it a 
decent candidate as bio-lubricant over mineral-based 
lubricants [2]. However, a disadvantage of vegetable oil 
for industrial application is due to its inferior 
characteristics (e.g. low oxidation stability and low-
temperature properties [2]) that are important to 
overcome by conducting an extensive research for all 
possible vegetable-based oils. Meanwhile, research on 
vegetable oil as lubricant is limited to such: jatropha oil, 
soybean oil, rapeseed oil, sunflower oil, and castor oil. 

Indonesia as a tropical country has abundant 
sources of vegetable oil that can be developed as a bio-
lubricant such as coconut oil. Although, coconut oil has 
a lower friction coefficient in comparison to palm oil [3] 
but extracting methods could probably improve its 
lubrication capability due to having less water content. 
Meanwhile, the research in this area is limited. Thus, the 
aim of this research is to investigate coconut oils 
produced by different methods such as dry and wet 
processing, especially on its physical and tribological 
properties. 

 
2. METHODOLOGY 

2.1 Wear and Friction Tests 

Wear and friction test were conducted in 
accordance to ASTM standard G99 using a pin on disc 
test apparatus.  The apparatus enables in determining the 

wear magnitude by calculating the volume of material 
lost as a result of rubbing a pin (probe) against the flat 
face of a rotating disc. Further, the coefficient of friction 
was determined from the ratio of the frictional forces 
measured by using strain gauges attached to a flexible 
arm and the loading forces determined from the weight 
loaded on the pin. 

 
2.2 The Test Specimens 

The test specimen comprised  of a 6 mm diameter 
pin and a 100 mm diameter disc. Furthermore, the flat 
faces of AISI 1015 disc were ground to have a surface 
finish of 0.73μm CLA (Center Line Average) meanwhile 
440C stainless steel was turned into a pin. The measured 
surface hardness of the pin and the disc were 627 BHN 
(Brinnel Hardness Number)  and 145 BHN respectively. 

 
2.3  Lubricant Samples Preparation 

Lubricant samples were prepared by through wet 
and dry processing. Dry processing required the meat to 
be peeled out from its shell and dried to become a copra 
(e.g. dried meat or kernel). The copra was then pressed 
to extract the Refined Coconut Oil (RCO). The all-wet 
processes were using raw coconut that was extracted to 
oil emulsion and water. The prolonged boiling was 
utilised to recover oil from the emulsion thus producing 
a Hydrogenated Coconut Oil (HCO). Virgin Coconut 
Oil (VCO) was extracted from fresh coconut meat by 
grating of the coconut and mixing it with water, then 
squeezing out the oil. The oil was supplied to the 
rubbing contact with a drip-feed system. 

 
3. RESULTS AND DISCUSSION 

3.1  Physical Properties of Coconut Oils 

Table 1 Physical properties of coconut oils. 

Parameters 
Wet Dry 

Error 
HCO VCO RCO 

Viscosity at 28oC, cSt 36.3 43.0 55.6 All 
measurements 
were repeated 
5 times with 
standard 
deviation 2% 

Viscosity at 40oC, cSt 32.4 25.2 42.9 
Viscosity Index 175  101 169 
Flash point, oC 310 308 150 
Pour point, oC 20 19 13 

 
The physical properties of coconut oils extracted 

through dry and wet processing are depicted in Table 1. 
From Table 1, it is revealed that coconut oil extracted 
through dry processing (i.e. RCO) possess a good 

http://en.wikipedia.org/wiki/Copra
http://en.wikipedia.org/wiki/Emulsion
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physical properties compared to that of through wet 
processing. In addition, dry processing also augments 
the kinematic viscosity value either at 28 oC or at 40 oC 
in comparison to the average value of general coconut 
oil found by Mia and Ohno [4]. It is conceivable that 
less water content involved during the extracting 
process. However, as a consequence of having a lower 
flash point, this type of coconut oil has a risk of 
flammable. 

 
3.2  Wear and Friction Properties 

Wear and friction coefficient of coconut oils 
extracted through different processing method are 
shown in Fig. 1 and Fig. 2. Fig. 1 exhibits wear 
progression of the disc used in this study upon a sliding 
time. Wear volume increases as sliding time progresses. 
From Fig. 1, it is revealed that the volume of material 
removed from the disc under RCO lubrication is lower 
than HCO and VCO. This occurred in the operating 
condition of 1,200 rpm and 30 N of loads.  

 

 
Figure 1 Wear progression of discs under different 

extracted methods of coconut oil at normal load of 30N. 
 

Furthermore, RCO yet exhibits better lubrication 
capability under different loads as shown in Fig. 2. This 
is consistent with the results shown in Fig. 1. When 
wear can be reduced, thus the coefficient of friction 
would be low. 

 

 
Figure 2 Effect of nominal load on coefficient of friction 

under different extracting methods of coconut oil. 
 
Finally, in overall, from the results demonstrated in 

Fig. 1 and Fig. 2, it can be deduced that dry processing 
would improve lubrication capability of coconut oil thus 
preventing the material from surface wear and lowering 

its coefficient of friction. 
 

3.3  Surface Texture Analysis 

Applying RCO enable in reducing wear and 
increasing friction coefficient. Besides, the better per-
formance is also indicated by worn surface created du-
ring this study (Fig. 3). Fig. 3(c) ascertains positive 
effect of employing RCO on the disc surface. RCO pro-
duces a smooth surface. This fact is due to oil creates a 
lubricating layer between asperity to prevent from 
exaggerated wear, hence sliding predominantly occurs 
than sticking. Meanwhile, for the surface that was pre-
lubricated with coconut oils extracted through wet 
processing, results in a rough surface and creates a 
coherent profile (Fig. 3(a) and Fig. 3(b)).  

 

 
(a) 

 
(b) 

 
(c) 

Figure 3 Worn surface of discs under different 
processing method of coconut oil; a) HCO, b) VCO and 

c) RCO. 
 

4. CONCLUSION 

The present study measured and examined the 
physical and tribological properties of coconut oils 
extracted through dry processing (i.e. RCO) and wet 
processing (i.e. HCO and VCO). It was revealed that 
good physical and tribological properties of RCO were 
contributed by having a high kinematic viscosity. In 
addition, less water content involved during the 
extracting. The process was responsible in providing 
better performances of RCO compared to VCO and 
HCO. 
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ABSTRACT – Nowadays, natural oil-based is much 
desired for its application as a lubricant in metal 
forming processes, a renewable resource and has high 
biodegradability compared to mineral oil. Other good 
characteristics include sustainability and eco-friendly. 
Therefore, it is important to study their tribological 
properties and perhaps can provide other alternative to 
replace mineral oils as lubricant. This paper presents the 
preliminary study for natural oil-based lubricant which 
in this case are refined glycerine, oleic methyl ester and 
crude glycerol. The study concentrated on friction and 
wears tests and was carried out using a four-ball tester. 
 
1. INTRODUCTION 

Lubricants have an important role in world 
industrial and economic development, mainly by 
reducing friction and wear in mechanical contacts. 
Future lubricants have to be more environmentally 
adapted, have a higher level of performance, and lower 
total life cycle cost (LCC) than presently used 
lubricants. 

In the last 25 years, there has been an increasing 
interest in the use of biodegradable products. This has 
been driven by environmental problems that have 
heightened the need to limit pollution from lubricants 
and hydraulic fluids based on mineral oils [1-4]. Natural 
oil-based are potential substitutes for petroleum-based 
oils; not only they are environmentally friendly, 
renewable and less toxic, but also they have excellent 
lubricating properties such as high viscosity index, high 
lubricity and low volatility[5]. For these reasons, natural 
oil-based lubricants are being actively demanded form 
any green industrial activities. 

The advantages of natural oil-based lubricant are 
sustainability and eco-friendly. It is important to study 
their tribological properties in order to replace mineral 
oils as lubricant. Friction tests were performed by using 
a four-ball tester in order to study the tribological 
properties of natural oil-based lubricant which in this 
case is refined glycerin. 
 
2. METHODOLOGY 

This experiment used a four-ball tester which is an 
instrument for friction and wear measurement. This 
instrument uses four balls; three at the bottom and one 
on the top. The upper ball is held in a collet at the lower 

end of a vertical spindle that is driven by the motor. The 
bottom three balls are held firmly in a ball pot 
containing the test lubricant and pressed against the 
upper rotating ball. The test conditions are listed in 
Table 1.  

 
Table 1 Test conditions. 

Speed 1000 rpm 
Load 50 kg 

Test Temperature (C0) 
1 27 
2 80 
3 100 

 
All parts in the four-ball (upper and lower balls 

and the oil cup) were thoroughly cleaned using acetone 
and wiped using a fresh lint-free industrial tissue. No 
trace of solvent should have remained once the lubricant 
was applied and the parts were assembled. The steel ball 
bearings were placed into the ball pot assembly and 
were tightened using a torque wrench. This was 
intended to prevent motion of the bottom steel balls 
during the experiment. The upper spinning ball was 
locked inside the collet and tightened into the spindle. 
The test lubricant was applied into the ball pot 
assembly. The test lubricants for this work include 
refined glycerine (RG), oleic methyl ester (OME) and 
crude glycerol (CG). 

Apart from that, the oil levels should be filled all 
the voids in the test cup assembly. The oil cup and the 
ball bearings were fitted in specific holder, and mounted 
on the non-friction disc in the four-ball machine and 
shock loading was avoided by slowly applying the test 
load. After that, the selected lubricant was heated up to 
the desired temperature. When the set temperature was 
reached, we started the drive motor, which had been set 
to drive the top ball at the desired speed. After duration 
of 30 minutes, the heater was turned off and the oil cup 
assembly was removed from the machine. The test oil in 
the oil cup was then drained off and the wear scar area 
was wiped using tissue. The wear scar on the bottom 
balls was measured using a special microscope base that 
had been designed for the purpose. 
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3. RESULT AND DISCUSSION 

After the experiment, the wear scar diameter 
(WSD) on the three ball-bearings, which were fitted into 
the oil cup, was observed and measured using a CCD 
microscope as shown in Figure 1. The average values of 
the wear scar diameter were taken. At the normal load 
of 50 kg, RBD PS gave the smallest value of WSD 
compared with the value given by the PMO under the 
same experimental conditions. 

For experimental conditions with 50 kg normal 
loads, the worn surface on the ball-bearing lubricated 
with both RBD PS and PMO showed almost similar 
wear patterns with parallel grooves. Some of the 
grooves were deep while others were shallow. This 
finding shows that the dominant wear mechanism was 
abrasive wear [6]. The grooves resulted from stiff 
particles, such as wear debris of the oxide layer, or 
ragged adhesion. The particles contaminated the 
lubricant and damaged the ball-bearing surface. 

 

 
Figure 1 Sample of measured wear scar diameter. 

 
Friction tests were carried out using a four-ball 

tester. The friction torques, calculated from the friction 
measured from the load cell in the four-ball tester. The 
steady-state condition of the friction torque as shown in 
Figure 2 indicates that the lubricant layer between ball-
bearings was stable and no severe breakdown of 
lubricant film occurred. However, for high normal 
loads, especially for 50 kg, there was an increment of 
friction torque throughout the process, due to the 
lubricant film breakdown. This resulted in an increase in 
the metal-to-metal contact, while creating high friction 
throughout the motion. 
 

Figure 2 Friction coefficient plot. 
 

 Figure 3 shows the effect of temperature on COF 
for each lubricant. As indicated in the Figure, the COF 
values are decreased with the increment of temperature. 

This is due to the change in the lubricant properties, 
such as viscosity and the chains for oxidation [7]. 
Refined glycerine has the highest COF at 27qC, 
followed by oleic methyl ester and crude glycerol. 

 

Figure 3 The effect of temperature on COF for each 
lubricant. 

 
4. CONCLUSION 

        The tribological evaluations of natural oil-based 
lubricants were conducted using a four-ball tester. The 
temperature of the lubricating oil has significant 
influence on the wear mechanism. From the observation 
on the surface topography of the worn surface, the 
rough surface (deep valley of asperities) that formed 
helped to create an oil reservoir of the lubricant, and 
prevented metal-to-metal contact. Further tests with 
different load conditions will be conducted in future 
investigation. 
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ABSTRACT – A ball on disk tribometer was used to 
investigate the wear of self-mated stainless steel 
lubricated by palm methyl ester (PME) mixed diesel oil. 
It is found that the wear resistance of the material is 
improved with the presence of palm methyl ester 
content in the diesel oil. EDS analyses were conducted 
to analyze the tribofilm formed on the contact interface 
of the ball. The results indicate the existence of metallic 
film mainly consisted of Mn on the worn surface of the 
ball lubricated by diesel oil without PME. On the other 
hand, the trace of Mn on the worn surface is much 
smaller in the case where palm methyl ester is mixed in 
the diesel oil. 
 
1. INTRODUCTION 

The use of biodiesel in automotive industry has 
been increasing nowadays due to sustainability and 
environmental issues. In particular, diesel engine can 
have efficiency up to 40% with the use of high pressure 
fuel injection system [1]. Palm methyl ester is the main 
biodiesel resources in South East Asia with the product 
of 273 million liters in 2012 [2]. The methyl ester is 
mixed with petro diesel oil and sold as biodiesel fuel. 
For example, starting 2013, the biodiesel fuel sold in 
Indonesia is a mixture of 10% palm methyl ester in 
petro diesel oil [3]. 

 Biodiesel has several technical advantages 
compared to petro diesel fuel. Among those are higher 
flash point, higher cetane number, higher lubricity, and 
lower exhaust emissions [4]. Moreover, it has an ability 
to improve the friction and wear of the components [5]. 
For example, a mixture of palm methyl ester in 
petrodiesel oil reduces wear of steel ball up to 20% [6]. 

In this paper, the wear of self-mated stainless steel 
lubricated by palm methyl ester contained diesel oil is 
investigated. The tribofilm formed on the surface of the 
ball were analyzed using Energy-Dispersive X-Ray 
Spectroscopy (EDS) to reveal the chemical composition 
of the tribofilm. Based on the results, a hypothesis on 
the wear mechanism is proposed. 
 
2. METHODOLOGY 

A ball on disk tribometer was employed (Fig. 1). 
The radius of the ball used was 4 mm and the diameter 
of the disk was 30 mm.  Both the disk and the ball are 
made of stainless steel SUS 304. The surfaces of both 
the ball and the disk were mirror polished. A 
profilometer evaluation indicated that the surface 

roughness of the disk is Ra=0.03 Pm. 
 

 
Figure 1 Schematic diagram of the tribometer. 
 
The friction tests were conducted inside an oil 

chamber. Two different compositions of diesel oil were 
used. The first is the diesel oil without containing palm 
methyl ester and the second is the diesel oil containing 
palm methyl ester; the biodiesel. Both oils were 
obtained from commercial fuel station in Indonesia. The 
bio-diesel oil contain 10% palm methyl ester. 

The test were conducted at normal load of 13 N at 
250 rpm for 20000 cycles. The oil temperature was 
20oC. The worn surface of the balls were analyzed using 
the Energy-Dispersive X-Ray Spectroscopy (EDS). 

 

 
Figure 2 Worn surfaces of the balls in diesel oil (a) 

without palm methyl ester content and (b) with palm 
methyl ester content. 

 
3. RESULTS AND DISCUSSION 

The worn surfaces of the ball obtained from the 
friction tests in the two different oil conditions are given 
in Fig. 2. It can be seen in the figure that the worn area 
is significantly larger in the case of the diesel oil 
without palm methyl ester content than that in the case 
of the diesel oil with palm methyl ester content. In the 
first case, the width of the wear is 750 Pm and in the 
second one it is 300 Pm. However, the friction 
coefficients of the two conditions were not very much 
different. In the first case, it was 0.25 and in the second 
case it was 0.2. The numbers are taken average across 

(a) (b) 
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the 20000 cycles of friction test.  
Fig. 3 and Fig. 4 give the results of EDS analysis 

of the balls. The analyses were conducted to investigate 
the trace of materials on the contact interface, which are 
Fe, Cr, O, Mn, C, and Ni.  

 

 
Figure 3. EDS image of wear track of ball under 0% 
PME diesel oil. Brighter part of the image shows the 

trace of Fe (a), Cr (b), C (c), O (d), Mn (e), and Ni (f). 
Indicated scale is 250 Pm. 

 

 
Figure 4. EDS image of wear track of ball under 7.5% 
PME diesel oil. Brighter part of the image shows the 

trace of Fe (a), Cr (b), C (c), O (d), Mn (e), and Ni (f). 
Indicated scale is 250 Pm. 

 
The trace of Fe and C are relatively similar in both 

conditions (Fig. 3(a)(c) and Fig. 4(a)(c)). Cr is traced 
more evenly in the worn surface of the ball in the case 
of PME contained oil (Fig. 4(b)) compared to that in the 
other case (Fig. 3(b)). In the case of PME contained oil, 
Ni is traced evenly on the surface (Fig. 4(f)) while in the 
case of the oil without PME, Ni trace is smaller in the 
wear track area, as shown in Fig. 3(f). Mn traces is 
found more significant on the worn surface of Fig. 3(e) 
rather than that of Fig. 4(e). O is found dominant on the 
worn surfaces, as shown in Fig. 3(d) and Fig. 4(d).  

The trace on Mn and O in the wear track can be 
related to the wear mechanism. The wear was larger in 
the case shown in Fig. 3 in which Mn trace is found 
dominant on the worn area. On the contrary, Mn exists 
only in clustered area in the case shown in Fig. 4e. 
Based on these results, one of the reasons of high wear 
is the formation of metallic film consisted of Mn and O, 
possibly Mn oxide. Thus, it can be hypothesized that the 
presence of PME in the oil is could prevent the 
formation of Mn metallic film causing high wear. 
 
4. CONCLUSIONS 

Based on the analysis, the followings are 
concluded; 
1) The wear of the stainless steel is smaller when the 

test is conducted in the palm methyl ester 
contained diesel oil. This indicated that palm 
methyl ester is favorable in wear reduction of the 
material.  

2) EDS analysis indicated that the wear is cause by 
the formation of metallic film consist of Mn and 
O, possibly Mn-oxide. The amount of Mn and O is 
much smaller in the case where the diesel oil is 
mixed with palm methyl ester. 
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ABSTRACT – The approach to innovation in tribology 
needs to be strongly connected to strategic long-term 
planning. Approaches based on biomimetic inspiration 
can steer the field into a very profitable future, 
combined with benefits for the whole biosphere. In the 
future there will be more money than ever spent on 
energy, but it is up to the “innovision” in the field how 
much of these funds will actually flow into tribology 
and contribute to an improvement of the human 
condition. In this respect the future of technological 
development strongly depends on properly analyzing 
emerging trends and issues.  
 
1. INTRODUCTION 

 Tribology is all about optimization of friction, 
adhesion, lubrication and wear. Traditionally, main 
concern was put on technological optimization. With the 
emergence of ecotribology, i.e. tribology that is 
concerned with environmentally acceptable practices, 
the approach in the field widened its focus by including 
societal issues [1,2]. 
 
2. METHODOLOGY 

 Based on the specific example of biomimetics 
[3,4], which is an emerging new field that deals with the 
abstraction of good design from living nature for 
applications in science and technology, the author takes 
the path from innovation to innovision, characterized by 
a new framework of thinking that is the prerequisite for 
the provision of solutions.  
 
3. RESULTS AND DISCUSSION 

Transdisciplinary knowledge transfer from living 
nature to tribology provides new approaches concerning   
materials, structures and processes, the three main areas 
that tribology is concerned with.  

 
3.1 Materials 

Traditionally, metals are of high importance in 
engineering. In living nature, this is not the case. 
Organisms only use metals when they are chemically 
necessary, for example as the center atom of 
chlorophyll, magnesium, and as the center atom of 
hemoglobin, iron. Mechanical strength, structural 
support, and further functional properties in organisms 
are provided rather by highly functional structures of 
benign materials than by metals. Until we are at such a 
high stage with our technological materials, we will still 

utilize metals. However, it is not necessary to obtain 
metals in the environmentally unsustainable way as we 
currently obtain them.  Various plants mine the soil and 
the water bodies in ways that are contrary to 
conventional human mining approaches. With their 
roots they take up metals from the ground, and 
accumulate them in their bodies. In some cases, various 
percent of the dry body mass of the plants is metal  [5]. 
This mining with plants takes place at ambient 
conditions, with little or no waste produced, and at no 
negative effects for the biosphere. Learning from plants 
how to mine could potentially revolutionize our way to 
obtain base materials for our technological devices. In 
the future, however, a nearly complete replacement of 
metals by functional structures made from benign 
materials can be envisaged.  

 
3.2 Structures 

Nachtigall [6] identified general biomimetic 
principles that can be applied by engineers who are not 
at all involved in biology. One of these principles is 
“integration instead of additive construction”. As 
opposed to the plenitude of different materials currently 
used in technological approaches, organisms use only a 
small amount of different materials, however slightly 
chemically varied in different applications, and greatly 
varied structurally. One example for the realization of 
“structure rather than material” in organisms is the way 
that colors are produced in some microorganisms and 
tropical plants  [7,8]. Minuscule structures on the order 
of the wavelength of the visible light (in some cases, of 
the light visible to other animals, such as the ultraviolet 
light visible for some insects and birds) interact with the 
light in similar ways as the water droplets do in the 
generation of a rainbow, or the thin film of oil does on 
water when generating iridescent colors that change 
with the viewing angle, resulting in brilliant coloration 
that does not bleach, and that does not employ any 
potentially toxic chemicals but just contains structures 
from benign materials. A central aspect of structural 
colors and structure-based functions in organisms in 
general that makes them interesting for tribology is their 
multifunctionality. “Multi-functionality instead of 
mono-functionality” is a further general biomimetic 
principle identified by Nachtigall [6]. Structures in and 
on beetles, butterfly wings, tropical plants and 
microorganisms also control wetting behavior as well as 
frictional and adhesion properties. One example is the 
nanostructured silica hinges and interlocking devices in 
diatoms [9] that can serve as inspiration for optimized 
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tribology in microelectromechanical systems (MEMS). 
 

3.3 Processes 

The third category in which tribology can learn 
from living nature is in the large and important area of 
processes. Materials and structures in living nature are 
produced via completely different approaches than 
currently applied in manufacturing by man. One 
intriguing example for the exquisite processes employed 
in living nature is the protein-based biomineralization of 
more than 70 different minerals by living organisms 
[10].  

Such materials comprise carbonates such as 
CaCO3 shells in mollusks, phosphates such as 
hydroxyapatite in bones, oxides such as magnetite 
Fe3O4 in bacteria, sulfates such as celestite SrSO4 in 
radiolarians, sulfides such as pyrite FeS2 and greigite 
Fe3S4 in magnetotactic bacteria, arsenites such as 
oripiment As2S3 in bacteria, native elements such as 
Gold nanoparticles in yeast, silica SiO2 

. nH2O in 
diatoms, halides such as fluorite CaF2 in fish, and 
organic minerals such as guanine in fish scales, 
providing the beautiful fish silver.  

Biomineralization is characterized by chemical 
reactions involving proteins, the creation of perfect 
crystals, the control of crystal growth and inhibition 
depending on the crystallographic axis, as well as the 
production of composite materials with properties that 
are of high value to engineering. 
 

 
Figure 1 Spine tip of the microorganism Rhabdosphaera 

clavigera. Material: Calcite, CaCO3. Structure: spiral 
formed from consistently aligned crystal units with 

rhombic faces. Process: Biomineralized in cool 
seawater, with the help of proteins, at ambient 
conditions. Scale bar 1 Pm = 0.001 mm. [11] 

 
4. CONCLUSIONS 

Current tribology is still employing various 
hazardous materials and processes. On the way towards 
full establishment of modern tribology that is concerned 
with environmentally acceptable practices 

(ecotribology), inspiration from living nature can give 
valuable inputs regarding materials, structures and 
processes that provide environmental sustainability with 
optimized tribological functions. 
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ABSTRACT – Carbon nanotubes were first introduced 
by Ijima in 1991. From that day, it was widely used in 
many fields such as engineering, physics and medical 
fields, including improving tribological behavior and 
material mechanical properties for orthopedic used. 
Many precursors varied from solid to liquid used to 
synthesis it. In current study, carbon nanotube was 
successfully synthesized by using natural source 
precursor, fermented tapioca. The synthesized carbon 
nanotubes were characterized by Raman spectroscopy, 
FESEM, FTIR and TGA in order to study the physical 
and chemical properties before subjected to cells 
toxicity screening on neuroblastoma cells.  
 
1. INTRODUCTION 

Carbon nanotubes (CNT) had beed used in many 
applications varied from engineering until in the 
medicine. This include of used CNT to improve 
tribological behaviour and material mechanical 
properties of orthopedic. Other than that, CNT based 
electrodes can be considered for integrating implantable 
orthopedic devices since it have effect on osteoblast and 
osteoclasts metabolic functions [1]. In the present study, 
fermented tapioca used as precursor in CNT synthesis. 
The liquid part of the fermented tapioca was used with 
the present of ferrocene as a catalyst, result in the 
formation of carbon nanotubes at 800 °C in the 
chemical vapour deposition (CVD) method. The CVD 
method was chosen because of the type of carbon used, 
hydrocarbon [2]. The synthesized CNT was then 
prepared for cells toxicity screening process in vitro. 
The cell lines used is neuroblastoma cells. This is 
because neuroblastoma cell lines retain the ability of 
differentiation into neuronal cell types and the ability 
cells to proliferate as well as to differentiate makes it as 
excellent in vitro system for various studies [3]. In the 
present study, the CNT was synthesized at 800 °C by 
using the CVD method. The product was then 
characterized by raman spectroscopy, field emission 
electron microscopy (FESEM), fourier transform 
infrared spectroscopy (FTIR) and thermogravimetric 
analysis (TGA). The CNT was then prepared for 
toxicity test on neuroblastoma cells.  
 
 

2. METHODOLOGY 

The fermented tapioca liquid was collected and 
placed in an immersed heater which was set at 80 °C. 
Ferrocene (0.25 g, Sigma-Aldrich, Germany) was 
placed in furnace 1, whereas furnace 2 was left empty. 

The synthesis process started at 800 °C in furnace 
2, followed by furnace 1 (180 °C), and the immersed 
heater (80 °C). The synthesis process set for 60 min. 
The black powder product was characterized by using 
FESEM (ZEISS Supra 40VP, Germany), TGA (Perkin 
Elmer Pyris 1, USA), FTIR (Thermo Scientific Nicolet 
6700) and raman spectroscopy (Horiba JobinYvon - 
model DU420A-OE-325). 

The CNT were then diluted to a series of 
concentration ranging from (10 – 500 µg/ml) before 
subjected to toxicity test. The treatment was set at 24 
and 48 h before the 3(4,5-dimethylthiazol-2-yl)-2,5-
tetrazolium bromide (MTS) assays was carried out at 
490 nm by using GloMax Integrated Multidetection 
System by Promega, USA. 
 
3. RESULTS AND DISCUSSION  

The FESEM image showed in Fig. 1is the CNT 
synthesized at 800 °C looked like spaghetti with a 
diameter range of 32 - 47 nm. The results of TGA 
analysis as shown in Fig. 2 revealed that at 650 °C, most 
carbon-based materials have decomposed and the 
remaining are the mass attributed to metal catalyst 
particles. The residual masses are about 30% and the 
oxidation temperature is 411 °C .The FTIR was used to 
characterize the functional elements absorbed by CNT. 
As shown in Fig. 3, the FTIR spectra was in range of 
400-4000 cm-1. The dominant peak at 462, 541, 1635, 
2104 and 3278 cm-1.The present of 3278 cm-1 peak was 
assigned for C-H band, the C=C band equal to the peak 
1635 cm-1.The peak at 3278 cm-1refered to C-H band. 
The microraman analysis result (Fig. 4), showed the 
indicator for CNT synthesis by the present of G, D and 
D’ peaks at 1582, 1350 and 2690 cm-1 respectively is the 
properties of various raman features in single-walled 
carbon nanotubes and graphite.For CNT test in vitro 
(Fig. 5) it showed that the longer CNT left on the cells 
will cause decrease in cells viability. Carbon nanotubes  
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showed higher cells death as the CNT 
concentration increase, however in the present study the 
CNT at the concentration 100 µg/ml and lower showed 
higher cells viability compared to test CNT on mixed 
neuron cells.  

 

 
Figure 1 FESEM image of CNT grown with fermented 

tapioca at 800 °C. 
 

 
Figure 2 TGA curve of CNT grown with fermented 

tapioca at 800 °C. 
 

 
Figure 3 FT-IR spectra of CNT synthesis from 

fermented tapioca at 800 °C. 
 

 
Figure 4 Vibrational spectroscopy of CNT grown with 

fermented tapioca. 

 
Figure 5 Cytotoxicity screening of synthesized CNT 

from fermented tapioca on neuroblastoma cells. 
 
4. CONCLUSIONS 

Successfully synthesized CNT from fermented 
tapioca (<50 nm). It also showed the characteristic of 
single-walled carbon nanotube from raman’s peak 
analysis. The cells viability above 80% at 100 µg/ml 
and lower concentration. This is showed the interaction 
of CNT with biological systems which might open way 
to fully explore the CNT potential application for 
tribological as well as drug carriers. 
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ABSTRACT – The most common carbon source is 
graphite oxide in synthesis the graphene layers. This 
study proposed palm oil as the best new source as a 
carbon feedstock which is more cheaper, green and bio-
renewable resources. The palm oil was placed in the 
first furnace (precursor furnace) and the 2 cm x 2 cm 
Nickel seeded substrate was placed in the second 
furnace (deposition furnace). The furnaces were heated 
to 450oC and range from 1000oC to 1100oC for first and 
second furnaces consecutively.  Argon gas acted as 
carrier gas to carry the carbon atom towards the Nickel 
substrate. After several minutes synthesis time, both 
furnaces were switched off for cooling process. The as-
synthesized graphene was characterized in confirming 
its properties using Atomic Force Microscopy and 
Raman Spectrometer. Raman spectra show that D peak 
appears at ~1345 cm-1 and G peak appears at ~1595   
cm-1. From the results, it shows that palm oil is the one 
of the most promising renewable natural carbon sources 
available to synthesize the graphene. 
 
1. INTRODUCTION 

Graphene was discovered by Andre Geim and 
Kostya Novoselov a decade ago in 2004 at the 
University of Manchester. Graphene is the hardest 
material compare to the diamond and about 300 times 
harder than steel. It is also good thermal conductivity 
compare to other carbon structures such as carbon 
nanotubes, graphite and diamond at room temperature. 
The most common carbon source is graphite oxide that 
used to synthesis graphene layers. Researchers are 
trying to synthesis graphene using new natural carbon 
source. 

Palm oil shows its properties as a promising new 
natural carbon source in synthesis of graphene. Lots of 
long carbon chain contains in fatty acids such as 
palmitic acid, the main fatty acid in palm oil, has 18 
carbons in a chain. Therefore, in this study we used the 
palm oil as a natural carbon feedstock. The double 
furnace CVD method was used to synthesize graphene 
and Argon as a carrier gas. The graphene has deposited 

on the Nickel seeded substrate. After that, the graphene 
was characterized by Raman Spectrometer and Atomic 
Force Microscopy to study the structural properties and 
surface topography. 
  
2. METHODOLOGY 

The commercial palm oil was obtained to use as 
natural carbon source. Several volume of palm oil was 
placed in the alumina boat. The carbon source was 
placed in the middle of precursor furnace and the 2 cm x 
2 cm Nickel seeded substrate was placed in the middle 
of deposition furnace. Argon was flown for 10 minutes 
to wash out any contaminant gaseous inside the tube 
and to give inert ambient for the synthesis purpose. The 
deposition furnace was heated up to in range 1000oC 
and 1100oC. When the deposition temperature was 
stable, the precursor furnace was heated up to 450oC. 
Both furnaces were switch off immediately after several 
minutes of synthesis time. Furnaces were rapidly cooled 
to room temperature. Table 1 shows the parameter that 
was studied in this experiment. The deposited graphene 
was characterized by Raman Spectrometer and Atomic 
Force Microscopy. 

 

 
Figure 1 Schematic diagram of the Chemical Vapour 

Deposition (CVD) method. 
 

3. RESULTS AND DISCUSSION 

The synthesized graphene from CVD method as 
shown in figure 1 was characterized using Raman 
Spectrometer. Figure 2 shows a set of representatives 
Raman spectra of the graphene at different synthesis 
time and deposition temperature. We observed that the 
synthesis of high quality graphene can be obtained at a 
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temperature of 1100oC. On the other hand, the obtained 
graphene had a large number edge disorder and defects 
as the presence of D band. Poor graphitization process 
takes place during the synthesis of graphene and 
confirms the defect materialized.  
 

Table 1 Deposition temperature and synthesis time 
parameter to synthesize graphene. 

No. Deposition Temperature Synthesis Time 
1 

1000oC 
3 minutes 

2 5 minutes 
3 7 minutes 
4 

1100oC 
3 minutes 

5 5 minutes 
6 7 minutes 

 

 
Figure 2 Raman spectra of the synthesized graphene at 

different deposition temperature and synthesis time. 
 
The synthesis time is one of the most important 

parameters to synthesize the high quality graphene. The 
effect of synthesis time was investigated during the 
growth of graphene. The synthesis time was varied from 
3 minutes to 7 minutes with the deposition temperature 
was fixed at 1000oC and 1100oC consecutively. We 
found that the synthesis of graphene need longer time to 
complete graphene coverage. 

 

 
Figure 3 Raman map of the synthesized graphene at 

1100 oC deposition temperature and 7 minutes synthesis 
time. 

 
Raman map shows that the graphene is not 

perfectly uniform in figure 3. The non-uniformity of 
graphene is due to the contact of the van der Waals force 
between graphene and nickel seeded substrate differs 
from region to region. Therefore, the AFM image has 
proved that the surface topography of graphene is not 
uniform and has average roughness of 44.541 nm in 10 
µm2 area region. 

 

 
Figure 4 AFM image of the synthesized graphene at 

1100oC deposition temperature and 7 minutes synthesis 
time.  

 
4. CONCLUSIONS 

We demonstrate that the palm oil is a promising 
natural carbon source to synthesize graphene. Raman 
spectroscopy is one of the powerful tools that used to 
determine the crystallinity and defects of graphene 
layers. The control over the quality of graphene by 
adjusting the deposition temperature and synthesis time 
provides useful information on the growth mechanism 
of CVD of graphene.  
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ABSTRACT – Eco-friendly and bio-degradable 
lubricants and additives have gained tremendous 
attention in recent years due to sustainability awareness. 
Implementing green solutions for oil and lubricants has 
become mandatory due to high regulatory controls. To 
meet these requirements, extensive tribology tests are 
needed. Tribology tests usually need to mimic real 
situations in terms of load, speed and lubrication. 
However, current tribology tools are designed for a 
specific experiment only such as four-ball testing for 
lubricant; making it difficult for Tribologists to assess 
different aspects of an object under scrutiny without 
multiple testing tools. Other drawbacks include low 
usage of each tool, waste of lab space, tests cannot be 
done on the same location or same material, making it 
difficult to correlate different properties which is critical 
in understanding the mechanism behind. In this article, 
we report the development of a versatile testing platform 
which covers most standard tests ranging from lubricant, 
coating reliability, friction and wear on mechanical parts 
to tribology test under controlled environment such as 
temperature, gas and electrochemical environment. 
  
1. INTRODUCTION 

Reducing friction and wear, reducing use of 
lubricants or implementation of bio-based or 
biodegradable lubricants, environmentally friendly 
coatings and re-designing of engineering parts to 
minimize consumption and improve energy efficiency 
are all part of green tribology. In recent years, eco-
friendly and bio-degradable lubricants and additives have 
become hot research topics. In these researches, 
extensive tribology tests are required. In general, 
tribology test needs to mimic the real situation, in terms 
of load, speed and lubrication, demanding the test 
instruments to be versatile and user configurable. The 
existing testing tools are usually designed for a specific 
experiment.  To assess different properties of a test 
object, multiple testing tools are usually required, 
resulting in low usage of each test tool and challenging 
to achieve different tests on the same sample and same 
location. Different properties from the same sample are 
usually required in understanding the mechanism behind. 
This casts some shadow on traditional tribology testers.  
In this article, we report the development of a versatile 
testing platform, which can cover most of the standard 
tests, ranging from lubricant, coating reliability, friction 
and wear on mechanical parts, tribology test under 
controlled environment, such as temperature, gas 
environment, electrochemical environment. In addition 
to the platform, new force sensing technique is also 

developed. With the new force sensor, the noise level is 
significantly reduced and the sensitivity is enhanced 
greatly. With the new force sensor, the platform’s 
capability is extended beyond the traditional tribology 
test, such as sophisticated scratch test to measure thin 
film adhesion energy, indentation for micro/nano 
hardness test. In addition that multiple tests can be 
implemented on one platform, materials or lubricants 
required for the tests are greatly reduced, making the test 
itself environment friendly. On top of those, the platform 
allows user to program with high level language, this is 
important for sophisticated test or user tailored tests. In 
the meantime, multiple step tests can be implemented 
automatically, and work efficiency is improvement 
obviously compared with traditional tribology testers.  
A series of experiments have been carried on the new 
versatile platform. In this article, we will report several 
application case studies, including Stribeck curve 
analysis on green lubricants, adhesion energy analysis of 
different coatings, micro/hardness on device surface, 
tribology test on bearing.  

 
2. EXPERIMENTS AND RESULTS  

2.1  Force Sensor Performance Test 

 To evaluate the noise level of new force sensor, we 
compared it with the traditional force sensor commonly 
used in tribology testers. Both sensors were installed into 
a Bruker Universal Mechanical Tester (UMT) and the 
outputs from the sensors were recorded by the UMT 
software. To make a direct comparison, the two sets of 
data were plotted with the same scale. The data were 
intentionally offset to avoid overlay. The noise level of 
the new force sensor is improved by 20 times.   
 

 
Figure 1 Comparison between the new force sensor and 
the traditional force sensor. The noise level is improved 

by 20 times.  
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2.2 Tribotest on Soya Bean Oil (SBO) Based 
Lubricants 

In this experiment, 4 types of oil were measured, 
i.e. soya bean oil (SBO), modified soya bean oil A 
(MSBO-A), modified soya bean oil B (MSBO-B), and 
mineral oil. Two basic types of tribotests were conducted 
using a Bruker UMT.  In the Four-Ball wear tests, three 
balls are fixed in a lubricant-filled cup and the forth ball 
is pressed against these, forming a tetrahedron.  After 
one-hour relative rotation at 1200 rpm between the single 
ball and the three fixed balls, the wear scar diameters on 
each of the three balls are measured and averaged. The 
scar diameters provide a measure of wear resistance.  The 
smaller the wear scar, the better the wear resistance.  
Tests were conducted at both 15 kg load and 40 kg load, 
as allowed by ASTM D-4172. The results are shown in 
Figure 2 for the 15 and 40 kg tests, respectively.   
 

