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ABSTRACT – In this study, to clarify wear mechanism 
and role of carbon transferred layer on wear, ta-C 
coatings were subjected to friction tests under 200oC in 
air at different sliding cycles. The steady state friction 
coefficient of 0.02 was obtained after finishing a 
running-in cycles approximately 2,000 cycles. During 
the steady state, wear rate of ta-C decreased with 
increasing number of cycles. Such the decrease of wear 
rate was explained to form carbon transferred layer on 
the mating material during the running-in. The 
mechanism of those tribological properties was analysed 
by Raman spectroscopy and non-contact type 
microscopy. 
 
1. INTRODUCTION 

Diamond-Like Carbon (DLC) coatings are mixed 
structure of sp2 and sp3 bonded carbon atoms. DLC 
coating have been attracting attention due to a high 
hardness, high resistivity and low friction coefficient. 
These properties are promising for a wide range of 
applications such as wear resistance coatings for dry 
machining, engine components and cutting tools. 
However, these tribological properties of DLC coatings 
deteriorate rapidly under the high temperatures with 
generating frictional heat during contact [1]. Among the 
DLC series, non-hydrogenated tetrahedral amorphous 
carbon (ta-C) is an ideal candidate for tribological 
applications owing to good thermal properties from the 
higher sp3 bonding in its structure. 

The purpose of this study is to investigate the 
influence of formation of transfer layer on the friction 
and wear behavior which is able to help in designing 
wear resistance coatings applied at high temperature 
condition. And in this paper focused on tribological 
behavior of ta-C coated disk against Si3N4 ball 
experiments at high temperatures of 200oC. 
 
2. EXPERIMENTAL DETAILS 
2.1 Preparation of DLC coating 

The ta-C coatings investigated in this study were 
fabricated on Inconel disk of 20 mm diameter by using a 
Filtered Cathodic Vacuum Arc (FCVA) method. A 
chromium layer was deposited on the substrate as an 
interfacial layer between ta-C and substrate to promote 
adhesion properties. Pure graphite (99.999 %) was used 
as the cathode and the negative substrate bias of -100 V 
in a chamber was set to enhance the sp3 ratio in its 

structure, then the mechanical properties became high 
due to its high sp3 ratio.  

 
2.2 Coating characterization  

The friction coefficient and wear rate of ta-C 
coatings were confirmed by using a high-temperature 
ball-on-disk tribo-meter between a ta-C coating and a 
Si3N4 ball in a high temperature condition. These disks 
were heated to 200 ℃ with the infrared lamp, and the 
temperature of the specimens were maintained at a set 
value during the friction tests. After the friction test, the 
wear scar on the Si3N4 ball was observed by optical 
microscopy and analyzed by using Raman spectroscopy 
(Jasco NRS-1000), with 532 nm laser to confirm the 
presence of carbon transferred layer. Quantitative wear 
rates were determined by calculating the volume of the 
wear tracks from the non-contact type surface profiler 
(ZYGO).  

 
3. RESULTS AND DISCUSSION 

Understanding the role of the running-in behaviors 
and the mechanism of transfer layer formation on the 
mating material are important to optimize the design of 
ta-C coating and assure the thermal stability of ta-C 
coating. Figure 1 showed friction coefficient of the ta-C 
coatings fabricated with a substrate bias voltage of -100 
V at sliding cycles of 12,000 under temperature of 
200oC. In this experiment, ta-C coating exhibited a 
running-in cycles and then the steady state (μs=0.02) 
was reached after 2,000 cycles. The other result with a 
different number of cycles of 4,000, 8,000 and 12,000 
showed similar behavior that the running-in cycles was 
maintained up to 2,000 cycles and steady state was 
obtained as a result of 12,000 cycles.  

The two-dimensional cross section image of wear 
track of ta-C coating for 2,000, 4,000, 8,000 and 12,000 
cycles are shown in Figure 2. At 2,000 cycles, wear 
track of ta-C was considerable with apparent damage 
surface. Up to the 2,000 cycles, a fluctuation of COF 
was maintained with a higher wear. However, the depth 
of wear track became slightly deeper with an increase of 
cycles. A Specific wear rates can be calculated using the 
cross-sectional wear area with length of wear track and 
applied load. And the rate of the 4,000, 8,000 and 
12,000 cycles was calculated except to the wear 
occurred in 2,000 cycles to confirm the effect of the 
transferred layer on the ball. The ta-C film exhibited a 
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higher wear rate of 9.6x10-6 mm3/Nm at 2,000 cycles. 
However, wear rate started to be decreased to 6.0x10-7 
mm3/Nm at 4,000 cycles and then reached to the  
2.5x10-7 mm3/Nm at 12,000 cycles.  
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Figure 1 Friction coefficient of ta-C deposited at -100 V 
against the Si3N4 ball at 200oC. Tests were run for 
12,000 cycles using 1 N applied load at 200 rpm. 
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Figure 2 Cross-sectional image of wear track as a 
function of number of cycles. 

 
After the friction test, there were clearly noticeable 

wear scar on surface of the Si3N4 ball. Figure 3(a) shows 
the optical image of wear scar on the counterpart 
material in the contact area at 4,000 cycles. It is 
obviously seen that wear scars, partially covered by 
colourful layer, formed on the Si3N4 ball. And there was 
an accumulation of carbon debris in front of wear scar.  

The Raman spectra of black powder accumulated 
in front of the wear scar, colourful layer formed on the 
wear scar and polished surface was investigated by 
Visible Raman spectrometer, shown like Figure 3(b). 
The Raman spectra showed typical a characteristic of 
carbonaceous transferred layer in the black powder and 
colourful area. The appearance of D-band at 1350 cm-1 
in the Raman spectra on the black powder and colourful 
layer indicated an increase of sp2 bonds with a change in 
the bonding structure of the surface of ta-C and 
attributed to the sliding induced graphitization. 
However, polished surface beside the transfer layer only 
indicated the Si3N4 peak. Therefore, it is obviously seen 
that wear scars, partially covered by tribo-induced 
transfer films.  

Under the high temperature, hydrogen and water 
molecules covered with the contact surface on the ta-C 

film and Si3N4 ball was released. Covalent interactions 
on the unsaturated surface between the ta-C and Si3N4 
ball result in run in cycles and higher wear rate until the 
2,000 cycles as a process of formations of carbonaceous 
transfer film [2]. 
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Figure 3 (a) Wear scar on the ball, (b) Raman spectrum 
on the wear scar after testing up to 4,000 cycles. 

 
From the optical image of wear scar region and 

result of Raman spectrum, these are clearly noticeable 
formation of transferred layer corresponding to the low 
friction coefficient (0.02 shown in Figure 1) and lower 
specific wear rate after 2,000 cycles. Due to the amount 
of transferred layer formed on the wear scar on the ball, 
it is enough to passivate dangling bond generated at 
high temperature condition with a decreasing a shear 
strength and a protection of both ta-C film and 
counterpart material [3].  

 
4. CONCLUSION 

The study presented the tribological behaviors of 
ta-C layers versus Si3N4 ball at high temperature as a 
function of sliding cycles. A conclusion is that 
tribological behaviors at high temperature is affected by 
dangling bond passivation and transfer film formation. 
As a result, running-in cycles was finished after 2,000 
cycles and wear rate was sharply decreased during the 
steady state region. Low friction coefficient of 0.02 and 
corresponding to lower wear rates of 2.5x10-7 mm3/Nm 
were observed at 12,000 cycles. Such a steady state 
friction coefficient and decrease of wear rate was 
attributed by the formation of transferred layer on the 
wear scar of the Si3N4 ball. This carbonaceous 
transferred film can significantly decrease the covalent 
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interactions at the surface with protecting both the ta-C 
surface and Si3N4 surface. The results demonstrate that 
transfer layer formation influence tribological behavior 
decreasing the interaction between ta-C films and wear 
scar on the Si3N4 sphere. Furthermore, higher wear rate 
was correlated with run-in cycles as a process of 
formations of carbonaceous transferred film. 
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ABSTRACT – Offshore industries commonly 
experience wear due to abrasive particles in corrosive 
environments. The synergy on account of the combined 
effect of abrasive particles and corrosive environments 
on material degradation cannot be quantified with the test 
rigs currently available. Therefore, a novel test rig design 
has been envisioned, which could aid in obtaining the 
synergy between abrasive wear and corrosion of steels. 
The present article explains in detail the design and 
construction of the novel tribocorrosion test rig.  
 
1. INTRODUCTION 

Offshore industrial sectors such as dredging, wind 
turbine structures, slurry transporting pipelines, drilling 
etc., commonly experience the simultaneous action of 
abrasion and corrosion referred to as abrasion-corrosion 
or ‘tribocorrosion’. Tribocorrosion can be defined as the 
chemical – electrochemical – mechanical process leading 
to a degradation of materials in sliding or rolling contacts 
immersed in a corrosive environment [1]. The 
degradation of materials due to tribocorrosion was 
recognized by Zelders [2]. Tribocorrosion is of 
significant economic importance, especially in the 
offshore industry [3,4]. The mechanism of degradation 
due to tribocorrosion, however, is not yet fully 
understood due to the intertwined nature of the different 
processes (chemical, electrochemical, physical, and 
mechanical) involved [5]. 
 