 

 
Figure 2 Wear scar diameter obtained from four-ball 

tests at two different loads.  
 
 The second type of Tribological characterization 
was the development of Stribeck Curves.  In a Stribeck 
Curve experiment, a converging geometry is required 
which allows the lubricant to be pulled into the gap 
between the two surfaces, and the coefficient of friction 
(COF) is measured over the range of boundary, mixed 
film and fully hydrodynamic friction regimes.  When the 
COF is plotted against the Hersey number (velocity x 
viscosity / load), the level of the boundary friction, the 

position of the “knee” in the curve showing the transition 
to full hydrodynamic lubrication and the level of the COF 
at higher Hersey numbers provides a measure of the 
shear-rate properties of the fluid.  While any of or all 
three the variables can be changed to develop a Stribeck 
curve, in this work, the load was maintained constant and 
only the velocity was varied.  A 10 mm diameter steel 
cylinder, 12 mm long was held on its side at an average 
radius of 20 mm and loaded in line contact against a 
rotating polished steel disk. The velocity was held for 20 
seconds at each of 13 discreet levels from 15 rpm (0.03 
m/s) up to 2,000 rpm (4.2 m/s). A constant load of 2 N 
was used for all tests. It was assumed that significant 
heating did not take place over the course of the test, and 
therefore the viscosity was assumed constant for these 
initial screening tests.  As such the plot could be 
simplified to COF versus velocity.  Figure 3 shows the 
average of five repeat runs for each of the four oils 
investigated in this work.  While the knee in the curve is 
slightly higher (150 rpm vs. 90 rpm) it can be seen that 
the boundary friction level and hydrodynamic for 
MSBO-A and Mineral Oil are equivalent.  

 

 
Figure 3 Stribeck curve for bio-based oils and mineral 

oil USP. 
  
3. CONCLUSION 

 In this case study, the modified soya bean oil 
demonstrate good wear resistance with equivalent 
boundary and hydrodynamic friction as Mineral Oil.  
Modified SBO-A showed better properties for the use as 
a base stock oil as compared with both unmodified soya 
bean oil as well as unformulated Mineral Oil. Based on 
the results, it is expected that moderate formulation can 
be performed on modified soya bean oil to provide a 
viable, bio-based industrial lubricant for a variety of oil 
and grease applications.   
 This case study also demonstrate that Bruker UMT 
is a versatile platform capable in different tribology tests.  
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ABSTRACT – The application of Third Wave Advant 
Edge software is very helpful and effective in 
determining the suitable range of cutting condition and 
to minimize the number of experiment in producing 
dimple sturucture using turning process. Orthogonal 
array in Taguchi method is utilized to accommodate the 
cutting parameters such as cutting speed, feed rate, 
depth of cut and vibration frequency to carry out the 
simulation. The input values of cutting tool geometries 
were similar with past studies. Approximately there are 
20 ranges of cutting parameters of speed and feed rate 
tested to obtain the cutting force vs the length of cut that 
lead to rough estimation of dimple structure sizes for the 
actual machining. Dynamic frequency is tested in order 
to observe the potential use of low frequency which  is 
based on the ability and stability of the vibration 
assisted tooling developed in the range of 15 – 25 Hertz. 
From the simulation, the machining parameters with 
cutting speed of 4 – 35 m/min, feed rate of 0.01 – 0.6 
mm/rev and depth of cut of 0.01 – 0.05 mm are found  
suitable for dimple fabrication for A3xx casting 
Aluminum alloy based on the shape of cutting force 
graph.  
 
1. INTRODUCTION 

FEM analysis is one of the useful methods and 
effective in attaining quick results in terms of both time 
and cost saving. According to Arrazola et al. [1], FEM 
analysis is able to lower the operational cost than 
directly carried out the machining experiment. In 
addition it will provide information that are challenging 
to measure such as temperature, pressure. There are 
generally three types of commercial finite element 
analysis software and important for users to select the 
right one for their application in order to obtained an 
accurate results [2]. The widely used FEM software in 
metal cutting are Deform, Advant Edge and Abaqus [2],  
where the simulation results are proven to be consistent 
and similar to the experimental results obtained by 
previous researchers. Therefore, in this study, FEM 
analysis helps to reduce the number of range for the 
cutting condition to obtain the cutting force graph vs the 
length of cut. 

Taguchi method was utilised for conducting the 
experiment. According to Thakur et al. [3], the Taguchi 
method is a design with highly potential in performing  
the experimental design of engineering processes that 

requires result or optimum parameters combination. 
This method allows a simple approach for both effective 
and systematic on an optimum design for  performance, 
quality and cost [4]. Machining parameters will effect 
the shape and dimple size. Parameters that had been 
investigated by Guo & Ehmann [5] were cutting speed, 
feed rate, cutting tool geometry and shape of the 
vibration trajectory. The parameters that influence the 
tool life and surface quality are cutting/vibration 
condition, elliptical vibration cutting technique, binder 
material and grain size [6].  

This research is focused on the graphical form of 
cutting force versus the length of cut in determining the 
range of the cutting condition that is suitable for dimple 
fabrication. Crucial parameters considered in the 
simulation include the cutting speed, feed rate, cutting 
edge radius, rake angle, relief angle as well as the  
frequency of the dynamic tool. 
 
2. METHODOLOGY 

The orthogonal array L9 in Taguchi method which 
can  accommodate  three levels cutting parameters was 
used as shown in Table 1. The flow chart shown in 
Figure 1 for the simulation methodology. 

 
Table 1 Three levels cutting parameters. 

 
3. RESULTS AND DISCUSSION 

From the simulation result, the range of cutting 
speed is chosen based on the graph obtained which has 
the frequency cutting force shape that gives a gross 
estimate of dimple structure formation. The machining 
parameters with cutting speed of 4 – 35 m/min, feed rate 
of 0.01 – 0.6 mm/rev and depth of cut of 0.01 – 0.05 
mm are found  suitable for dimple fabrication for A3xx 
casting Aluminum alloy. Based on the length of cut it 
shows that the cutting was took place at a distance of 
about 10 µm, which can be considered as the dimple 
structure diameter formation. This result is similarly 
obtained by previous researches. Yan et al. [7] able to 
fabricate the dimple structure diameter of 200 µm and 

Level 
Cutting Speed 
(m/min) 
A 

Feed Rate 
(mm/pus) 
B 

DOC 
(mm) 
C 

Frequency  
(Hertz) 
D 

0 10 0.4 0.01 15 

1 15 0.5 0.03 20 

2 20 0.6 0.05 25 
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282 µm using milling operation, Roy et al. [8] 
successfully fabricate 400 µm diameter using micro 
tooling. While, Guo & Ehmann [9] successfully 
fabricate 40 µm dimple structure diameter using assisted 
turning and also Zhang et al. [10] fabricate 140.9 ± 2.8 
µm diameter by the same process. Machining 
experiment is carried out to validate one of the 
simulation result at that cutting condition of cutting 
speed 7 m/min, feed rate 0.4 mm/rev, DOC = 0.05 mm 
and frequency 20 Hertz. Figure 2 shows the cutting 
force in  X  and Y direction vs length of cut (mm). This 
shape of cutting force graph indicates that the process is 
intermittent and able to produce the dimple structure. 
The dimple produced is shown in Figure 3 with dimple  
size of 523 µm with depth of  70 µm. 
 

 
Figure 1 Simulations flow chart. 

 

 
Figure 2  Cutting force in X and Y direction vs length of 

cut (mm). 
 

 
Figure 3 Dimple structure fabricated using developed 
assisted tooling in turning process at cutting speed 7 
m/min, feed rate 0.4 mm/rev, DOC = 0.05 mm and 

frequency 20 Hertz. 

4. CONCLUSION 

The range of turning parameter obtained from the 
simulation that can produced dimple structure for A3xx 
casting Aluminum alloy are cutting speed of 4 – 35 
m/min, feed rate of 0.01 – 0.6 mm/rev and depth of cut 
of 0.01 – 0.05 mm. 
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ABSTRACT – CrAlN coatings are the foremost coating 
material used for automotive applications where 
mechanical properties such as hardness, roughness, 
adhesion are significant. In this research work thin film 
CrAlN coating is deposited by PVD magnetron 
sputtering technique and to evaluate the mechanical 
properties of CrAlN coating on Al-Si piston alloy. The 
microstructural, topographical analysis and composition 
of CrAlN coatings were examined by using scanning 
electron microscopy (SEM) and energy-dispersive 
spectroscopy (EDX). Atomic force microscopy (AFM) 
images were taken from the substrate surface before and 
after the coating. The scratch adhesion of film-to-
substrate was measured by using scratch machine. 
 
1. INTRODUCTION 

Aluminum and its alloys are now finding growing 
applications in the areas which primarily demand light 
weight and high strength characteristics in materials   
[1]. Indeed, there are  excellent materials that are used 
to manufacture industrial, automotive, and aerospace 
components owing to their low density, fracture 
toughness, and corrosion resistance [2]. Accordingly, 
automotive manufacturers have been employing Al-Si 
alloy, especially in wear applications such as 
compressors, pistons, and cylinder blocks [1, 3]. 
Unfortunately, the use of this alloy has disadvantages 
due to microstructural defects such as coarse eutectic 
structure, massive amount of silicon contents, and 
porosity [1]. These significantly reduce the mechanical 
and wear properties. Wear is a mechanical process that 
results due to frictional force generated between two 
mating surfaces in sliding or rolling contact [4].  The 
poor wear resistance of Al-Si piston alloy limits their 
application [5-6].  

For this purpose, the surface properties of 
aluminum alloys are enhanced by binary and ternary 
nitride coatings. These coatings are used to supplement 
the additional properties that are required in wear 
applications [7-8]. In order to yield optimum 
performance, the first and foremost requirement is that 
the deposited coating should be effectively bonded and 
adhered to the substrate. 
 
2. METHODOLOGY 

The CrAlN coatings were deposited on Al-Si 
piston alloy with very thin coating thickness using 
DC/RF Power magnetron sputtering system (TF450 

Sputtering System, SG Control Engineering) shown in 
figure 1. The surface hardness, microstructure, chemical 
composition and roughness of CrAlN film is evaluated 
by Vickers hardness, field emission scanning electron 
microscopy (FESEM) integrated with energy dispersive 
X-Ray spectroscopy (EDX) along with atomic force 
microscopy (AFM). The scratch adhesion of film-to-
substrate was measured by using scratch machine. 
 

 
Figure 1 PVD magnetron sputtering machine. 

 
3. RESULTS AND DISCUSSION  

Figure 2 depicts the SEM cross sectional 
microscopy of CrAlN coating deposited on Al-Si alloy. 
The thickness as measured for CrAlN top layer and Cr 
Interlayer were 1.69Pm and 1.1 Pm respectively, 
contributing to an approximate total coating thickness of 
3.1 Pm. Under SEM the coating exhibits neither 
columnar nor granular structure. According to the EDX 
area mapping in Figure 2 an uniform atomic 
composition of 5% of N2, 26% of Al and 65% of Cr 
was obtained. Figure 2 is showing the diffusion rate of 
coating layers along with bulk substrate material and 
EDX cross sectional line scan, which implies adequate 
deposition of intended materials. 
 

 
Figure 2 Cross-sectional SEM and EDX micrograph of 

CrAlN coating on Al-Si piston alloy.  
 
AFM results of uncoated and coated samples 

shows surface roughness Ra value of 66 nm and 19 nm 
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respectively, resulting in 3.47 times decrease the 
roughness of coated specimen shown in figure 3. Table 
1 presents the micro hardness of uncoated and CrAlN 
coated substrates. The hardness of CrAlN coating 
contributed to an increase of approximately 7.2 times 
hardness of Al-Si alloy. 
 

 
Figure 3 Three-dimensional AFM images of (a) 

uncoated (b) CrAlN coated samples. 
 

Table 1 Comparison of mechanical properties of 
uncoated and CrAlN coated samples. 

 
The adhesion of CrAlN coating on hypereutectic 

Al-Si alloy substrate was mainly promoted by 
mechanical interlocking. In scratch experiment, the 
adhesion strength of coating-to-substrate is commonly 
referred as critical load (Lc2). For coated sample, three 
scratch indentations were made at different areas. The 
average value of critical loads (Lc3) for adhesion 
strength is given in Table 1. Scratch response is 
evaluated in the form of abrupt changes in the slope of 
load versus depth profile and changes in surface 
morphology across the scratch track were investigated 
by optical microscopy as shown in Figure. 4. 
 

 
Figure 4 Evidence of failure mode of coating through 

scratch tracks. 
 
 
 
 

4. CONCLUSIONS  

In this research work, multilayered CrAlN coating 
was successfully developed on hypereutectic Al-Si alloy 
by magnetron sputtering PVD technique in an Ar+N2 
gas atmosphere. The surface roughness of coated 
sample is (Ra=19 nm) as compared to uncoated sample 
(Ra=66 nm). The hardness for the coated sample was 
654 HV indicating a significant improvement compared 
to the uncoated sample where the hardness was only 90 
HV. The adhesion strength of coating was 2519 mN. 
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ABSTRACT – Abrasive media is a key element in 
conventional blasting process. Despite the numerous 
types of abrasive media used in blasting, garnet remains 
popular in this surface preparation process. Garnet 
which is a semi-precious stone emits no known health 
hazard, a type of abrasive media that could be recycled 
for reuse. This study views the difference between new 
and recycled garnet and the result indicates that the 
profile achieve by recycled garnet falls a little short, as 
the garnet particles became smaller after the blasting 
process, however, it is still in the acceptable range as 
stated in the procedure of the construction project. 
  
1. INTRODUCTION 

Garnet which is mainly reddish in colour is a 
popular abrasive media used in surface preparation 
despite of the advancement in blasting technology. 
Labuan Shipyard and Engineering (LSE) utilize garnet 
as the abrasive media for blasting process in its blasting 
and painting line. This process is performed to protect 
materials against corrosion and one of the most costly 
procedures in a construction process. The process can 
also be called protective coating.  Abrasive blasting is a 
method to remove rusts, mill scales and other foreign 
matter from the work piece and leaves an anchor 
pattern. Figure 1 shows the schematic diagram for the 
mechanism of blasting process employed by LSE. 

 

 
Figure 1 Mechanism of blasting process. 

 
LSE has been using Indian garnet for its 

production line (Indian garnet loss 50% of its original 
size after blasting impact). Garnet are usually only used 
once (depending on client demands), if recycling of 
garnet is implemented, there are a lot of cost savings 
that can be generated, and reduce the usage of landfills. 
Furthermore, with proper calculation, optimization of 

abrasive usage could be established as stated as in 
others previous study [1], [2]. 
 
2. METHODOLOGY 

2.1  Research Method  

In analysing the properties of both new and 
recycled garnet, the data collection is divided into two 
categories of sample, the plates which have undergone 
conventional blasting process and also garnet sample of 
both new and recycled. The data collected is mainly 
performed in two phase namely on site phase and 
laboratory phase. The samples taken for this research is 
focused on an ongoing Floating Production Storage and 
Offloading (FPSO) project. A minor part of this project, 
called Siakap North Petai was performed in Labuan 
Shipyard and Engineering. The venue of on-site data 
collection was in the autoblast chamber of Labuan 
Shipyard and Engineering, the samples taken for this 
research comes from the material that is used for the 
construction of the FPSO project. Phase 1 of onsite data 
provides the rough data from usual quality control 
inspections, meanwhile the laboratory works provides a 
better insight on the new and recycled garnet. 

 
3. RESULTS AND DISCUSSION 

3.1  Garnet Properties 

Particle size analysis was performed on the garnet 
sample of both new and recycled. The analysis was 
done using an image analysis method. The recycled 
garnet tends to have a shape which is round. This proves 
that the process of blasting, actually reduce the garnet 
particle shape, the sharp edges fractures and removed 
due the blasting process. The new garnet has more large 
particles compared to the recycled garnet which have 
more medium sized and fine particles. The garnet 
supplied should have mesh of 30 to 60 which are 
0.595mm to 0.25mm respectively. 

A density analysis was performed on both of the 
sample using pycnometer. The new garnet sample has 
the density 3.99 g/cm3, meanwhile the recycled garnet 
has a density of 3.83 g/cm3.  

The SEM images justify the decrease in size of 
garnet particles after the blasting process. However, 
there are still some garnet particles that somehow still 
retain a large shape after the process. 

 



Elmi et al., 2015 
 

237 
 

 
Figure 2 Close up SEM image of used garnet. 
 
The XRD analysis of new garnet has a profile 

which can be thoroughly identified, however for the 
recycled garnet, most of it peaks were unable to be 
identified. The reason behind this may be that the 
elements of garnet undergo modification if it has been 
used in the blasting process. The impact and pressure 
from the blasting process may affect the abrasive in use, 
not just in terms of its size but also its elemental 
constituents. Other than the impact of blasting process, 
there is also a possibility of the recycled garnet being 
contaminated.       
 
3.2  Plate (substrate) Samples 

A small sample was made to be analyze using 3d 
imaging equipment, Alicona. The result leads to better 
insight and visually represents the difference in the 
surface of material after blasting process. A surface 
profile plotting was done on approximately 1cm of each 
sample which was blasted. The parameters of roughness 
were obtained through this experiment. For the profile 
made with new garnet, the mean peak to valley height 
of roughness profile is 44.374µm. For the profile made 
with recycled garnet, the mean peak to valley height of 
roughness profile is 36.279µm. 

Figure 3 represents the jagged profile of the 
substrate after the blasting process. It can be clearly 
justified that the sample blasted with new garnet offers a 
deeper surface profile compared to the sample blasted 
recycled garnet.  

 
 
 
 
 
 
 
 
 

 
Figure 3 Result of surface profile from Alicona analysis. 
  
4. CONCLUSION 

Through this study, the difference between both 
new and recycled garnet can be clearly depicted. 
Referring back to the significance of the study, in 
determining the usage of recycled garnet with 
accordance of standards, it is safe to say that a recycled 
Indian garnet of mesh size 30/60, could well achieve the 
profile depth of 32 to 68 µm, according to the Siakap 
North Petai project surface protection procedure, the 
surface preparation should be according to the customer 
specification requirement which was in the range of 40 
to 80 µm.  
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ABSTRACT – Surface roughness is one of the key 
measures in manufacturing that describes machined 
surface integrity. In this research work, the effect of 
silicon morphology on surface roughness when turning 
Al-11%Si-1.8%Cu alloy and Sr-containing alloys was 
investigated. The experiments are carried out under 
oblique dry cutting conditions using a PVD TIN-coated 
insert at three cutting speeds of 70, 130 and 250 m/min, 
feed rates of 0.05, 0.1, 0.15 mm/rev, and 0.05 mm 
constant depth of cut. The result released that surface 
roughness decreased with adding 0.04 wt.% Sr to casting. 
The surface roughness values reduce with cutting speed 
increment from 70 m/min to 250 m/min. Also, the surface 
finish deteriorated with increase in feed rate from 0.5 
mm/rev to 0.15 mm/rev. 
 
1. INTRODUCTION 

Machining is one of the most important activities in 
manufacturing industry, and plays a central role in 
modern manufacturing. Modeling with the help of 
experimental results forms an important part in the 
investigation of the complex dynamic mechanisms of 
machining operations [1]. Surface roughness is one of the 
important machinability parameter. It can be adjusted to 
achieve optimum result and aid to decrease costs. It was 
in the 1960s that researchers first showed that a high 
quality machined surface can be achieved by looking at 
all the aspects of the problem, including microstructure 
studies. Aluminium-silicon alloy have been increasingly 
used in aerospace industry and advanced arm systems 
such as satellite bearing, automobile and aerospace [2]. 
They are being considered as a replacement material for 
the conventional alloys in many engineering industries 
[3]. The reason for the wide acceptance of the Al–Si 
alloys can be found in the good thermal conductivity, low 
expansion coefficient, machinability and weldability [4]. 
Several experimental results have been reported 
describing the use of grain refiners or modifiers to obtain 
a fine-grained microstructure of eutectic Al–Si alloys [5]. 
Tomac and Tonnessen conducted a series of machining 
tests on Al-Si and concluded that the higher percentage 
of hard particles extremely affect the tool wear. They also 
found that surface roughness decreased with increasing 

cutting speed [13]. However, there is limited literature 
about the effect of different additives on machinability of 
aluminum silicon die casting alloy. The purpose of this 
study is to experimentally investigate the effect of cutting 
conditions on machining surface of Al-11%Si andAl-
11%Si- 0.04% Sr die cast alloys. 
 
2. METHODOLOGY 

The melted materials were prepared by using an 
induction furnace. The melt temperature was maintained 
at 750-760°C for a period long enough to allow for 
complete melt homogenization. The molten alloy was 
then poured at a temperature of 730 ± 5°C into the 
permanent mold. Turning tests carried out with CNC 
turning machine ALPHA 1350S 8.3 kW power drive and 
6000 rpm maximum spindle speed. Details of the cutting 
tool is given in Tables 1 
 

Table 1 Details of the cutting tool. 

Tools/grade Composition      
catalog  ISO number 

KU10 TIN                      VBGT110302F 

 
3. RESULT  

Turning investigation on untreated and Sr-treated 
Al-11%Si alloys shown that surface roughness values 
increased with feed rate increment, while it decreased 
with increasing cutting speed for both workpiece 
materials. Fig 1 shows value of surface roughness at 
cutting speed of 250 m/min. The result shows that Sr-
treated Al-11%Si alloys have poor surface roughness 
compared to Al-11%Si alloy at all conditions. This can be 
related to the shape of silicon after adding strontium (Sr) 
which affects the ductility of workpiece. 

Figures 2 (a) and (b) show that Sr addition can 
change the silicon shape from flake to lamellar. In 
addition plastic deformation of the soft phase in the 
cutting zone and the building up at the cutting tool edge 
are pronounced that increased surface roughness of 
workpieces after turning operations. 
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Figure 1 Value of surface roughness at cutting speed of 

250 m/min and different feed rates. 
 

 
 

 
Figure 2 Microstructure of workpieces with 100X 

magnification (a) Al-11Si-1.8Cu Non modified, (b) Al-
11Si-1.8Cu 0.04 % Sr modified. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. SUMMARY 

Different surface roughness are observed in both of 
workpieces on the dissimilar cutting condition.  
a) It was found that surface finish improved with 

increasing cutting speed due to rising temperature 
and decrease in the BUE formation and quick 
breakage of it from tool during machining 
workpieces. 

b) Experimental results show that Sb-treated Al-
11%Si have poor surface roughness compared to 
untreated condition in the all of cutting conditions. 
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ABSTRACT – Wire Electric Discharge Machining 
(WEDM) is a nontraditional technique by which the 
required profile is acquired using spark energy. 
Regarding wire cutting, precision machining is 
necessary to achieve high product quality. White Layer 
Thickness (WLT) is one of the most important factors 
for assessing superior surface finish. In this research, 
Adaptive Neuro-fuzzy Inference System (ANFIS) was 
used to predict the WLT in WEDM using coated wire 
electrode. The predicted data were compared with 
measured values, and the average prediction error for 
WLT was 2.61 %. 
 
1. INTRODUCTION 

Wire Electric Discharge Machining (WEDM) is 
among the most well-know and applied non-traditional 
machining processes in industry today. WEDM can 
machine difficult-to-machine materials. In WEDM 
process, White Layer Thickness (WLT) plays a vital role 
on the operational characteristics of the part (e.g., 
fatigue, corrosion, creep life, fracture resistance, surface 
friction, and coating ability). To achieve low WLT 
value, the part must be machined more than once. 
Therefore, the desired WLT is usually specified, and 
proper processes are selected to reach the wanted 
quality [1]. 

WEDM is a complex machining process controlled 
by many process parameters. Any slight variation in one 
of the process parameters can affect the machining 
performance measures such as white layer thickness, 
surface roughness, and cutting rate. The most effective 
machining strategy is determined by identifying 
different factors affecting the WEDM process, and 
seeking different methods of obtaining the best 
machining condition and performance [2, 3]. 

To achieve an efficient machining, mathematical 
modeling between input WEDM parameters and output 
performance characteristics should be available to the 
manufacturers [4, 5]. Soft computing techniques are 
useful when exact mathematical information is not 
available. In contrast to traditional computing, these 
techniques suffer from approximation, partial truth, met 
heuristics, uncertainty, and inaccuracy. ANFIS is one of 
the soft computing techniques that play an important 
role in input-output parameter relationship modeling 
[6]. 

Hence, the aim of this work is to obtain the best 
machining parameters (discharging time, charging time, 

peak current, wire tension, and wire speed) to minimize 
white layer thickness using ANFIS modeling. 
  
2. EXPERIMENTAL WORK 

The experiments were performed using Computer 
numerical control (CNC) Sodick A500W WEDM 
machine tool. Coated wire electrode with tensile 
strength of 875 N/mm2 and diameter of 0.2 mm were 
used for machining blocks of AISI 1050 carbon steel 
under specific machining conditions. The raw material 
with dimension (100x60x20) mm is machined into 
dimension (5x5x20) mm for each specimen. 

In this study, the effect of machining parameters 
including peak current (IP), discharging time (Ton), 
charging time (Toff), wire speed (WS), and wire tension 
(WT) white layer thickness performance factor was 
investigated. The machining parameters levels were 
chosen according to machining recommendations as 
shown in Table 1. The other machining parameters were 
kept constant as a fixed value during experiments to 
optimize the process as spark gap voltage = 20volts; 
flush pressure = 14kgf/cm²; and water resistivity = 
6x10⁴Ω.cm. 
 

Table 1 Levels of machining parameters. 

Parameter levels 
1 2 3 

Ton (µs) 0.2 0.3 0.4 
Toff (µs) 0.5 0.9 1.3 
IP (A) 16 17 - 
WS (m/min) 2 4 6 
WT (g) 350 550 750 

 
 Scanning electron microscope (SEM) was used to 
examine the surface characteristics of the machined part 
to measure the WLT. The average WLT was calculated 
for three different measurements at three different areas. 
Eighteen sets of data were used for building and training 
ANFIS model. 

 
3. ANFIS MODEL 

 Neuro-fuzzy system combines the advantage of 
fuzzy system which deals with explicit knowledge that 
can be explained and understood whereas neural 
network deals with implicit knowledge that can be 
acquired only through learning [7]. Five network layers 
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were used by ANFIS to perform the following fuzzy 
inference steps: Layer 1: Each node in this layer 
performs fuzzification and generates membership grade 
of linguistic label of an input variable. Layer 2: The 
output of each node in this layer is obtained by 
multiplying the incoming signals and represents the 
firing strength of a rule. Layer 3: Each node calculates 
the normalized firing strength. Layer 4: Each node 
output is calculated by the sum of the signals of the 
third and second layer. Layer 5: The node in this layer 
calculates the overall output of the ANFIS. 

 
4. MODEL VERIFICATION 

 Four random readings were used as the testing data 
set. The plot of 4 measured WLT values versus 
predicted values using the ANFIS model is shown in 
Figure 1. Appropriate agreement is obvious between the 
measured and predicted values. This close agreement 
obviously displays that the ANFIS model can be used to 
predict the WLT under consideration.  

 

 
Figure 1 Comparison of measured and predicted WLT 

for the testing data set. 
 

 To evaluate the Fuzzy model, the percentage error 
Ei and average percentage error Eav defined in Eqs. (1) 
and (2), respectively, were used. 

𝐸𝑖 =
|𝑇𝑚−𝑇𝑝|
𝑇𝑚

× 100  (1) 
 
𝐸𝑎𝑣 =

1
𝑚
∑ 𝐸𝑖𝑚
𝑖=1               (2) 

 
Where Tm is the measured WLT; Tp is the 

predicted WLT; and i=1,2,3 is the sample number. The 
obtained average percentage error is 2.61 %. The low 
error level signifies that the WLT results predicted by 
ANFIS are very close to the actual experimental results. 
The error values mean that the proposed model can 
predict WLT satisfactorily. 
 
5. RESULTS AND DISCUSSION 

 The ANFIS model shows that the peak current and 
discharging time are the most significant parameters 
affecting the WLT. The wire tension and wire speed has 
minor effect on the WLT. Charging time has moderate 
effect on the WLT. The ANFIS model shows that 
minimum WLT is achieved at the lowest levels of peak 
current and discharging time. The spark energy 
increases with increasing discharging time and/or peak 
current. Hence, more heat is produced on the machined 
surface that leads to a larger WLT on the workpiece. 

 

6. CONCLUSION 

ANFIS was used to develop empirical model for 
predicting the WLT in WEDM. Discharging time, 
charging time, peak current, wire speed, and wire 
tension were used as predictor variables. Eighteen 
measured WLT values, under different cutting 
conditions, were used as training data set and four 
values were used as testing data set. The model was 
verified with test data where the average error was 
2.61%. These results indicate that ANFIS model is 
accurate and can be used to predict WLT in WEDM. 
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ABSTRACT – Manufacturing geometrically complex 
components with high strength and high wear resistance 
is an essential requirement in fabricating heavy-duty 
industrial components. Electrical Discharge Machining 
(EDM) is a non-conventional machining technique with 
the potential to machine any conductive material 
regardless of hardness property. This experiment 
concentrates on Powder Mixed EDM (PMEDM), where 
a specific concentration of titanium powder is added to 
the dielectric. The effect of adding powder is 
investigated on machined surface roughness. It is 
revealed that for 120 µsec and 210 µsec spark durations, 
the impact of titanium particles significantly improves 
the Ra and Rz of the AISI D2 steel machined surface. 
However, increasing the spark duration to 340 µsec 
leads to surface roughness deterioration owing to debris 
particles adhering onto the surface. 
 
1. INTRODUCTION 

Production of durable machineries with complex 
shape is a crucial necessity in heavy-duty manufacturing 
industries. Electrical Discharge Machining is an 
advanced engineering machine implemented in various 
industries, including die and mold production, and the 
automotive, aerospace, biomedicine as well as 
communications fields. Several attempts have been 
made to enhance EDM performance, but Powder Mixed 
EDM (PMEDM), which entails adding powder to a 
dielectric fluid, is the most practiced approach. By 
emphasizing on the surface roughness produced, an 
attempt is made to investigate the influence of adding 
titanium powder on the formed surface.  
 
2. METHODOLOGY 

The equipment used is SODICK die-sinking EDM 
upgraded with an external dielectric circulation system 
that enables utilizing the powder-added dielectric in the 
process. Figure 1 schematically demonstrates the 
developed apparatus including the machining chamber, 
pump, filter, pressure gauge, pipe, nozzle, valve, etc.  
Copper and AISI D2 steel were selected as the tool and 
workpiece materials, respectively. Table 1 represents the 
experimental parameters. 
 

 
Figure 1 PMEDM external dielectric circulation system. 

 
Table 1 Experimental machining parameters. 

Ton (µsec)-Toff (µsec) 120-80, 210-140, 340-225 
Duty Factor (%) ~ 60 
Peak Current (A) 6, 12, 20 
Voltage (V) 120 
Powder material Titanium 
Powder size (nm) 40-60 
Concentration (g/l) 1 

 

3. RESULTS AND DISCUSSION 

Figure 2 shows an example of surface roughness 
measurements for 12 A peak current, with and without 
titanium powder. Ra represents the average surface 
roughness and Rz is the maximum peak-to-valley 
distance in the measured length. Rz reflects the extreme 
points on the surface, which may nullify in the average 
surface roughness. According to the results, both Ra and 
Rz improve when using Ti-mixed dielectric at 120 µsec 
and 210 µsec discharge durations. The greatest 
improvement was observed for both Ra and Rz at 210 
µsec discharge interval. Ra and Rz improved 34.83% and 
40.11% at 12 A and 20 A peak current, respectively. 
Furthermore, Rz exhibited greater enhancement than Ra 
when using titanium additive, which specifies the 
significant reduction of extreme peak and valley points 
on the machined surface.  

As shown in Figure 3, the contribution of 
conductive titanium powder widens the discharge gap 
due to the improved electrical conductivity of the 
dielectric. Hence, discharge occurs further from the 
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surface, resulting in shallower craters. Additionally, 
unlike EDM, sparks do not directly strike the workpiece 
surface in PMEDM due to the presence of powder 
particles in the machining area. The initial discharge 
occurs between the tool and powder particles and the 
series of smaller sparks hit the workpiece [1]. Therefore, 
lower ridge levels lead to lower surface roughness when 
using titanium added to oil owing to different discharge 
mechanisms in the machining gap. 

 

 
Figure 2 Ra and Rz at Ton=210 µsec and Toff=140 µsec, 

with and without titanium powder. 
 

 
Figure 3 Spark mechanism in (a) EDM, and 

(b) PMEDM. 
 
With increasing the spark duration to 340 µsec, the 

surface roughness trend completely varies from lower 
spark intervals. At 6 A peak current, the Ti powder 
improves the surface roughness. However, surface 
roughness increases at 12 A and 20 peak current. As 
shown in Figure 4, the existence of black spots on the 
machined surface led to a surface with greater 
roughness due to debris particles adhering to the 
surface. Higher density of Ti-mixed dielectric compared 
with oil associated with the development of large debris 
particles in this machining condition resulted in lower 
dielectric flow. Less dielectric flow rate in the gap, 
leading to more difficult ejection of debris particles. The 
debris entrapped in the gap reduced the surface quality 
compared with EDM oil. 

 

4. CONCLUSIONS 

The machined surface roughness under titanium-
added EDM condition significantly enhanced at 120 and 
210 µsec discharge durations due to the increased 
dielectric conductivity and different discharge attributes 
which leads to formation of shallower craters on the 
surface. Conversely, for 340 µsec discharge duration, 
the surface roughness deteriorated owing to the heavy 
debris particles adhering to the surface. 
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Figure 4 FESEM micrograph of machined surface 

 with Ton=340 µsec and I=20 A for (a) oil and (b) Ti 
added to oil dielectric. 

 

 
Figure 5 Surface micrograph, Ton=340 µsec, I=20 A and 

Ti added to oil dielectric. 
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ABSTRACT – In recent years, ceramic coating with 
well-defined surface structures have been prepared in 
order to combine the advantages of protective coatings 
and the beneficial effects of surface texturing. Surface 
texturing is a new way to modify surface characteristic 
that lead to an improvement in properties of material 
parts particularly for tribological characteristics. The 
formation of specific patterned surface can be achieved 
in many ways, for example abrasive blasting, reactive-
ion etching, and ultrasonic machining. However, in this 
paper, only the laser technology will be the main focus 
topic as it offers the most control and precision over the 
produced geometry. The technique also did not involve 
chemical reagents or produce significant waste. 
 
1. INTRODUCTION 

The processing, study and use of ceramics coating 
has great attention due to their excellent potential 
application and properties. In comparison with metals 
and polymers, most ceramics possess useful features such 
as high temperature strength, high wear resistance, lower 
thermal stability, good resistance to corrosion and 
oxidation at high temperatures and high bond strength 
between atoms leads to great hardness, stiffness and 
strength [1]. In recent years, coating with well-defined 
surface structures have been prepared in order to combine 
the advantages of protective coatings and the beneficial 
effects of surface texturing. Surface texturing, that is 
introducing specific patterns on coating surface is a well-
known approach to improve the coating properties. Such 
textured coating can be prepared either by depositing the 
coating material on a textured substrate [2] or directly 
structuring the coating by laser surface texturing (LST) 
[3].  

LST have great attention recently because it has 
great advantages such as extremely fast, environmental 
friendly, and provide excellent control of pattern size and 
shape [4]. Therefore, this study aimed to summarise the 
current surface texturing technologies on ceramics 
coating in order to develop understanding of the process 
and its applications.  
 
2. LASER SURFACE TEXTURING 

LST is a new method that has high potential in 
improving surface geometry and texture of various types 

of materials. Among the applications of surface texturing 
are in biomedical [5], optical properties, surface 
wettability [6] and adhesion joint strength of materials 
part. Table 1 shows the wavelength for different types of 
laser that commonly used for ceramics coating texturing. 

 
Table 1 Wavelength for different types of laser. 
Laser types Wavelength (nm) 
CO2  10600 
Nd:YAG 1064 
Fibre 1064 
Excimer 193 - 351 

  
CO2 lasers comprised of a combination of carbon 

dioxide, nitrogen and helium as the laser medium. Its 
industrial applications are in laser machining, heat 
treatment and welding.  Another type of laser is Nd:YAG 
laser which is in solid state laser category. The Nd:YAG 
laser use Neodinium (Nd3+) as dopants and dispersed in 
complex crystal of Yttrium-Aluminium-Garnet (YAG) 
which has a chemical composition of Y3Al5O12. This kind 
of laser are used in applications that require low pulse 
repetition rate and high pulse energies. On the other hand, 
excimer laser is a type of gas laser which made up of gas 
compound that exist only in an excited state. The 
example of excimer laser are ArF, KrF, XeF and XeCl. 
The excimer lasers are usually used for ceramics 
micromachining, semiconductors and marking thermally 
sensitive materials [1]. 

 
3. SURFACE TEXTURE DESIGNS 

Various textures can be designed by using LST such 
as grid, chaotic, dimpling and groover types. The 
common texture designs are shown in Figure 1. In LST, 
the best performance criteria are high material removal 
efficiency with a small heat-affected zone, good 
reproducibility and the controllability of the pattern size. 
All these criteria are strongly dependent on the laser 
parameters which are wavelength, pulsed duration, 
scanning speed and peak power [4].The pulse duration is 
the most important parameter that affecting the 
processing quality. However, according to Ding, et al. [4] 
the nanosecond pulsed laser is not suitable for texturing 
nonmetal hard surface coatings because of an inherent 
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thermal effect. The thermal stress within the coating 
layers may reduce the adherence to the substrates. 

 

 
Figure 1 SEM images of surface textures types (a) grid 
[7]; (b) chaotic [7]; (c) dimpling [7]; (d) wavy groove 

[8]; (d) linear groove [8]. 
 
4. TEXTURED CERAMIC COATING 

Wang, et al. [9] observed that the surface texturing 
of SiC ceramics with a CO2 laser system induced a ring-
like heat affected zone around the pores. According to 
Hanon, et al. [10] the major problem in laser texturing is 
the melt material produced in the process. Irregular and 
incomplete melt expulsion affects the shape of the hole, 
producing re-solidified material as shown in Figure 2.  
 