2. METHODOLOGY 

Synergy is the term used to describe the interaction 
or cooperation of two or more individual elements to 
produce a total effect which is greater than the sum of 
individual elements (Angus). In the present context the 
combined effect is the loss of material due to the 
interaction of wear and corrosion. Wear leads to the loss 
of material due to mechanical processes and corrosion 
leads to the loss of material due to chemical reactions. 
The combined interaction of these two mechanisms leads 
to a material loss greater than the individual contribution. 
ASTM G 119 standard has been developed as a guideline 
to perform testing in the coupled conditions of wear and 
corrosion. It explains the procedure to obtain the effect of 
synergy due to the combined action of wear and corrosion 
[6]. The total material loss, T, is related to the individual 
contributions due to wear WO, corrosion CO and synergy 
S by the following equations: 

 
 
 

𝑇 =  𝑊0 +  𝐶0 + 𝑆 (1) 
𝑇 =  𝑊0 +  𝐶0 + 𝛥𝐶𝑤 + 𝛥𝑊𝑐  (2) 
𝑊𝑐 =  𝑊0 + 𝛥𝑊𝑐 (3) 
𝐶𝑤 =  𝐶0 +  𝛥𝐶𝑤 (4) 
𝑇 =  𝑊𝑐 + 𝐶𝑤 (5) 
Where 𝛥𝐶𝑤 is the change in corrosion due to wear and 
𝛥𝑊𝑐 is the change in wear due to corrosion and 𝐶𝑤 is the 
total corrosion component which can be obtained by 
electrochemical measurements and 𝑊𝑐 is the total wear 
component [3]. 

 
3. TEST RIG DESIGN AND CONSTRUCTION 

Tribocorrosion test rigs usually work on the basic 
principle of combining the simultaneous action of wear 
and corrosion [6-8]. The general schematic of the 
working principle of a tribocorrosion test rig is shown in 
Figure 1. The test set combines the principles of abrasion 
(pin on abrasive paper) and corrosion testing. To explain 
further, the wear is created due to the abrasive action 
between the sample and the abrasive paper whereas the 
controlled corrosion environment is achieved by a three-
electrode system. In the three-electrode system, it is 
possible to isolate and monitor the performance of the 
working electrode (sample). This is the ideal requirement 
as the behaviour of the working electrode which in this 
case is the steel sample can be isolated in the presence of 
a corrosive environment. 

 

  
Figure 1 Schematic representation of synergy in the 

novel abrasion-corrosion test rig. 
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4. RESULTS AND DISCUSSION 
The 3D model of the machine designed is shown in 

Figure 2. Two modules of the machine are developed one 
to test multiple asperity two-body abrasion testing 
coupled with corrosion and the second single-asperity 
abrasion coupled with corrosion. Two modules are 
required to study two different contact conditions and 
material wear responses. First module, the multiple 
asperity two-body abrasion coupled with corrosion, aids 
in studying the bulk wear response of the material to 
multiple abrasives in corrosive environments. The 
second module, the single asperity abrasion coupled with 
corrosion, helps in understanding the one-to-one 
interaction of the abrasive particle and the material in 
corrosive environments. The mechanism of material 
removal can be studied in detail in the second module. 
The preliminary experiments will be carried out in the 
future.  

 

 
Figure 2 3D drawing the tribocorrosion test rig for 

multiple asperity abrasion-corrosion. 
 

5. CONCLUSION 
A novel test rig has been designed to study the 

influence of tribocorrosion on steels. The test rig can be 
used to conduct experiments in two different test 
configurations, i.e., single and multiple asperity abrasion.  
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ABSTRACT – In this study, laser surface modification 
has been a way to enhance surface properties of metals 
for improving hardness and wear properties. Laser 
heating produced finer grain at the surface of the material 
thus leaving the properties of bulk of a given component 
unaffected. A high power Nd:YAG laser system with 
pulse mode was used to modify sample surface using a 33 
full factorial design. Process optimization was carried out 
for maximum surface hardness and laser modified depth, 
and minimum surface roughness. These findings indicate 
potential application of tool steel for wear resistant 
applications through laser surface modification. 

1. INTRODUCTION 
In automotive manufacturing industry, dies surface 

require enhanced hardness properties to better endure 
high temperature, wear and friction. Laser processing has 
been widely practiced to produce refined grain structure 
on bulk steel surface [1, 2]. At the same time, automotive 
manufacturing industries spending high maintenance 
tooling cost and encountered much loss due to recurrent 
wear of dies. Tool and die industries pay attention to the 
technology of laser surface treatment due to its precision 
of operation, short processing time and localized 
treatment effects [3]. 

Laser surface melting (LSM) technique has been 
widely used to improve surface properties of alloys for 
improving hardness, corrosion and wear properties [4]. A 
number of different laser sources such as Nd:YAG 
(Neodymium:Yttrium-aluminium-garnet), CO2 (carbon 
dioxide), fibre laser and HPDL (High Power Direct 
Diode) laser system have been widely studied. The 
wavelengths of these lasers are between 800 and 10,600 
nm which offers better light absorption at shorter the 
wavelength [5]. 

Surface heat treatment with laser beam experienced 
self-quenching that cooled rapidly into materials without 
cooling agent. In laser surface modification of tool steels, 
rapid solidification produced finer grains which 
increased hardness properties [6]. Hot work tool steel of 
H13 was used in precision molds by manufacturing tools 
for processing or various dies since it has advantages of 
high resistance to wear, thermal fatigue, abrasion 
resistance and heat resistant [7]. 

The design of experiment (DOE) is important in 
providing the optimal performance and to quantify the 
influence of selected parameters. Statistical analysis 
refers to a collection of methods used to process large 
amount of data and report overall trends. Previous 
researcher proved RSM offers better prediction on the 
effect of parameters on multi response and optimization 

compared to Taguchi’s technique. 3D surface plot 
generated by RSM can help in visualizing the effect 
parameter on response in the entire or across range 
specified [8,9]. The objective of this study was designing 
experiment of AISI H13 tool steel laser melting for 
enhanced hardness properties with low surface roughness 
and thick modified layer range from 100 to 300 μm using 
Nd:YAG laser system. 
 
2. METHODOLOGY 

As-received AISI H13 tool steel of 10 mm thickness 
was processed and analyzed in this study. An Nd:YAG 
JK300HPS laser system with TEM00 mode was used to 
process the sample surface with average laser power of 
300 W. The smallest laser spot size was 0.6 mm at focal 
length of 160 mm. The maximum laser scanning speed 
was 900 mm/min while pulse repetition frequency was 
1000 Hz. During the processing, sample was stationary 
while laser head was translated linearly by CNC motion 
control system. The laser processing was conducted 
using pulse mode in an inert argon atmosphere to avoid 
oxidation. 

A full factorial design of experiment (DOE) of 33 

was developed and yields 27 parameter settings.  
Controlled parameters were peak power (PP), pulse 
repetition frequency (PRF) and scanning speed (v). Three 
responses were depth of modified surface, surface 
roughness and hardness. Parameters were set to produce 
significant amount of energy of 1.7, 2.0 and 2.5 J to melt 
the sample surface.  

 
3. RESULTS AND DISCUSSION 

Experimental data of a full factorial 33 DOE was 
analyzed by response surface method (RSM) analysis 
using Design Expert software. The analysis of variance 
table (ANOVA) for all responses show significant model. 
High power laser beam heats steel surface at almost  
1500 oC. Short pulse and high scanning speed affect the 
most for cooling rates. High cooling rates at short 
interaction time produced high hardness of modified 
layer. High energy emitted on steel surface experienced 
higher temperature while processed at short pulse thus 
generated a higher hardness layer [7]. Localize heating at 
very short time transmitted full energy on the surface thus 
produced finer grains formations on melted pool as 
shown in FE SEM micrographs in Figure 1. In previous 
work, nano and ultrafine-grain size were produced in the 
modified surface due to large undercooling produced 
from laser processing [5]. Reduced in particle sizes give 
great influence on hardness due to stronger bonding 
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between particles thus prolong wear on the surface.  
 

 
Figure 1 FE SEM micrograph of three regions obtained 

in laser modified AISI H13 too steel.  
 
FE SEM micrograph at Figure 2 shows the grain 

structure of laser modified layer at different depth. The 
focused grains were observed from top surface to the 
region near to HAZ in the melted pool. Found that there 
were changes in grain size where larger grains from top 
reduced to smaller grains at the end of molten pool. The 
hardness found to be decreased as it moved down to 
substrate from top of melted pool. This phenomenon 
occurred due to different cooling time. At the top of 
melted experienced shortest cooling time thus produced 
long crystalline with dendrites grain shape as shown in 
micrograph (a) in Figure 2. Meanwhile in micrographs 
(b) in Figure 2 experienced slower cooling time resulted 
in round grain shape. However, the grain shape elongates 
when approaching substrate due to rapid cooling from 
bulk material as shown in micrograph (c) in Figure 2. 

 

 
Figure 2 FE SEM micrographs of grain structure 

changes from top of modified to substrate.   
 