                           
Figure 2 (a) The hole and re-solidified material of Al2O3 
produced by Nd:YAG laser [10]; (b) microcracks were 

formed around the pores of SiC surface [9]. 
 
The experimental results by Su, et al. [11] indicated 

that the processing parameters of laser texturing are 
effected to topography of textures. The topography of the 
textures can be improved by applying a lower scanning 
speed and a higher average output power of the laser. The 
combination of short pulsed and short wavelength is 
suitable for ceramics such as Al2O3 and SiN as reported 
by Knowles, et al. [12]. This is due to the reduction of the 
thermal effects that were produced by the laser 
processing. Moreover, the applied short-pulsed laser may 
produce small amount of molten material and heat 
affected zone. These are the advantages of ultrashort 
pulse laser in which it has the ability to produce high peak 
power intensities and provide energy into a material 
before the thermal diffusion occurs [10].  

 
5. FINAL REMARK & FUTURE WORK 

The effectiveness of LST process is strictly 
influenced by process parameters such as the wavelength, 
pulsed, peak power, output power and also the scanning 
speed. In future work, the correlation between the LST 
process and the materials properties will be studied in 
order to obtain optimum characteristic of surface texture.  

Thus, by optimizing the texture and morphology, 

they can be the key factors for enhancing corrosion 
resistance of coatings as well as other properties.  
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ABSTRACT – In the present study, the effect of 
indirect laser texturing on the tribological performance 
of diamond like carbon coatings has been investigated. 
Micro dimples were created before DLC coating was 
deposited. Dimple diameters were changed while 
keeping density and depth constant, in order to study the 
effect of change in dimension on the coating 
performance. The results indicate that optimum surface 
texturing parameters reduces the friction and wear at the 
contact. Dimple diameter of 100 µm increased the wear 
resistance of DLC by lowering the wear particle induced 
graphitization. 
 
1. INTRODUCTION 

To improve the service life of mechanical 
components, researchers have been using coatings and 
surface texturing. Micro surface texturing to improve 
the tribological performance in mechanical components 
is a relatively new technique. Majority of the work has 
been done in the past decade. Micro textured surfaces 
improves the tribological performance in the case of 
piston ring/cylinder, mechanical seals [1]. The 
mechanisms by which textures can improve tribological 
performance include: lubricant retention ability, wear 
particle capturing ability and hydrodynamic effect [1]. 
Few studies [2, 3] suggested that the combination of 
DLC coating and texturing shows higher improvement 
in tribological performance compared to coating and 
texturing alone. Texturing parameters like dimple depth, 
diameter and density have been found to affect the 
tribological performance in un-coated steel substrates. 
However, the effect of texturing parameters have not 
been investigated thoroughly on hydrogenated DLC 
coating.  

In this study, authors have investigated amorphous 
hydrogenated DLC coating performance with various 
dimple diameters by keeping density and depth 
constant. In this study, diameter of the micro dimples 
were changed from 50 to 300 µm, as shown in Table 1. 
The density and depth were kept constant at 20 % and 6 
µm respectively.   
 
2. METHODOLOGY 

The material used in this study is M2 steel with a 
hardness of 58 HRC. After polishing of substrates, the 
roughness was 30 nm. For tribological testing, 
reciprocating test rig was used. Tribo-testing was 
conducted at a load, frequency, stroke length and 
temperature of 50 N, 10 Hz, 2 mm and 28 °C. The 

duration of each test was two hour. The test was 
conducted in lubricated conditions. Base oil without 
additives was used as a lubricant so that the effect of 
textures can be observed. 
  
2.1 Laser Surface Texturing 

An array of micro dimples was created by Pico-
second laser with a power of 10 W, wavelength of 1.06-
µm and pulse duration of 10.3 Pico second. 

 
2.2 DLC Coating 

 DLC coating was deposited using Magnetron 
sputtering by Hybrid PVD machine. Nano indenter 
(Hysitron, Inc. Model No. TI750 UBITM) measured 
coating hardness and was found to be 15.45 GPA.   

 
Table 1 Variation in wear rate with dimple diameter. 

Sample Diameter 
(µm) 

Wear  Rate 
(×10-8 mm3 Nm) 

A1 50 36.21 
A2 100 5.65 
A3 150 42.67 
A4 200 48.34 
A5 300 57.39 
A6 Un-textured 53.24 
 
3. RESULTS AND DISCUSSIONS  

The friction coefficient (COF) results are shown in 
Figure 1. It can be seen that the COF is lowest for A2 
and highest in the case of A5. Un-textured DLC (A6) 
showed lower COF compared to all the various textured 
DLC samples except A5. Table 1 shows the wear rate 
for various textured and un-textured samples. Sample 
A2 showed lowest wear and A5 showed the highest. Un-
textured sample showed higher wear rate than all 
samples except A5. The higher wear and lower COF in 
the case of sample A6 can be due to graphitization. The 
reduction in COF due to graphitization has been noticed 
previously [4].  

Raman Spectroscopy was utilized to investigate 
the graphitization phenomenon. Figure 2 shows the 
Raman spectra for sample A6 and A2. The Raman 
spectra was deconvulated into D and G peaks for 
quantitate analysis. The G peak shift and ID/IG ratio 
increase is higher in case of sample A6 than sample A2 
(can be seen in Figure 2). The shift in G peak and 
increase in ID/IG ratio indicate an increase in sp2 fraction 
or graphite in the DLC film [5]. The graphite formed at 
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the interface forms a transfer film on the counter ball; 
this provides easy slip at the interface, thus reducing 
COF. Due to graphitization, the coating layer becomes 
soft and the load bearing capacity reduces and wear 
increases [4]. This can explain higher wear rate of 
sample A6. Haque et al. [4] found that the wear debris at 
the wear track could increase the contact pressure, 
which in turn increases the graphitization 
transformation. Micro textures can reduce wear particle 
induced graphitization by capturing the wear debris at 
the interface. This can explain the lower graphitization 
of sample A2. These findings show that textures can 
help in improving the wear resistance of hydrogenated 
DLC. However, the mechanism of textures by which 
they improve wear resistance can be obtained only if the 
texturing parameter are optimum for a particular 
operating condition. 
 

 
Figure 1 Steady state COF with change in dimple 

diameter from 50- 300 µm. 
 

 
 

 
Figure 2 (a) Raman spectra of un-textured DLC, (b) 

Raman spectra of textured DLC. 
 

4. SUMMARY 

a) Micro surface textures can be helpful in improving 
tribological performance of DLC coating with 
optimum texture dimensions.  

b) Micro dimples can increase the wear resistance of 
DLC coating by lowering the graphitization 
transformation. The wear particles created at the 
contact can be captured by micro dimples, which 
reduces wear particle induced graphitization.  
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ABSTRACT – Effect of temperature on the properties 
of carbon overcoat (COC) films deposited by filament 
type PECVD technique was studied. Raman 
spectrometry and Electron Spectroscopy for Chemical 
Analysis (ESCA) were used to determine the chemical 
bonding structural change of the COC films. It was 
found that the increasing substrate temperature from 
137 to 204°C transformed gradually DLC films into a 
graphitic structure. Graphitization of DLC films induced 
by temperature caused the formation of a large fraction 
of sp2 cluster in the COC films, which is a factor 
influencing galvanic (Cobalt) corrosion. Rich sp2 cluster 
acted as a conductor in the films which is also 
confirmed by conductive atomic force microscope (c-
AFM) where higher current flow was observed. 
 
1. INTRODUCTION 

Carbon overcoat (COC) or a-C:H contains 
significant amounts of sp3 (~70%) structure resembling 
diamond structure which attracts enormous attention 
mechanical manufacturing as well as media storage 
owing to their high hardness, hydrophobic behaviors, 
chemical and electrical resistivity[1-3]. Recently, there 
are many type of deposition technique used to deposit 
hydrogenated form of COC, such as ECR-CVD[4], 
MPCVD[5] and PECVD[6]. Tribological and chemical 
properties of COC changes significantly with different 
deposition reactor, precursor gas and process 
parameters[4-6]. Researchers studied the property of 
COC by focusing on parameters mentioned instead of 
the effect of substrate temperature. In this study, the 
carbon characteristic and corrosion performance for 
COC films deposited under different substrate 
temperature using filament type PECVD was 
investigated.  
 
2. METHODOLOGY 

2.1 Sample Preparation  

COC was deposited on 2.5 inch glass substrate 
with magnetic under layer at different heater powers 
ranging from 0.6 to 1.2 kW. Ethylene (C2H4) was used 
as precursor gas during deposition. The heater was 
placed between magnetic sputtering chamber and COC 
chamber while IR sensor (temperature reader) was 
mounted between the heater and COC chamber. 
Substrate temperature was recorded by the IR sensor 
before COC deposition. 

2.2  Film Properties 

Raman spectroscope with Ar laser wavelength 
532nm was used to confirm the amorphous structural 
character of COC film from D and G peak position. 

sp2/sp3 content was determined from the C1s peak  
by ESCA, (ULVAC-PHI, Quantum2000).   

Film conductivity: The AFM used was SII SPA400 
under conductive mode. Analysis was done by 
calculating the percentage of the current area from the 
scanned AFM image. 
 
2.3  Media Performance 

Corrosion: 0.5ml 3.0% diluted nitric acid were 
dropped on top of the sample (disk) and extracted after 
1 hour to be analyzed by ICP-MS to check the Cobalt 
content as corrosion indicator. 
 
3. RESULTS AND DISCUSSION  

3.1  Substrate Temperature 

The substrate temperature before COC deposition 
was controlled by the heater power as shown in Table 1.  

 
Table 1 Heater power and substrate temperature. 

Heater power (kW) Substrate temperature (°C) 
0.6 137 
0.8 151 
1.0 182 
1.2 204 

 
3.2  COC Properties and Media Performance  

As the substrate temperature increased, the 
intensity ratio ID/IG for D and G peak also increased as 
shown in Figure 1. 

From Raman analysis, the formation of undistorted 
aromatic rings becomes increasingly more likely as 
substrate temperature increases in which thermal energy 
favors the clustering of the sp2 phase into ordered rings 
as claimed by Ferrari et al., where the sp3 phases is 
considerably low to 0 % at 250°C compared to 30°C [7, 
8]. Hence, the film was grown with a more graphite-like 
structure which was also confirmed by the shift of the 
Gx (Figure1) towards higher frequencies. The 
graphitization is consistent with ESCA result where sp2 
content increased as the temperature elevated (Figure2). 
The parallel increase of corrosion level with the increase 
of substrate temperature (Figure3) was probably due to 
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the graphitization process as observed in other research 
[9]. 

 

 
Figure 1 Substrate temperature effect on Raman 

parameters. (●) Intensity ratio D and G peak, (□) G peak 
position. 

 

 
Figure 2 sp2 content in respect to temperature by ESCA 

from C1s spectrum. 
 

 
Figure 3 COC film corrosion resistance at increasing 

substrate temperature. 
 
Raman parameters and sp2 content results suggest 

the lower temperature would be preferable for media 
application but it is insufficient to explain the corrosion 
resistance optimum at 151°C instead of 137°C. 
Conductive AFM was done as an additional 
characterization to support observation mentioned 
above by checking the electrical resistivity of the film. 
From Figure4, COC film deposited at 151°C showed the 
lowest conductivity and the result agrees with Figure3 
where the corrosion level is the lowest. Diamond-like 
structure is resistant towards electrical flow, but 
graphitic structure observed higher conductivity and less 
resistance towards electrical flow [10]. 

 

 
Figure 4 Current flow image for COC at different 

substrate temperature. Conductivity is higher at the 
darker area. 

 
4. CONCLUSION 

The corrosion performance of COC film at 
different temperatures were investigated. It was found 
that low temperature could substantially improve the 
chemical resistance properties of COC films, which 
strongly depend on the sp2 cluster bonding in the films. 
The results of Raman and ESCA  for COC films showed 
that increasing temperature caused the increase of sp2 
cluster bonds ratio in the films, and consequently a large 
fraction of sp2 cluster was formed. These rich sp2 
carbon clusters occupied the amorphous network, which 
becomes one of the factors influencing the degradation 
of COC film strength towards chemical corrosion.  
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ABSTRACT - This paper show results of the 
investigation on the combined effect of the pockets and 
boundary slip for simple parallel sliding bearings 
including cavitation. Cavitation was of particular 
interest with respect to pressure generation and shear 
stress. It was shown that slip over the whole surface 
could retard the presence of cavitation and therefore the 
generated pressure and shear stress can be optimal.  

 
1. INTRODUCTION 

Surface texturing is an effective approach to 
increase the tribological performance of mechanical 
components. It is shown that by introducing textured 
surfaces that it affects friction and load support of 
sliding bearings [1-6]. In most of the previous works the 
cavitation mechanisms is neglected and the validity of 
their results becomes questionable.  

Recently, the presence of the cavitation in textured 
slider bearings is researched [7-8]. As is known, the slip 
as well as texturing can be engineered to alter the flow 
characteristic with respect to the improvement of the 
performance. The present paper proposes a novel 
analytical equation based on Reynolds equation 
considering cavitation and combined with boundary slip 
model.  
 
2. METHOD 

Figure 1 gives the schematic illustration of a 
parallel textured (pocketed) sliding bearing with 
boundary slip on the stationary surface. The main 
characteristics of the bearing studied are presented in 
Table 1. To solve the lubricated system a modified 
Reynolds equation is derived including cavitation (see 
Equation 1). 

Eq. (1) is obtained by following the usual approach 
to deduce the Reynolds equation from the Navier-
Stokes equation by assuming classical assumptions 
except that boundary slip is applied on pocketed 
surfaces as depicted in Figure 1.  

In the following computations, the dimensional 
pocket depth HD is defined as ratio of the pocket depth 
hd over minimum film thickness ho (see Fig. 1). The HD 
of 5 and 10 are chosen due to the possibility of the 
presence of the cavitation in bearing. 

 

 
Figure 1 Schematic diagram of parallel sliding pocketed 

bearing. (Note: hd = pocket height, hp = texture 
thickness, Xb = no cavitation area in pocket, P2 = 

pressure inlet pocket, P3 = pressure outlet pocket). 
 

Table 1 Main characteristics of the bearing analyzed. 
Parameters Symbols Value 
Bearing length Bo 0.02 m 
Inlet length a 0.002 m 
Pocket length 
Exit land length 
Atmospheric pressure 

b 
c 

patm 

0.003 m 
0.015 m 
100 kPa 

Cavitation pressure 
Min. film thickness 
Moving surface velocity 

pcav 
ho 
u 

0 kPa 
1 μm 
1 m/s 

Slip coefficient 
Dynamic viscosity 

α 
µ 

0.02 m2s/kg 
0.01 Pa.s 
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3. RESULTS AND DISCUSSION 

In the present study, the zero shear stress in the 
region of cavitation (see Fig. 1), which is defined by the 
length of Xb, is assumed [8]. 

Figure 2 shows that for HD = 5 (HD = hd/ho), the 
cavitation will occur in the pocket when slip is applied 
or not. However, as depicted in Fig. 2, the length of Xb 
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in the full slip case is higher than for the no-slip 
condition. From physical point of view, it means that the 
application of slip tends to prevent the occurrence of 
cavitation. For a higher pocket depth, for example, HD 
= 10, cavitation will occur for the no-slip pocketed 
bearing while for the full slip bearing it does not exist. 
Before cavitation occurs, the value of P3 is the same 
both for both the slip and no-slip situation. When 
cavitation occurs, P3 decreases while P2 increases (see 
Figure 1). At the leading edge of the contact, the inlet 
pressure which is set to equal atmosphere pressure 
decreases to cavitation pressure, i.e zero (see Table 1). 

 

 
Figure 2 The effect of texture depth HD on the 

dimensionless pressure p+. (Note: p+ = dimensionless 
pressure, x+ = dimensionless length). 

 

 
Figure 3 The effect of relative texture depth HD on the 

dimensionless shear stress τ+.  
 

For the no-slip case, the shear stress is relatively 
high at the inlet and outlet, but in the pocket area, the 
shear stress is low. In the cavitation area, the shear stress 
is zero. When slip is introduced, the shear stress 
becomes very low (close to zero) at the inlet and outlet. 
If we compare the no-slip case with HD = 5 with HD = 
10, it can be concluded that the shear stress at the inlet 
and outlet is the same, but in the pocket there is a 
decrease in the shear stress. Observing the shear stress 
distribution, the slip boundary condition generates a 
lower friction force compared to the no-slip case. 

 
 
 

4. CONCLUSIONS 

A hydrodynamic lubrication model for a pocketed 
bearing combined with boundary slip was proposed, and 
it was shown that the pocketed slip bearing can give 
many advanced properties compared with solely 
textured slider bearing (without slip).  The following 
conclusions summarize the results of the present study: 
a) In a pocketed bearing with slip the occurrence of 

the cavitation may decrease compared to the 
traditional (no-slip) bearing.  

b) For the no-slip case of a slider bearing, increasing 
the pocket depth will decrease the value of shear 
stress in the pocket. This result is opposite when 
slip in the pocket is present.  

c) When cavitation occurs in the bearing, the 
generated load support will be higher if the slip 
condition is applied compared to the no slip 
situation.  
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ABSTRACT – In this paper, the influence of dissolved 
oxygen concentration amount by means of sputtering 
depth profile on the wear rate of a hydrogened 
Diamond-like Carbon coating (commonly known as 
DLC) has been studied. The sliding  test was performed 
using a self-developed sliding tester move like pendular, 
where the DLC coated pins was slid on stainless steel 
plate (SUS316) at 23˚C,100˚C, 200˚C,and 300˚C in 
pressurized water environment. The results show that 
the most crucial factor, affecting the wear rate of DLC 
coating under sliding in water, devided by two 
categories. Effect of mechanical wear (graphitization 
and adhesive wear) was a dominant for low dissolved 
oxygen concentration. In contrast, above 200℃ in rich 
O2 water temperature, the graphitization and oxidation 
wear of DLC has a dominant role on DLC wear rate 
where friction enhanced oxidation with temperature. 
 
1. INTRODUCTION 

 Diamond-like Carbon (DLC) has been used as 
coatings for other materials due to its properties which 
have high hardness, chemical inertness,low friction and 
wear rate. There were many more benefits by using the 
DLC since it properties can be tailored to suit the 
desired application. Several tribology studies has been 
done on DLC in various atmospehere and conditions. 
The specific wear rate of DLC not influenced by 
hydrogen content in water and air at atmosphere 
pressure but wear rate tended to decreases with 
increasing film hardness [1]. Tribological behavior of 
DLC in hard water is better than soft water environment 
when protective tribolayer containing Ca and O formed 
on steel and brass surfaces at elevated temperature 
20˚C,50˚C and 80˚C (0.1MPa) reduces the DLC wear 
rate and friction [2]. Effects of dissolved oxygen (DO2) 
(0.01mg/L,0.1mg/L,7.0mg/L) and water pressure 
(0.1MPa,1MPa,19MPa) were also examined briefly but 
no significant effect was observed. Previous report from 
both group of researchers shows same argument where 
temperature was the major role of increment of wear 
rate at 23˚C,100˚C,and 300˚C [2,3]. Effect of pressure 
was small compared to temperature. However, rich 
content of DO2 (35-40mg/L) at 300˚C increased the 
specific wear rate of DLC in pure water. DO2 contents 
play a significance role on wear of DLC in water. They 
found that high oxygen elements at topmost layer of 
DLC increased the wear rate of DLC by using AES 

sputtering methods [3]. It is important to clearly 
understand the DO2 effect on DLC wear at room 
temperature up to high temperature in water 
environment. Thus,the aim of this research is to 
determine the effect of oxygen to carbon ratio at 100˚C 
,200˚C,250˚C and 300˚C for poor O2 and rich O2 
content at 10MPa water pressure in order to study the 
wear mechanism of DLC and its counterparts SUS316 
by observing the worn surfaces of DLC and its 
counterpart.  
 
2. EXPERIMENTAL METHOD 

 The friction test was conducted by using self 
developed autoclave tribotester. The autoclave body is 
made from stainless steel (SUS316). The chamber was 
filled with pure water up to 3/4 of chamber volume or 
380ml of water. Two cases of the experiment were 
studies. One was poor O2 and the other was rich O2 
content. For poor O2, the nitrogen gas (N2) is bubbled 
into the chamber up to 5MPa through the inlet pipe 
valve and then it was released in order to minimize the 
unwanted gases content in the chamber. The outlet valve 
was closed and 10 MPa of N2 gas was pressurized into 
the chamber.The chamber was driven like a pendular by 
electric motor with 20rpm around 2700 cycles for 200m 
of sliding distance. In the chamber the DLC pins was 
slid in a reciprocating motion. The normal force of pins 
,N (load) was 0.056 N.The temperature of the chamber 
was controlled by heating coils. The test was run at 
100˚C ,200˚C,250˚C and 300˚C at 10MPa in water. The 
procedures were repeated in rich O2 cases. In rich O2 
cases, the O2 gases was used as bubbling and 
pressurizing of water. The wear rate of the DLC film 
was calculated from the wear diameter measured from 
the optical microscope by using Archard’s formula. In 
order to evaluate the structure and chemical changes on 
DLC and SUS316 plate, Raman spectroscopy and EDS 
SEM analysis were carried out before and after the 
sliding tests. Auger electron spectroscopy was used in 
order to examine the tribo layer depth profile for C and 
O elements at topmost layer of DLC film where Argon 
gas was for sputtering. 

 
3. RESULTS AND DISCUSSION 

The wear rate of DLC under water in rich O2 and 
poor O2 show dependency to temperature as shown in 
Figure 1. The wear rate was linearly increased with 



Rody et al., 2015 
 

254 
 

temperature for poor O2. In contrast, the wear rate with 
rich O2 initiated with the same wear rate at 100°C   with 
poor O2 and sharply increases above 200oC. Above 
200°C with rich O2 the wear accelerated and reached a 
maximum of 9.11 x 10-7mm3/Nm of wear rate at 300˚C 
which is 2.2 times of the same temperature with poor O2 
water. According to AES sputtering results in Figure 2 
and 3, the ratio of oxygen to carbon O/C for poor O2 
was not having much different for inside wear and 
outside wear area as compared to rich O2 cases for all 
the temperatures. The O/C ratio in DLC wear scar for 
poor O2 shows no clear depth dependence in various 
temperature. On the other hand, for rich O2, the topmost 
layer of DLC contained a rich O/C ratio above 200oC 
water temperature. The maximum O/C ratio for rich O2 
was 0.188 at 300oC. It was 47 times higher than poor O2 
at the same temperature. 

It is believed that graphitization occurred during 
sliding and hard carbon films change to soft associated 
with temperature [4]. High temperature made the DLC 
structure softer due to graphitization that allows C 
bonds weaken, producing cavities on one surface and 
depressions on the second surface. Adhesion particles 
remove and rub against the surface, contributing to wear 
for poor O2 and rich O2 water. In rich O2, the friction 
enhanced the oxidation which reactively reacts with 
water tempearature led to high wear. The oxidation is 
controlled by diffusion rate of reactants thus increases 
exponentially dependent on temperature [5].  

 

 
Figure 1 Specific wear rate of DLC in water at various 

temperature with different oxygen. 
 

 
Figure 2 O/C ratio in DLC wear scar for rich dissolved 

O2. 

 
Figure 3 O/C ratio in DLC wear scar for poor dissolved 

O2. 

4. CONCLUSION 

The range of turning parameter obtained from the 
simulation that can produced dimple structure for A3xx 
casting Aluminum alloy are cutting speed of 4 – 35 
m/min, feed rate of 0.01 – 0.6 mm/rev and depth of cut 
of 0.01 – 0.05 mm. 
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ABSTRACT – Carbon thickness reduction activity is 
important to reduce the magnetic spacing in hard disk 
drive. However, thinner carbon overcoat thickness is 
susceptible to galvanic corrosion from the magnetic 
underlayer. Process optimization of the deposition 
chamber is important to obtain an overcoat carbon 
thickness with good corrosion resistance. The corrosion 
performance relationship between different process 
parameter was investigated.   
 
1. INTRODUCTION 

Hard disk drive (HDD) consists of a casing, arm 
actuator, motor, electrical board, magnetic head and 
magnetic disk. The magnetic recording process in 
HDDs involves relative motion between magnetic disk 
and magnetic head. During the process of writing and 
reading, the magnetic disk is always rotating close to the 
magnetic head. By reducing the magnetic spacing, the 
signal from the head to the media increases 
exponentially. Marchon & Olson explained that lower 
track width, lower bit length and lower magnetic 
spacing contribute to increase in areal density [1]. 

One of the way to reduce the head magnetic 
spacing is through the reduction of carbon overcoat 
thickness. Plasma enhanced chemical vapor deposition 
is widely used to deposit the carbon overcoat. Varying 
the process parameter: gas flow (GF), bias voltage (B), 
emission current (Ie) and precursor gas type (GT) will 
give different film properties. Those influence the 
magnetic disk corrosion performance. Optimizing and 
Understanding those parameters is important towards 
optimizing the media disk corrosion performance. Full 
factorial design experiment matrix was used to analyze 
the relationship deposition parameter towards corrosion 
performance. A verification experiment was conducted 
to verify the optimal deposition towards the magnetic 
disk corrosion performance. 
 
2. METHODOLOGY 

Glass substrate with diameter of 65mm and 
thickness of 0.635mm were used in this study. Magnetic 
underlayer was sputtered prior to the carbon overcoat 
deposition. The 1.8nm carbon overcoat film was 
measured with X-ray fluoresce machine, which was 
previously correlated with transmission electron 
microscopy cross-section.  All samples were then coated 

with a perfluroether (PFPE) lubricant with a nominal 
thickness of 0.9nm. The uncoded design of experiment 
using the four factors with 2 levels is listed in Table 1. 
All cell deposition time were adjusted to have the same 
carbon thickness. This design of experiment cell is 
generated using Minitab 15. 
 

Table 1 Full factorial uncoded design matrix. 

Parameter Level 
High Low 

Gas type (GT) C2H6 C2H4 
Emission current 
(Ie)/A 0.3 0.5 

Bias voltage (B)/V 80 160 
Gas flow (GF)/sccm 30 50 

      
Raman spectroscopy was utilized to study the 

structural properties of the overcoat film. The Raman 
spectrum is collected using a Renishaw Raman system 
with Ar laser at 514nm wavelength. Acid extraction 
method was used to study the magnetic disk corrosion 
performance. Nitric acid droplets were left on the 
surface of the disk for 1 hour. The acid droplets were 
then collected and tested with ICPMS. The Co ions 
concentration was analyzed.  
 
3. RESULTS AND DISCUSSION 

3.1    Raman Analysis 

The carbon properties were investigated by Raman 
spectroscopy. Dh/Gh is obtained. It is the ratio between 
D band and G band in Raman spectra. The null 
hypothesis was rejected when the p value is higher with 
a confidence level of 95% (D �����. Figure 1 shows the 
significance of each parameter towards Dh/Gh 
parameters. For Dh/Gh, the parameters that shows P 
value lower than 0.05 is GT*B and GT*GF*B. B and 
combination of B*GT, B*GT*GF parameter plays a 
more important role to reduce the graphitic clusters in 
the film. Higher Dh/Gh value also means the graphitic 
cluster in the film is higher. This is according to a 
Tuinstra-Koenig relation. When grain size is smaller, the 
cluster area in the film is smaller [2]. D mode also 
represents structure ordering in the film. 

The interaction plot was shown in Figure 2, C2H6 
gas with higher Ie 0.5A gives higher Dh/Gh value. 
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When compare Ie, GF and B, both gases shows similar 
tendency. Higher B and Ie with lower GF tends to give 
higher Dh/Gh values which translate towards higher 
graphitic clusters in the film. 

 
Figure 1 p value for Dh/Gh. 

 

 
Figure 2 Interaction plot for Dh/Gh. 

 
3.2    Corrosion Analysis 

 The p value for magnetic disk corrosion 
performance was evaluated in Figure 3. All individual 
parameter and combination of GT*B, Ie*B, and 
GT*Ie*B had significant relationship with magnetic 
disk corrosion performance. The main effect affecting 
corrosion is GT followed by Ie, B and GF. This means 
that gas type radical formation and deposition energetic 
is the key parameter influencing corrosion performance.  

 

 
Figure 3 p value for corrosion. 

 
In the interaction plot, different GT contributes 

towards better corrosion performance. Different GT will 
give different plasma species. This directly affects the 
carbon growth in the film. C2H6 gas still shows the 
better corrosion performance even changing the Ie, B 
and GF. The best corrosion performance combination is 
C2H6 gas with 30sccm GF, 0.3A Ie and 80V B. Lower 
energetics deposition is good for corrosion performance. 

 

 
Figure 4 Interaction plot for corrosion. 

 
3.3   Verification Analysis 

In section 3.2, lower Ie, GT and B were useful to 
obtain better corrosion performance. Verification 
experiment was done to check the reliability of this 
experiment optimization. The result was described in 
Figure 5. Better corrosion performance was observed 
when C2H6 gas was used. The verification experiment 
shows that full factorial design is useful for corrosion 
process optimization. 

 

 
Figure 5 Corrosion verification experiment. 

 
4. CONCLUSION 

This study shows that corrosion performance is 
dependent on the carbon overcoat properties. Lower 
energetics deposition is important to grow a good 
corrosion resistant carbon overcoat.  
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ABSTRACT ‒ TiCN is a popular hard coating for 
cutting tool in various applications. This paper study the 
influence of carbon content within the TiCxN1-x coatings 
to its adhesivity strength onto tungsten carbide substrate. 
TiCxN1-x coatings were custom made in-house through 
cathodic arc physical vapour deposition (CAPVD) with 
various CH4/N2 ratios. The coating composition, 
intensity of element, and adhesivity strength were 
characterised. It was found that the adhesivity strength of 
TiCxN1-x coatings was increased with the carbon content 
within a coating. 
 
1.  INTRODUCTION 

Over the past few decades, TiN (titanium nitride) is 
a popular, gold-coloured coating that is applied on high-
speed steel and carbide cutting tools [1, 2]. TiN coating 
improves wear resistance and prolongs the life of high-
speed steel and carbide cutting tools, particularly, at high 
cutting speeds and feed rates [2-4].  

The inclusion of carbon atoms into the TiN lattice 
had improved the tribological properties of coating. 
Compared to TiN, TiCN (titanium carbonitride) has 
higher chemical stability, more superior mechanical 
properties and excellent wear resistance [5-7].  

Researchers have suggested that the properties of 
TiCN can be tailored by controlling its composition 
through the C-N ratio via several fabrication methods [5, 
8, 9]. In this paper, the influence of carbon content within 
TiCxN1-x coatings to its adhesivity strength onto the 
carbide substrate were study. Coating on the cutting tool 
was firstly delaminated before exposed the tool material, 
and thus it acted as a protective film against the tool wear. 
Coating with higher adhesivity strength thus able to 
withstand longer in the machining process and prolong 
the tool life. Both TiCxN1-x coatings and carbide 
substrates were custom made in-house, and the 
adhesivity strength of in-house custom made TiCxN1-x 
coatings were then compared to commercially available 
TiCxN1-x coatings. 

 
2. METHODOLOGY 

There were 7 coatings tested, 5 of them were in-
house custom made TiCxN1-x coatings which prepared 
through cathodic arc physical vapour deposition 
(CAPVD) and 2 were commercially available TiN and 
TiCN coatings. In-house custom made substrates were 
14 mm × 14 mm × 3 mm tungsten carbides, WC-6Co, 

which were prepared through a powder metallurgy 
process. Coatings were deposited onto the substrates via 
CAPVD for 2 hours. Titanium (Ti) target with 99.9 % 
purity was used as a cathode and source for Ti, while 
methane (CH4) and nitrogen (N2) gases were source for 
C and N. The ratio of CH4/N2 and produced in-house 
custom made coatings are summarised in Table 1. The 
preparation of substrates and the deposition of coatings 
were followed the same process as in the previous study 
[10]. The adhesivity strength of the in-house custom 
made TiCxN1-x coatings were compared with commercial 
TiN-coated (C1) and TiCN-coated (C2) tungsten carbide 
cutting inserts. All commercial coatings were also 
produced by the PVD process and obtained from 
Sumitomo Electric. 
 

Table 1 Deposition of custom-made TiCxN1-x coatings 
with different CH4/N2 ratios. 

CH4/N2 Ratio Coating Produced Sample 
- TiN T1 
0.25 TiCN1 T2 
1 TiCN2 T3 
4 TiCN3 T4 
- TiC T5 
unknown TiN C1 
unknown TiCN C2 

 
Composition, stoichiometry and intensity of 

elements within a coating are functions of the CH4-N2 
ratio. These functions were characterised by using the 
Bruker-D8 X-ray diffractor (XRD) and the Omicron 
DAR 400 X-ray photoelectron spectroscopy (XPS). The 
source for XRD was Cu Kα with a wavelength of 0.15406 
nm, while the source for XPS was Al Kα with 1486.7 eV 
and a wavelength of 0.83386 nm. 

The adhesion strength of the coating to substrate 
was measured by scratch test, and all scratch tests were 
performed on Micro Materials made Nano TestTM. The 
indenter used was spherical diamond indenter with 5 µm 
of radius, scratching on the sample at a constant speed of 
50µm/s with a progressive loading rate of 16.67 mN/s 
(100 N/min). The maximum load on this equipment is 
500 mN, hence the progressive load will stop increased 
after reaching its maximum load, which was after 30 
seconds and 1500 µm of scratching length. However, 
some of the coatings do not failed/fracture at this point, 
and thus scratch tests will continue at constant scratching 
speed of 50 µm/s and 500 mN of load, until a total 5000 
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µm (5 mm) of scratching length was reached. 
A topography scan was run prior and after the 

scratch test with constant speed of 50µm/s and load at 0.2 
mN. The coating adhesion failure was indicated by the 
sudden and drastic change in (i) topography depth, (ii) 
acoustic emission, and (iii) dramatic oscillation of 
coefficient of friction [11]. The adhesion strength in this 
study was described in terms of scratch distance (µm), 
and was determined by the average values obtained from 
criteria (i), (ii) and (iii).  

 
3. RESULT 

Table 2 shows effect of coating composition on the 
adhesion failure. In custom made coatings, TiCN 
coatings (T2-T4) has higher adhesivity, followed by TiC 
(T5) and TiN (T1) coatings. Whereas, C2 also shows 
higher adhesivity to carbide substrate than C1. The 
adhesivity of custom made TiCN coatings was increased 
with the increase in carbon content. This shows that 
carbon content within the coatings is promoting 
adhesivity strength. However, the better adhesivity 
strength of TiCN than TiC showed that it was the C-N 
bond within the TiCN coating that significantly improve 
the adhesivity strength, rather than C or N itself. 
Researchers have reported that TiCN is a solid solution 
for face-centred cubic (FCC) TiN and FCC TiC (titanium 
carbide) [5, 6, 12], which takes on the excellent 
characteristics of both TiC and TiN [6, 12]. Moreover, 
TiCN and TiC coatings has greater propensity to develop 
brittle eta-phase at the coating-substrate interface, which 
are beneficial to the coating adhesivity [3]. Therefore, 
TiCN coating can further improves the adhesivity of the 
coating.  

 
Table 2 Coating composition, carbon intensity (C), and 

adhesion failure (F). 

Sample Coating 
composition 

Crystal 
system 

C 
at.% F µm 

C1 TiN FCC 0 2594.31 
T1 TiN FCC 0 929.75 
T2 TiC0.2N0.8 FCC 28.02 1823.73 
T3 TiC0.3N0.7 FCC 47.24 1898.38 
T4 TiC0.7N0.3 CCC 47.61 2782.08 
T5 TiC FCC 45.8 1447.16  
C2 TiC0.7N0.3 FCC 72.35 3690.66 

 
4. CONCLUSION 

For in-house custom made TiCxN1-x coatings, TiCN 
coatings had higher adhesivity onto carbide substrate, 
followed by TiC and TiN coatings. Carbon content within 
the TiCN coatings promoting the adhesivity strength.  

5. REFERENCES 

[1] B. Navinšek, P. Panjan, and I. Milošev, "Industrial 
applications of CrN (PVD) coatings, deposited at 
high and low temperatures," Surface and Coatings 
Technology, vol. 97, pp. 182-191, 1997. 

[2] S. Kalpakjian and S. R. Schmid, Manufacturing 
Processes for Engineering Materials, 5th ed.: 
Pearson Education, 2008. 

[3] K. Narasimhan, S. P. Boppana, and D. G. Bhat, 
"Development of a graded TiCN coating for 
cemented carbide cutting tools—a design 
approach," Wear, vol. 188, pp. 123-129, 1995. 

[4] J. Destefani. (2002, September) Cutting tools 101. 
Manufacturing Engineering [Professional 
magazine]. 1-18. 

[5] Y. H. Cheng, T. Browne, and B. Heckerman, 
"Influence of CH4 fraction on the composition, 
structure, and internal stress of the TiCN coatings 
deposited by LAFAD technique," Vacuum, vol. 85, 
pp. 89-94, 2010. 

[6] Y. Yang, W. Yao, and H. Zhang, "Phase constituents 
and mechanical properties of laser in-situ 
synthesized TiCN/TiN composite coating on Ti-
6Al-4V," Surface and Coatings Technology, vol. 
205, pp. 620-624, 2010. 

[7] Y. H. Cheng, T. Browne, and B. Heckerman, "TiCN 
coatings deposited by large area filtered arc 
deposition technique," Journal of Vacuum Science 
& Technology A: Vacuum, Surfaces, and Films, vol. 
28, pp. 431-437, 2010. 

[8] L. Karlsson, L. Hultman, M. P. Johansson, J. E. 
Sundgren, and H. Ljungcrantz, "Growth, 
microstructure, and mechanical properties of arc 
evaporated TiCxN1−x (0≤x≤1) films," Surface and 
Coatings Technology, vol. 126, pp. 1-14, 2000. 

[9] Y. H. Cheng, T. Browne, B. Heckerman, and E. I. 
Meletis, "Influence of the C content on the 
mechanical and tribological properties of the TiCN 
coatings deposited by LAFAD technique," Surface 
and Coatings Technology, vol. 205, pp. 4024-4029, 
2011. 

[10] P. C. Siow, J. A. Ghani, M. J. Ghazali, T. R. Jaafar, 
M. A. Selamat, and C. H. Che Haron, 
"Characterization of TiCN and TiCN/ZrN coatings 
for cutting tool application," Ceramics 
International, vol. 39, pp. 1293-1298, 2013. 