 
 
 

4. CONCLUSION 
The laser processing of H13 tool steel exhibits 

surface properties enhancements. High hardness up to 70 
HRC was obtained by controlled energy penetration and 
interaction time between substrate and laser beam. 
Minimum surface roughness of 1.20 μm generated satisfy 
the industry targeted requirement of 5 μm surface 
finishing.  Depth of laser modified at minimum 3 % 
overlapped rates found to acceptable and fully-covered 
on steel surface. Full factorial DOE desirability value of 
0.9 indicated optimum condition of all responses and 
factors. Enhanced surface properties improved wear thus 
prolong die life. 
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ABSTRACT – This paper presents hydrodynamic 
characteristics of textured parallel sliding contact. The 
numerical method is employed to study the effect of 
square texture with different bottom profiles (square, U, 
triangle T1 and triangle T2) on load capacity and friction 
coefficient. This investigation is done by varying texture 
density, while aspect ratio, flow speed and fluid film 
properties are kept constant. For each of the texture 
bottom profiles considered, an optimum texture density 
for maximum load capacity and minimum friction 
coefficient is found in the range of 0.5-0.6. For this range, 
square bottom profile shows best results compared to 
other profiles. 
 
1. INTRODUCTION 

Surface texturing is a feasible method for 
enhancement in terms of friction, wear, load carrying 
capacity and minimum film thickness [1]. By considering 
surface texturing, particularly laser surface texturing 
technology, a favourable effect on tribological 
performance of mechanical components is obtained [2]. 
Texture parameters like texture shapes, aspect ratio, 
texture density and texture depth are highly influence the 
output characteristics [1, 3]. Texture position also plays 
vital role on hydrodynamic components [4]. Thus, 
surface texturing gives promising result over a wide 
range of different operating conditions. Siripuram and 
Stephens [5] have numerically studied different texture 
shapes on the surface of parallel slider; by keeping a 
constant texture height, they found that friction 
coefficient is not much dependent on texture shape but 
fairly sensitive to texture density. Nanbu et al. [6] found 
that surface textures with bottom profiles containing 
micro-steps and micro-wedges are capable of further 
increase in film thicknesses. While Shen and Khonsari 
[7] have obtained contrasting results regarding texture 
internal structure.  

An extensive work is done on different texture 
shapes and their parameters while little consideration is 
done on influence of texture on bottom profiles. 
Therefore, in the present study, hydrodynamic 
characteristics of different bottom profiles of square 
texture are compared by varying texture density. Four 
different texture bottoms profiles shown in Figure 2 (a) 
square profile (b) U shaped profile (c) triangle T1 profile 
and (d) triangle T2 profile are examined. 

 
2. METHODOLOGY 

In this analysis, parallel sliding contact is 
considered for study. The focus of this paper is the effect 
of texture bottom profile on hydrodynamic components. 

Numerical formulation is done by means of [5]. Single 
unit cell approach is considered, texture is positioned at 
the centre. Square texture shape is considered for study 
as shown in Figure 1. Texture size is measured by texture 
density, defined as the ratio of textured area to the cell 
area. Figure 2 shows the geometry of single unit cell with 
different bottom profiles. Texture depth a=5 µm, film 
thickness b=8.7 µm, slider velocity U=2.66 m/s in x-
direction are kept constant. 

 

 
Figure 1 Square texture unit cell. 

 
Fluid film is assumed to be Newtonian and 

incompressible and flow is considered to be laminar. By 
neglecting inertia, temperature and squeeze film effects, 
Reynolds equation can be written as 

3 3 6 (1)p p h
h h U

x x z z x
       + =                                                                                 

 

Assuming no pressure variation across the film 
thickness and no slip at the film boundaries. For equal 
distribution of textures on the surface, it is assumed that 
pressure distribution is periodic in x-direction with 
period equal to unit cell L. 

, , 0 (2)
2 2
L L

p x p x   − = =   
   

, , (3)
2 2

p L p L
z z

x x
    − =       

  

 

 
Figure 2 Different bottom profiles of square texture. 
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The Reynolds boundary condition is used at cavitation 

boundary. 0cavp p= =  And  0p
x


=


 when p < 0 

Reynolds equation (1) is solved using finite 
difference numerical formulation technique. A set of 
simultaneous linear algebraic equations solved using 
Gauss Seidal iterative scheme. The converged pressure is 
integrated using Simpson 1/3 numerical integration 
method. Load capacity and frictional force are obtained 
as follows: 

/2
/2

/2
/2

( , ) (4)
L

L

L
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W p x z dxdz
−

−

=  
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−

−
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From this, friction coefficient is evaluated as
F

f
W

= .  

 
3. RESULTS AND DISCUSSION 

To validate the accuracy of developed MATLAB 
code, comparison of friction coefficient of square texture 
with square bottom profile is carried out [5]. Good 
correlation between the results is obtained.  

Figure 3 shows the influence of different texture 
bottom profiles on load capacity with varying texture 
density. It is observed that influence of texture bottom 
profile is significant. Load capacity increases with 
increasing texture density up to 0.5-0.6 and then it 
decreases with further increasing in texture density.  At 
low and medium texture density, square bottom profile 
performs best whereas, triangle T2 profile performs 
worst for the entire texture density range. At high texture 
density, triangle T1 profile shows better result than other 
profiles. 

 

  
Figure 3 Effect of texture bottom profile on load 

capacity with varying texture density. 
 

Influence of different texture bottom profiles on 
friction coefficient with varying texture density is shown 
in Figure 4. Triangle T2 profile shows highest friction 
coefficient in the entire range of texture density among 
all bottom profiles. At low and medium texture density 
square bottom profile performs best, while at high texture 
density triangle T1 and U-shaped profiles show better 
result. The optimum texture density range to maximize 
the load capacity and minimize the friction coefficient is 
observed to be 0.5 to 0.6. 

 

 
Figure 4 Effect of texture bottom profile on friction 

coefficient with varying texture density. 
 

4. CONCLUSIONS  
From the results it is be concluded that, 

hydrodynamic characteristics such as load capacity and 
friction coefficient are largely dependent on texture 
bottom profile and texture density.  

For each of the texture bottom profiles considered 
an optimum texture density for maximum load capacity 
and minimum friction coefficient is found to be in the 
range of 0.5-0.6.  

The square texture shape with square bottom profile 
provides maximum load capacity and minimum frictional 
coefficient of all shapes considered in optimum range of 
texture density. However, at high texture density, U and 
triangle T1 profiles show better result than square and 
triangle T2 profiles. 
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ABSTRACT – This contribution presents a new ball-
on-disk vacuum tribometer with in situ and real time 
measurement of the wear track by digital holographic 
microscopy (DHM). The new instrument was tested and 
validated by taking DHM images during wear test at 
room temperature and in vacuum at 2.10-6 mbar on 
polished 100Cr6 disks. 3D wear track evolution can be 
analyzed by this new technique in real time without 
removing the sample. An excellent correlation was 
found between images taken on the same sample by in 
situ, real time DHM, and by traditional scanning 
electron microscopy and confocal microscopy. 
 
1. INTRODUCTION 

Friction and wear are the main characteristics of a 
tribo-system. Friction force can normally be measured 
easily with load sensors. The measure of wear, however, 
is not trivial and is usually determined by ex situ and 
post mortem measurements. It is well known that any 
slight changes in the position of the sample could lead 
to unpredictable local change of test conditions. To 
overcome these limitations, in situ measurement of wear 
is the only solution. Various methods have been studied 
by different researchers. Yagi et al. [1] have taken 
advantage of using a transparent sample to observe the 
wear surface. Radionuclide technique (RNT) method 
was used to measure the radiation concentration in the 
debris produced by the wear on sample [2, 3] in order to 
deduce the wear rate. Korres et al. [4] presented a novel 
method for in situ measurements of the sample surface 
topography inside a tribometer by a microscope using 
the digital holography principle. Since then, only few 
other studies have taken advantage of this method. 

In this study, we designed and validated an 
environment controllable tribometer in combination 
with digital holographic microscopy. 
 
2. EXPERIMENTAL SETUP 

The base of the instrument is a ball-on-disk high 
vacuum, high temperature tribometer from Anton Paar 
TriTec SA (Switzerland). This instrument has a normal 
force range of 20 N, lateral force range of 10 N, max 
rotation speed of 500 rpm, and sample temperature up to 
800 °C. The whole tribometer is enclosed in a vacuum 
chamber with top view option to accommodate a 3rd 
party observation tool, in this study a digital 
holographic microscopy (DHM) from Lyncee Tec SA in 
Switzerland. The DHM has two high power laser diode 

modules at 415 and 485 nm, which together define a 
synthetic wavelength of 2.87 µm and a combined 
vertical resolution of 4 nm. The holograms acquisition is 
performed by a 1.4 Mpix CMOS camera with a shutter 
time of 0.1 ms. The imaging is synchronized with the 
tribometer rotation speed to ensure the successive the 
measurement at exactly the same location on the wear 
track. Figure 1 shows a photo of the instrument setup. 

 

 
Figure 1 Picture of the high temperature, high vacuum 

tribometer, combined with a digital holographic 
microscopy (DHM). 

 
3. RESULTS AND DISCUSSION 

To determine the evolution of wear, it is necessary 
to observe the changes in surface topography during the 
tribology test. Figure 2 shows the images taken in real 
time and always on the same wear location. Figure 3 
presents the evolution of coefficient of friction, the wear 
track volume and the ridge volume versus the lap 
number.  

The evolution of the wear can be clearly divided 
into 3 stages, delimited around the 80th lap and 350th 
laps. The wear mechanisms changed from gentle plastic 
deformation in the initial stage to more severe abrasive 
wear in the end, due to the gradual formation of 3rd body 
debris at the contact interface. 
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Figure 2 Evolution of wear track at a fix location for 

various numbers of laps (1, 10, 200, 300 laps). 
 