[11] MicroMaterials, "Nano-Scratch & Wear 
Catalogue," ed, 2013. 

[12] E. Bemporad, C. Pecchio, S. De Rossi, and F. 
Carassiti, "Characterization and hardness modelling 
of alternate TiN/TiCN multilayer cathodic arc PVD 
coating on tool steel," Surface and Coatings 
Technology, vol. 146-147, pp. 363-370, 2001.

 



Proceedings of Malaysian International Tribology Conference 2015, pp. 259-260, November 2015 
 
 
 

__________ 
© Malaysian Tribology Society 
 

Surface roughness of AlSi/AlN metal matrix composite material using 
the Taguchi method 

M.S. Said1,*, J.A. Ghani2, N.N. Wan1, C.H. Che Haron2 
 

1) Manufacturing Section, Universiti Kuala Lumpur Malaysian Spanish Institute,  
Kulim Hi-Tech Park, 09000 Kulim Kedah, Malaysia. 

2) Faculty of Engineering and Built Environment, Universiti Kebangsaan Malaysia,  
43600 UKM, Bangi, Selangor, Malaysia. 

 
*Corresponding e-mail: msazali@unikl.edu.my 

 
Keywords: AlSi/AlN Metal Matrix Composite (MMC); optimum machining parameter; surface roughness 

 
 

ABSTRACT – This paper presents the surface 
roughness of aluminum silicon alloy (AlSi) matrix 
composite reinforced with aluminum nitride (AlN) 
using three types of carbide inserts. Experiments were 
conducted at various cutting speeds, feed rates, and 
depths of cut, according to the Taguchi method, using a 
standard orthogonal array L27 (34). Signal-to-noise (S/N) 
ratio and ANOVA were applied to study the 
characteristic performance of cutting speed, feed rate, 
depth of cut, and tool types in measuring surface 
roughness during milling. The surface roughness of the 
machined surface were observed using Mitutoyo 
Formtracer CS-500. Analytical results using the Taguchi 
method showed that enhanced surface roughness could 
be obtained using low feed rate, medium depth of cut, 
low cutting speed, and TiB2 insert. Optimal surface 
roughness was obtained under the following machining 
parameters: cutting speed, 230 m/min; feed rate, 0.4 
mm/tooth; depth of cut, 0.5 mm, and TiB2 insert.  
 
1. INTRODUCTION 

Metal matrix composites (MMCs) are composite 
materials widely used in aerospace, automotive, 
electronics, and medical industries. These materials 
possess outstanding properties such as high strength, 
low weight, high modules, low ductility, high wear 
resistance, high thermal conductivity, and low thermal 
expansion. These desirable properties are mainly 
manipulated by the matrix, reinforcement element, and 
interface [1]. MMCs exhibit poor machinability because 
of the hard and abrasive reinforcement used [2]. These 
materials are usually applied in bearings, automobile 
pistons, cylinder liners, and piston rings, connecting 
rods, sliding electrical contacts, turbo charger impellers, 
and space structures. The most popular reinforcements 
are silicon carbide (SiC) and alumina (Al2O3). 
Aluminum, titanium, and magnesium alloys are 
commonly used as the matrix phase [1]. MMCs possess 
the combined properties of metals and ceramics [3,4]. 
The structure and properties of MMCs are affected by 
the type and properties of the matrix, reinforcement, and 
interface [5]. Thus, these materials have been 
increasingly used to replace conventional materials in 
numerous applications [4]. Surface roughness has been 
given significant attention for many years [6], and has 
been considered in fatigue load, precision fits, fasteners 

hole, and aesthetic requirements. In addition to 
tolerance, surface roughness imposes one of the most 
critical aspects in selection of machine and cutting 
parameter in the planning process [6,7]. 
 
2. METHODOLOGY 

2.1 Surface Roughness Measurement 

Coated carbide cutting tools performed better than 
uncoated cutting tools in terms of surface finish. The 
surface roughness values using various cutting speeds, 
feed rate, depth of cut, and type of insert are shown in 
Table 1. 
 
2.2 Materials and the Milling Process  

AlN reinforced Al-Si alloy matrix composite was 
fabricated using the stir casting method, where Al-Si 
alloy ingot, called the matrix material, was reinforced 
with AlN particles of 10wt% reinforcement.  
   

Table 1 The Taguchi L27 orthogonal array. 
Test 
No A B C  D SR (µm) S/N ratio 

for SR 

1 0 0 0 0 0.63 4.01 
2 0 0 1 1 0.74 2.61 
3 0 0 2 2 0.49 6.20 
4 0 1 0 1 0.70 3.10 
5 0 1 1 2 0.41 7.74 
6 0 1 2 0 0.86 1.31 
7 0 2 0 2 0.41 7.74 
8 0 2 1 0 0.82 1.72 
9 0 2 2 1 0.88 1.11 

10 1 0 0 1 0.59 4.58 
11 1 0 1 2 0.55 5.19 
12 1 0 2 0 0.60 4.43 
13 1 1 0 2 0.94 0.54 
14 1 1 1 0 0.60 4.44 
15 1 1 2 1 0.94 0.54 
16 1 2 0 0 0.84 1.51 
17 1 2 1 1 1.10 -0.83 
18 1 2 2 2 0.60 4.44 
19 2 0 0 2 0.57 4.88 
20 2 0 1 0 0.78 2.16 
21 2 0 2 1 0.90 0.92 
22 2 1 0 0 0.87 1.21 
23 2 1 1 1 0.97 0.26 
24 2 1 2 2 0.72 2.85 
25 2 2 0 1 0.92 0.72 
26 2 2 1 2 0.70 3.10 
27 2 2 2 0 0.80 1.94 
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The experimental study was carried out in a CNC 
Vertical Milling Center Lagun-GVC1000 milling 
machine. Cutting inserts were attached to the tool with a 
body diameter of ��20mm. The tool holder used was 
CoroMill R390-020C4-11L and the tool inserts was 
uncoated cemented carbide ISO catalogue no: R390- 
11T08E-NL, TiN coating development by SIRIM and a 
commercial tool insert, KC410M PVD TiB2 coating. 
The experiment has three different cutting speeds 
(230,300 and 370 m/min) with constant feed rate (0.4, 
0.6, 0.8 mm/rev) and depth of cut (0.3, 0.4 and 0.5mm) 
under dry cutting condition. The worked material was 
fabricated in the form of block 120mm length x 50mm 
width x 50mm thickness. 
 
2.3 Taguchi Method 

In this experiment, with four factors (each with 
three levels), the fractional factorial design used was a 
standard L27 (34) orthogonal array. The orthogonal array 
was chosen because of its minimum number of required 
experimental trials. Each row of the matrix represented 
one trial [8]. The optimization for surface roughness is 
using the smaller is better characteristics. 
 
3. RESULT AND DISCUSSION 

3.1 Surface Roughness and S/N Ratio 

Surface roughness was analyzed based on the 
Taguchi method and S/N ratio as in Table 1. These ratios 
were generated according to Taguchi’s smaller-is-better 
characteristic. 
 
3.2 Optimization of Machining Conditions Using the 
Taguchi Method 

This study was conducted to determine the 
optimum condition for surface roughness when 
AlSi/AlN is cut using three different cutting tools. One 
of the methods used to analyze data for process 
optimization considered S/N ratio. Fig. 1 shows the 
mean S/N ratio for the smaller-is-better characteristics 
of surface roughness obtained using Minitab 17. The 
slope of the graphs clearly show that insert type is the 
most significant factor, followed by the type of cutting 
speed, feed rate, and depth of cut. Based on Fig. 1, the 
optimum parameters for surface roughness is cutting 
speed of 230 m/min; feed rate of 0.4 mm/tooth; depth of 
cut of 0.3 mm; and TiB2 tool insert. 

 
4. CONCLUSION 

 The Taguchi method was applied in the 
experimental design to optimize multi response process 
parameters of end milling. The machining of AlSi/AlN 
MMC was optimized using an L27 orthogonal array. 
The results were drawn based on the experiments. The 
optimum machining parameters for surface roughness 
were as follows: cutting speed, 230 m/min; feed rate, 
0.4 mm/tooth; depth of cut, 0.3 mm; and TiB2 tool 
insert. These optimum parameters will facilitate the 
competitive machining operation from the economical 
and manufacturing perspective in the automotive 
industry. 

 
Figure 1 S/N ratio effects of machining parameters. 
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ABSTRACT – In this present study, 10 mm diameter of 
316 stainless-steel is used in powder-pack boronizing by 
using solid medium boron, Ekabor 1. The boronizing 
experiment is carried out in a high temperature furnace 
at 850, 900 and 950 oC for 2, 4 and 6 hours. Powder 
condition and powder-pack surrounding are also 
featured in this study to analyze the effective powder 
usage of the treatment. Borided layer surface is 
characterized using XRD analysis and SEM 
micrographs. The hardness, wear properties and kinetics 
atoms of diffusion using Arrhenius equation will be 
determined in this study. Preliminary results showed 
hardness of boronized sample is higher than the 
untreated sample.  
 
1. INTRODUCTION 

Boronizing is a thermochemical surface hardening 
process that involves the diffusion of boron into the base 
surface at high temperature to produce super hard 
materials and contributes in better wear strength of a 
material since hardness is related to wear performance 
compare to other thermochemical processes [1,2,3]. 
Powder-pack boronizing treatment is significance to use 
since it is easy to apply and has low cost compare to 
other heat treatment processes [4]. The objectives of this 
study are to investigate the diffusion mechanisms of 
stainless-steel surfaces using metallurgraphic procedure 
and to determine the kinetics of the diffusion process 
using Arrhenius equation with the aim of improving the 
tribological properties.  
 
2. METHODOLOGY 

2.1  Powder-Pack Boronizing 

For this purpose, boronizing powder is placed in a 
stainless-steel container and the sample (ball bearing) is 
immersed in the container. The containers are different 
in diameters and heights in such a way the samples is 
surrounded by different thickness of powder. The 
schematic diagram of powder-pack boronizing is shown 
in Figure 1.  

The variables for boronizing process are selected 
using Taguchi method in order to determine an effective 
powder pack boronizing condition. All these parameters 
are shown in Table 2. The resulted microstructure, 
surface roughness, hardness, wear and also kinetics 
diffusions of boron atoms which are subjected to the 
parameters will be determined. 

 
Figure 1 Schematic diagram for powder-pack 

boronizing process. 
 
Table 2 Parameters for boronizing of 10 mm stainless - 

steel ball bearing. 

No.of 
experiment 

Boronizing 
Temperature 

Boronizing 
Time 

Powder 
Condition 

Powder 
Pack 

Surrounding 
Thickness 

1 850 oC 2 h 100% 5mm 
2 900 oC 2 h 60% 10mm 
3 950 oC 2 h 30% 15mm 
4 850 oC 4 h 60% 15mm 
5 900 oC 4 h 30% 5mm 
6 950 oC 4 h 100% 10mm 
7 850 oC 6 h 30% 10mm 
8 900 oC 6 h 100% 15mm 
9 950 oC 6 h 60% 5mm 

 
3. RESULT AND DISCUSSIONS 

3.1  Microstructure 

Studied on boronizing of stainless steel reported 
that the cross-sectional surface of borided layer contains 
iron rich layer [4]. Figure 2 showed boride layer on one 
of the boronized sample using SEM micrograph. 
 

 
Figure 2 SEM micrographs showed the boride phases 

formed on the surface after treatment. 
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3.2  Boride Layer Hardness and Thickness 

Table 2 shows the hardness value boride layer 
thickness from different parameters of boronizing 
experiments. From this values, it shows the hardness of 
boronized sample is greater than the unboronized 
sample.      
 

Table 2 Hardness value and boride layer thickness. 

No.of 
experiment 

Hardness 
Value 
(HV) 

Boride Layer 
Thickness 

(µm) 
1 354.2  53.77 
2 347.2 59.36 
3 315.7 55.68 
4 351.1 50.43 
5 325.7 31.67 
6 373.1 163.92 
7 339.1 48.22 
8 366.9 66.32 
9 309.2 25.54 

 
3.3  Wear Properties 

Previous studied showed that increase in 
boronizing time has increased the thickness of the 
boride layer. This has resulted in a decrease of wear. 
Therefore, it is claimed that the boronized steels show 
improved wear performance because of increasing in 
hardness properties [4], as shown in Figure 4. Similar 
wear behavior is expected for the current study.   
 

 
Figure 4 Wear rate variation of the boronized and non-

boronized AISI 316L stainless steel according to 
different wear media [4]. 

 
3.5  Kinetics of Atoms Diffusion 

The kinetics of layer growth is controlled by 
perpendicular boron diffusion into the Fe2B layer [5]. 
The squared thickness of the boride layer as a function 
of boronizing time is described as: 
 
X2 = Kt, (1) 
 
Where X is the depth of boride layer (cm), t is the 
process time (s), while K is the diffusion coefficient 
(cm2/s). The relationship between diffusion coefficient 
D, temperature T, and activation energy Q, can be 
expressed using an Arrhenius equation [4] as follows: 

K = Ko exp ( -Q / RT ) (2) 
 
Where K is the diffusion coefficient, Ko is called the 
pre-exponential constant, Q is activation energy (J/mol), 
T is the absolute temperature (Kelvin), and R is the 
universal gas constant (J/mol/K) [4]. Such result is 
shown in Figure 5 [4].  
 

 
Figure 5 Square of boride layer as a function of boriding 

time for test temperatures [4]. 
 
4. CONCLUSIONS 

The investigations on surface properties of borided 
stainless-steel ball bearing will be done in this study. In 
comparison with previous studies, there is no further 
study on boronizing stainless steel ball bearing with 
different parameters [1,3,4]. Powder utilization in pack 
boronizing process will be optimized, and it is expected 
that the relation of the borided hardness with surface 
diffusion and wear properties of the 316 stainless-steel 
ball bearing can be elucidated, thus contribute to a 
development of new potential material for automotive 
applications.  
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ABSTRACT – Fe80Cr20 alloy powder prepared by ball 
milling and ultrasonic technique and was analyzed using 
Scanning Electron Microscopy (SEM), Particle Size 
Analyzer (PSA) and Thermo Gravimetric Analysis 
(TGA). Ball milling prepared under nitrogen gas (N2) as 
Process Control Agent (PCA) in milling time of 60 h. 
Ultrasonic is conducted under atmospheric environment 
in open circuit machine. Finer surface structure which 
obtained after ultrasonically treatment. Smallest particle 
size of 5.23 µm and distribution of 89.57% is achieved 
using combination between ball milling (Milled 60 h) 
and ultrasonic technique (UT). TGA result shows that 
sample after milled 60 h and combination technique 
decrease mass gain up to 51% and 63% as compared to 
raw material as well as 49% and 62% as compared to 
UT samples.   
 
1. INTRODUCTION 

Metallic interconnect material is most explored 
Solid Oxide Fuel Cell (SOFC) component due to it keep 
the oxidant and fuel separated. Consequently, it must be 
stable chemically in high temperature operation of 1000 
0C [1,2] where the stabilization and oxidation behavior 
at high temperature are fundamental in actual 
application. FeCr is selected as interconnect material 
due to it has high-strength and high corrosion resistance 
[3]. In order to achieve high thermal stability, nano 
range crystallite size and homogenous size is needed 
[4]. Most commonly method to reduce the crystallite 
size is high energy ball milling [5].  

There are some method to develop homogenous 
size which are ultrasonic, microfluidizer, ultra-turrax 
benchtop homogenizer and microfluidics microfluidizer. 
However ultrasonic technique become most commonly 
method [6]. Proposed method to prepare the 
interconnect material is combination between high 
energy ball milling and ultrasonic technique which 
called combination technique and not yet full studied in 
previous research [4-7]. 
  
2. METHODOLOGY 

Formula of the raw material is Fe80Cr20 (80wt% Fe 
and 20wt% Cr). Ethanol is used as cleaned media before 
ball milling process. Ball milling process is conducted 
in milling time of 60 h and ultrasonic technique is 

conducted using various time of 3 h, 3.5 h, 4 h, 4.5 h, 
and 5 h in open circuit ultrasonic machine. All samples 
is analyzed using SEM with Secondary Electron Images 
(SEI) detector. PSA is based on strength of the diffract 
light which shows number of the particle and 
distribution of particle size. Thermal stability is operate 
as function of temperature to obtain physical properties 
of the sample. It conducted in temperature of 1100 0C 
with the heating and cooling rate is 10 0C/minute. Raw 
material as untreated sample and the UT, milled 60 h 
and milled and UT samples as treated samples. 
 
3. RESULTS AND DISCUSSION 

Ultrasonic technique is successfully improve the 
finer surface structure as shown in Fig. 1(b) and 1(d) 
which assigned as UT 4.5 h and Milled and UT 4.5 h 
sample, respectively. Most proper result in each 
treatment is shown in Fig. 1. 

 

  

  
Fig. 1 Surface morphology of (a) raw material, (b) UT 

4.5 h, (c) milled 60 h and (d) milled and UT 4.5 h. 

Ultrasonic treatment led to surface modification as 
the effect of cavitations process which produced by high 
speed bubbles which generate a jet impinging upon the 
surface material. 

Different ultrasonic time increased as finer surface 
is increased. Finer surface is effect to dense compacted 
sample. Rough surface has good interparticle bonding, 
However many oxygen cavities is stuck in the 
compacted sample [8]. Therefore, finer surface is 
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required due to good interparticle bonding with no 
oxygen cavities. When ball milling process, the 
deformation is not evenly in powder body. Therefore, 
milled 60 h sample is not homogenous powder size or 
agglomerate occurred. 

The particle size and homogenous particle size is 
confirmed by PSA result as shown in Fig. 2. The 
particle size decreased in distribution particle size 
increased at increasing ultrasonic time. The distribution 
is relatively high of 89.57% in smallest particle size of 
5.23 µm. 

 

 
Fig. 2 Particle size and distribution analysis. 

Particle size of combination treatment decrease up 
to 16.58%, 66.56% and 86.47% as compared to milled 
60 h, UT samples and raw material, respectively. It 
caused by the ball slugging the powder when ball 
milling process and high speed bubbles when ultrasonic 
technique. Mass change in high temperature is become 
indication of thermal stability of the sample. It shown 
by TGA curve (Fig. 3) that shows the mass gain of the 
treated and untreated samples in temperature of 1100 
0C. 

 

Fig. 3 Mass change curve of the samples.  

Fig. 3 shows that the milled 60 h and milled and 
UT samples have smaller mass gain as compared to raw 
material and UT samples. It due to by smaller crystallite 
size as in Fig. 4 which have higher strain and ductile 
properties. Decreasing mass gain of combination 
technique up to 63% as compared to raw material. 

 
4. CONCLUSION 

Ball milling and ultrasonic treatment show high 
recommended to prepare the interconnect material like 
showed by SEM, PSA, and TGA results. Consistence 
data shows that the method and parameter is well done. 
However, grain growth is observe when ultrasonic time 
of 5 h as shown in milled and UT 5 h at PSA which 
effect to the higher mass gain at TGA curve. 

 
Fig. 4 Mass gain and crystallite size of the samples. 
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ABSTRACT – There is an ongoing need in tribology 
community for developing high performance composite 
coating to control friction and wear under severe 
conditions of modern dry-sliding system which requires 
high operating temperature and long life. The present 
work is an attempt to employ powder preplacement and 
tungsten inert gas (TIG) torch melting technique to 
generate titanium carbide (TiC) based hybrid composite 
coating with the addition of hexagonal boron 
nitride(hBN) or Ni-coated hBN (Ni-P-hBN) lubricant 
powders. The morphology and composition of the 
developed coatings were investigated. Moreover, the 
hardness and high temperature wear characteristics of 
the hybrid coatings at 600oC are studied. The results 
indicate that TIG-melted surfaces containing TiC and 
Ni-P-hBN exhibits optimum properties combining good 
control of microstructures and uniformly distributed 
hardness as well as stable tribological properties. 
 
1. INTRODUCTION 

 In recent years, incorporation of finely dispersed 
hard ceramic phases on the metal surface layer by 
surface melting has been recognized as a promising 
method for the formation of quality surface coating. 
This revolutionary approach offers possibilities to 
change the chemical composition of the metal surface in 
order to achieve increase in surface hardness for 
tribological purpose [1]. Among many ceramic 
particulates, titanium carbide (TiC) particles are widely 
used to produce hard, wear resistant surface layers for a 
range of industrial application because of its high 
hardness, good thermal and chemical stability as well as 
lower density [2].  However, TiC-reinforced coatings 
exhibits challenges of low abrasive and adhesive wear 
resistance coupled with high coefficient of friction 
under applications requiring high-temperature and dry 
sliding conditions. To achieve reduction in the wear loss 
rate and friction, second phase of solid lubricant 
particles are thought to be added to the TiC coating 
matrix to produce a functional hybrid composite 
coating. The idea is reasonable and feasible owing to the 
synergetic combination of high-strength particle 
reinforcement and soft-particle lubrication in the hybrid 
coating system, results in coating with adequate 
lubricating properties for sliding process [3]. 
        Hexagonal boron nitride (hBN) is a promising 
solid lubricant owing to its graphite-like lamellar crystal 

structure which allows lowered inter-layer sharing over 
a wide range of temperature. Up to now, hBN particles 
are, however, less explored for composite coatings due 
to their non-wettability with most ceramic/metal matrix 
[4].  Recent research made by Liu et al [4], indicated 
that encapsulation of h-BN lubricant with layer of active 
metal matrix such as nickel could be explored to 
improve the wettability performance of hBN. Therefore, 
in the present study, TiC powder was selected as matrix 
and hBN as solid lubricant, the hBN was incorporated in 
a layer of micro Ni-P deposit by electroless plating. The 
TiC/hBN and TiC/Ni-P-hBN hybrid composite coatings 
were developed on low alloy steel (LAS) using powder 
preplacement and TIG melting technique. Finally, 
surface topography and microstructures of the coatings 
were characterized in detail. 
 
2. EXPERIMENTAL 

 AISI 4340 low alloy steel (LAS) specimens were 
used as substrate material in this investigation. Prior to 
surface melting, the surface of the specimens were 
abrasively ground with SiC emery paper and then 
cleaned in acetone using ultrasonic cleaner. TiC powder 
(Sigma Aldrich, USA) was selected as the coating 
matrix material and hBN (MK Impex Canada) were 
used as the solid lubricant. A Ni-coated hBN (Ni-P-
hBN) powders was synthesised by acidic electroless 
nickel plating bath.   
        The powder mixture was prepared by adding 10 
wt% of hBN or Ni-P-hBN to TiC and ball-milled for 
producing TiC/hBN and TiC/EN-hBN composite 
powders. The blend was separately made into paste with 
binder and then evenly preplaced onto the substrate 
surface. Subsequently, surface melting of the precoated 
specimen was realized under TIG arc torch to generate 
track layers of TiC/hBN and TiC/EN-hBN coatings on 
the substrate material. The surface morphology, 
microstructure and composition were characterized with 
the aid of optical microscope (OPM), scanning electron 
microscope (SEM) and energy dispersive X-ray analysis 
(XRD) respectively. The cross-section microhardness 
and dry sliding wear test at 600oC were conducted on 
Wolpert Vickers microhardness tester and DUCOM 
ball-on-disc tribometer (TR-20-PHM-CHM-600). 
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3.  RESULTS AND DISCUSSION 

3.1 Visual Inspection of Powder preplaced Surfaces 

 Fig. 1 shows the surface appearance of the 
precoated powder based on visual inspection under a 
high resolution camera. 
 

  
(a) (b) 

Fig.1. Surface morphology of composite powder 
mixture (a) TiC/hBN (b) TiC/EN-hBN. 

 
From Fig. 1a, addition of hBN powder damaged 

the flowability of the predeposited composite powder 
and led to their poor adherence to LAS substrate. This 
observation could be attributed to the poor wettability of 
hBN reinforcement. On the contrary, the preplaced steel 
surfaces obtained with TiC/EN-hBN mixture were 
found to be smooth with little or no discernible 
deformity as shown in Fig. 1(b).  

 
3.2 Surface Topography 

 The TIG-melted surface produced with TiC/hBN 
composite powder revealed relatively rough 
topography; inconsistent rippling marks and few cracks 
were observed in the resolidified track (Fig. 2b). Fig. 2b 
showed the surface structure of TIC/Ni-P-hBN track 
revealing a fairly smooth surface, fine ripples and no 
visible cracks was observed on the surface.  

 

  
(a) (b) 

Fig.2. SEM micrograph showing topography of the 
tracks (a) TiC/15% hBN (b) TiC/15% EN-hBN. 

 
3.3 Microstructure of the TIG-Modified Layers. 

The track alloyed with TiC/hBN composite 
powder produced a melt structure with partial 
dissolution of the powder mixture, presence of pores 
and cracks (Fig, 3a). The result is related to the poor 
flowability of the preplaced sample based on the 
presence of hBN in the coating. 
 

  
(a) (b) 

Fig. 3. SEM micrograph showing melt structure of  
(a) TiC/hBN (b) TiC/EN-hBN. 

 
       As presented in Fig. 3b, TiC/Ni-P-hBN track 
produced a melt structure that had completely dissolved 
after melting and resolidified into dendritic and 
precipitated particles. This phenomenon indicates the 
effectiveness of adding electroless Ni-coated hBN 
which is thought to have allowed better physical 
interaction in the composite mixture leading to good 
melting. 
 
3.4 Dry Sliding Test 

        It can be seen from Fig. 4a that TiC/hBN coating 
exhibits an unsteady high friction coefficient at the wear 
test of 600oC. Fig. 4b shows that the friction coefficient 
of TiC/Ni-P-hBN is lower and remains stable at the 
elevated temperature. The results can be explained 
based on microstructure and elemental constitution. 
 

  
(a) (b) 

Fig.4. Friction coefficient of (a) TiC/hBN (b) TiC/Ni-P-
hBN coatings at 600oC. 

 
4. SUMMARY 

 Based on the experimental findings, the following 
conclusion can be drawn; 
a) Electroless Nickel plating was demonstrated to 

improve the wettability performance of hBN 
powder for composite coating. 

b) The track of TiC/hBN coating showed 
microstructure containing mostly unmelted 
powder, pores and cracks probably due non-
uniform melting of the weakly bonded preplaced 
surface. This was absent in the TiC/Ni-P-hBN 
coating which gave melt pool with mostly 
dendritic structure and carbide precipitates.  

c) The high temperature tribological behavior of 
TiC/Ni-P-hBN is superior to that of TiC/hBN. 
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ABSTRACT – Titanium (Ti) and its alloys have been 
extensively applied as dental implant materials under 
load-bearing conditions due to their outstanding 
properties. The purpose of this paper is to investigate 
the effects of two types of surface modifications; acid 
etching and plasma spray coating on the surface finish 
of the titanium alloys. Acid etchings were carried out by 
varying the types of acids. In the plasma spray, a yttria 
stabilized zirconia (YSZ) was chosen as a coating 
material. All treated surfaces were characterised by an 
X-ray diffraction (XRD), a scanning electron 
microscope (SEM) and a roughness tester.  It was noted 
that the coated surface with 7.78 µm was significantly 
rougher than the etched surface, ranging from 0.137 µm 
- 3.986 µm. 
 
1. INTRODUCTION 

Due to good properties in bioactivity, corrosion 
resistance [1] and biocompatibility titanium alloys has 
been utilised widely in dental implant industry. 
Topography is the favoured area that has been explored 
recently, especially for bone apposition  and cell 
attachment around titanium implants [2]. Rough surface 
and micro pores have proved to enhance 
osseointegration rate [3]. An etching technique is 
carried out in removing the impurities or contaminants, 
which is also known as corrosion induced treatment that 
also produces the micropits on the surface for good 
mechanical adherence [4].  However, only a few types 
of acids can be successfully reacted on oxide surface 
which include hydrochloric (HCl), sulphuric (H2SO4) 
and fluoric (HF) [5]. On the other hand, plasma spray is 
used to deposit the alloys on the metallic substrate and 
at the same time, to take advantage of the coating 
strength and chemical reacting in cell growth. In this 
work, the YSZ coating is chosen for its bioactivity and it 
has higher bond strength compared to a pure HA coating 
[6], providing a good bone apposition and 
osseointegration of implant [7]. 
 
2. METHODOLOGY 

In this work, two surface techniques were 
performed; acid etching and plasma spray. Disks of � 5 

mm, 3 mm in thickness and plates of 15u10u3 mm of 
titanium alloys were prepared. Prior to the acid etching, 
a pre-treatment on the samples was performed [2]. The 
pre-treated disks were i) etched using a pure acid 
(H2SO4 or HF) and a combination of HCl+H2SO4 with 
an exposure time of 45 minutes for each treatment and 
ii) YSZ deposited by using an atmosphere plasma 
spraying (APS) equipment by Sulzer Metco, 
Switzerland. Optimum spray parameters are 
summarised in Table 1. The surface morphology of all 
samples was observed using the SEM and the phase 
composition via XRD was utilised. The roughness 
measurements were conducted by using a profilometer. 

 
Table 1 Spray parameters for as-sprayed YSZ. 

Plasma gas/flow rate               Argon/42 Lmin-1 
Carrier gas/flow rate                         Argon 7-8 Lmin-1 
Powder feed rate 10 g/min 
Current                                                              600 A 
Spray distance  120 mm 
 
3. RESULTS AND DISCUSSIONS 

3.1 Phase Composition 

It was found that the XRD pattern of an untreated 
surface only consisted of high intensity peaks of 
titanium and its alloy. As for YSZ coating, the pattern 
was mainly composed by the crystalline YSZ with the 
presence of sharp and high intensity peaks. As for the 
etched surfaces, the peaks were due to the titanium 
hydride (TiH2).  
  
3.2 Surface Profiles 

Figure 1 shows the surface morphologies with and 
without any acid etchants for 45 minutes exposure at 
room temperature. It was found that the H2SO4 etched 
samples experienced a grooved and non-uniform 
surface. A homogenous surface with sharp edges was 
observed after being exposed in a mixed acid involving 
HCl and H2SO4. An HF treatment had revealed a porous 
structure with irregular micropits which was beneficial 
for an osteogenesis [8]. The presence of micropits and 
micro-pores as in Figure 1 could enhance an early bone 
integration and the stability of the implant due to their 
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unique texture [4].  
 

 
Figure 1 Surface morphologies of a) a controlled b) 

H2SO4 etched, c) HCl + H2SO4 etched and d) HF etched 
samples. 

 
In Figure 2, the starting powder for the plasma 

spray is in a spherical shape form. The YSZ deposition 
exhibited rough surfaces with micro pores that mostly 
developed between splat boundaries. It was proven that 
the micro rough surface can improve osseointegration 
up to a 3 year period of a successful dental implant [9]. 
Typically, plasma spray coating surface is very porous. 
An open porosity of 15-40 % is believed to enhance the 
growth of bone cell inside the voids [10] on the surface 
for dental implants. 
  

 
Figure 2 SEM micrograph of a)YSZ powders and b) 

deposited YSZ coating. 
 
3.3 Surface Roughness 

The original starting Ti alloys (without any surface 
modifications) was Ra = 0.124 µm. Table 2 shows the 
average roughness for all samples via these two 
techniques. The plasma sprayed YSZ coated surface had 
possessed the roughest surface providing a larger 
surface area that led to a higher survival rate of cell [11], 
better cell attachment and growth of osteoblasts [12]. As 
for the etching technique the roughness was also quite 
promising, particularly the HF etched samples.  

 
Table 2 Average roughness for each type of 

modifications. 

Surface 
modification 

H2SO4 
etching 

HCl + 
H2SO4  
etching 

HF 
etching 

YSZ 
coating 

Roughness 
(Pm) 0.137 0.161 3.986 7.78 

 

4. CONCLUSION 

It was strongly suggested that the etching process 
must be carried out with controlled condition involving 
temperature and concentration of the acid in order to 
obtain a compatible surface for a dental implant 
functionalities. Increasing the temperature may 
decreased the pore and roughness. As present result, 
dual acid etching (HCl + H2SO4) still cannot compete 
with single acid etching (HF) in term of roughness 
value, means the concentration act as control condition. 
However, a plasma spray method was preferred, 
resulting rougher surface than the etched ones.  
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ABSTRACT – Duplex coating of Ti6Al4V alloy was 
conducted with the aim of improving the corrosion 
resistance and mechanical properties of the alloy. In this 
study, plasma nitriding of Ti6Al4V was performed using 
a microwave plasma technique at 600oC for 1 and 3 
hours, then followed by deposition of TiAlBN for 
duplex coating purposes. Microstructural analysis 
revealed that  the duplex coating process produces a 
relatively smooth and crack free modified surface layer 
which is believed able to inhibit the occurrence of 
corrosion process. The duplex surface obtained has 
superior surface hardness property, especially for 
samples with the longer nitriding time.  
 
1. INTRODUCTION 

Titanium and its alloys, especially Ti6Al4V has 
been used in many industries such as aerospace 
applications, chemistry, marine and automotive 
applications. Besides, Ti6Al4V alloy has begun to be 
used as a surgical implant material on account of their 
biocompatibility and mechanical compatibility [1]. 
However, wear and the resulting debris generated in 
total joint replacement was found to be a significant 
problem, which lead to the discontinuation of the use of 
Ti6Al4V for bearing surfaces and it is commonly 
believed due to the poor tribomechanical properties and 
corrosion resistance [2]. Since the corrosion resistance 
of titanium alloys depends very much on the properties 
of the surface layer, the surface modification process 
could provide a virtuous solution for surface properties 
enhancement. Therefore, much work has been done to 
improve the surface properties of Ti6Al4V including 
ion implantation techniques [3] plasma method [4]  laser 
method [5], thermodiffusion treatment [6]  and etc. 
Among these methods, laser treatment is promising and 
gaining much attention in the surface property 
improvement of medical implant. However, a work 
reveals that numerous surface cracks were formed in the 
surface of the laser- treated material, therefore a large 
corrosion current was expected [7]. Therefore, duplex 
coating concept was introduced. The duplex surface 
treatment has received considerable attention, since it 
improves considerably the adhesion between the coating 
and substrate [8]. The aim of this study, is to investigate 
the possibility of depositing TiAlBN coatings on 
Ti6Al4V alloy via a Duplex coating process as a 

corrosion resistance and mechanical properties  
enhancement for Ti6Al4V alloy.  
 
2. METHODOLOGY 

A commercial Ti6Al4V alloy was used as the 
substrate material. The plasma nitriding process is 
conducted using microwave equipment. The substrates 
are then heated to the required temperature (600oC) and 
nitrogen along with argon gas is introduced into the 
microwave source to produce plasma. The flow rates of 
gas mixtures were set at 25% (Ar) : 75% (N2). The 
nitriding time is performed for 1 hour and 3 hours. For 
the deposition of TiAlBN coating onto the plasma 
nitrided substrates is done using Radio Frequency (RF) 
magnetron sputtering  system on the similar condition of 
process parameters in order to achieve the equivalent 
coating thickness of about 2 µm. The morphology of the 
coated samples was observed using Scanning Electron 
Microscope (SEM) and the surface hardness was 
determined using microhardness Vickers at load of 
0.1kgs. For electrochemical test, the corrosion rate was 
determined using the Tafel extrapolation method in 2M 
NaCl solution. The collected data were analyzed using  
Gamry Instrument software to deduce the corrosion rate, 
corrosion current (Icorr) and corrosion potential ( Ecorr).  
 
3. RESULTS AND DISCUSSION 

3.1 Microstructural Analysis 

Figure 1 shows  the thickness obtained for  duplex 
coating TiAlBN on plasma nitride Ti6Al4V substrate at 
different plasma nitriding time. The thickness range of 
TiAlBN on substrate nitride at 600oC 1hour is 2.623µm 
to 3.205µm while the thickness range of TiAlBN on 
substrate nitride at 600oC 3 hours is 2.574 µm to 2.914 
µm. It is also observed that utilizing the  duplex coating 
technique produces a relatively smooth and crack free 
modified surface layer which is believed able  to inhibit 
the occurrence of corrosion process and improve the 
surface mechanical properties [2].  
 
3.2 Surface Hardness Analysis 

The surface hardness of Duplex coating samples 
was found to be higher as compared to the Ti6Al4V 
untreated (Figure 2). The highest surface hardness 
(682.27 HV0.1) is obtained in sample duplex coating 
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with plasma nitriding process for 3 hours.  This means 
that  major increment on the surface hardness is due to 
the deposition of TiAlBN and plasma nitriding process 
prior to the Ti6Al4V sample. Diffusion of nitrogen into 
Ti6Al4V samples believes to produce higher case depth 
which improves the load carrying capacity coating- 
substrate system and the overall hardness property of 
the system [8]. 
 

  
(a) (b) 

Figure 1 SEM micrograph of the (a) TiAlBN duplex 
sample with 1 hour plasma nitriding treatment (b) 

TiAlBN duplex sample with 3 hours plasma nitriding 
treatment. 

 

 
Figure 2 The surface hardness results of the Ti6Al4V 

untreated and Duplex coating samples at various 
plasma nitriding times. 

 
3.3 Corrosion Rate Analysis 

Table 1 shows  the values of the corrosion rate, 
corrosion current (Icorr) and corrosion potential (Ecorr) 
value of the various samples after the corrosion test by 
using the 2M NaCl solution. It was observed that the 
value of corrosion rate and corrosion current (Icorr)  
decreases for the sample of duplex coated. While, the 
value of corrosion rate for the untreated Ti6Al4V is the 
highest compared to the samples with the duplex 
treatment process. The result shows that by applying the 
duplex surface treatment on the Ti6Al4V improves the 
corrosion resistance of the alloy. It is also believed that 
the improvement in corrosion resistance was contributed 
by the TiAlBN nanocomposite coating [9]. 

 
4. CONCLUSION 

It has been observed  that the duplex coating 
process has a major influence on the corrosion 
resistance and mechanical properties of Ti6Al4V alloy. 
It is observed that the duplex coating process is able to 
produce a relatively smooth and crack free modified 
surface layer. Besides, the duplex coating process 
significantly improved the corrosion resistance and 

mechanical properties of titanium alloy. The 
improvement is considered to be primarily due to the 
TiAlBN precipitates acting as corrosion protection. 

 
Table 1 The value of corrosion rate, Icorr, and Ecorr for 

duplex samples and Ti6Al4V untreated. 

Samples 

Duplex 
samples -
Plasma 
Nitriding 
1 hour 

Duplex 
samples - 
Plasma 
Nitriding 3 
hours 

Ti6Al4V 
Untreated 

Corrosion 
rate (mpy) 

1.436 x 
10-6 

7.360 x 10-6 7.919x10-3 

Icorr 
(mA/cm2) 

5.316 x 
10-8 

8.285 x 10-9 7.74x10-5 

Ecorr (mV) -0.240 -0.140 -0.906 
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ABSTRACT – The purpose of this study is to 
investigate the effects of the geometry and distributions 
of dimples on the frictional behavior of cast iron 
surfaces for applications in automotive engines under 
lubricated condition. Laser surface texturing method 
will be used to create micro dimples with various 
dimensions on cast iron surface. The pin on disc tester 
will be used to measure the friction and sliding wear 
properties. A comparison will be made between the 
performance of reference non-textured piston rings and 
optimum surface textured of piston rings. The density 
area of dimple is expected to reduce friction and wear 
up to certain value. 
 
1. INTRODUCTION 

To improve fuel consumption, wear and friction 
must be reduced since it causes approximately 40% 
energy losses from wear losses and engine friction [1]. 
Surface texturing is a widely known as a method to 
improve the load capacity, the wear resistance, and the 
friction coefficient of tribological mechanical 
components [2]. Laser surface texturing offer the most 
suitable concept since the technique is very fast; allows 
short processing times, and provides a good control of 
the shape and size of the micro dimples [3]. Wakuda et 
al. [4] has found that the tribological characteristics 
depend highly on the size and density of the micro 
dimples. However, the dimples shape does affect just a 
little for the friction coefficient either rounded or 
angular profiles. A comparison has been made between 
a non-textured conventional barrel shape rings and 
optimum partial laser surface texture cylindrical shape 
rings and the performance shows an optimum value of 
the micro dimples depth over diameter ratio yields a 
minimum friction force about 25% [5]. A few researches 
had been done to directly relate the influence of the 
surface texturing of aluminum alloy on the efficiency of 
an IC engine. Therefore, this study will evaluate the 
effects of surface texturing with a variety of dimensions 
of dimples to acquire a guide to optimal dimple pattern. 

 

2. METHODOLOGY 

2.1  Experimental design 

 In this study, dimples on cast iron specimen is 
going to be produced using laser surface texturing since 
it has been previously reported that the low friction 

coefficient can be obtained using this technique. A 23 
factorial experimental design will be used to evaluate 
the effect of three independent variables, namely; 
dimples geometry, depth to diameter ratio and surface 
area density ration on the surface roughness and friction 
coefficient of the surface, using the Design-Expert 
software. All factors comprising low (-) and high level 
(+) factors are shown in Table 1. The effect of the 
process factors on the responses will be calculated by 
following valid model in the experimental space 
(Montgomery 1997): 
  
Ym=Bo+ ∑ 𝐵𝑖𝑋𝑖 + ∑ 𝐵𝑖𝑗𝑋𝑖 ∗  𝑋𝑗 + 𝐵𝑖𝑗𝑘𝑋𝑖 ∗  𝑋𝑗 ∗ 𝑋𝑘    (1) 
 
Where i, j, k are equal to 1, 2, 3 and m equal to either 1 
or 2. The coefficient 𝐵0 is the mean of responses of all 
experiments; 𝐵𝑖  coefficient represents the effect of 
variable𝑋𝑖, whereas 𝐵𝑖𝑗  and 𝐵𝑖𝑗𝑘 are coefficients which 
represent the effect of interactions of variables 𝑋𝑖 ∗  𝑋𝑗 
and  𝑋𝑖 ∗  𝑋𝑗 ∗ 𝑋𝑘 respectively. 
 

Table 1 Proposed factorial design matrix. 

Std Run 
Diameter 
of dimples 

(µm) 

Depth of 
dimples 

(µm) 

Surface 
area 

density 
(%) 

8 1 - - - 
2 2 - - + 

5 3 + - - 

1 4 + - + 

3 5 - + - 

6 6 - + + 

4 7 + + - 

7 8 + + + 
 

Table 2 Three proposed factor for DOE. 
Factor Unit Low (-) High (+) 

Diameter of dimples µm 70 130 

Depth of dimples µm 5 13 

Surface area density % 5 15 
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2.2  Optimization 

The same Design Expert software will be used to 
analyze the data collected from tribological tests and in 
the selection of appropriate model to be used. Analysis 
of variance (ANOVA) will be performed for analysis of 
residuals and outlier detection. Finally, model validation 
and multiple response optimizations will be performed. 

 
2.3  Wear Test 

Tribological test is carried out on the textured and 
non-textured specimens using a pin-on-disc tribotester. 
The pin-on-disc tester measures the friction and sliding 
wear properties on dry and lubricated surfaces of a 
variety of bulk materials and coating. Tests were 
performed according to an ASTM G99-90 standard. Test 
parameters such as the speed (rpm), time (t), sliding 
distance (L), friction coefficient (µ), frictional force and 
wear (δz) will be recorded using Winducom software. A 
minimum of three samples is going to be tested for 
every set of experiments to minimize data scattering. 

 
3. RESULTS AND DISCUSSION 

3.1  Microstructure 

Review of engineered tribological interfaces for 
improved boundary lubrication by A. Erdemir [6] 
reported that shallow pits produced on the surface have 
altered the hydrodynamic efficiency. These dimples can 
act as reservoir for lubricants and can trap wear debris 
to reduce wear due to third bodies trapped at the sliding 
interfaces. Similar microstructure as shown in Figure 1 
is predicted in this study. 
 

 
(a) 

 

 
(b) 

Figure 1 a) Plane view and b) 2D image of a laser 
dimpled steel sample. Dimples are typically 4 to 5 µm 

deep and 100 µm in diameter [6]. 

 Manabu Wakuda et al. [4] has compared the 
results of friction surface between non-textured and 
textured surfaces. The expected result will show that all 
textured samples will have a lower coefficient of 
friction than the non-textured samples. 
 

 
Figure 2 SEM observation of the friction surface 

following the long sliding test [4]. 
 
The similar result is predicted with the experiment 

done by Beomkeun Kim et al. [7] as friction test 
revealed that the measured coefficients of friction for 
the non-textured plates plotted as functions of the 
lubrication parameter, where it shows the low 
coefficients of friction were maintained for the textured 
surface throughout the entire range of lubrication 
parameter values. 

 
4. CONCLUSION 

In this present study, with all the parameters, the 
function of micro dimples on the cast iron surfaces is 
highly expected to reduce the friction coefficient and 
wear in the engine performance. The micro-trap for 
wear and debris and the micro-reservoirs for lubricant 
are the main factors for the reduction in the friction and 
wear of the surface texturing. 
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ABSTRACT – In this work, the Finite Element Method 
(FEM) is used to analysis contact temperature of 
multiply asperity sliding contact surface. The following 
parameters are included: pressure, roughness, sliding 
speed, friction coefficient, and thermal conductivity. 
Analysis results show that pressure and thermal 
conductivity play the most important role on affecting 
maximum temperature rise parameter. In addition, 
regression equations are used to study the effect of study 
parameters on the contact temperature for roughness 
surface. The effects of contact pressure and thermal 
conductivity on the contact temperature increases as the 
Peclet number increases. 
 
1. INTRODUCTION 

All engineering surfaces are rough. When two 
surfaces slide over each other, rough surfaces will cause 
contact at discrete contact spots. The contact 
temperature and real contact area play a significant role 
in contact properties since it determines the states of 
wear, friction, lubrication, and frictional heating and 
signal transmission between two rough surfaces. 
 Blok [1] and Jaeger [2] were pioneered to the 
studies of temperature rise at the contact surfaces due to 
moving heating source. The Fractal Method of surface 
roughness was firstly used for temperature analysis by 
Wang and Komvopoulos[3]. Lin[4] described the 
thermal behavior of a single asperity in an apparent area 
of contact. A new expression of the temperature rise 
parameter T/f is introduced to describe fluctuations in 
the thermal parameters. The Finite Element Method has 
been widely used to investigate the contact temperature 
of the deformation peak. Ye and Komvopoulos [5] show 
that frictional shear traction and thermal loading 
promote stress intensification and plasticity, especially 
in the case of relatively thin layers exhibiting low 
thermal conductivity. A series of transient three-
dimensional thermo-mechanical model of single peak 
has been developed by Liu et al. [6,7] and Chen and 
Wang[8] for sliding contacts. The past experiments 
generally analyzed single smooth surface under various 
loads [9]. However, experiments for multiple peaks 
under various loads are limited. Only a few papers have 
studied temperature distribution of the peaks and valleys 
for multiple peaks contact conditions. 
 
2. METHODOLOGY 

 The contact of a deformable rough surface and a 
rigid flat is shown in Fig. 1 where upper surface has five 

semicircle peaks. A uniform distribution pressure of P is 
applied at the top of the upper sliding block. Then the 
block moves along the smooth surface of the lower 
block for a distance of d, through traveling time t. The 
velocity of the sliding block V is then determined as d/t. 
The initial point-of-contact interface will become a line 
contact after loading, as shown in Fig. 2. Therefore, the 
number of elements used at the nearby area of the peaks 
will affect the amount of heat generated on the contact 
patch significantly. A finite element model of the sliding 
system was constructed by using 32 800 elements. 
 

 
Figure 1 Physical model of the sliders. 

 
Figure 2 Deformation of the asperity contact profile (a) 

before and  (b) after loading. 
 

3. THEORY 

The material properties of the lower block are 
considered the same as that of the upper sliding block. 
The thermal equilibrium equation can be described as 
follows: 

ρc(∂T/∂t)= ∇·k∇ T + Q (1) 

where T is the temperature which is a function of the 
coordinate system and time t, ρ is the density, c is the 
specific heat, k is the conductivity, and Q is the heat 
generated per unit volume due to the friction work on 
the contact patches and is given by Q = fPV, where f is 
the coefficient of friction. 
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4. THEORY 

In this study, a system with w = 1280 µm, h = 1280 
µm, l = 5120 µm, N = 5, d = 3840 µm, ρ = 2.7 × 10− 

9Ns2/ mm4, and c = 9 × 108mm2/s2k, is considered. The 
study cases for calculating contact temperatures are 
shown in Table 1. 

Table 1 Parameters of calculating contact temperatures 
Properties Data 
Pressure (MPa) 10 ~ 300 
Velocity (m/s) 0.512 ~ 20.48 
Thermal conductivity(N/sK) 50 ~ 200  
Average roughness(nm) 76.8 ~ 767.7 
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Figure 3 Temperature rise parameter vs. rough surface at 

various sliding speeds. 

 
Figure 4 Temperature rise parameter vs. thermal 

conductivity at various contact pressures. 

 
Figure 5 Temperature rise parameter vs. sliding speed at 

various roughness values. 

 As shown in Fig. 3, the temperature rise is larger at 
the middle peak than that of the other peaks.  The 
temperature rise of valleys is the smallest for all rough 
asperities. Fig. 4 shows that, regardless of contact 
pressure, max temperature rise parameter decreases 
when the thermal conductivity increases. Fig. 5 shows 
that, at the same sliding speed, large roughness surface 
give up to larger temperature rise parameter. By means 
of curve fitting, three prediction formulas can be 
obtained as follows: 
 

Pe> 5: 0.801

0.1130.7750.889
2.20110

k
RVP

f
T a 

                
(2) 

0.1 <Pe< 5: 0.592

0.0620.5760.94
1.76710

k
RVP

f
T a                 (3) 

Pe< 0.1: 0.137

0.0070.1060.99
0.31410

k
RVP

f
T a                      (4) 

 
5. CONCLUSIONS 

 A Finite Element Method model of contact 
temperature has been developed which incorporates the 
surface roughness effect. The results show that the 
contact temperature rise parameter increases as the 
contact pressure, sliding speed and average roughness 
increases and thermal conductivity decreases. Three 
prediction formulas are established to analysis the 
influence of pressure, sliding speed, average roughness 
and thermal conductivity on surface contact temperature 
rise parameter. 
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ABSTRACT – High temperature and pressure 
produced in an internal combustion engine may lead to 
high thermal stresses. A piston may need to be coated to 
avoid fails operation due to insufficient heat transfer. 
Common material that used as a material for Thermal 
Barrier Coating (TBC) is Yttria Partially Stabilized 
Zirconia (YPSZ) and a ceramic based material called 
Mullite which has very good properties against high 
temperature application. In this work, the usage of 
Mullite and YPSZ were compared to improve the 
performance of TBC and were plasma sprayed on piston 
crown (AC8A aluminium alloys) in order to reduce 
thermal stresses. Those samples were deposited with 
NiCrAl bonding layers prior to coating of Mullite and 
YPSZ some samples is remained uncoated for 
comparison purpose. Detailed analyses (microstructure 
and hardness) on the deposited coating were examined 
and studied.  
 
1. INTRODUCTION 

 Internal combustion engine runs in very high 
operating temperature especially when the fuel used is 
compressed natural gas (CNG) due to higher octane 
level [1]. Hence, the durability of parts especially the 
piston crown in IC engine is highly affected by exposure 
to high temperature and pressure because the crown is 
the most critical part been exposed to the combustion in 
IC engine [1, 2]. Therefore a layer of surface coating 
may be applied to minimize the thermal stress by 
forming the temperature gradient between the exposed 
top surface and the bond/topcoat interface [1, 3]. 
Ceramic based coatings are possible surface coatings 
because they possess low thermal conductivity, high 
melting point, good oxidation resistance and high 
resistance against corrosion [3, 4]. 
 Most study only focused on the application of 
YPSZ as a topcoat for TBC. Hence, an initiative was 
taken to study the performance of Mullite to be used as 
top coat for TBC replacing the top coat material, YPSZ. 
 
2.  METHODOLOGY 

2.1 Starting Material and Coating Process 

A set of Proton CamPro piston consist of three 
samples were selected. The deposition work was started 
when the samples were sand-blasted to 6 Pm surface 

roughness to increase the interlocking and adhesion 
between the substrate and the TBCs. It may also allow 
the surface of the sample to have larger area to be 
coated with ceramics powder. 

  

 
Figure 1 Actual plasma sprayed Mullite coated piston 

crown. 
 

Mullite and YPSZ powder with particle size 
between 20 Pm to 100 Pm were selected as the top coat 
on the sample. Both of them possess low thermal 
conductivity, high corrosion resistance and high thermal 
expansion coefficient that could reduce the interfacial 
stress [1]. Plasma spray was chosen in this work 
because of its low thermal stress and high deposition per 
unit time [1, 2]. Before deposited the samples, a 150mm 
thickness of NiCrAl layer was first sprayed on the 
crown to improve the mechanical interlocking and it 
will also act as oxygen diffusion barrier thus delaying 
the oxidation to occur on the substrate. 

The samples were sent for micro-structural 
observation on their top surface. All samples were tested 
using Vicker’s hardness tester with load of 1 kg for 20s.  

 
3. RESULTS AND DISCUSSION 

3.1  Microstructural Observation 

Actual surface coated of Mullite is shown in 
Figure 1 where as in Figure 2(a) shows the 
microstructure of Mullite coated and Figure 2(b) shows 
the microstructure of YPSZ top coat in high 
magnification. Both of Figure 2(a) and (b) shows the 
presence of the hairline cracks and voids that was 
mainly formed by the stress upon cooling. This stress 
was developed when the powder particles cooled from 
their melting temperature after plasma spray process [1, 
2]. After the spraying process is done, the specimen was 
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cooled by the aid of air. This technique could contribute 
this stress to develop thus producing this hairline cracks. 

  

 
(a) 

 

 
(b) 

Figure 2 (a) SEM photograph of YPSZ coated [3, 4] and 
(b) SEM photograph of top coat Mullite surface. 

 
The top coat layer with the thickness about 350Pm 

consists of tremendous amount of void and quite porous 
throughout the layer. The microcracks are also 
developed in this layer that cause by the plasma spray 
process. Apart from that, the sample preparation for 
cross-sectional observation is very difficult process 
because those particles in every layer could easily pull 
out 
 
3.2  Hardness Profile 

 Figure 4 shows the value of Vicker’s hardness for 
uncoated, Mullite coated and YPSZ coated piston 
crown. From the chart below, YPSZ coated possess the 
highest value of hardness which is 760Hv that was 
slightly higher than the hardness value of Mullite which 
is 661 Hv. The uncoated piston has the lowest hardness 
value that is 151 Hv. From the previous work by Chan 
and Khor, they obtained only 417Hv for their YSZ-
coated [5]. It shows that YPSZ have the best properties 
in term of hardness followed by Mullite and YSZ. Hard 
properties of YPSZ and Mullite may give an additional 
protection to the piston especially when the engine runs 
and require high combustion pressure. 
 

 
Figure 4 Hardness profile of several types of piston 

crowns. 
 
4. CONCLUSIONS 

Based on all the experiment conducted, both 
Mullite and YPSZ coated piston crown show a great 
properties compared to the uncoated piston crown. With 
the hardness value of 760Hv, YPSZ exhibits the best 
condition to prevent the crown from thermal stress that 
could lead to crack who can develop from the high 
temperature and pressure during the combustion. From 
the observation of microstructure, it can be concluded 
that plasma spray process also must be done with a 
proper technique to stop the crack propagation mainly 
cause by the primary cooling stress. Future studies can 
focus burner rig test and a run in real engine tests based 
on the current values and parameters of deposition. 
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ABSTRACT – This study examines the tribological 
effect of macro-rivet textures on a surface. The rivet 
textures of mild steel plate were produced using milling 
process with different size and density. The sizes of rivet 
used in this study are 0.006 m and 0.009 m of diameter 
and density of rivet are 10%, 20% and 40%. The 
experiment was performed on a simple tribometer to 
measure friction at variable speed from 0.146-2.012 
m/s. Based on the study, it was found that the plate of 
with size of 6mm and density of 10% give lowest 
friction force with 24% reduction to achieve better 
tribological performances in sliding contact.  
 
1. INTRODUCTION 

Surface texturing has been proven as an emerging 
method to improve friction and tribological 
performances. Numerous analytical and experimental 
studies have been conducted to discover the 
fundamental effect of surface texturing at different 
lubrication regimes that enable to improve the 
tribological performances.  

Rivet texture is believed to improve the 
aerodynamics and hydrodynamics performances in 
parallel sliding contact. The study on rivet texturing is 
come from the natures, i.e. plant leave [1] and animal 
skin [2]. It is found that macro-rivets surface improves 
its hemodynamic, that promotes 10% better 
aerodynamics as compared with dimple, thus it helps 
the airplanes to reduce fuel consumption [3]. Ibrahim et 
al. [4] reported that the airplanes winglets with rivet 
texturing gave better aerodynamics properties as it 
produces high lift forces and velocity across the surface. 

Lubrication performances will be improved by 
having an optimal shape and size of the textures. The 
area of constant film thickness increases with the 
increasing of texture size thus the gap between two 
textures decreases. Consequently, the lubricants get 
trapped within this cramped gap so that the pressure 
build-up leading to decline in friction performances.  

Texture density plays important role on 
tribological performances parameter. The texture 
density is more critical to reduce the COF compared to 
texture shape. Syed and Sarangi [5] found that higher  
number of textures can reduces hydrodynamic 
lubrication performance in transverse direction. The 
fluid is trapped within the texture gaps as the number of 
textures increases.  

 

In the present study, an experimental study is 
conducted to determine the influence of density and size 
of rivet textures on tribological performances.   
 
2. METHODOLOGY 

2.1  Sample Preparation 

Figure 1 shows the macro-rivet textures were 
created with varying size and density on rectangular 
shape of metal plate. The plates were made of mild-steel 
material with the yield strength of 247 MPa and tensile 
strength of 500 MPa as it is common material in ship 
making. The macro-rivet textures were created by using 
milling and CNC machining process. Then, the plates 
were polished by using grinder machine to remove 
excess rim on the contact surface for further process. 
The parameters of textured plates with different sizes 
and density as tabulated in Table 1. The size of the rivet 
of each cell is determined by its diameter and the height. 
Meanwhile, the density is determined by the surface 
area of rivet per unit cell.  

 

   
Figure 1 Mild steel plates with macro-rivet textures. 

 
Table 1 Parameters of sample plates. 

Sample Shape 
Macro- rivet size Cell 

density 
(%) 

Diameter 
(m) 

Height 
(m) 

1 Round  0.0060 0.0020 10 
2 Round 0.0060 0.0020 20 
3 Round 0.0090 0.0035 20 
4 Round 0.0090 0.0035 40 
5 Untextured - - - 
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2.2  Experimental Analysis 

A simple friction belt machine was designed to 
conduct friction test in one directional sliding as 
illustrated in Figure 2. The setup of the machine enables 
to measure the friction force between sample plate and 
belt using tension meter. The machine that consists of 
composite polyethylene belt was immersed in distilled 
water to create a water flow while the plate was put on a 
direction of belt operation. The load of 0.5 kg was 
hanged to the rear of plate to fix the contact moment 
between two planes. The test was carried out under 
conformal contact conditions of 0.000228 m² of area 
contact at different speeds.  
 

 
Figure 2 Friction belt machine. 

 
3. RESULTS AND DISCUSSION 

3.1  Effect of Size 

Figure 3 shows the Ff is slightly decreasing as the 
sliding speed increases for the tested samples. The 
macro-rivets with 0.006 m diameter of 10% and 20% 
density reduce greater Ff with 24% and 16% 
respectively. Meanwhile, the macro-rivets with 0.009 m 
diameter of 20% and 40% density reduce lower Ff with 
13% and 7% respectively. Under theoretical, the 
formation of film thickness is increases as the texture 
size is increases due to the larger area of horizontal 
contact of rivet and water flow [5]. Thus hydrodynamic 
lift increases to reduce friction force. In this case, the 
limitation of viscosity and Reynolds number of the fluid 
flow causes the formation of hydrodynamic lift to 
decline thus it reduces the friction performances. The 
larger size of macro-rivet is more effective with higher 
viscosity fluid.  

 

 
Figure 3 Graph of Ff against sliding speed, V. 

 

3.2  Effect of Density 

Based on Figure 3, the macro-rivets with higher 
density of 40% reduce less Ff with 7%. And the macro-
rivets with lower density of 10% give a higher reduction 
of Ff with 24%. It shows that the hydrodynamic 
lubrication performance is decreases as the density of 
textures increases. This phenomenon is happened due to 
the fluid get trapped within the rivets texture gaps as the 
density increases [5]. Then, the flow becomes smooth 
leads to decline in development of pressure. Thus, less 
number of textures gives a better tribological 
performance. 
 
4. CONCLUSIONS  

The effect of surface texturing on tribological 
properties was studied by measuring the friction 
substantially observed their behavior. The comparison 
of the macro-rivet textured and untextured plate shows 
the significant reduction of Ff. Thus, the analysis shows 
the rivets textures can be exploited to improve 
tribological performances. It was found that, macro-
rivets textured with 0.006 m diameter and 10% density 
performs better as it has the lowest Ff with 24% of 
reduction to achieve better tribological performance in 
sliding contact. 
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ABSTRACT – Surface is an important object of 
tribologycal research. Analyzing the real surface can be 
performed by finite element method. A three-
dimensional (3D) finite element model of real surface 
can be constructed from measurement data. The aim of 
this research is to create an interface tool so that the 3D 
surface measurement data is used to develop the 3D 
finite element model. Next, many tribologycal analyzes 
may be performed easily toward the developed surface.  
 
1. INTRODUCTION 

A real surface topography (RST) of engineering 
surface is rough on micro-scale [1]. The RST consists of 
hill and valley, where the hill is called as asperity, see 
Figure 1. It is an important object for tribologycal 
aspect. When two engineering surface are in contact, in 
fact the contact occurs at asperities level. The RST can 
be used for further analyses, such as running-in of 
rolling contact [1] or running-in of rolling-sliding 
contacts [2]. 

 
Figure 1 Engineering surface and its asperities [1]. 

 
Studying the RST behavior is difficult because the 

dimension of the RST is very small. There are several 
methods in analyzing the RST such as experimental 
method (direct observation), analytical method 
(mathematical model) or numerical method (for instance 
finite element analysis). Experimental method needs 
many time, tools and relatively expensive. Analytical 
method uses mathematical equations. However, the 
analytical method is limited to simple model, such as 
spherical geometry model [3-9] to represent an asperity. 
This simplification approach will affect the accuracy of 
the results. The finite element (FE) model the real 
surface as it is, therefore the results will be better 
compare to the aforementioned methods.  

Unfortunately to make the RST into FE model is 
not available in most of the commercial finite element 
analysis software. It requires interface software to create 

a 3D model from the measurement data. Several studies 
have performed the employment of the interface 
software. David et al. [10], for instance, have 
demonstrated it by simulating the RF MEMS. They used 
either an optical profilometer (VEECO) or an Atomic 
Force Microscope (AFM) to capture the three 
dimensional data points of the contact surfaces. Then, 
using some functions of Matlab software, they convert 
the closed surface from a stereo-lithographic format to 
an ASCII file which is compatible with ANSYS 
Parametric Design Language (APDL). In the final step, 
the rough surface was obtained by creating key points 
from the imported file. Since the key points are not co-
planar, ANSYS uses Coons patches to generate the 
surface, and then a bottom up solid modeling was used 
to create the block volume with the rough surface on the 
top. Thompson [11] presented a method for generating, 
using, and operating on non-uniform varieties for the 
incorporation of probabilistic rough surfaces in ANSYS. 

However, Thompson’s model shows asperities 
with sharp peak instead of smooth. Meanwhile, the 
topography of the asperities in the rough surface is 
considered as either hemisphere or ellipsoid as have 
been proved by many previous works. This paper 
propose a new interface model to make a 3D finite 
element of the surface based on the measurement data.
  
2. METHOD 

 Figure 2 shows three steps to change the RST data 
from measurement of an engineering surface to be the 
3D real surface model using the interface. First, the RST 
was measured by means of, for instance using an 
interference microscope. The height h (x, y) of the 
surface topography contains a collection of asperities in 
the form of nodes coordinates. Second, the nodes 
coordinates were then processed by using the interface 
model. The interface model was arranged by 
mathematic and CAD softwares. An automatic approach 
was used in connecting the nodes in the CAD software 
for generating the rough surface. A substrate was 
constructed below the rough surface to model the 
thickness of the rough surface specimen. Next, the 3D 
real surface model is saved using the Initial Graphics 
Exchange Specification (IGES) format or other format 
which support to read in the most of the commercial 
finite element analysis softwares.  
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Figure 2 The proposed method for constructing 3D real 

surface model from the measurement data. 
 

3.  RESULTS AND DISCUSSION 

 Figure 3 shows the result of the 3D real surface 
model from the measurement data. In this figure, mesh 
of the surface is finer on the top (surface) and become 
coarser at the body below the surface. The 3D real 
surface model is in IGES format and can be opened in 
most of Computer Aided Engineering (CAE) software 
and easily to be meshed to design the elements.  
 

 
Figure 3 The 3D real surface model with mesh. 

 

 
Figure 4 The comparison of the measured and 

calculated contact area: (a) measured contact area [1] 
and (b) contact area prediction using finite element 

analysis. 
 

In order to verify the accuracy of the developed 3D 
real rough surface, the surface is analyzed using FEA 

software for contact analysis. Figure 4 shows the 
comparison between the experimental results of [1] and 
the FEM analysis for a normal static contact. It can be 
said from this figure that the developed 3D rough 
surface model is very good. 

 
4. CONCLUSION 

The interface model to change the RST data to be 
the 3D real surface model has been proposed. The 
interface model employ the mathematical and CAD 
software. The model shows a good agreement with the 
experimental data. 
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ABSTRACT – This paper describes studies on 
hydrogen uptake under sliding contact. Sliding tests 
were conducted with 52100 steel and 440C stainless 
steel in hydrogen and in vacuum, with and without a 
lubricant. Hydrogen dissolved in the specimens after 
sliding were analyzed with thermal desorption 
spectroscopy (TDS). Hydrogen content increased by 
sliding, suggesting that dissociation of hydrogen and the 
oil occurred by the catalytic action at sliding surfaces. 
The TDS spectrum indicated that the hydrogen 
dissolved was diffusible hydrogen. It was also found 
that hydrogen uptake appeared to decrease after the 
early stage of sliding. Another series of tests were made 
with heat-treated steel specimens. It was shown that 
TDS spectrum changed with annealing, which 
suggested that the hydrogen originally contained the 
steels was eliminated and trap sites for hydrogen 
changed. The decomposition of hydrogen and lubricant 
molecules, and the effect of oxide films at the surfaces 
on hydrogen uptake are discussed. 
 
1. INTRODUCTION 

 Hydrogen induced surface failure in rolling 
element bearings is one of the most important problems 
in tribology. It is generally accepted that, in oil 
lubricated conditions, hydrogen is produced through the 
decomposition of lubricants at fresh steel surfaces, and 
is diffused in the atomic form into steel to cause 
crystallographic changes in steel under cyclic loading. 
However, the relationships between these processes, and 
those with chemical reactions including oxidation and 
reduction at the interface, are still not fully understood. 
Also, there is little knowledge about the conditions 
where hydrogen is present as surrounding gas. The 
authors have conducted simple contact experiments and 
showed that hydrogen concentration in subsurface 
increased under cyclic normal load [1], and that addition 
of sliding between the surfaces retards hydrogen 
permeation with oxide film formation [2]. 
 This study aims to know details of hydrogen 
permeation in various conditions, the behaviour of the 
lubricating oil, and the effects of pre-heat treatment on 
the behaviour of hydrogen. 
 
 

2. EXPERIMENTAL 

 The sliding tests as shown in Fig. 1 were made in 
chambers with gas purity control. Hardened bearing 
steel AISI 52100 and martensitic stainless steel 440C 
were used for the specimens. The diameter of the balls 
was 1/4 inch. Sliding tests were made with the same 
material for the disk and ball specimens in hydrogen 
and in vacuum, with a load of 20 N. The lubricant used 
was a silicone oil KF-95-10CS. The concentration of 
trace water in hydrogen was in the range of 3 to 5 ppm 
during the sliding tests. 
 Hydrogen content in the steels was determined by 
TDS. In order to take account of the changes in 
compositions of the steel surfaces, desorption spectrum 
of water was also analyzed. In TDS measurement, the 
specimens were gradually heated from 303 K to 1073 K 
at 10 K/min in vacuum chamber at a pressure level of 
10-7 Pa. 
 

 
Figure 1 Sliding test. 

 
3. RESULTS 

 Figure 2 shows the TDS spectrum for the 52100 
disk specimens slid for 0.5 hours in hydrogen at 373K; 
the spectra for the specimen before the test and for the 
specimen exposed to hydrogen at 373K for 0.5 hours in 
hydrogen at 373K are also shown for comparison. The 
figure shows that there are two major desorption peaks 
at about 330°C and 500°C, and a small peak at 200°C 
indicating different sites in steel with different trap 
strength. Hydrogen permeated under sliding is trapped 
only in the sites with 330°C peak. 
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Figure 2 TDS spectra of the disk specimen before tests, 
after exposing to hydrogen at 373K for 0.5h, and after 

sliding in hydrogen at 373K for 0.5h. 
 

 
Figure 3 TDS spectra of the disk specimen before tests, 

and after sliding with and without oil in hydrogen at 
373K for 0.5 hours. 

 

 
Figure 4 TDS spectra of the disk specimen before tests, 

and after sliding with and without oil in hydrogen at 
373K for 2 hours. 

 
 
 
 
 
 
 
 
 
 
 
 

 Figure 3 shows the TDS spectrum for the 52100 
disk specimens slid for 0.5 h in hydrogen at 373K with 
and without the oil. The amount of hydrogen permeated 
in the steel is slightly larger for the tests with the 
silicone oil. This is caused by the decomposition of the 
oil at the steel surface, although there may also be 
dissociation of hydrogen dissolved in the oil.  
 In further sliding, however, does not substantially 
increase the dissolved hydrogen as shown in Fig.4. The 
peak at 330°C rather shows slight decrease. This 
suggests the catalytic action for generation of hydrogen 
atoms has almost disappeared in both the unlubricated 
and lubricated sliding. Trace water and oxygen in 
hydrogen may have caused oxidation at the nascent 
surface. In lubricated sliding, asperity contact to 
produce nascent surfaces may have decreased due to the 
initial running-in wear. 
 The above results suggest that, under the present 
sliding conditions, the hydrogen uptake is significant in 
the early stage of sliding within 0.5 hours but is reduced 
in the subsequent sliding in hydrogen, both with and 
without the presence of oil. Further study is in progress 
to understand the formation and removal of oxides on 
steel in sliding contact. 
 Another series of tests is intended to see TDS 
spectra for the steels after hydrogen is removed by pre-
heat treatment. The results indicate that TDS spectrum 
has peaks for hydrogen at different temperature, which 
not only suggests that the hydrogen originally contained 
in the steels is eliminated but also the trap sites for 
hydrogen has changed.  
 
4. CONCLUDING REMARKS 

 The present experiments show that sliding contact 
in hydrogen and with the silicone oil causes hydrogen 
permeation into the steels. The rate of permeation 
appears to increase first and then decrease with time, 
suggesting the changes in the catalytic action of the 
nascent steel surface. Further study is necessary to 
understand the competing processes of wear and 
oxidation, and the changes in contact conditions under 
lubrication. 
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ABSTRACT – An improved CoNiCrAlY bond coat in 
thermal barrier coating (TBC) was developed by 
fabricating the bond coat under optimized condition 
using cold spray (CS). The smoothed particle 
hydrodynamics (SPH) method was used to model 
CoNiCrAlY deposition and estimate the optimum 
velocity which is normally obtained via costly and time 
consuming experiments. The performance of TBC with 
bond coat cold sprayed under optimized condition was 
assessed. It was found that the TBC exhibit slow 
growing undulated TGO with minimal mixed oxide. 
The improved CS bond coat can reduce the probability 
of spallation of the top coat and the failure of TBC. 
 
1. INTRODUCTION 

 Thermal barrier coatings (TBCs) are widely used 
in gas turbines to increase their efficiency.  A TBC 
consists of a metallic CoNiCrAlY bond coat and a 
ceramic top coat.  During service, a thermally grown 
oxide (TGO) develops and continues to grow between 
the top coat and the bond coat. The formation of TGO 
plays a crucial role in the failure of TBC [1]. One of the 
commonly observed failure mechanisms is the 
spallation of the top coat initiated by rapid and uneven 
TGO growth and formation of mixed oxide. The 
performance of TBC with cold sprayed (CS) bond coat 
is significantly improved compared to a TBC with 
conventional thermal sprayed bond coat [2]. CS is a 
relatively new powder deposition technique used to 
deposit metal particles at temperature below the melting 
temperature of the metal. Under optimized condition, 
the impacting particles can form dense coatings with 
low oxide content thus minimizing thermal damage to 
the substrate [3]. However, there are relatively few 
reports on the formation of CoNiCrAlY coatings 
obtained by the CS process.  
 In this study an improved CoNiCrAlY bond coat in 
TBC was developed by fabricating the bond coat under 
optimized condition using CS. The smoothed particle 
hydrodynamics (SPH) method was used to model 
CoNiCrAlY deposition and estimate the optimum 
velocity which is normally obtained via costly and time 
consuming experiments. The performance of TBC with 
bond coat cold sprayed under optimized condition was 
assessed. It was found that the TBC exhibit slow 
growing undulated TGO with minimal mixed oxide. 
The improved CS bond coat can reduce the probability 
of spallation of the top coat and the failure of TBC. 
 

2. METHODOLOGY 

2.1 Materials 

The feedstock powder used to deposit the bond 
coat is the gas atomized AMDRY 9951 (Sulzer Metco). 
It is a conventional CoNiCrAlY powder with a spherical 
morphology and a size distribution ranging from 5 – 37 
µm or an average size of 25 µm. The substrate on 
which the powder is deposited is Inconel738LC. 
Inconel718 and high carbon steel will be used in the 
numerical analysis as a material substitute to 
Inconel738LC and CoNiCrAlY respectively. 
 
2.2 Numerical Model 

The SPH modeling of the CS process was 
performed using an in-house research program 
developed in FORTRAN. The impact of high carbon 
steel on Inconel718 is simulated using SPH. The 
Johnson-Cook parameters and Gruneisen equation of 
state are obtained from literatures [4, 5] and presented in 
Table 1.   
 

Table 1 Material properties of high carbon (HC) steel 
and Inconel718. 

Properties (Unit) HC steel Inconel 
718 

Density, ρ (g/m3) 7870 8220 
Shear  Modulus (GPa) 79 77 

Heat capacity (J/kg/K) 465 430 

Reference temperature, T0 (K) 298 298 

Melting temperature, Tm (K) 1700 1570 

JC parameter, A, B, C, n, m 
(MPa) 

450, 1700 
0.017,0.65 

1.3 

460, 1100, 
0.0073, 
0.55, 1.0 

Gruneisen parameter * 2.2 1.07 
Intercept Us-Up curve c (m/s) 4580 4573 
Slope Us-Up curve, S 1.49 1.338 

 
2.3 Cold Spray Deposition and Oxidation Tests 

The specimens used in this study were TBCs 
comprising an 8wt.% Yttria-stabilized zirconia (YSZ) 
(Sulzer Metco NS-204) top coat and a Co-32Ni-21Cr-
8Al-0.5Y (Sulzer Metco AMDRY9951) bond coat, 
deposited on a Ni base superalloy, Inconel738LC. The 
YSZ top coat was manufactured by arc plasma spray 
and the CoNiCrAlY bond coat was manufactured by CS. 
The bond coat was deposited with He, at 2 MPa and 600 
qC, parameters that yield the optimum velocity. For 
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comparison the bond coat was also deposited at 1 MPa 
and 600 qC. To confirm the influence of particle 
velocity on TBC performance, the oxidation behaviour 
of the bond coat is investigated. Cross-sections of the 
specimens were prepared for the oxidation testing. 
These samples were then subjected to isothermal 
oxidation at 900 °C for 100 h. Samples from the 
oxidation tests were mounted in a phenolic resin and 
manually polished to a mirror finish. 
 
3. RESULTS AND DISCUSSION 

Figure 1(a) shows the deformation pattern and 
temperature contour of a 25 µm powder particle on a 
flat substrate at the optimum velocity. The optimum 
velocity is obtained via Er/Ed graph given in Fig. 1(b). 
The optimum velocity was found to be 900 m/s where 
the Er/Ed value is the lowest, i.e, where the tendency to 
rebound is the lowest.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 (a) Deformation pattern and temperature 
contour of a powder particle impacting on a flat 

substrate at (b) optimum velocity obtained using Er/Ed 
graph. 