 
Figure 3 Friction coefficient, ridge volume and wear 

track volume versus lap number. 
 
The wear track cross section along a lap is often 

assumed to be constant. Unfortunately, this is rarely the 
reality and can often lead to an erroneous calculation on 
wear rate. A panorama image can be taken on the track 
by combining several DHM images along the rotation 
direction during measurement. Figure 4 shows the 
combined image on a wear track length of 2.5 mm, and 
4 extracted profiles indeed show that the wear are not 
exactly the same along the track.  

 

 
Figure 4 Panorama view of the wear track on a length of 

2.5 mm taken by DHM and four selected profiles. 
 

In order to validate the in situ wear track 
measurement, we compared the images taken by DHM, 

confocal microscopy and scanning electron microscopy. 
Figure 5 is an example of the comparison. It shows that 
indeed the image taken by DHM is in excellent 
correlation with other more mature imaging techniques. 

 

 
Figure 5 Sample wear images at 500 laps with DHM 
(top right), confocal (top left) and SEM techniques 

(bottom) showed that DHM is in good correlation with 
other imaging techniques. 

 
4. CONCLUSION 

A new high vacuum, high temperature ball-on-disk 
tribometer with in situ measurement of the wear track 
by digital holographic microscopy is presented. This 
instrument is able to measure wear evolution during 
continuous tribology measurement without removal of 
sample. It is capable of assembling a panoramic image 
along the wear track. It can perform measurement and 
imaging under various vacuum, gas, and temperature 
conditions. This instrument is validated by comparison 
with mature imaging techniques such as confocal and 
scanning electron microscopy.  
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ABSTRACT – In this study, the effect of porosity on the 
dry sliding fiction of ethylene vinyl acetate (EVA) foams 
was investigated under different normal load conditions. 
The friction coefficient increased with increasing 
porosity under all of the normal load conditions. In 
addition, the contact area was estimated using a contact 
model considering elastic buckling of the cell walls. The 
friction coefficient was positively correlated to the 
estimated contact area divided by the normal load, 
indicating that adhesion friction increases with increasing 
porosity of EVA foams. 
 
1. INTRODUCTION 

Polymer foams are widely used in insulating 
materials, packing materials, and marine floating bodies, 
etc. [1]. Closed-cell structured ethylene vinyl acetate 
(EVA) foam is light and high cushioning and is thus used 
in running shoe midsoles. EVA foam with high friction 
could be used as outer sole materials for running shoes. 
Our previous study [2] demonstrated that the EVA foam 
blocks with higher porosity exhibited higher friction 
coefficient than non-porous EVA block, which was 
caused by an increase of contact area of the EVA foam 
blocks during sliding resulting from elastic buckling of 
the cell walls of the foams, i.e. elastic collapse [2]. 
Normal load will affect the elastic collapse area of EVA 
foam; however, the effect of porosity on the dry sliding 
friction coefficient of EVA foams is unclear under 
different normal load conditions. Thus, in this study, the 
effect of porosity on the friction coefficient under 
different normal loads was investigated. 
 
2. METHODOLOGY 

EVA foam blocks (10 mm × 10 mm × 5 mm) with 
different porosity () values (76.2%, 82.4%, 85.9%, and 
89.3%) were prepared. Figure 1 shows scanning electron 
microscopy (SEM) image of the surfaces of EVA foam 
blocks. Table 1 lists mechanical property of each block 
specimen. Sliding friction tests were performed using a 
linear-motion-type friction tester. Each EVA foam block 
was slid against a stainless-steel plate (JIS SUS304) with 
a surface roughness Ra = 0.02 m. Normal load applied 
was 0.98, 1.96, 2.94, 3.92, and 4.9 N. The sliding velocity 
was 0.1 m/s. The sliding distance was 0.03 m. 

 
Figure 1 SEM images of EVA foam blocks. 

 
Table 1 Mechanical property of EVA foam blocks. 

 
 

3. RESULTS AND DISCUSSION 
Figure 2 depicts the effect of the porosity on the 

friction coefficient under different normal load 
conditions. The friction coefficients for the EVA foam 
blocks tends to increase with increasing porosity. The 
friction coefficient tended to decrease with increasing 
normal load for each EVA foam block.  