 
Microstructures of the TGO development are given 

in Fig. 2. An undulated TGO is formed between the top 
coat and the bond coat interface. After 100 h of 
oxidation, the bond coat cold sprayed at the optimum 
velocity exhibit a dense and uniform morphology. 
Whereas the bond coat cold sprayed at a velocity lower 
than the optimum velocity exhibits a porous and more 
undulated TGO with formation of detrimental mixed 
oxides. This can be attributed to the low porosity of the 
bond coat deposited at the optimum velocity. 

 
4. CONCLUSION 

The impact behaviors of each case are numerically 
analyzed using SPH. The optimum velocity was 
determined by evaluating the ratio of rebound and 
deposition energy. The bond coat was deposited at the 

optimum velocity and oxidized at 900qC for 100 h. The 
TGO exhibit a dense and uniform morphology 
compared to the TGO on the bond coat deposited at 
velocity lower than the optimum velocity.  High quality 
bond coat that forms a stable and continuous alumina 
can be produced by the CS deposition technique 
deposited at the optimum velocity. 
 

 

 
Figure 2 TGO development of bond coat cold sprayed at 

(a) optimum velocity and (b) velocity lower than the 
optimum velocity after 100 h of oxidation. 
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ABSTRACT – Touch feeling is closely related with 
several of surface properties of human skin and materials. 
For example, the surface topography, such as roughness, 
fineness affects to tactile sensibility of people, and also 
the compatibility between skin and surfaces are 
important factor determining the frictional characteristics 
and emotional perception. In this paper, finger friction 
measurements on some fabric surfaces were made. In 
addition, emotional feedbacks are also studied. The 
relation between above two are studied with statistical 
method and this paper suggested that experimental 
results can explain how people recognize many different 
signatures of material surfaces. 
 
1. INTRODUCTION 

 Increasing interest in investigating how 
experimental/physical parameters are related to the 
estimation of consumer’s satisfaction gives more 
motivation to researchers. Development of a friction 
model based on physical properties of surface composing 
material can make the product developer to control the 
consumer tactile feel. The development of guidelines, 
which will enable industry to predict and optimize the 
emotional qualities has recently become the subject of 
tribological research, as previous study [1-3]. 
 
2. METHODOLOGY 

2.1 Sample Surfaces 

 The friction measurements were performed on 6 
sample fabric surfaces (see Figure 1). The fabrics include 
linen, canvas, felt, silk, velvet, and cotton. These fabrics 
do not have uniform surface roughness or similar finish. 
The sample size was about 15*50mm. 
 

 
Figure 1 linen, canvas, felt, silk, velvet, cotton. 

 
 

2.2 Friction Measurement 

 The experiments were conducted with the index 
fingers of one experimenter who was a 24-year-old man. 
The laboratory atmosphere conditions were maintained 
within a narrow range. The average sliding speed was 
specified as 15mm/s. In addition, apparent contact area 
was observed through glass (see Figure 2) sliding and it 
was varied between 2cm2 ~ 2.3cm2. There were 5-minute 
time intervals after each set of experiments, and each set 
was composed of 8 down strokes, as previous study [4]. 
 

 
Figure 2 Friction measurement device. 

 
2.3 Psychophysical Ratio Scaling Method 

 In a magnitude estimation experiment, participants 
were asked to scale perceived sensibility, such as rough, 
flat, stiff, hard, and comfort. Magnitude estimation is the 
most common psycho-physical ratio scaling method. The 
method is based on the hypothesis that people can make 
direct numerical estimations of their intensity of 
impression of a stimulus and avoids biased numerical 
judgments. In this study, each participant was permitted 
to use 7-point scale to describe their tactile feeling. 
 The participants were instructed to assign a number 
that corresponded to the perceived magnitude of each 
sensibility for each presented fabric sample. When touch 
feeling, which the sample surface gives, can be described 
by a given adjective, higher number scoring is possible. 
They were also told to feel the fabrics by stroking only 
their dominant index finger towards the body. The 
participants were also asked to use the same index finger, 
same speed and same load during the experiments. 
 
3. RESULTS AND DISCUSSION 

3.1 Friction Measurements with Different Sample 
Surfaces 

 Table 1 shows the results from the sliding test by 
single experimenter about 6 sample surfaces. In this study, 
the values of linear regression coefficient and friction 
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slope are considered with the magnitude and σ of friction 
coefficient, to characterize the tribological behavior of 
each fabric surfaces. It seems that when the friction 
measured from the finger friction measurement over the 
surface has high magnitude of friction slope, surface is 
likely to be hard or stiff. Following passage will discuss 
the tactile sensibility which survey participants feel, and 
then two studied result will be interrelated to predict how 
the general consumer feel the surfaces. 

 
Table 1 Friction measurement. 

Parameter Linen. Canvas Felt 
C0 -0.106 -0.203 -0.181 
C1 -0.802 -0.789 -0.764 

CoF 3.269 2.906 2.854 

σ 0.1513 0.1025 0.1222 

 Silk Velvet Cotton 
C0 0.07 -0.147 0.212 
C1 -0.8 -0.839 -0.84 

CoF 3.887 3.331 4.778 

σ 0.1611 0.0526 0.1992 
 
3.2 Magnitude Estimation: Tactile Response Survey 

 Using semantic differential scale, magnitude 
estimation surveys were done to about 50 undergraduate 
students. In this study, the adjective, such as rough, 
bumpy, stiff, hard, and comfort, are investigated. To 
describe the participant response, average and mode 
values are summarized with each sample fabrics (See 
Table 2). 

 
Table 2 Magnitude estimation survey results. 

Adjective Linen. Canvas Felt 
Rough 6.32 3.81 2.94 
Bumpy 6.25 3.97 3.02 

Stiff 6.25 3.76 1.95 
Hard 5.90 4.06 1.86 

Comfort 2.46 4.29 5.24 
 Silk Velvet Cotton 

Rough 2.84 2.98 6.22 
Bumpy 2.97 4.49 6.33 

Stiff 2.98 3.76 4.89 
Hard 4.14 4.76 2.86 

Comfort 4.97 4.32 2.87 
 
3.3 Correlation Model between the Experimental and 

Emotional Parameters 

 Some statistical analysis methods are applied. As a 
result, four emotive adjectives can be estimated 

numerically when experimental parameters are known 
from the finger friction measurements. Each estimation 
model does not include all parameters which previous 
body introduced. For example, rough feeling can be 
explained with friction slope and friction coefficient at 
the normal load condition of 0.2N. Others are 
summarized in table 3. 
 

Table 3 Estimation model about emotive adjectives. 
Adjective Equation 

Rough 2.61+.606Slope(@.2N)-1.18CoF(@.2N) 
Bumpy (-1.44635-0.056C0+0.19CoF(@.2N)-2 

Stiff -1.69+0.56Slope(@.2N)-6.36C0 
Comfort (45.48+21.95C0+34.2σ(@.2N))0.5 

 
4. CONCLUSIONS 

 This paper discussed several parameters from the 
finger friction measurement. These are C1, C0, friction 
coefficient, friction slope and standard deviation. It was 
found that different surfaces show significantly different 
tribological results. In addition, through the investigation 
of user experience feedback quantitatively, we can 
evaluation the user response with our tribological 
database. To make the relation between the tactile 
response and experimental parameters, this paper 
suggested the estimation model about user response 
using statistical methods. 
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ABSTRACT – In this work, the tribological behavior of 
nano porous a-BC:H films are studied and compared 
with those in conventional DLC films. a-BC:H films 
were deposited by pulsed plasma chemical vapor 
deposition using  B(CH3)3 gas as boron source. A DLC 
interlayer was used to prevent the a-BC:H film 
delamination produced by oxidation. Tribological test 
results indicate that the a-BC:H films show an excellent 
boundary oil lubricated behavior, with lower friction 
coefficient and qualitatively comparable wear rate than 
those on the DLC film. The formation of micropores 
from the original nanopores during boundary regimes 
explains this better performance. Results show that 
porous a-BC:H films may be an alternative for 
segmented DLC films in applications where severe 
tribological conditions and complex shapes exist, so 
surface patterning is unfeasible. 
 
1. INTRODUCTION 

 This work will focus on the use of nanoporous 
hydrogenated amorphous boron carbide (a-BC:H) films 
as an alternative way to overcome some of the stated 
drawbacks of segmented diamond like carbon (DLC) 
films, also offering some advantages and improvements. 
DLC performance can be improved by alloying it with 
other elements such as boron, giving rise to a range of 
attractive physical and mechanical properties as a wear-
resistant coating for mechanical systems [1-2]. We focus 
our attention on understanding the pore formation and 
tribological performance of a-BC:H films with a DLC 
thin interlayer to increase humidity permeation 
resistance. 
 
2. METHODOLOGY 

2.1 Film Deposition 

 A pulsed plasma CVD system was used for the 
films deposition on (100) silicon substrates. Silicon 
substrates were ultrasonically cleaned with distilled 
water, methanol and acetone for 40, 20 and 20 min, 
respectively. Subsequently, substrates were placed on 
the sample holder and loaded into the deposition 
chamber. Vacuum chamber was evacuated to a 
background pressure below 4.0 x 10-7 Pa using a turbo 
molecular pump. A 14 kHz monopolar pulsed power 

supply was used for plasma generation. Prior to 
deposition, substrate surfaces were sputter-cleaned by 
Ar plasma for 1 hour at a voltage of -3 kV with a gas 
flow rate of 30 cm3/min. Table 1 shows the deposition 
conditions for the DLC and a-BC:H films.  
   
Table 1 Deposition conditions for the DLC and a-BC:H 

films. 
Deposition 
parameter DLC a-BC:H DLC 

interlayer 
C2H2 gas flow rate 

(cm3/min) 20 - 20 

B(CH3)3  gas flow 
rate (cm3/min) - 15 - 

Pressure (Pa) 3 5 3 
Bias voltage (kV) -3 -3 -3 

Deposition time (h) 3 3 2 
 
2.2 Film Characterization 

The surface and thickness of the deposited films 
was examined by atomic force microscopy (AFM) 
(SPA300, SII Seiko Instruments Co., Ltd) and surface 
profilometer (Surftest SV-600, Mitutoyo Co., Ltd), 
respectively. Film chemical composition was 
determined by glow discharge optical emission 
spectroscopy (GDOES JY 5000RF, HORIBA). A 
conventional (S-DLC1) ball on disk tribometer was 
employed at oil boundary lubricated conditions. SAE 
10W-30 engine oil and SYTOX® Green nucleic acid 
stain fluorescent dye fluid were used as lubricants. One 
fluid drop was added directly onto the film surface 
before initiating the tests. A 5 mm diameter stainless 
steel ball was pressed against the film with a normal 
load of 1 N. Tests were performed at a sliding speed of 
0.209 ms−1 at ambient laboratory conditions of 25°C and 
32–56% relative humidity. The duration of each sliding 
test was fixed at 100 000 sliding cycles, corresponding 
to 250 min. Finally, the porosity on the worn track was 
observed by fluorescence microscopy (Eclipse 80i, 
NIKON). 
 
3. RESULTS AND DISCUSSION 

In this study, the a-BC:H films have an average 
diameter of pores was approximately 189.05 ± 45.13 nm 
and average depth of pores was approximately 1.51 ± 
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0.72 nm. GDOES analysis indicated that a-BC:H films 
consist of 25.8 at.% of boron and 60.2 at.%  of carbon, 
while DLC films consist of 84.2 at.% of carbon. Film 
thickness for DLC and a-BC:H films was 1.1µm and 1.1 
µm with 0.7 µm of DLC interlayer, respectively. 

 

 
 
Figure 1 shows after 100 000 sliding cycles in oil 

lubricated sliding, the friction coefficient of a-BC:H has 
a lower value (0.06) than that of the DLC film (0.08). 
This results demonstrate that porous a-BC:H multilayer 
films possess an excellent behavior under boundary 
lubricated regime. The wear rates for the a-BC:H and 
DLC films are not calculated because the wear scar 
cross section cannot be easily measured due to oil 
presence in the contact surface, important conclusions 
can be extracted by analyzing the film’s wear track 
characteristics and correlating this information with the 
measured friction coefficients. 

Based on this observation, we believe that pores 
have an important role in reducing friction under oil 
boundary lubricated condition, as Shum et al. [3] 
demonstrated for textured DLC coatings. A fluorescent 
dye was applied to the surface of the a-BC:H and DLC 
films in order to detect pores on the wear track during 
the ball on disc test  

Figure 2 shows fluorescence microscopy images 
of the pores on the worn surface of the a-BC:H and 
DLC films. Observation on the wear track of DLC and 
a-BC:H film by fluorescence microscopy revealed very 
few pores on the wear track of the DLC film (Figure 
2a). However, many pores were observed on the worn 
surface at the a-BC:H film (Figure 2b).  In addition, the 
number of pores is considerably bigger than before the 
test (direct comparison with pore distribution out of the 
track area). These findings suggest that pores on the 
worn surface, can act as oil reservoirs, which prevent 
fluid film breaking by maintaining the lubricant supply 
to the tribo-contact during the sliding, resulting in less 
friction. However, more investigation is needed in order 
to study the influence of porosity, as there are multiple 
variables concurrently involved, as porosity size, shape 
and distribution, which affect wear and friction 
synergistically. 

 
 
4. CONCLUSIONS 

In order to investigate a reliable alternative for 
patterned DLC films in complex surfaces and severe 
conditions, 1.1 μm thick, nano porous a-BC:H films 
were prepared by using trimethylboron gas, B(CH3)3 by 
pulsed plasma CVD over a (100) silicon substrate, and 
the tribological behaviors were studied and compared to 
those at DLC films. Under oil boundary lubrication 
regime, the friction coefficient of the a-BC:H multilayer 
film was lower than that observed in the DLC film up to 
a higher number of cycles (100 000). Pore growth 
phenomenon observed on the worn surface, is beneficial 
in this case, as pores act as oil reservoirs which prevent 
fluid film breakage. 
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ABSTRACT – Although an adsorbed additive layer is 
known to reduce friction, the layer structure on a metal 
surface is still unclear. In particular, there have been no 
studies that succeeded in obtaining cross-sectional 
images of an adsorbed layer in lubricant. This study 
used frequency modulation atomic force microscopy 
(FM-AFM) to obtain in-situ images. Hexadecane and 
palmitic acid were used as a model base oil and a 
typical oil additive, respectively, and a copper-coated 
silicon wafer was used as the target surface. A clear 
cross-sectional image of the solid-liquid interface was 
obtained. It showed that the additive layer was initially 
monolayer. Then, as the concentration of palmitic acid 
was increased, the additive layer grew into a multilayer.  
 
1. INTRODUCTION 

Reducing friction at sliding surfaces is one of the 
best ways to reduce friction loss and to extend the life of 
machine components. While it is well known that an 
additive in a base oil forms a boundary layer on a metal 
surface, the structure of the boundary layer is still 
unclear because there have been no studies that have 
succeeded in obtaining cross-sectional images of an 
adsorbed additive layer. We have obtained in-situ cross-
sectional images of an adsorbed additive layer on a 
metal surface by using a frequency modulation atomic 
force microscope (FM-AFM). 
 
2. EXPERIMENT 

Fig. 1 shows a schematic diagram of the FM-AFM. 
A small cantilever was installed in the AFM for 
scanning the surface of the xy- and xz-planes to obtain 
images of the boundary layer. The cantilever was 
excited at the resonance frequency during measurement. 
If the sharp tip of the cantilever probe scanned in an 
area where the liquid density was higher or lower than 
the bulk liquid, the resonance frequency slightly shifted. 
Mapping of the amount of shift created, in principle, 
images showing the density map at the solid-liquid 
interface, as shown in Fig. 2. The FM-AFM we used 
was a commercially available AFM (Shimadzu, 
SPM9600) modified with a low-noise optical deflection 
scheme. 

Hexadecane (C16H34) and palmitic acid 
(C15H13COOH) were used as a model base oil and a 
typical oil additive, respectively. Hexadecane molecules 
are non-polar while palmitic acid molecules have a 

carboxylic radical. A copper-coated silicon wafer was 
used as a target surface. 

 

 
Figure 1 Schematic diagram of FM-AFM. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Operation principle of FM-AFM detecting 
density profiles at solid-liquid interface on xz-plane. 

 
3. RESULTS AND DISCUSSION 

To check the performance of the FM-AFM, we 
prepared a KCl solution dropped on a mica surface. The 
cross-sectional image we obtained is shown in Fig. 3. 
The white area corresponds to a relatively higher force 
area, where we expect the density is higher (but still 
under discussion [1,2]). Clear hydration layers are 
clearly evident at the solid-liquid interface. The layer 
pitch was only 0.25 nm, which matches the size of water 
molecules. 
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An example cross-sectional image of the adsorbed 
additive layer is shown in Fig. 4. The concentration of 
palmitic acid was 0.01 mass%. The white area is 
apparently the adsorbed layer, and its thickness was 
about 5 nm. (This white area was not observed when 
only hexadecane was used.) This layer was monolayer 
or two-layers thick at the most because the molecular 
length of palmitic acid is about 2.4 nm. 
 

 
Figure 3 Cross-sectional image at mica-KCl water 

interface. 

 
Figure 4 Cross-sectional image of adsorbed additive 

layer on copper-coated surface. 

 
Figure 5 Cross-sectional image of adsorbed additive 

layer with additive concentration of 0.03 mass%. 
 

Fig. 5 shows a cross-sectional image of an 
adsorbed additive layer with an additive concentration 
of 0.03 mass%. The white area, i.e., the adsorbed layer, 
was thicker than that shown in Fig. 4. The thickness was 

about 8.7 nm, meaning that the layer was multilayer, 
three–four layers at least. 

Fig. 6 shows cross-sectional images of an adsorbed 
additive layer with an additive concentration of 0.3 
mass% showing the difference in image with a change 
in the pushing force of the cantilever. When a lower 
pushing force was used, the left image was obtained. 
When the pushing force was increased, the right image 
was obtained, and the white area became much thicker. 
The cantilever moved in the vertical direction when 
scanning the xz-plane and was programmed to return to 
the upper direction when the detecting force of the 
cantilever exceeded the limit of the pushing force. This 
means that a much thicker layer existed on the surface 
when the additive concentration was 0.3 mass%, and the 
tip of the cantilever could not reach the copper surface 
even when the pushing force was increased. 

 
Figure 6 Cross-sectional images of adsorbed additive 

layer with additive concentration of 0.03 mass% 
showing difference in image with change in pushing 
force (left: lower pushing force, right: higher pushing 

force). 
 
4. CONCLUSION 

We used an FM-AFM with a small cantilever to 
obtain cross-sectional images of an adsorbed additive 
layer, a boundary layer, formed by palmitic acid in 
hexadecane. The additive layer was initially monolayer, 
and it became multilayer when the additive 
concentration was increased. 
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ABSTRACT – The present study describes fundamental 
tribological properties of polymer overlay coated on the 
micro-textured metal surface. The tribological properties 
were evaluated with a 3-ball-on-disc type testing 
apparatus in poor lubricated condition. Effects of 
substrate texture fabricated with a micro shot peening and 
a roller burnishing on friction behavior were discussed. 
Moreover, in the case of dispersing solid lubricant into 
overlay layer, effect on the durability of overlay layer was 
also evaluated. As results, the substrate texture resulted 
in the increase of the adhesion strength and the 
stabilization of the friction coefficient of the overlay. 
Although the adhesion strength decreased by dispersing 
solid lubricant, the subsurface micro texture restricted the 
peeling of the overlay and further decrease of the friction 
coefficient was achieved. 
 
1. INTRODUCTION 

Improvement of fuel consumption in transportation 
equipment is imperative problem towards the transition 
to the establishment of sustainable society. In particular, 
improvement of fuel consumption and reduction of 
friction loss in the internal combustion engine has been 
strongly demanded. In order to reduce the friction loss on 
sliding interfaces, surface modification methodology has 
attracted attention, and surface texturing is one of the 
most promising techniques [1]. In recent researches, it 
was reported that the creation of micro-sized texture on 
the sliding surface and the squeeze of solid lubricants into 
the texture are effective means for reduction of friction 
coefficient and improvement of seizure resistance [2]. 

On the other hand, forming a soft thin film such as 
solid lubricants or resins on the sliding surface can reduce 
the rigidity of the contact surface at the early stage of the 
friction, and is effective for moderate initial running-in. 
However, for the short lifetime of the resin or the solid 
lubricant as an overlay, improvement in durability is one 
of the problems to be solved. 

In the present study, fundamental tribological 
properties of polymer overlay coated on the micro-
textured surface were evaluated. First, the effect of the 
subsurface texture on friction behavior was discussed. 
Then, by dispersing solid lubricant into overlay layer, the 
effect of solid lubricant on friction behavior was also 
evaluated. 

 
 

2. EXPERIMENTAL 

2.1 Materials 

A chromium alloy steel disc (850 Hv) was 
employed as metal substrate. The micro-sized texture 
consisting from micro sized truncated dimples on the disc 
was fabricated with a combined process of a micro shot 
peening and a roller burnishing or a polishing. The 
surface morphology of the non-treated (NT) and the 
micro-textured (SP) surfaces are shown in Fig. 1. In the 
textured surface, micro dimples were uniformly formed 
at random and convex tips of the asperities were 
truncated. The depth and the diameter of dimples were 
possible to control with adjusting the process condition. 

Polyamide-imide (PAI) was employed as overlay 
material. PAI overlay and composite overlay dispersed 
solid lubricant such as molybdenum disulfide (MoS2) 
were coated on the micro-textured surface by using a spin 
coating technique, and specimens were baked with an 
electric furnace. It was possible to control the thickness 
of the overlay layer by the revolution speed of the spin 
coating. It was found that the subsurface texture was 
affected to the coated surface profile as shown in Fig. 2. 
 

 
Figure 1 Surface morphologies of the metal substrates. 

 

 
Figure 2 3D image and surface profile of the PAI single 

overlay coated on the subsurface texture. 
 
2.2 Testing Method 

Tribological properties were evaluated with a 3-
ball-on-disc type testing apparatus. The mated 3-ball 
were the same material as the substrate. The testing 
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surfaces were flat having 1.5 mm of the diameter and 
mirror finished  and were installed at equal interval (=120 
degree) on the same circumference. The testing condition 
was 1 m/s of sliding speed, 50 N of the applied load was 
50 N (9.4 MPa of the apparent contact pressure), 2000 m 
of the sliding distance. 40 Pl of PAO (5 cst at 313 K) was 
employed as lubricant. 
  
3. RESULTS AND DISCUSSION 

3.1 PAI Overlay on the Micro-Textured Surface 

Figure 3 shows the friction behaviors of the PAI 
overlay coated on non-treated (NT) and micro-textured 
(SP) surfaces. The PAI overlay on the SP surface shows 
a low and stable coefficient of friction in comparison with 
the PAI on the NT surface. Optical micrographs of the 
surface after the friction tests are shown in Fig.4. In the 
case of the PAI on NT surface, PAI layer completely 
peeled off, since the adhesion strength between the 
substrate and PAI overlay is insufficient, and the metal 
substrate was appeared. However, in case of the PAI on 
the SP surface, PAI layer was survived after the friction 
test. This is because the adhesion strength between 
substrate and overlay layer was improved by the 
application of subsurface micro texture. Consequently, 
the durability of the overlay layer was also improved. 

 

 
Figure 3 Friction behaviors of PAI overlay coated on the 

micro-textured surface. 
 

 
Figure 4 PAI overlay surface after friction test. 

 
3.2 Composite Overlay on the Micro-Textured 

Surface 

In the case of dispersing solid lubricant into the PAI 
layer, the effects of solid lubricant on the coefficient of 
friction and the durability of the overlay layer were 
discussed. Figure 5 shows the friction behaviors of 
PAI/MoS2 overlay coated on micro-textured surface, and 
Figure 6 shows the optical micrographs of the surface of 
the composite overlay after friction tests. When the 
PAI/MoS2 was coated on the NT surface, the coefficient 
of friction suddenly increased at the early stage, and the 

overlay layer was also peeled off such as in the case of 
PAI on the NT surface. On the other hand, when the 
PAI/MoS2 was coated on the SP surface, the coefficient 
of friction was extremely low during the test, and the 
wear of the overlay layer was hardly observed. 

 

 
Figure 5 Friction behaviors of PAI/MoS2 overlay coated 

on the micro-textured surface. 
 

 
Figure 6 Composite overlay surface after friction test. 

 
4. SUMMARY 

Fundamental tribological properties of polymeric 
overlay coated on the micro-textured surface were 
evaluated, and effects of the subsurface texture on 
friction behavior was discussed. As results, the adhesion 
strength between substrate and overlay layer was 
improved by the application of subsurface micro texture, 
consequently, the durability of the overlay layer was also 
improved. 
 When the PAI/MoS2 was coated on the textured 
surface, the coefficient of friction was extremely low and 
stable, and further reduction of the friction was achieved. 
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ABSTRACT – It is necessary to attach importance to 
the thermal stability of DLC, when it is applied as a 
protecting coating in high temperature environment. It 
has been reported that ta-C coating shows excellent 
thermal stability among the DLCs, and it can endure the 
temperature up to 400ºC in air. However, the 
mechanism of its deterioration was not investigated 
clearly. This paper focuses on the in situ observation on 
ta-C coating in heating process, as well as the effect of 
gas environments. The in situ observation was 
conducted by Environmental Scanning Electron 
Microscope (ESEM) with heating stage in air, N2 and O2. 
It revealed that the existence of oxygen is an important 
factor leading to the deterioration of ta-C. Besides, the 
cross-section observation shows that there two kinds of 
defects in the coating. These two kinds of defects show 
different oxidation phenomenon.  
 
1. INTRODUCTION 

 Diamond-like carbon (DLC) has found widespread 
application in many fields. In some of these applications, 
the coatings are subject to high temperatures 
environment. The thermal stability and the tribological 
properties of a-C:H coatings have been reported [1], it 
was revealed that hydrogen released from the coatings 
when it was heated up to 300 ºC. Tetrahedral amorphous 
carbon (ta-C) coating, a kind of hydrogen free DLC, is 
considered to show better thermal stability. In our 
precious research [2], the high temperature tribological 
properties of ta-C have been investigated. Moreover, the 
oxidation resistance was also discussed. It was found 
that many white points (1~10μm) can be observed by 
SEM on oxidized surface. However, the formation of 
these points and the mechanism of ta-C deterioration are 
not clear. In this paper, ESEM was used to in situ 
observe the oxidation process. Besides, the effects of 
different gas environment on oxidation rate were 
discussed. 
 
2. EXPERIMENTAL METHOD 

The ta-C coating with thickness of 0.7 μm and 
hardness of 45 GPa was prepared by Filter Cathode 
Vacuum Arcing (FCVA) method. A chromium interlayer 
was prepared in order to improve the adhesion force of 
ta-C coatings.  

 
Figure 1 Schematic of ESEM observation on cross 

section of surface defect. 
 

The thermal stability of ta-C was evaluated by 
ESEM with a heating stage. The heating test was 
conducted at 650ºC in N2, air and O2 atmosphere, and 
the pressure of ESEM chamber was set as 130Pa. The 
deterioration rate of the ta-C, can be observed by ESEM. 
Deterioration area was calculated based on the 
binaryzation of SEM photos. The structure 
transformation of ta-C was detected by Raman 
spectroscopy. The cross-sections of the defects, which 
were manufactured by focused ion beam (FIB) cutting, 
then observed by FE-SEM, as shown in Figure 1. The 
element distribution in section was detected by using 
Energy Dispersive x-ray Spectroscopy (EDS).  
 
3. RESULTS AND DISCUSSION 

Figure 2 shows the deterioration ratio of ta-C in O2, 
air, N2 atmosphere. In N2, the coating did not change a 
lot; in air and O2, the deterioration areas show 
exponential growth, and deterioration rate in O2 is much 
higher than that in air. 

Figure 3 shows the two types of defects and their 
changes in heating process. Some small white points 
(red circles in Figure 2) were becoming larger in heating, 
named as type 1. Another kind of black point, a little bit 
bigger than type 1 (yellow circles in Figure 2), turned 
white in heating process, named as type 2.  

It is assumed that two reasons leading to color 
change in SEM, structure transformation and 
topography change. Firstly, Raman spectroscopy was 
used to measure the structure of the defects. Figure 4 
shows the Raman spectroscopy of ta-C at different area. 
The D peak of type 1 increased slightly after heating. 
The peaks of type 1 look almost same as the normal 
area. For the type 2, the D peak increased greatly. It 
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means graphitization is the main reason of deterioration 
on type 2 rather than type 1. 
 

 
Figure 2 Deterioration area ratio of ta-C coating heated 

in O2, air, N2 atmosphere. 
 

 
 Figure 3 ESEM of ta-C before and after heating in O2. 
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 Figure 4 Raman spectroscopy of ta-C at different area. 
 

 
Figure 5 SEM and EDS mapping of type 1 defect after 

heating in oxygen. 
 
In order to confirm the topography change, both 

two types of defects were cut by FIB, and the cross-
sections were observed by FE-SEM. Figure 5 and 6 

show the cross-section images of defect type 1 and 2 
respectively. For type 1, there is a chromium core in the 
center of defect. The ta-C coating became a dome 
around it. For type 2, there is almost no carbon 
remained on the defect area, since only protective layer 
(tungsten) was detected by EDS.  

 

 
Figure 6 SEM and EDS mapping of Type 2 defect after 

heating in oxygen. 
 
In the process of FCVA ta-C deposition, the 

droplets were difficult to be filtered completely. 
Therefore, some droplets with low density exist in 
Chromium interlayer and ta-C coating. When the 
coating containing chromium droplet was heated, 
oxygen got into the coating through the small holes, 
which can be seen in the SEM image. Then the interface 
was oxidized, adhesion force became weak and ta-C 
around chromium droplet was the first to peel off. This 
phenomenon caused the formation of type 1. On the 
other hand, carbon droplets show lower sp3 structure, 
which is less stable than normal coating. [3] When ta-C 
coating with carbon droplet was heated, coating around 
the carbon droplet oxidized to CO or CO2. This is the 
mechanism caused the formation of type 2.  

 
4. CONCLUSIONS 

This research revealed that deterioration rate of ta-
C is the highest in O2. Two types of defects, type1-
Chromium droplets and type 2-carbon droplets were 
discussed. In heating process, type 1 shows interface 
oxidation and peeling off mechanism; type 2 shows 
carbon chemical reaction and disappearing mechanism.  
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ABSTRACT – In this study, the tribological properties 
of steel, Mn-phosphate, Si doped (S1s), and 
hydrogenated tetrahedral amorphous carbon (ta-C:H) 
diamond like carbon (DLC) coatings were investigated 
in a pin on reciprocating plate tribometer and single cam 
test rig. S1s and taC-H DLC coating architectures were 
obtained with plasma assisted chemical vapor 
deposition technique with hardness 20 ± 4 GPa and 35 ± 
7 GPa respectively. All materials had a centre-line 
average surface roughness (Ra) of 0.02-0.03 µm except 
for the Mn(PO3)2 which had Ra of 0.30 µm. The S1s 
showed severe delamination after tests on the 
reciprocating tribometer while spots of wear flakes were 
observed in the bench test. Both single cam rig and 
reciprocating tests have shown similar wear and friction 
results which can be used to rank materials, surface 
coatings and lubricants for optimum performance of 
valve train components. 
 
1. INTRODUCTION 

 The current trend in the automotive industry is to 
adopt designs, materials and surface treatments that lead 
to the development of more efficient engines with low 
friction, improved wear and reduced fuel consumption 
[1]. This can be achieved in two folds; firstly by the 
reduction of the overall weight of engine by selection of 
the lighter materials. This method effectively reduces 
the dynamic loads which significantly reduces fuel 
consumption. A prime example was demonstrated by 
Kanzaki and coworkers [2] where tappets and spring 
retainers were replace with lighter aluminium materials 
and a 40% reduction in friction torque was achieved in 
the valve train. The second method employs specialized 
coatings particularly diamond like carbon (DLC) 
coatings which minimise the friction and wear on 
interacting components in both dry and lubricated 
contacts. 
 This report characterises different DLC coatings 
for their ability to interact with the oil and produce 
boundary/mixed nanoscopic tribofilms necessary to 
reduce friction and wear. All coatings had similar centre 
line average roughness (Ra = 0.02 µm) to ensure that the 
friction/wear and tribochemical responses were due to 
the coating properties and not the roughness. 

 
 
 

2. MATERIAL AND METHODS 

 The substrate material for all tests was 16MnCr5 
(steel) which was coated with soft running-in Mn-
phosphate, S1s and taC:H. They all had varying 
thickness of 0.5-1.5 µm for Mn(PO3)2, 2.0 µm for S1s 
and 1.5 µm for taC:H respectively . The camshaft is a 
chromium chilled cast iron with lobes having Ra 0.02- 
0.03 µm. Lubricants used in this setup are 5W30 fully 
formulated oil FFB, FFA and a group III base oil as 
reference.  
 
3. OUTLOOK 

 S1s experiences severe delamination in both 
reciprocating test (Figure 1) and motored single cam rig 
test, the S1s coating showed some spots of removed 
flakes after 50 hrs of testing (See Figure 2) while the 
taC-H appeared unchanged (no wear) with improved 
frictional properties [1]. Post mortem surface analytical 
tests of XPS, AFM and TEM were used to investigate 
the tribo-chemical films which have been formed on the 
surface and the interactions of the engine oil with the 
coating architectures of Mn-phosphate Si doped and 
taC-H DLC coatings. Tribological test results are 
discussed in detail particularly in relation to the 
tribofilms formed around the cam lobes. 
 

 
Figure 1 Effects of oil type and coating treatment on 

wear volume. 
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Figure 2 Photo Image (a) S1s coating and (b) taC-H 

after 50 hrs testing on motored single cam rig. 
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ABSTRACT – Performance of high capacitance 
density device is the requirement to fabricate the films 
based capacitor. Thus, the need to have high dielectric 
ceramic material is quite major factor instead 
conventional metal oxide material. This study presents 
the preparation of nano-films lead titanate in various 
annealing temperature for the fabrication of bilayer 
structure lead titanate/poly(vinylidene fluoride) 
trifluoroethylene material combination.  
 
1. INTRODUCTION 

Development of high performance capacitor is 
reaching towards new generation where the ferroelectric 
ceramic material take places as the active dielectric 
layer. The motivation of this study is to produce high 
capacitance device that can stand the nanoscale films 
thickness. Variation in annealing treatment give 
significant impact on ceramic thin films preparation [1–
3]. However, the ceramic films like lead titanate 
(PbTiO3) are well known by its brittle structure where 
the part of loss dissipation getting very high compared 
to the polymer films. Thus, the combination of PbTiO3 
and poly(vinylidene fluoride) trifluoroethylene (PVDF-
TrFE) where both poses ferroelectric behavioral 
becomes the promising material for layered films 
capacitor.  

The fabrication was done by simple and cost 
effective sol-gel spin coating method that being varied 
at spinning speed property. Sol-gel spin coating method 
is the most preferable method to be used in fabricating 
such nanoscaled thin films device. This is due to the fact 
that homogeneous multilayered films can be achieved 
that give effect on reduced leakage current density. 
Furthermore, the method is in line with industrial mass 
production complimentary with large and complex area 
covering system yet effective manufacturing cost 
indeed.  
 
2. METHODOLOGY 

2.1 PbTiO3 Layer 

The starting materials, lead acetate trihydrate 
[PbAc; 99% purity], titanium isoproproxide [TTIP; 97% 

purity], and solvent 2-methoxyethanol. The solutions 
were prepared at 0.4mol.L-1 with presence of glacial 
acetic acid (GAA) as a stabilizer and with additional of 
10wt% of PbAc powder. The deposition process was 
maintained at 1500 rpm spin speed for 30 seconds. The 
prepared films were dried at 150˚C and then involved 
various annealing temperature (400 to 600˚C).  

 
2.2 PVDF-TrFE Layer 

The PVDF-TrFE [70:30mol% composite] powders 
were dissolved in methyl ethyl ketone (MEK) solvent at 
concentration of 30g.L-1. The spinning process involved 
at 3000 rpm spin speed for 90 seconds. The samples 
were annealed at 120˚C about an hour then cooled at 
50˚C for 2 hours. The bilayer structure samples were 
characterized for dielectric and ferroelectric property 
with structural observation by atomic force microscopy.  

 
3. RESULTS AND DISCUSSION 

The dielectric measurement based on metal-
insulator-metal configuration operated at 0.5mVac 
signals is as shown in Figure 1. Particularly, the 
measurement of dielectric films at low annealing 
temperature concerned on 1 kHz operating frequency 
where crucially is made for low voltage application. 
This is the substantial property owing to the polarization 
occurred at interfacial layer of dielectric-metal layer [4].  

Dielectric permittivity of entire films at increase 
annealing temperature showed exponential increase. 
Thus, it is predicted that by increasing the temperature 
more than 600˚C, the result may yield to the saturation 
region. Therefore, a film prepared by 500˚C annealing 
temperature is presumed as the transition prior to the 
saturation value and the dielectric value is about 150, 
the highest obtained in this study. On the other hand, 
such crystalline substrate with platinum coated and 
particle seeded as reported in previous study ensured 
better property of microstructural PbTiO3 films as well 
as increase of dielectric permittivity [5–7]. Inverse 
observation showed tangent loss for entire films where 
it behaves polynomial curvature and stated the optimum 
sample (anneal 500˚C) obtained minimum tangent loss 
about 0.024. 
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Figure 1 Plot of dielectric permittivity and tangent loss 
of PbTiO3 films prepared with variation of annealing 

temperature. 
 

Capacitance value of each sample is calculated 
using Equation (1). Where εr and εo is dielectric and air 
permittivity respectively, A is the area of plate-to-plate 
metal contact, and d presents the dielectric films 
thickness. Thus, the capacitance value of optimum 
sample prepared by 500˚C annealing is about 90.96 nF. 
  

d
A

C orHH
  (1)

 
 

Table 1 Dielectric property of PbTiO3 films prepared 
with different annealing temperature. 

Samples 
(T˚C) 

Dielectric 
permittivity (ɛr) 

Tangent loss 
(tan (G)) 

As-deposited 50 0.051 

400 112 0.036 

450 122 0.027 

500 150 0.024 

550 140 0.029 

600 138 0.038 
 

4. CONCLUSIONS 

PbTiO3 films were successfully prepared by simple 
spin coating method at different annealing temperature. 
This study emphasizes the optimum PbTiO3 films with 
500˚C annealing treatment managed to obtain high 
dielectric constant and adequate low tangent loss as 
well. In future discussion, this deposition parameter will 
be then implied for the fabrication of bilayer structured 

PbTiO3/PVDF-TrFE for MIM capacitor device.  
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ABSTRACT – An organic semiconductor have been 
discovered for various applications such as in organic 
light-emitting diodes (OLEDs). The metal oxides such 
as zinc oxide (ZnO) provide an interesting alternative 
for conventional low work function metals as electron 
injection layer in OLEDs. This study focuses the 
preparation of ZnO nanotetrapods at different 
evaporation temperature using thermal chemical vapor 
deposition (CVD). These will provide better 
performance and suitable for optoelectronic device. 
 
1. INTRODUCTION 

The developments of optoelectronic are widely 
used until today due to environment-friendly and good 
performance device. Organic light emitting diodes 
(OLEDs) was showed a good potential as solid state 
lighting source. OLED have been intensively 
investigating for the last decade, because it have many 
potential applications such as optoelectronics [1]. The 
inorganic material has been introduced in organic light 
emitting diodes (OLEDs) because of LED emission in 
the UV and visible region due to its extrinsic and 
intrinsic defect [2]. The shape and dimensionality is 
important role in properties and application of 
nanomaterial.  

The fabrication of ZnO nanotetrapods was done by 
thermal-CVD. The thermal-CVD has preferred used in 
this work due to simple preparation, simpler crystal 
growth technology and give high performance solid 
material. The objective of this paper is to investigate the 
optical properties of various evaporation temperatures 
of ZnO nanotetrapods using thermal-CVD. 
  
2. METHODOLOGY 

2.1 Synthesization of ZnO Nanotetrapods 

ZnO nanotetrapods were synthesized and grown 
using thermal-CVD in a horizontal quartz tube. 1g of 
zinc powder (99.9% purity; Sigma-Aldrich) was placed 
in an alumina boat at the centre of the tube of furnace 1 
and furnace 2. The zinc powder was spread in the boat 
at furnace 1 as indicate in Fig. 1. The temperature of 
furnace 1 was set at 750oC while furnace 2 was 
increased to 500oC in order to control growth 
temperature of ZnO nanotetrapods. The oxygen gas was 

supplied into the tube at flow 5 sccm. The growth time 
was 30 minutes under a constant flow of 100 sccm of 
argon gas with pressure of 1bars. The furnace cooled 
down to room temperature.  
 
2.2 Characterization Technique 

The surface morphology has been characterized 
using field emission scanning electron microscope 
(JEOL JSM-J600F). The photoluminescence (PL) for 
ZnO nanotetrapod was characterized by using 
FlouroMax3 Horiba Jobin Vyon. The crystalline 
structure of ZnO nanotetrapod was analyzed by X-ray 
diffraction (XRD, Broker AXS D8 Advance with Cu Kα 
radiation). 
 

 
Figure 1 Thermal-CVD process. 

 
3. RESULTS AND DISCUSSION 

The (0 0 2) diffraction peak was most dominant at 
temperature 750oC. It can be seen that the higher 
intensity were high purity and crystallinity of the 
obtained product [3]. There are no diffraction peaks 
corresponding to other impurities are detected. The 
crystalline quality of the sample is depending on 
evaporation temperature of ZnO. 

Surface morphology of synthesis of ZnO 
nanotetrapods by thermal chemical vapor deposition 
was obtained using field emission scanning electron 
microscopy (FE-SEM). The nanotetrapods become 
bigger as the evaporation temperature increased. When 
zinc reacted with oxygen, it can attribute to the 
thermodynamic equilibrium and kinetically controlled 
progress. The morphology of ZnO nanotetrapod 
depends on the evaporation temperature, substrate 
temperature and evaporation time [4]. When it appears 
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to 750oC, the vapors were depleted of reacting species 
to form the hexagonal arms and needles of ZnO 
nanotetrapods [8]. 

 
Table 1 Length and diameter of ZnO nanotetrapods. 

ZnO 
nanotetrapods 
at different 
evaporation 
temperature 
(oC) 

Length of 
ZnO 
nanotetrapods 
(nm) 

Diameter of 
ZnO 
nanotetrapods 
(nm) 

700 342 34.4 
725 356 37.3 
750 481 68.4 

 
Photoluminescence (PL) spectra of ZnO 

nanotetrapods were measured at room temperature in 
the wavelength range of 325 nm to 700 nm. There are 
two emission peaks of a narrow peak at 384 nm as UV 
emission and a broad peak at 529 nm as green emission. 
The UV emission is related to near band edge emission 
of the wide bandgap where the recombination of free 
exciton through an exciton-exciton collision process [3, 
5]. The UV emission efficiency of ZnO is dependent on 
the crystalline quality. The visible emission occurs due 
to defect of oxygen vacancy and crystallization of ZnO.  

 

Figure 2 Photoluminescence of ZnO nanotetrapods at 
different evaporate temperature. 

 
 

4. CONCLUSION 

In this paper, the ZnO nanotetrapods were 
successfully prepared using thermal-CVD at different 
evaporation temperature. This study focuses the 
optimum of ZnO nanotetrapods with temperature 750oC 
to obtain the high intensity and conductivity as well. 
This parameter will be implied for the fabrication of 
MEH-PPV: ZnO nanocomposite for OLED device.   
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ABSTRACT – This paper is proposing an Artificial 
Intelligence (AI) technique in solving the RF magnetron 
sputtering process parameter optimization problem. RF 
magnetron sputtering is a physical vapor deposition 
process which is widely used in the manufacturing of 
thin films. In this research, the optimization of the 
sputtering process parameters is to be solved 
computationally based on gravitational search algorithm 
(GSA).This study is concentrating on four process 
parameters of RF magnetron sputtering process, which 
are RF power, deposition time, oxygen flow rate and 
substrate temperature. As for the material, zinc oxide 
(ZnO) has been chosen due to its many significance 
characteristics. For the validation purpose, GSA 
performance was compared with particle swarm 
optimization (PSO). Based on the results, GSA has 
outperformed PSO in terms of the accuracy of the 
optimization performance, fitness value and processing 
time. The results showed that the AI approach in solving 
this nano-process parameter optimization problem has 
proven to be promising. This AI approach is expected to 
improve the trial and error method by reducing the 
number of experiments to be conducted in the parameter 
optimization process. The implementation of this 
computational technique could offer better time 
management and lower cost consumption in the thin 
film fabrication process. 
 
1. INTRODUCTION 

 Artificial Intelligence (AI) is a branch of computer 
science which specializes in dealing with complicated 
problems through the use of knowledge, probabilities 
and other kinds of uncertainties [1].  This paper is 
proposing an AI technique in solving the RF magnetron 
sputtering process parameter optimization problem. RF 
magnetron sputtering is one of the physical vapor 
deposition technique which produce nanostructured thin 
films. In this research, the optimization of the sputtering 
process parameters is to be solved computationally 
based on gravitational search algorithm (GSA). GSA is 
an algorithm which is inspired from the Newtonian’s 
laws of gravity and motion. Based on literature, the 
conventional method of trial and error process in the 
parameter optimization is time consuming and costly. 
Therefore, a more reliable and effective method is 
needed to improve the optimization process. In this 

study, the most optimized parameter combination 
should be able to produce the desirable nanostructured 
ZnO thin film properties. 
 
2. METHODOLOGY 

2.1 Experimental Data 

 The parameters to be optimized are the 
combination of RF power, deposition time, oxygen flow 
rate and substrate temperature. Table 1 shows the ranges 
of data to be optimized for each of the parameters.  The 
material that has been selected in this research is zinc 
oxide (ZnO). This material is easily available due to its 
popularity and significant characteristics [2]. 
 

Table 1 Ranges of parameters to be optimized. 
Parameters 

RF 
Power 
(watt) 

Deposition 
time 
(min) 

Oxygen 
flow rate 
(sccm) 

Substrate 
temperature 
(  ̊C) 

50 - 400 15 - 120 0 - 10 27 - 500 
 

2.2 AI Technique 

GSA is represented by agents, which carry their 
own masses. Masses are calculated from the fitness 
values. An agent moves based on the amount of 
gravitational forces exerted from all other neighboring 
agents. The velocity of an agent is calculated based on 
its acceleration, which will contribute to its position 
updates. The position of the biggest mass is related to 
the solution of the problem, while the biggest mass is 
representing the optimum solution. Equation (1) and (2) 
shows the formula for the velocity and position of 
agents [3]. 

 
v(t+1) = rand x v(t) + a(t)                                           (1) 
 
x(t+1) = x(t) + v(t+1)                                                  (2) 
 

Based on equation (1) and (2), v represents the 
velocity, a is the acceleration, t is the iteration, rand is 
the random numbers with [0,1] interval and x is the 
position. 
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3. RESULTS AND DISCUSSION 

 The performance testing of GSA is based on the 
mean fitness value and processing time. In this testing, 
GSA performance was compared with the performance 
of Particle Swarm Optimization (PSO) algorithm. PSO 
has been selected as the comparison algorithm based on 
its good performance in solving various engineering 
optimization problems. However, in this optimization 
problem, GSA has proven to outperform PSO based on 
the results shown in Table 2. Figure 1 represents the 
convergence graph, which shows that GSA has a more 
stable convergence characteristic than PSO. 
Table 3 shows the results of the electrical properties 
from GSA and PSO parameters optimization. The 
computational optimization results are also compared 
with the most optimized result from the actual 
laboratory experiment.  Table 4 shows the analyses 
from the computational optimizations based on the 
actual results. 
 

Table 2 Average fitness value and processing time. 

 
Mean values 

GSA PSO 
Fitness value 0.5359 0.4929 
Processing time (s) 2.342 2.414 

 
Table 3 Results of computational and actual laboratory 

optimizations. 

 
Laboratory Experiment Results 

GSA PSO Actual 
experiment 

Most 
optimized 
parameter 
combination 

(300, 60, 
0, 500) 

(150, 
60, 0, 
500) 

(200,60,0, 
500) 

Fitness value 0.9033 0.7852 1.000 
Resistivity 0.0801 0.1055 0.0758 
Conductivity 
measurement 
result (Sm-1) 

12.479 
 

9.477 
 

13.2 

 
Table 4. GSA and PSO optimization performance. 

 Optimization Performance 
 GSA PSO 
Percentage error (%) 5.4621 28.2045 
Accuracy (%) 94.5379 71.7955 

 
4. CONCLUSION 

 The AI approach in solving this nano-process 
parameter optimization problem has proven to be 
promising. The accuracies of the optimizations from 
both of the AI techniques are acceptably high. Based on 
the results, GSA has outperformed PSO in terms of the 
accuracy of the optimization performance. GSA has also  
 
 
 
 
 

obtained higher mean fitness value and shorter 
processing time. This AI approach is expected to 
improve the trial and error method by reducing the 
number of experiments to be conducted in the parameter 
optimization process. The implementation of this 
computational technique could offer better time 
management and lower cost consumption in the thin 
film fabrication process. Future work could test other AI 
techniques with diverse sets of data to solve this 
parameter optimization problem. 
 

 
Figure 1 Average objective function values over 

iteration. 
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ABSTRACT – CH4 gas sensor was fabricated using 
immersion method of the ZnO film. The effect of 
immersion time on the electrical, structural and sensing 
properties of the ZnO thin film were investigated. The 
highest conductivity of 7.80 × 10-3 Scm-1 was obtained 
for the ZnO thin film prepared at immersion time of 60 
min. The sensitivity value also showed the highest value 
that is 18.2%.  
 
1. INTRODUCTION 

 Zinc Oxide (ZnO) is an n-type semiconducting 
material which has large exciton binding energy of 
about 60 meV and has direct band gap energy of 3.37 
eV at room temperature. It is non-toxic, readily 
available, transparent in visible range region and stable 
against thermal and chemical reaction [1-3]. 
 ZnO thin films can be prepared using various 
techniques, such as chemical vapor deposition, electron-
beam evaporation, spray pyrolysis, magnetron 
sputtering, ion-beam evaporation and sol-gel process. 
Among these methods, sol-gel does not required 
expensive and complicated equipment. It provides 
maximum control in homogeneity and easy to be coated 
on the desired shape and area [3]. Therefore, sol-gel 
immersion method has been chosen to prepare ZnO thin 
films.  
 Methane (CH4) gas is a flammable, colorless and 
odorless gas. It is highly volatile when mixed with air 
which can cause explosion; therefore the monitoring of 
its leakage is very important. 
 In this paper, ZnO were prepared at different 
immersion time. Then the effect of immersion time on 
electrical and structural properties of the thin films was 
investigated. In order to study the sensing properties, the 
thin films were exposed to CH4 gas using simple gas 
chamber setup.  
 
2. METHODOLOGY 

2.1 ZnO Thin Film Deposition Process  

 ZnO thin films were prepared using immersion 
method on glass substrates that were coated with Al-

doped ZnO thin film which has been prepared earlier 
using spin-coating technique [4]. For immersion 
process, 0.1M zinc acetate dehydrate 
(Zn(CH3COO)22H2O, 98% Sigma-Aldrich) was 
dissolved in a solution of 0.1M hexamethylenetetramine 
(HMT, C6H12N4, 99% Aldrich) and deionized (DI) 
water. The molar ratio of HMT to zinc acetate was kept 
at 1.0. Then the solution were magnetically stirred and 
aged for 3 h at room temperature. The immersion 
process was done in water bath at 95oC for 20, 40, 60, 
80 and 100 min. 
 
2.2 Characterization  

These thin films were analyzed using two point 
probe I-V measurement (Keithley 2400) and FESEM.  

 The resistivity of the thin film, ρ was calculated 
using equation (1): 
 

                                                            (1) 
 
Where V  is supplied voltage, I  is measured current, A 
is area of electrode and l  is the length between 
electrodes. The conductivity, σ was calculated as 
following equation (2): 
 

                                                                   (2) 
 
The gas sensitivity (S) is defined as the electric current 
generated in the gas sensor which were calculated using 
this equation (3): 

 
S (%) = ((Igas – Iair)/Iair) × 100                               (3) 

 
3. RESULTS AND DISSCUSION 

 Figure 1 show the I-V characteristics of ZnO thin 
films which were prepared using immersion method. As 
shown in Figure 1, the electrical conductivity of the 
films increasing with the increase of the immersion 
time. The film that immersed for 20 min that has lowest 
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thickness film obtained higher value of resistivity might 
be due to high leakage current. So from this work, we 
found that by increasing the immersion time might 
increase the electrical conductivity of the film thus 
enhance its gas sensing properties. A similar observation 
also has been reported by H. Zhou et al. [5]. 
 Table 1 shows the ZnO thin film properties at 
different immersion time. While, Figure 2 shows the 
response of ZnO thin film when exposed to CH4 gas.  
 

 
Figure 1 IV curve of ZnO thin film prepared at different 

immersion time. 
 

 
Figure 2 Response of ZnO thin film when exposed upon 

methane gas. 
 
Table 1 ZnO thin film properties at different immersion 

time. 
Immersion 
time (min) 

Thickness 
(nm) 

Conductivity 
(Scm-1) 

Sensitivity 
(%) 

20 350 3.58 × 10-3 14.3 
40 550 4.59 × 10-3 16.0 
60 9200 7.80 × 10-3 18.2 
80 1340 6.17 × 10-3 17.4 
100 1610 5.16 × 10-3 16.5 
 
 
 
 

4. CONCLUSION 

 The electrical and structural properties of ZnO thin 
films which were synthesized using immersion method 
at different time are investigated. The thin films were 
characterized using I-V measurement system and 
FESEM. The increase of immersion time has 
significantly improved the conductivity of the thin 
films. The results suggest that the optimum value of 
immersion time was 60 min which exhibited highest 
conductivity and sensitivity value of 7.80 × 10-3 Scm-1 

and 18.2%, respectively.    
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ABSTRACT – TiO2 is a well-known material 
especially for organic solar cell. In this research the 
objective of this experiment that is to get high current 
that will improve the electron migration. The 
nanostructured TiO2 was deposited onto glass substrate 
using the well-known sol gel spin coating method. In 
this experiment, eight TiO2 solutions with different 
molarity were tested for their performance as the 
electron conductor layer in organic solar cell. The 
surface topology and morphology of nanostructured 
TiO2 was observed using the Atomic Force Microscopy 
(AFM) and Field Emission Scanning Electron 
Microscope (FESEM). The electrical properties were 
investigated by using two probe current-voltage (I-V) 
measurements to study the electrical resistivity 
behavior, hence the conductivity of the film. Based on 
the result, lower the molarity of TiO2, the surface 
becomes more uniform and the I-V becomes much 
better. As predicted, the best thin film characteristic is 
the 0.01M to be applied in organic solar cell in the 
future work. 
 
1. INTRODUCTION 

 TiO2 is widely used as a pigment in paintings 
(white), anti-reflection coatings for car windows, anti-
microbial coatings, writings on food, cosmetics and 
nowadays this TiO2 sol-gel were to use in organic solar 
cell as the n-type material.  

There are many ways in depositing TiO2 thin film 
such as thermal oxidation [1], chemical vapor 
deposition (CVD) [2], plasma oxidation [3], pulse laser 
deposition [4] and sol gel process [5]. Sol gel method 
was chosen since it is simple and cheap since it 
processed from solutions and the process was easy to 
conduct. 

In this investigation, different low molarity 
solution based on TiO2 nano powder as a precursor was 
deposited on the microscope glass as the substrate by 
using a spin coating technique [6]. Since spin coating 
technique has a simple operation, cheap since it uses 
solution and easy to run process. Still, there are a few 
disadvantages of spin coating which might be quite a 

problem, especially on wastage for a big manufacturing 
company since for a typical spin coating processes 
utilize only 2-5% of the material dispensed onto the 
substrate [7], while the remaining 95% - 98% is flung 
off into the coating bowl and disposed. Not only the 
prices of the raw material increased substantially, but 
disposal costs are increasing as well [8].  

Then the development of the film characteristics 
was measured for structural morphology by using AFM, 
FESEM and surface profiler (SP) for thickness and the 
electrical properties were measured by using current-
voltage (I-V) measurement to be recorded in table and 
figures to measure the conductivity of each film to 
relate with the electron migration on each film.   Hence, 
the focus of this study is to see the effect of electron 
migration in different TiO2 molarity. 
  
2. METHODOLOGY 

2.1 Materials 

These are the materials that have been used during 
the preparation of TiO2 solution:  

i) Titanium Dioxide (99.7%) nano-powder. 
ii) Absolute ethanol, as in Ethyl Alcohol. 

iii) TTIP. 
iv) PEG.  

 
2.2 Preparation of TiO2 Solution 

Sol-gel method was used in order to prepare TiO2 
solution. All of the material above was mixed in a small 
beaker with specific order and stirred on a hotplate with 
magnetic stirrer in room temperature. 

i) 0.8g TiO2 nanopowder weight in a small 
beaker. 

ii) 8ml of ethyl alcohol poured into the beaker. 
iii) Stir for 30minute to let it mixed well. 
iv) Add 200μl TTIP (Titanium (IV) isopropoxide). 
v) Stir for 2 hour. 

vi) Add PEG 0.24g and sonicate them to make 
sure that PEG blend well with the solution. 

After sonicate, the solution were aged for 24 hours.
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3. RESULTS AND DISCUSSION 

In Table 1, the I-V characteristic was measured at 
10V to see the highest current to be the best film for the 
layer in the organic solar cell. Then the surface 
roughness and resistivity was measured and calculated 
by AFM and based on I-V characteristic available. In 
terms of roughness 0.01M film is likely to have smooth 
film by having 69.087nm roughness. This means that 
the film has a uniform surface. As seen at the resistivity 
tab, the value is increasing with the molarity except for 
0.06M and the same goes to the conductivity and this 
will be clarified next. 

 
Table 1 Structural Properties by SP, AFM and IV. 

Molarity 
(M) 

Current at 10V 
(A) 

Roughness 
(nm) 

Resistivity  at 
10V (ρ) 

0.14 6.34E-09 116547 3.12E+11 
0.12 8.47E-09 154921 2.34E+11 
0.10 9.28E-09 149952 2.13E+11 
0.08 1.62E-08 231000 1.22E+11 
0.06 3.41E-07 368 5.80E+09 
0.04 8.86E-08 233 2.23E+10 
0.02 2.17E-08 196 9.14E+10 
0.01 3.50E-07 69.087 5.65E+09 

 
In Fig. 1, the distribution of the grain size of each 

particle is not uniform in one size and when the 
molarities gets to 0.01 molarity, it tends to agglomerate. 

 

 
Figure 1 FESEM image of 0.01M. 

 
By analyzing the grain size of each molarity, it can 

be seen that the lower the molarity the smaller the grain 
size. This may be due to the mixing technique by using 
the magnetic stirrer that the solution was not stirred 
continuously that makes the nanoparticles easily 
agglomerates [9]. This also may be due to the room 
temperature where by the mixing processes were 
conducted which is not fixed. Higher temperature by 
which the process were run will give the smaller 
diameter of TiO2 grain sizes which the TiO2 
nanopowder that were used by Sigma Aldrich is 21nm 
in size. As investigated before, the higher the 
temperature, the higher the energy and this influence the 
reaction rate and the agglomeration rate in the solution 
[9]. 

In Fig. 2, the roughness of the thin film is 
decreasing with the increasing of the molarity. When the 

film is quite uniform with not much of porosity, the 
roughness will be low. The opposite happen to the low 
molarity because of the agglomeration, the porosity 
increase. 

 

 
Figure 2 AFM image of 0.01M. 

 
4. CONCLUSION 

 Sol-gel spin coating technique was chosen as the 
deposition process because of its simple and cheaper 
method in order to produce TiO2 nanostructured thin 
film. The roughness of the thin films produced were 
decreasing by the increasing of molarity and this was 
supported by the AFM figure that 0.06 molarity have a 
quite uniform film compared to the other two. Then 
when compare the AFM figure and the FESEM figure, 
0.06 molarity thin film have less porousity which then 
effects the resistivity and the conductivity of the thin 
film. The conductivity of 0.06 molarity is the highest 
that is 1.44E-05 supported by the IV characteristic graph 
that shows that the current at 10V is 3.409E-7 A. this 
conclude that 0.06 molarity is the best thin film. 
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ABSTRACT – The high speed steel (HSS) and TiCN 
and TiAlN coated drills were subjected to drilling tests. 
Based on test results, it could be concluded that 
increased in hardness of the coated drill is not the only 
factor to improve the tool life. Other factors such as the 
thermal conductivity, friction coefficient and adhesion 
strength of the coating elements also play important 
roles in improving the tool life of the drill. 
Microstructural examination showed that the abrasion, 
adhesion and thermal wear mechanisms are operated 
during drilling process.  

 

1. INTRODUCTION 

The main objective of depositing a thin hard film 
coating such as TiN, TiAlN, TiCN, TiZrN on the drill 
and cutting inserts is to improve the tool life. Hard thin 
film coating can be applied to cutting tool, mould and 
dies, machine elements, and automotive parts. Earlier 
researchers have showed that an increase in tool life 
may be due to the following phenomena; (i) increase in 
hardness, (ii) greater bonding energy of the coating 
elements, and (iii) lower friction coefficient [1]. 

TiAlN coated cutting tool has improved the dry 
machining performance be due to the fact that this 
coating is able to maintain high hardness and resistance 
to oxidation at high operating temperatures [2]. 
Aboukhashaba in his tests on TiN-coated and TiCN-
coated drills, found that the coated drill required less 
thrust force and gave lower values of axial during 
drilling [3]. The objective of this study is to study the 
effect of hard coating on drilling performances during 
drilling of carbon steel. The failure mechanism of the 
drill during drilling process will also be discussed. 

 
2. METHODOLOGY 

A commercial uncoated HSS, TiCN-coated and 
TiAlN-coated drills were subjected to drilling 
performance tests using a CNC milling machine. The 
drilling performance test was conducted on 25 mm thick 
medium carbon steel plate (1.39 % C, 0.25% Si, 0.19% 
Mn, 0.25 %, 5.39% Cr, 0.51 % Mo, 0.82 % V, 0.07% W, 
0.05% P and balance Fe). The drilling parameters were 
set at a spindle rotation of 1,600 rpm, feed rate of 20 
mm/min, and the depth of cut was set at 20 mm. 
Pecked-drilling by lifting the drill once every 5 mm 

depth of drilling is practiced in this test so that that the 
chip can be removed smoothly during drilling tests, thus 
reducing the heat. In this present work, lubrication was 
not in use during this drilling experiment test to 
expedite the coating failure. The drill life was defined as 
the number holes drilled until the drill was unable to 
drill further into the work piece. The microstructural 
changes on the worn surfaces were observed using Field 
Emission Scanning Electron Microscopy (FE-SEM) 
Model LEO 1525.  

 
3. RESULTS AND DISCUSSION 

3.1  Drill Performance 

The uncoated drill showed the worse cutting 
performance where it can drill up to 36 holes only 
(Table 1). Large defects of chipping and tool wear are 
observed on uncoated HSS drill (Figure 1). It can be 
seen that the drill coated with TiCN coating film out-
performed the other coated drills with the tool life of 28 
folds as compared with uncoated drill. This could be 
due to it higher hardness and lower coefficient of 
friction (COF) properties. It was observed from Table 1 
that there is no simple correlation between hardness and 
friction coefficient with tool life improvement. Based on 
the above observations, generally it could be concluded 
that the tool life improvement was due to the 
improvement of hardness, friction coefficient and 
thermal conductivity properties. It could also be 
concluded that type of compound coating elements 
employed on the drill have a significant effect on the 
drill life.  

 
Table 1 Drilling performance test results. 

 Hardnes
s (HV) 

COF No. of 
drilled 
holes 

No. of 
drilled 
holes 

HSS 766 0.60 36 36 

TiAlN 1698 0.30 835 835 

TiCN 3153 0.25 1014 1014 
 

3.2  Wear Mechanism 

It can be seen on Fig. 1a that a build-up edge 
(BUE) was formed on the cutting lip of uncoated HSS 
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drill after drilling 15 holes.  This phenomenon was 
taught to be due to the process of micro-welding at the 
cutting lip and the chip interface during drilling. With 
subsequent drilling, microcrack was observed on the 
build-up edge due to plastic deformation. Finally, build-
up material becomes unstable to the local shear resulting 
material transfers to the opposite mating surface. This is 
a symptom of adhesive wear. The uncoated drill was 
unable to further penetrate into the work piece after 36 
drilling holes as a result of severe adhesive mechanism 
on the drill flank as shown in Fig. 1b. 

 

  

Fig. 1. SEM on HSS steel drill; (a) Build-up edge, (b) 
Severe adhesive on drill flank. 

 
For TiAlN-coated drill, it was observed that the 

cutting lip was only abraded-off after drilling of 728 
holes (Fig. 2a) and still capable to drill until up to 835 
holes before catastrophic failure occurred. EDAX 
analysis on the worn area confirmed that the abraded-off 
area has exposed the substrate material (Fe, Cr, Mn). 
EDAX analysis on the flank, flute, and land of the 
coated drill showed this area was still covered with 
TiCN coating film (Fig. 2b).  

 

  

Element Weight% 
C K 7.91 
O K 11.98 
Cr K 1.38 
Mn K 1.26 
Fe K 77.47 

 

Element Weight% 
C K 4.23 
N K 2.98 
Al K 12.46 
Ti K 78.57 
Fe K 1.76 

 

Fig. 2. EDAX on TiAlN-coated drill; (a) SEM image 
on cutting lip  and its elemental composition, (b) SEM 

image on drill land and its elemental composition. 
 

Whereas, the cutting lip of TiCN-coated was only 
abraded-off after drilling of 913 holes (Fig. 3) and the 
drill still capable to drill until up to 1014 holes before 
catastrophic failure occurred. EDAX analysis on the 
cutting lip confirmed that the abraded-off area has 
exposed the substrate material (Fig. 3a). EDAX analysis 
on the flank, flute, and land of the coated drill showed 
these areas were still covered with TiCN coating film 
(Ti, C, N) as shown in Figure 3b.      

SEM examination observation on the worn surface 
shows that wear mechanism of abrasive, adhesive and 
thermal were operated during drilling as shown in 
Figure 4. 

  
Element Weight% 
C K 14.66 
O K 26.72 
V K 0.43 
Cr K 0.62 
Fe K 56.75 
W M 0.82 

 

Element Weight% 
C K 9.78 
N K 17.18 
Ti K 72.06 
Fe K 0.98 

 

Fig. 3 EDAX on TiCN-coated drill; (a) SEM image on 
cutting lip and its elemental composition, (b) SEM 
image on drill land  and its elemental composition. 

 

   
Fig. 4 Wear mechanism on worn surface; (a) abrasive, 

(b) adhesive, and (c) thermal. 
 

4. CONCLUSIONS 

This study reveals the improved tool life of the 
coated drill is depending on many factors such as type 
of coating element employed, coating thickness, 
hardness, friction coefficient and thermal conductivity. 
The microstructural investigation revealed that the wear 
mechanisms operated during drilling were abrasion, 
adhesion and thermal.  
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ABSTRACT – This work reports the results of 
measurements of the topography of 79 rough surfaces. 
The materials were stainless steel, mild steel, aluminium 
and copper. The surfaces of the specimens were blasted 
with particles of different materials at a range of 
pressures.  It was found that profile heights were 
generally Gaussian. Simple correlations between 
measured parameters were developed. Analysis was also 
conducted of the effect of different cut off lengths. It 
was confirmed that roughness parameters are not 
intrinsic properties of the surface, but depend on the cut-
off length. 
 
1. INTRODUCTION 

 In many applications information about surface 
characteristics in addition to Ra (Average roughness) 
and Rq (RMS Roughness)) are needed. In a majority of 
experimental investigations, however, only the surface 
roughness is reported. In tribological applications, 
contact between two surfaces generally occur at or near 
the peaks of contacting surfaces. Song et al [1], as well 
as Wahid and Madhusudana [2] showed that for 
interfacial heat transfer especially across the gas-gap, 
peak height plays a vital role. The main objective of the 
present study is to develop correlations between surface 
parameters such as roughness, slope and peak-height. 
 
2. SURFACE PREPARATION OF TEST 

SPECIMENS 

 The test specimens of AISI 304 Stainless Steel, C 
15 mild steel, Copper 211 and Aluminium 2011 were 
cut from cylindrical rods. The surfaces were blasted 
randomly from a nozzle at an angle of   to the top of the 
exposed surfaces from a distance of approximately 100 
mm. A range of blasting pressures ranging from 250 kPa 
to 690 kPa and blasting materials, for example, Al 
oxide, Garnet and Steel Grits were employed to get 
different surface topographies for the test specimens. 
For each surface, typically around 3 to 7 traces were 
randomly selected.   
 
3. MEASURING SYSTEM 

Surface texture was quantified using Federal Surf 
Analyzer 5000 precision measuring instrument at the 
University of New South Wales. 
 

4. ANALYSIS OF SURFACE TEXTURE AND 
DISCUSSION 

For the analyses materials Roughness cut off was 
specified as 0.8mm, thus roughness trace of the part 
surface will include only those irregularities that have a 
wavelength of 0.8mm or less. All longer wavelengths 
will be filtered out. The measurement filter used was 
ANSI 2-RC.  

Developed correlation given below fits all of the 
79 surfaces consisting AISI 304 stainless steel, mild 
steel, aluminium and copper.  

The following correlations are deduced from 
Figures 1, 2 and 3 for 0.75 < Rq < 10. 

 
0412.08087.0 � RqRa   (1) 

1112.0)ln(0969.0 � ' Rqq        (2) 
8997.03619.3 RqRp    (3)     (3) 

 
It can be easily proved that, for Gaussian surfaces,

RqRa 8.0# . An examination of Eq (1) indicates that, 
for bead blasting of surfaces, the distribution of surface 
heights was invariably Gaussian.   

 

 Figure 1 Average roughness vs RMS roughness. 
 

 Figure 2 RMS slope vs RMS roughness. 
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 Figure 3 Peak height vs RMS roughness. 
 

 Figure 4 Comparison of results for Rp. 
 

4.1 Variation of Slope 

It is also seen that the relationship between the 
roughness and the slope is non-linear.  

 
4.2 Variation of Peak Height 

Equation (4) correlates the peak-height with the 
rms roughness. It is instructive to compare the present 
data with a second set of thirty surface measurements of 
AISI 304 stainless steel with different surface finishes 
that had been prepared by the authors in connection 
with evaluating gap conductance in contact heat 
transfer. The specimens were all machined from a single 
rod. This ensured that they all had the same mechanical 
and thermal properties. In this case, the measurements 
were made with a Talysurf 4 Surface Analyser, the 
correlation between the peak-height and the rms 
roughness was deduced Figure 4. 
 

8455.06199.3 RqRp u  (4) 
 
The simplicity between correlation (3) and (4) is indeed 
remarkable when we see that (a) the specimens were 
made of different material and, (b) the measuring 
equipment were different. This confirms the 
repeatability of Rq and Rp measurements for surface 
produced by similar processes.  
 
4.3 Effect of Cut off Length 

Seven specimens were randomly selected, 
consisting of stainless steel, mild steel, aluminium and 

copper, and each of them having different surface 
preparations were scanned using different cut-off 
lengths and are listed in It was found that rms slope is 
nearly constant whereas RMS roughness height has 
increased for higher cut-off length. For fine surfaces, the 
effect of increasing the cut-off length is not significant. 
For example for ss67 Rq increases from 0.81 to 0.85Pm, 
an increase of just 5%, when the cut-off length was 
changed from 0.8mm to 2.5 mm. However, for a 
rougher surface, such as ss26, Rq has increased from 
10.6 to 12.52 Pm, representing an increase of 18%. This 
emphasizes that rougher surfaces are sensitive to cut-off 
lengths. This could be attributed to the fact that 
roughness is dependent on high-pass cut-off, whereas 
slope is independent of it. 

 
5. CONCLUSIONS 

Surface characteristics of 79 surfaces of four 
different materials were studied experimentally. The 
surfaces had been produced by a number of different 
blasting methods to give a wide range of surface 
roughness (0.69 to 10.79 Pm). Three to seven traces 
were made on each specimen at various positions of the 
specimen. It was found that profile height distributions 
were Gaussian. Simple correlations for CLA roughness, 
the slope and the peak height as function of rms 
roughness were also developed. The results agreed with 
the published results of previous workers [3], [4]. 
Measurements on specimens made from different 
materials and using different measuring equipment 
indicated that the results are repeatable reasonably 
accurately. Analysis was also carried out to find the 
effect of cut-off length on roughness parameters. It was 
confirmed that surface roughness parameters are not 
intrinsic properties of the surface, but depend on the cut-
off length. 
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ABSTRACT – High speed, large sample analysis of 
optics and steep sided rough surfaces are all areas of 
increasing interest in both research and production 
environments. New designs of components and materials 
are finding new applications in the microelectronics, 
optics and automotive industries and their metrology is 
becoming increasingly important. The paper will cover 
details of the challenges the above measurements and 
also some possible solutions. 
  
1. INTRODUCTION 

In the last 5 years improvements in hardware and 
software have expanded the measurement possibilities of 
non-contact metrology. High speed, large sample 
scanning, and steep sided rough surfaces are now all 
possible. Also correlation between traditional 2D stylus 
techniques and modern 3D interferometry techniques is 
an important consideration.  

LuphoScan enables high speed form measurements 
of aspheres, spheres, flats and some freeform 
components. The scanning process is accomplished by 
means of an MWLI point sensor (MWLI–multi-
wavelength interferometer) and four precision stages. 
The MWLI point sensor continuously measures the 
distance to the object surface under test. Objects are 
rotated by means of a 360 degree rotary stage (C), while 
the position of the sensor is controlled by 2 linear stages 
(enabling horizontal (R) and vertical (Z) movements) and 
1 rotary stage (T). In standard operation mode the sensor 
is presented normal and equidistant to the surface. It is 
controlled to follow the profile of an ideal counterpart of 
the specimen. During a measurement the C stage rotates 
the object and the other stages move the probe so as to 
perform a spiral scan over the whole surface. The 
resultant point cloud reveals shape deviations and defects 
of the object surface. Key benefits of the systems include 
fast measurement speeds, high flexibility with regard to 
uncommon surface shapes (e.g. flat apexes or profiles 
with points of inflection), and maximum object diameters 
up to 420 mm. Due to the employed MWLI® sensor 
technology various different surface types such as 
transparent materials, metal parts, and ground surfaces 
can be scanned. 

Coherence Correlation Interferometry (CCI) [1] is a 
scanning coherence interferometry (SCI) technique 
combining a coherence correlation algorithm with a high-
resolution digital camera to generate a three-dimensional 

representation of a structure. The technique involves 
scanning in the z direction through the surface and then 
processing the information to transform the data into a 
quantitative three-dimensional image. It is capable of 
0.01nm vertical resolution and <500 nm lateral resolution 
where the lateral resolution is determined by the 
wavelength of light and the NA of the objective lens. The 
data can then be used to generate a wide variety of 
accurate quantitative parameters such as step height, 
form, wear volume, roughness lateral positioning and a 
variety of other metrology applications. Recently, the 
technique has been extended to measurements of thin 
film thickness from semi-transparent thin films [2,3]. The 
CCI algorithm is capable of measuring a wide of different 
surface finishes from the very rough to the very smooth 
giving it an unrivalled capability. This is critical for 
accurate control of different surface finishes  

The advantages of CCI over other metrology 
techniques are that it is fast, non-contacting, (and hence 
non-destructive) and it takes its data from a relatively 
large and hence more representative area. 

 
2. RESULTS  

2.1  Large Optic Non-Contact Measurement  
The LuphoScan system is capable of measuring 

complex surfaces such as gull wing shapes (Figure 1). 
The size and shape of the part means that it is almost 
impossible to measure in a reasonable time using non-
contact techniques. 

 

 
Figure 1 Measurement of a gull wing object. 
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The speed and accuracy of the system can be 
demonstrated by looking at the measurement of a 210 
mm plane mirror (Figure 2). The peak to valley 
repeatability is +/-6 nm and the peak to valley 
reproducibility is =/-10nm. The overall time for 
measuring the form of the 210 mm diameter mirror is 8 
minutes and 9 seconds. 
 

 
Figure 2 Deviation from flat of a plane mirror.  
 

 
2.2 Measurement of Steep Slopes Using Traditional 

Interferometry  

One of the limitations of traditional scanning 
interferometers such as the CCI has been the maximum 
angle that can be measured. The maximum angle of a 
specular surface that can be measured is dependent on a 
number of factors including numerical aperture of the 
interferometric lens used. The larger the field of view, the 
lower its numerical aperture will be and therefore the 
shallower the angle that can be measured. Where the 
angle is too steep, light reflected from surfaces is not 
collected by the optical system, making measurement 
impossible.  

With improvements in instrumentation it has 
become possible to collect scattered light from rough 
surfaces so while it is still impossible to measure specular 
surfaces at steep angles, getting information from 
rougher surfaces in now possible and indeed recent 
developments in processing algorithms now enables the 
measurement of some steep surfaces with almost no data 
loss. Measuring the form (angle, radius, cone angle etc.) 
and wear of the rough surfaces is now possible as shown 
in Figure 3 where both the 2D contact and 3D CCI 
measurement data (5x lens) are shown. 

Table 1 shows the difference in the cone angles 
between the two measurement techniques. 

 
Table 1 Difference in angle measurement between 2D 

stylus and 3D CCI measurement. 
Sample Difference 
120 degree internal cone angle 0.014 degree 
90 degree internal cone angle 0.021 degree 

 
 
 
 

2.3 Correlation between 2D Stylus and 3D CCI 
Measurements  

As more and more metrology is carried out using 
non-contact 3D techniques, the need to be able to 
compare 2D stylus and 3D data becomes more important. 
Correlation between the 2 techniques can be 
demonstrated as long as the correct measurement and 
analysis parameters are selected.  

 

 
Figure 3 2D and 3D cone analysis. 

 

 
Figure 4 Correlations between contact and non-contact 

metrology. 
 

3. CONCLUSIONS  

Modern developments in metrology are expanding 
the types of sample it is possible to measure. High speed 
large area and steep slope measurement offer the 
possibility of improved process control and better 
understanding of the components. Careful selection of 
the measurement and analysis parameters can be used to 
correlate 2D and 3D measurements. 
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ABSTRACT – Binary, ternary and composite coatings 
were prepared by using alkaline based electroless bath 
on low carbon steel substrate. Nickel sulphate, copper 
sulfate, nano copper oxide was used as nickel, copper 
and nano copper particle sources, respectively. The 
deposits were characterized using SEM, XRD and EDS. 
SEM micrograph reveals the presence of proper coating 
and nano particles in the composite coating. EDS 
measurements showed that the phosphorus content in 
the deposit varied, due to the presence of copper. 
Zwitterionic surfactant was added into the electrolyte to 
increase the deposition rate and disperse nano particle 
effectively during coating. The wear resistance and 
friction behavior of all the coated substrates were 
investigated using pin on disc machine. The composite 
Ni-P-Cu-CuO coating exhibited better wear resistance 
than other binary and ternary coating in protecting the 
mild steel substrate. 
 
1. INTRODUCTION 

 Variety of routines were found to deposit the 
protecting  layer like paint coating, galvanization, 
chemical vapour deposition, physical vapour deposition, 
chrome plating, electroplating and electroless plating. 
Among these, electroless plating may be a guaranteeing 
in numerous commercial enterprises with novel 
attributes like corrosive resistance, uniform deposits and 
wear resistance. From the observations in the literature 
survey [1-6], there were no relevant research data 
reported on the electroless coating of Ni-P-CuO and Ni-
P-Cu-CuO deposits on low carbon steel substrate, which 
is worthwhile attempt in our present investigation. Till 
now, the effect of zwitterionic surfactant (C14SB) to 
disperse the nano particles in electroless coating has not 
been studied.  

This present research work focuses on 
development of deposits with zwitterionic surfactant 
and nano copper oxide, which may be referred as a 
comparatively new finding in the electroless coating 
process. The newly formulated deposits are analyzed for 
their morphology, structure, composition of metallic 
elements, surface roughness and friction and wear 
resistance. 

 
2. EXPERIMENTAL DETAILS 

The substrates of mild steel disc were prepared to 
the size of 20mm diameter and 7mm thickness. The 
machined substrates were mechanically polished by 
surface grinding followed by disc polishing. Before 

coating process, pretreatment was done to evacuate the 
impurities and to activate the substrate surface. Three 
steps are concerned in pretreatment process (i) 
degreased by using acetone for 3min. (ii) cleaned with 
ethanol for 3 min. and (iii) dipped in 20% H2SO4 
solution for 30 s. Once every stage, the substrates were 
rinsed in deionised water. Finally, it was placed into the 
electroless solution for coating on the substrate. 
Analytical grade chemicals of nickel sulphate, sodium 
hypophosphite, sodium citrate, ammonium acetate were 
used as source of nickel, reducing agent, complexing 
agent and buffering agent respectively. Zwitterionic 
surfactant namely 3-(n,n di-methyl myristylammonio) 
propane sulphonate (C14-SB) and Copper oxide nano 
particle(<50nm particle size) were procured from Sigma 
Aldrich. pH of the electrolyte is maintained at 8 by 
adding liquid ammonia solution. Electroless coating was 
carried out in a 250 ml glass beaker at 85°C for 1 hr. 
During co-deposition of nano copper oxide, the 
electrolyte was stirred magnetically to maintain the 
suspension of nano particle throughout the process. The 
specimens were rinsed with deionised water for 5 s, 
dried and preserved for further testing. The procedure to 
estimate the deposition rate of coated substrates is given 
in previous publication of Sudagar et al.[4] The surface 
morphology of the deposits were observed using 
scanning electron microscope (SEM) with voltage of 15 
kV (Hitachi, Model: S-3400N), and an energy 
dispersive X-ray analysis (EDS) attachment was used 
for element identification. The structure of deposits was 
characterized using X-ray diffraction (XRD), Rigaku 
Ultima IV X-ray diffractometer with Cu anode. 
Retractable type surface roughness measurement tester 
(model: SJ-210) was used for analysis. The evolution 
profile was recorded in computer using Surftest SJ USB 
Communication Tool software (Version 5.006). 
 
3. RESULTS AND DISCUSSION 

 The effects of CuSO4.5H2O (1.5 g/L) presence in 
the plating solution on the deposition rate are shown in 
Figure 1. As per DIN 50988 standards, the deposition 
rate of Ni-P matrix is (34.38) measured. The co-
deposition of Cu in Ni-P matrix reduces the deposition 
rate from 34.38µm/h to 24.89 µm/h. Further addition of 
copper nano particle in Ni-P-Cu diminishes the 
deposition from 24.89 to 18.97 µm/h. It is reported from 
the present study that addition of copper sulfate reduces 
the deposition rate. This trend matches with earlier data 
of Liu and Zhao [6]. Till now the deposition rate of 
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composite coating was not reported by researchers from 
our observation. The deposition rate of composite 
coating without surfactant was measured; it varies 
between 10±2 µm/h for the same chemical composition 
except surfactant concentration. But after addition of 
zwitterionic surfactant into the bath, it increases the 
deposition rate to 20±4 µm/h. The mechanism to 
improve the coating thickness after adding C14-SB 
surfactant was reported, it double the deposition rate of 
Ni-P binary coating. A monomer layer was formed by 
added zwitterionic surfactant, which comprises of 
positive and negative head. Negative head of the 
surfactant monomer attracts more metallic nickel 
particles and pulled all the metal particles towards the 
substrate. Nickel deposit is also facilitated with 
repulsive force from the positive head of surfactant, 
which restrict the nickel particle to cross the monomer 
layer. This surfactant allows the nickel particle to coat 
only on the substrate surface prompting to enhance the 
coating thickness on the substrate. 
 

 
Figure 1 Deposition rate of the deposits. (a) Ni-P  

(b) Ni-P-Cu (c) Ni-P-CuO (d) Ni-P-Cu-CuO. 
 

 The average surface roughness (Ra) of the deposits 
was measured and the evolution profiles are portrayed 
in fig. 4. High Ra value was obtained on Ni-P deposit 
(2.29µm) due to the presence of high nickel content 
(92.3 wt. %). These values follow an analogous trend 
reported by earlier researchers Elansezhian et al. [7]. 
The Ra values of Ni-P-Cu, Ni-P-CuO, Ni-P-Cu-CuO are 
1.512, 1.956 and 1.510 µm respectively. From 
perception through SEM micrograph, the roughness of 
the deposit decreased with the co-deposition of copper. 
Introduction of copper in the deposit appears to stifle 
the development of the nodules by inhibiting further 
development. This could be the principle reason for 
getting very smooth deposits of ternary Ni-P-Cu and 
quaternary Ni-P-Cu-CuO. Incorporation of nano copper 
oxide in the Ni–P deposit has resulted in more nodular 
and rough deposit having roughness of 1.956 µm. 
 

 
 

 
Figure 2 Evaluation profile of electroless coated 

deposits for roughness measurement. 
 

4. CONCLUSION 

The electroless coating with co-deposition of 
copper and copper nano particles are obtained using 
electroless coating process. The C14-SB surfactant 
improved the deposition rate of composite coating and 
helped to disperse the nano particle effectively for 
distribution over the substrate. Ra value of the deposit 
decreased after addition of copper into the Ni-P matrix. 
The nano copper particles have some influence in 
improving wear of the coatings. Due to insufficient page, 
wear behavior of the substrates will be discussed in full 
paper. 
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ABSTRACT – This paper presents an experimental 
work to determine the effect of oil groove location on 
viscosity profiles in hydrodynamic lubrication around a 
journal bearing. The journal bearing test rig was used in 
this study to characterize the profiles.  A journal of 
100mm diameter with a length-to-diameter ratio of 0.5 
was used. Measurement of the film viscosity profiles 
around a journal bearing is based on the ultrasonic 
reflection technique. The single oil supply groove was 
set at -300, -150, 00, 150, 300 and 450 positions. 
 
1. INTRODUCTION 

Film thickness and viscosity an important physical 
properties in machine element lubrication. In the case of 
journal bearing, varying the speed and loads tends to 
change these two properties to some extents. A single 
groove for plain journal bearing is common in industrial 
applications. The groove is used to distribute oil over 
the length of journal and improve the temperature field. 
Oil enters the groove through an oil supply hole and 
flows either by gravity or under pressure. The oil supply 
conditions (pressure, temperature, groove dimensions 
and location) influence the flow rate (ref). Theoretically, 
changing operating conditions will affect the oil 
temperature inside the bearing. When the temperature 
changes, viscosity tends to follow and subsequently the 
film thickness get affected. 

Previous study by authors on the effects of oil inlet 
pressure and groove location were reported somewhere 
else [1-3]. In the present study, extended experimental 
work has been conducted to determine the effect of oil 
groove location on viscosity profile in hydrodynamic 
lubrication around a journal bearing. Measurement of 
the viscosity profiles around a journal bearing is based 
on the ultrasonic reflection technique as described in 
earlier studies [4-7]. 

  
2. METHODOLOGY 

The journal bearing test rig used in this study to 
characterize the profile is shown in Figure 1. A journal 
of 100mm diameter with a length-to-diameter ratio of 
half was used. The journal was modified by preparing 
holes on the journal. The purpose built longitudinal and 
shear transducer assemblies [4,7] were then fixed by 
pressing them into the holes (Figure 2). The protruding 

part of the Perspex plug (for shear waves) were 
machined in order to follow the contour of the journal. 

   

 
Figure 1 Journal bearing test rig. 

 

 
Figure 2 A purpose built longitudinal transducer placed 

into the shaft. 
 
The journal was then mounted horizontally into 

the bearing. A pneumatic bellow was used to apply the 
required load. The maximum speed of the journal test 
rig is 1000 rpm. The speed used for testing was 300, 500 
and 800 rpm. 

A Single groove of 40mm in length, 10mm in 
width and 5mm in depth were used in this study. During 
tests, the journal bearing was run at different loads (10 
and 20 kN). In this study, the single oil supply groove 
was set at -300, -150, 00, 150, 300 and 450 in positions. 

 Purpose built transducer 
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Details of test bearing dimensions, lubricant properties 
and operating parameters are given in Table 1. 

 
Table 1 Dimensions of test bearing, lubricant properties, 

operating parameters and sensor specification. 
Parameter Values 
Journal Diameter, D 100 mm 
Bearing Length, L 50 mm 
Radial Clearance, c 52 µm 
Load Applied, W 10 and 20kN 
Journal Speed, 300 – 800 rpm 
Lubricant Type 
Lubricant viscosity 
 

Shell Tellus S2 M 
68 cSt @ 400C 
8.8 cSt @ 1000C 

Pressure Sensor  
Model MEAS (M5156) 
Range 10 Mpa 
Accuracy 0.001 ± 1% Mpa 
Temperature Sensor  
Model PT 100 
Range 0 – 100 0C 

Accuracy ± 1% measured 
temperature 

 
3. RESULTS AND DISCUSSION 

The corresponding reflection coefficient data for 
different speeds were obtained and plotted in Figure 3. 
Figure 3 represent reflection coefficient at speed of 300 
rpm. A repeating pattern was very clear. A single pattern 
represents a profile from one revolution of the journal. 
For the case of 300 rpm, 1000 segments with 502 points 
per waveform were obtained for reflection coefficient 
data points in single pattern.   

 

 
Figure 3 The reflection coefficient of the 2000 signal 

segments at 300 rpm. 
 

A block of 2000 signal segments in the time 
domain was recorded with the journal running at 300 
rpm for 10kN load in the cases of different groove 
locations. After the measurement was completed, the 
2000 segments data were transferred to a computer for 
post processing. Each segment was extracted and 
reflection coefficient determined. The corresponding 
reflection coefficient data after FFT were obtained and 
plotted as shown in Figure 4. 

 
Figure 4 Reflection coefficient of 2000 signal segments 

at 0o groove locations. 
 
4. CONCLUSIONS 

Measurement of viscosity profiles by shear wave 
ultrasonic shows the similarity to temperature profiles 
trends. As temperature change the viscosity tend to 
change. In conclusion, this experimental works shows 
that the inlet groove locations did affect the oil 
behaviour in hydrodynamic lubrications. 
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ABSTRACT – Polymeric material is one of the best 
materials that are being used in many applications. This 
is owing to their excellent properties such as low density, 
good mechanical and good chemical resistance. The 
main objective of this research is to evaluate the effect 
of nanoclay on wear properties of epoxy polymer and 
fibre reinforced composites. The main materials used in 
this study were high temperature epoxy, hardener and 
nanoclay. While, woven fiberglass was used as fiber 
reinforcement in advanced fibre reinforced polymer 
(FRP) composite. The nanocomposites were fabricated 
using shear mixing system. The testing involved were 
dry sliding and slurry tests. The results showed that 
wear properties of pure epoxy system were enhanced 
when the weight fraction of nanoclay in the system 
reached up to certain weight percentage. Epoxy system 
with 3 wt% of nanoclay has higher wear properties 
when compared to pure, 1 wt% and 5 wt% of nanoclay 
in epoxy systems.  
 
1. INTRODUCTION 

Epoxy resins are advanced adhesive and versatile 
materials that can react with a variety of substrates. 
Some of the superiority properties of epoxy resins are 
excellent corrosion resistance, chemical and heat 
resistance, good in thermal and mechanical properties, 
high adhesion strength to various substrate, high electric 
insulation properties, excellent impact resistance, and 
low shrinkage during curing process and it can be 
processed in many conditions [1]. Callister [2] reported 
that the addition of nanofillers could further improve the 
properties of polymers. Although the effect of 
nanofillers on mechanical properties of polymers has 
extensively been studied by a number of researchers, the 
information on wear and tribological properties still lack 
and need to be studied. In previous researches, Lam and 
Lau [3] reported that the wear properties of 
nanocomposite were increased with increasing nanoclay 
content of up to 4wt%. Jawahar and co-workers [4] 
found the least coefficient of friction and highest wear 
resistance of nanocomposite with a clay content of 3 
wt%. The results from their observation showed that the 
specific wear rates decreased when organoclay was 
added into the polymer system. In this project, the effect 
of nanoclay on wear properties of epoxy polymer and 
fibre reinforced composites is evaluated.  

 
2. EXPERIMENT SETUP 

In this project, Miracast 1517 epoxy supplied by 
Miracon (M) Sdn. Bhd. was used as resin system and 

nanoclay I.30E supplied by Sigma-Aldrich (M) Sdn. 
Bhd. was used as nanofiller. For the sample of pure 
epoxy resin, Miracast 1517 polymer was cured by 
Miracast 1517 hardener with ratio of 100:30. Then, the 
mixture was cured for 24 hours in room temperature. 
For advance FRP composite in this project, pure epoxy 
resin was applied on the woven fiberglass and these 
GFRP samples were produced using a vacuum bagging 
system. 1 wt.%, 3wt.% and 5 wt.% of nanoclay in epoxy 
samples were fabricated using high shear mixing 
process as shown in Figure 1. The mixtures were milled 
at 60 °C temperature and a speed of 12 m/s. 

 

 
Figure 1 Fabrication of specimen. 

 
Table 1 Operational parameters for dry sliding test. 

Parameters  Experimental Conditions  
Contact geometry  Cylinder on flat 
Type of motion Unidirectional sliding 
Applied load 20 N 
Sliding speed 267 rpm 

Sliding distance 10000 m at interval 2000 m 
 

Table 2 Operational parameters for slurry test. 
Parameters  Experimental Conditions  

Type of motion  Unidirectional sliding 
Type of sand  Medium size (0.2 mm – 0.63 mm) 
Sliding speed  267 rpm 
Sliding time 20 hours at interval 4 hours  

Sliding distance 10000 m at interval 2000 m 
 

The specimens were tested using Abrasion 
Resistance Tester and Slurry Erosion Tester to evaluate 
the mass loss vs. distance of two different systems (a) 
epoxy polymer with and without nanoclay (b) Glass 
fibre reinforced polymer (GFRP) composite with and 
without nanoclay. Table 1 shows the summary of the 
operational condition for dry sliding test and Table 2 
shows the operational parameters for slurry test. 
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3. RESULTS AND DISCUSSION 

Mass loss over distance of the polymer 
nanocomposite and advanced GFRP nanocomposite 
were obtained from dry sliding test as shown in Figure 2 
(a) and (b). 

 

 

 
Figure 2 Mass loss vs. distance in dry sliding test of two 
different systems (a) epoxy polymer with and without 

nanoclay (b) GFRP composite with and without 
nanoclay. 

  
 

 

 
Figure 3 Mass loss vs. distance in slurry test of two 

different systems (a) epoxy polymer with and without 
nanoclay (b) GFRP composite with and without 

nanoclay. 
 
The results showed that, based on the graphs, the 

mass loss for both nanocomposite and advanced GFRP 

nanocomposites was increased as the distance travel 
increased. For polymer nanocomposite, pure polymer 
system has the highest mass loss after traveled for 
10000 m distance which was 0.74 g, whereas the lowest 
mass loss is at 3 wt.% of nanoclay filled epoxy polymer, 
which was 0.44 g. Pure GFRP composite recorded the 
highest mass loss after traveled for 10000 m which was 
3.8 g while 1.15 g of mass loss was recorded for 3 wt.% 
of nanoclay filled GFRP composite which was the 
lowest mass loss after traveled 10000 m. These results 
showed that the mass loss of advanced GFRP composite 
system was higher than polymer nanocomposite due to 
the presence of high density continuous glass fibre in 
the polymer system. Figure 3 (a) and (b) show the 
results of mass loss over distance of the polymer 
nanocomposite and GFRP composite that were obtained 
based on slurry test. A similar pattern of results was 
obtained where the mass loss for both polymer and 
GFRP composite systems was increased as the distance 
travel increased. 

 
4. CONCLUSIONS 

The mass loss of both polymer and GFRP 
composite systems were obtained using dry sliding and 
slurry tests. For dry sliding test, the addition of nanoclay 
in epoxy polymer up to 3 wt% enhanced wear properties 
of polymer and GFRP composite. Further addition of 
nanoclay reduced the wear properties of the system. 
This may be due to the agglomeration of nanoclay 
particle in the system at high nanoclay content. For 
slurry test, the addition of 5 wt% nanoclay into epoxy 
polymer enhanced wear properties of both polymer and 
GFRP composite systems.  
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ABSTRACT – In this work, the response of sound 
pressure and cutting force during machining of Hybrid 
aluminium composite alloy was investigated to predict 
the condition of multipoint cutting tool. The machining 
process is carried out for fresh, working and dull tool 
with optimum parameters. During machining, the sound 
pressure and cutting force are measured using 
microphone and Milling tool dynamometer. The 
response from sensors during machining process was 
acquired with NI USB 6221 DAQ card and monitored 
using LabVIEW. The acquired signals are fused 
together and the fused data given as input to the fuzzy 
inference system and the output of which is used to 
assess the condition of the tool.  
 
1. INTRODUCTION 

 The main aim of the industries is to produce parts 
with low cost and high quality in very short period of 
time. The prediction of tool life and tool changing 
strategies are based on most conventional estimates of 
tool life from the past tool wear data. Tool condition 
monitoring is essential to get a superior quality product. 
Tool flank wear is the most important parameter that 
influences the production performances [1]. Various 
methods employed for monitoring the condition of the 
tool was explained previously [2]. The condition 
monitoring techniques will be directly useful to the 
manufacturing industries. The cutting force has the 
direct influence on the generation of heat, tool wear, 
durability and quality of the machined surface, and 
sometimes causes shocking or even damages the tool 
and machine parts[3]. The cutting force, sound pressure 
and vibration signals has been used with fuzzy inference 
system[4]. The flank wear was indirectly estimated with 
various features like cutting force, spindle vibration, 
spindle current and sound pressure signals extracted 
from the machining zone [5]. The design of effective 
multi sensor based tool condition monitoring was 
studied [6] and its consequences are reported. The flank 
wear was predicted with Ls-SVM using feed cutting 
force, estimated from feed motor current and sound 
signal [7]. This paper discusses the monitoring the 
condition of the tool using cutting force and sound 
pressure data. The condition of the tool is estimated 
using Adaptive Neuro Fuzzy Inference System. 
 
2. METHODOLOGY 

Aluminium alloy hybrid metal matrix composite 
(7075 T6 85%, TiC 7.5 % and SiC 7.5%) is fabricated 

through two step stir casting technique. The fabricated 
materials is machined with fresh (0 mm wear), working 
(0.2 mm wear) and dull (>0.3 mm wear) tool. The sound 
pressure and cutting force are acquired from the cutting 
zone with the aid of NI USB 6221 DAQ card and stored 
in the computer. The acquired signals are fused together 
and the condition of the tool is estimated with 
MATLAB – FIS. Figure 1 shows the experimental setup 
with sensor attachments. 

 

 
Figure 1 Experimental setup. 

 
3. RESULTS AND DISCUSSION 

Initially the free run is carried out for analyzing 
the influence of surrounding noise. The optimal 
parameter used in this work was spindle speed of 2000 
rpm, feed rate of 0.08 mm/rev and depth of cut of 1 mm. 
The resulting sound signal is used as reference signal 
and further machining process was carried out with 
fresh, working and dull tool. From the reference signal 
the influence of surrounding noise was eliminated and 
the actual signal was used for further analysis. During 
the machining process, the sound pressure signal from 
the microphone was increased with the increase of flank 
wear. The sound pressure response for different tools is 
shown in Figure 2. It clearly indicates that wear is 
proportional to sound pressure. 

The response of microphone for first 10 sets of 
experiments conducted with fresh (new) tool produces 
sound pressure around 0.0004pa. Next 10 set of 
experiments were conducted with the working tool and 
the microphone produces sound pressure in the range of 
0.0005pa to 0.0008pa due to increase in wear of the 
tool. Next 10 set of experiments conducted with dull 
tool produces sound pressure around 0.0009pa. From 
the microphone response, it was observed that the dull 
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tool produces more sound pressure compared to other 
tools. 

 

 
Figure 2 Response of Microphone for various tools. 

 
The cutting force measured from dynamometer for 

different tools were shown in Figure 3. The cutting 
force for first 10 sets of experiments conducted with 
fresh tool was in between 10.7-11N, 4-4.8N and 54.5-
61.6N in Fx, Fy, and Fz directions respectively. For the 
working tool, the cutting force varied from 12.6-18.4N, 
5-7.4N and 62.5-73.6N for Fx, Fy, and Fz directions 
respectively due to increase in wear of the tool [4]. For 
the dull tool, the cutting force varied from 21.2-36.6N, 
8.9-36.7N and 75.8-86.8N in Fx, Fy, and Fz directions 
respectively. The cutting force observations show that 
dull tool requires more cutting force.  

 

 
Figure 3 Cutting force signals for various tools. 

 
From the response of sound pressure and the 

cutting force, the condition of the tool can be estimated. 
For fuzzy modeling, the sound pressure and cutting 
force was used as input parameter. The condition of the 
tool was the output parameter. For output linguistic 
variables range was fixed on wear value. For input and 
output, triangular membership functions were used. If – 
then rules were framed based on the experimental 
results. The output linguistic variables used were given 
in table 1.  

 
Table 1 Output linguistic variable. 

Sl. No Output Tool Condition 
1. <0.15 Fresh tool 
2. 0.15<0.25 Working tool 
3. >0.25 Dull tool 
 
 

4. CONCLUSION 

This experimental work had focused on the 
prediction of tool condition in CNC milling machine 
using sensor fusion model by measuring the cutting 
force and sound pressure during machining of hybrid 
aluminium alloy using milling dynamometer and 
microphone. Finally, the condition of the tool was 
predicted using fuzzy model. If the output level was less 
than 0.15, the tool condition was considered as fresh 
tool. If the output lies between 0.15 to 0.25, the tool was 
considered as working tool. When the value exceeds 
0.25, it indicates that the tool condition becomes dull 
and the tool had to be replaced for further cutting 
process. When it reaches the maximum threshold value 
the tool had to be replaced.  This system enables the 
monitoring of the cutting process with high reliability. 
Fuzzy model can estimate the tool wear progress very 
quickly and accurately, once the maximum cutting 
forces and sound pressure for particular work piece and 
tool were known. 
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ABSTRACT – The ability to separate the bearing 
surfaces from being contact is required in order to avoid 
from collapsed. Ultrasound has been developed as a 
technique to determine the thickness of lubricant films. 
Using quasi-static theoretical model, reflection response 
from an oil film are determined. In this study, the effect 
of TiO2 nanoparticles on bio-lubricant film-thickness 
were investigated. The ultrasonic equipment was used to 
determine reflection coefficient and subsequently 
investigate the corresponding film thickness. Based on 
the results, it was found that corn oil have better film 
thickness compared to the canola oil. A difference of 
13.7%  reduction in the film thickness between corn oil 
and canola oil was recorded. 
 
1. INTRODUCTION 

 Fluid film lubrication is necessary in order to 
separate the bearing surfaces from being contact. The 
consequence of film failure is due to insufficient 
thickness of fluid film to provide smooth moving 
surfaces that may lead to friction and wear process. In the 
industry application, monitoring and inspection have 
achieved by the measurement of operating temperature, 
signals from vibration or acoustic emission. However, 
this method only measured the effect of an already 
partially ruined bearing. The common failure phenomena 
of bearing during elevated temperature caused by contact 
between bearing surfaces, followed by fluid film no 
longer entrained as effectively, surface cracks, machine 
vibrate and finally the bearing no longer prolonged [1]. 

The measurement of film- thickness of lubricant 
provides a quantitative technique on prediction of the 
performance of bearing, before actual bearing is 
collapsed [1]. There are some typical methods accessible 
for the lubricant film-thickness measurement such as 
resistance [2] and capacitance methods [3, 4]. In 
comparison with the method mentioned above, the 
ultrasound method [5, 6] is used to determine the film 
thickness in this experiment. 

Some researchers have used reflection coefficient 
measurement from ultrasonic pulse to characterize the 
properties of lubricant films in journal bearing and pad- 
thrust bearing [7 – 8].    

There are some approaches to calculate lubricant- 
film thickness using reflected signals: time of flight 
(TOF), the resonant-layer model and spring- layer model. 

Assuming that the media have identical acoustic 
properties and the wave is normally incident, the film 
thickness can be measure using quasistatic spring model 
[8, 9]. This assumptions leads to following equations 
relating film thickness to the amplitude of the reflection 
coefficient as a function of frequency, |𝑅(𝑓| : 

                    ℎ = 𝜌𝑐2

𝜋𝑓𝑧
√ 𝑅(𝑓)2

1−𝑅(𝑓)2                             (1) 

 
where 𝜌 is the density of the lubricant, and 𝑧 is the 
acoustic impedance of the media surrounding the 
lubricant film. It is not possible to measure the reflection 
coefficient directly as the input amplitude. Hence, the 
measurement proceeds by comparing signal reflected 
from the interface to a known reference interface: 

                            𝑅(𝑓) =
𝐴𝑚 (𝑓)
𝐴𝑟𝑒𝑓(𝑓)

𝑅𝑟𝑒𝑓                            (2) 

 
where 𝐴𝑚 (𝑓) is the amplitude of the signal reflected 
from the layer, 𝐴𝑟𝑒𝑓(𝑓) is the amplitude of the reference 
signal  and 𝑅𝑟𝑒𝑓 is the reflection coefficient of the 
reference interface. The reflection coefficient from 
equation (2) could be used in equation (1) to determine 
the lubricant film thickness assuming all material 
constants and acoustic properties are known. 
 
2. BIOLUBRICANT WITH NANOPARTICLE 

ADDITIVE 

 The conventional lubricants nowadays are related to 
environmental and toxicity problem. Numerous 
researches have been done on development of 
environmental friendly lubricants due to their high cost 
and poor biodegradability. Besides that, environmental 
legislation discourages the use of mineral-oil based 
lubricant and environmental-harmful additives. Hence, 
there has been increasing demand for green lubricants 
and lubricant additive in recent years.  

Vegetable oils are good alternative resources 
because of their environmental friendly and non- toxic 
such as rapeseed oil, canola oil and palm oil. In order to 
enhance the performance of vegetable oils, additive plays 
a major contribution to the performance of lubricants 
especially nanoparticles additives. Several studies show 
that nanoparticles deposited at contact area and improve 
the tribological properties of the base oil. It also known 
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that nanoparticles exhibit good characteristics even at 
less than 2 wt% of concentrations [10]. 
 
3. APPARATUS AND MEASUREMENT 

 Figure 1 shows the ultrasound equipment deployed 
and the corresponding schematic diagram. A static oil 
film was created by sandwiching a drop of oil between 
two sheets of float perspex of 1cm in thickness each (as 
shown in figure 1). The oil drop was pressed into a circle 
between the two plates. In this experiment, two types of 
oils are used which is canola oil and corn oil. Each oil is 
added with titanium dioxide (TiO2) with different 
concentration from 0.1 wt% to 1.0 wt%. 
 

       
           Figure 1                                Figure 2 
 

 
Figure 3 

Figure 1 Types of bio-lubricant: canola oil and corn oil. 
Figure 2 Oil drop sandwiched between two sheets of 

Perspex. 
Figure 3 Titanium dioxide (TiO2) nanoparticles. 

 
 

          
Figure 1 Abrasion Resistance Tester and the schematic 

diagram 
 
4. RESULT AND DISCUSSION 

 The time-domain signals were converted to the 
frequency domain using an FFT to obtain the amplitude 
(shown in figure 4 and 5). The equation (2) was then used 
to calculate reflection coefficient for each percentage of 
concentration of titanium dioxide for different bio-
lubricant. The results for reflection coefficient at different 
concentration of titanium dioxide for different types of 

bio-lubricant are shown in Figure 6 and 7 respectively.   
 

 
Figure 4 Amplitude spectra of reflected pulses from 

series of static canola oil with TiO2 nanoparticles and 
the reference pulse (incident signal). 

 

 
Figure 5 Amplitude spectra of reflected pulses from 

series of static corn oil with TiO2 nanoparticles and the 
reference pulse (incident signal). 

 

 
Figure 6 Reflection coefficient at different concentration 

of titanium dioxide of different bio-lubricant. 
 

 
Figure 7 Film thickness at different concentration of   

titanium dioxide of different bio-lubricant. 
 
 In Figure 4 and 5, the amplitude of corn oil is much 
smaller than canola oil. Based on the results, it shows that 
increasing of concentration of additives may affect the 
amplitude. The amplitude of corn oil is smaller than 
canola oil by 9.30%.  
 Besides that, in Figure 6 and 7, as the concentration 
of TiO2 additive increases, the reflection coefficient 
become reduces. It shows that clearly the reflection 
coefficient will affect the film thickness. In comparison, 
corn oil has much smaller film thickness than canola oil. 
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The film thickness of corn oil is 13.7% reduction than 
canola oil. 
 
5. CONCLUSION 

 The fluid-film thickness using ultrasound method 
tests have been conducted to investigate the effect 
titanium dioxide (TiO2) nanoparticles on bio-lubricant. 
The results indicate that the reflection coefficient and 
film thickness for corn oil with TiO2 are lower compared 
to canola oil as concentration of TiO2 additives increases. 
The highest difference of reflection coefficient between 
corn oil and canola oil is 13.7% reduction. This 
preliminary study indicates that TiO2 additives has 
potential in reducing film thickness. 
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ABSTRACT – Ceramic fibre for water filter cartridge 
was designed to create alternative way to replace typical 
water filter with the aim to produce clear water. Ceramic 
fibre in this study was produced through sacrificial 
template method. This paper also studies the linear 
shrinkage, density and porosity of 50wt% solid loading 
of porcelain and distilled water with different amount 
solid loading. Banana pseudostem was immersed in 
ceramic slurry with solid loading ranging from 300g to 
500g.  
 
1. INTRODUCTION 

In this research ceramic fibre from banana 
pseudostem was used as template in sacrificial method. 
This ceramic fibre is designed to remove suspended 
matter from muddy water using sedimentation and 
filtration in order to produce clear water. 

 In sacrificial method [1], template of banana 
pseudostem will immerse in ceramic slurry followed by 
drying and sintering process. Different weight 
percentage of banana pseudostem was used to produce 
different pore sizes of ceramic. In previous study [1-3], 
sacrificial method was used because of its properties are 
high temperature stability, high resistance of chemical 
and high hardness. Ceramic fibre is also known as 
porous ceramic and open cell ceramic. Ceramic fibre 
possessed great potential properties including low 
density and low thermal conductivity. 

 In previous study [2], ceramic sponge from 
polyurethane (PU) was used as water filter cartridge. 
Different range of pore per inch (ppi) of PU sponge was 
used as template in sacrificial method. The ceramic 
sponge were arrange according to different pore sizes in 
water filter cartridge in order to replace the typical 
water filter. 

 The objective of this study is to develop an 
alternative way in producing ceramic fibre using 
sacrificial method by producing ceramic fibre using 
banana pseudostem with different amount of fibre. The 
ceramic fibre is then replacing the typical filter 
cartridge.   
  One of the most significant current discussions in 
environmental concern is usage of biodegradable 
material. Banana pseudostem is one element in ceramic 
fibre which is biodegradable material. Usage of organic 
material can increase awareness among people about 
environmental problem.  
 
2. METHODOLOGY 

 This chapter provides information about sacrificial 
method and equipment used in the experiment. 

 
Figure 1 Method to prepare ceramic fibre via sacrificial 

method. 
 
 From previous research [3], the procedure used in 

the  synthesis of  ceramic  foam  replication  method  
where  polymer  sponge that used are different size such 
as 20 ppi, 50 ppi, 80 ppi and 100 ppi and cut the sponge 
into pieces of about 30  – 60 mm. The preparation of 
ceramic slip, the ceramic powder should be mixed with 
the water according the accurate ratio. The coating was 
performed by immersing the sponge pieces in the slurry, 
squeezing them, and passing them through rollers preset 
at 80% impression to expel the excess slip. The solid 
content (based on the mixtures) was varied to produce 
ceramic slurries with densities of 1.1845, 1.2798, 
1.3567, 1.54332, 1.6543 and 1.7234 g/cm3, in a distilled 
water medium. The green body was dried 24 hours at 
room  temperature  and heated  at  1  at  1°C/min  to  
700°C,  and  then  a  further at 10°C/min to the final 
temperature (1800°C), which was held for 500 min to 
achieve sintering of the ceramic. The properties of the 
ceramic foam produced were characterized according to 
ASTMC 271-94 and the porosity was characterized 
using the Archimedes method. The density of ceramic 
slurry will increase when porosity of slurry decrease.  
The quality of ceramic foam is strongly influenced by 
the density of the slurry, as this reflects the degree of 
porosity [4] . 

 
Figure 2 Schematic illustration of sacrificial method. 
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3. RESULTS AND DISCUSSION 

 This chapter deliberates about the relationship 
between linear shrinkage, porosity and density of 
sintered ceramic fibre. 
 

 
Figure 3 Linear shrinkage (mm) changes with solid 

loading (g). 
 

 During sintering process, the ceramic fibre of 
banana pseudostem will shrink and became smaller. The 
measurement of ceramic fibre will reduced through this 
process. This happen because the ceramic take place of 
banana pseudostem which have been removed as the 
template. The percentage of 50wt% solid loading of 
porcelain and distilled water will affect the linear 
shrinkage of ceramic fiber [5]. 
 

 
Figure 4 Density (g/cm³) changes with solid loading (g). 
 
 The density of ceramic fibre decrease when the 
solid loading increases. 50wt% solid loading of 
porcelain and distilled water for different amount of 
solid loading will affect the density of ceramic fibre. 
The banana pseudostem is easy to coat with low 
viscosity of ceramic slurry. This is due to the sintered 
ceramic foam which was less percentage of porosity had 
more closed pore or more solid structure.  This implied 
that higher content of solid loading, the density 
increased. 
 

 
Figure 5 Porosity (%) changes with solid loading (g). 

The percentage of porosity plotted in figure 6 
clearly show amount of porosity increase with changes 
of 50wt% solid loading of porcelain and distilled water 
for different amount of solid loading. It is clearly stated 
that density of ceramic fibre decrease when porosity 
increase. The shrinkage during sintering process also 
affects the pore size of ceramic foam. This implied that 
higher content of solid loading, the porosity decreased. 
Porosity decreased means that the sintered ceramic 
foam had more open pores and bigger pore sizes. 
 
4. CONCLUSIONS 

 The present study was designed to develop the 
potentials of ceramic fibre from banana pseudostem to 
filtrate muddy water to get clean water via replication 
method. From this study, the ceramic fibre able to 
withstand at 1250˚C as optimum temperature for 
sintering process. This study indicates that the ceramic 
fibre able to produce clear water within acceptable 
ranging which is 60mg/L in TDS analysis and turbidity 
is 22.9NTU. More research is required to identify the 
lifetime of the ceramic fibre for water filter cartridge 
and to produce clean water from ceramic fibre water. 
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