The contact area observation using glass plate 
revealed that the anterior part of the block specimen was 
collapsed, thereby possibly revealing the disappearance 
of the pores on the surface. The contact area was 
estimated using the simplified analytical contact model 
considering the elastic buckling of cell walls of the foam, 
i.e., elastic collapse (Figure 3) [2].  When the contact 
pressure at the anterior part of the foam block excesses 
the elastic collapse stress el*, the cell wall is collapsed 
and the effect of pores on the contact area is negligible. 
Thus, the length of the elastic collapse area in the x 
direction, lc, and the estimated contact area between EVA 
foam block and mating rigid surface Aest are obtained as 



Yamaguchi et al., 2018 

112 
 

follows: 
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Where b is the block width, L is the block length, h is 
block height after normal load applied, W is normal load, 
Fx is friction force. The * and s are the densities of EVA 
foam and EVA (900 kg/m3), respectively. As shown in 
Figure 4, the estimated contact area of the portion without 
collapse (Ano-collapse) deceases with increasing porosity 
whereas that without collapse (Acollapse) increases with 
increasing porosity. As a result, the estimated total 
contact area tends to increase with increasing porosity of 
the foam (Figure 5) because of the increased elastic 
collapse area (Figure 4(b)).  
 

 
Figure 2 Effect of porosity on friction coefficient [3]. 

 

 
Figure 3 Schematic of (a) the simplified analytical 

model and (b) normal stress distribution as a function of 
the length of the block in the sliding direction and the 

apparent contact area [2]. 
 

According to adhesion friction theory, the friction 
coefficient is expressed as follows: 

W
Aest =  ,                                                                  (3) 

Where  is shear strength at the interface. Figure 6 
depicts the relationship between friction coefficient and 
Aest/W values. As shown in Figure 6, the friction 
coefficient tends to increase with increasing Aest/W values 
(R = 0.86, p < 0.001). These results indicate that the 

increase in the friction coefficient with increasing 
porosity under different normal load conditions was due 
to the increase in adhesion friction. 

 

 
(a) A_no-collpase 

 

 
(b) A_collpase 

Figure 4 Effect of porosity on the estimated contact 
areas of the portion with and without collapse. 

  

 
Figure 5 Effect of porosity on the estimated contact area 

[3]. 
 
4. SUMMARY 

The results of this study demonstrate the 
significance of the unique deformation behavior of 
polymer foams, i.e., elastic collapse, on the increase of 
friction. This will contribute to the design of high-
friction, light-weight shoe sole tread blocks fabricated 
using polymer foam blocks. 
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Figure 6 Relationship between Aest/W values and friction 

coefficient [3]. 
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ABSTRACT – In a space environment vehicle 
components as bearings, seals and gears use solid 
lubrication to have high wear resistance on their mission 
duration. Because conventional lubrication has not good 
performances in wide temperature range and can be 
evaporation at the rarely ambient condition like lunar 
surface. This work provides tribological discussion   
about the component and requirement of space tribology. 
Also Pin-on-disk test is described to determine the effect 
on the solid lubrication under the high vacuum condition 
(about 10-7 torr). This paper will discuss the following: 
space mechanism components, solid lubrication, and 
factors affecting wear phenomenon under the high 
vacuum. 
 
1.  INTRODUCTION 

  Space robots are indispensable tools for future 
space activities such as building and operation of the 
international space station, inspection and repair of 
orbiting satellites, and conducting lunar or planetary 
explorations [1,2]. The space robot will experience the 
complex space environment such as high vacuum, 
gravitational field, extreme temperature condition, solar 
radiation and dust [3]. The executive components of the 
robot often suffer from friction, wear. Therefore, the 
reliabilities of the executive components of the robot are 
very important for successful mission.  

Moreover, the challenges for future space robot 
appear to be even greater because missions are being 
planned that will require mechanisms to more complex 
and for longer periods of time. In the early of the space 
program, the required life time and cycle of space 
machine was minimized. It was usually possible to 
achieve successful mission. As increasing the mission 
life time, the other components of space machine breaks 
down. Thus, in the last years, lots of research has been 
considerably improved. 

This work aims to develop the space tribo-
component which used include the dynamic mechanic 
part of the Korean Lunar Rover. The space tribo-
component will be employed to dynamic factors during 
required mission time on the actual lunar surface. In this 
paper describe about spur gear train in the rover and that 
solid lubrication.  

 
2. DESCRIPTION OF SPACE TRIBOLOGY 
2.1 Lubrication of the space dynamics mechanism 

Space mechanism lubricant choices were based on 
space heritage rather than on latest technology or best 
available materials. With the limited mission lives and 

minimal duty cycles of the early space program, this 
strategy was highly successful.  

It represents a SEM results on the Figure 1. This 
SEM analysis shows that are not coated with any material 
as in ⓒ. It also shows the layers which are confirmed that 

the Ni and Cu coating layers (indicate to ⓑ) on the upper 
and lower layers and also observed Ag(silver) coating 
layer (indicate to ⓐ) is applied. As the element analysis 
results, the materials to be coated were well coated in the 
proper layer. 

  

 
Figure 1 SEM analysis on the silver coating substrate. 

 
2.2 Tribology and Dynamics of Gear  

Space robot systems contain mechanisms requiring 
lubrication. As demanding operating conditions, each 
mechanics endure many challenges to success mission. 
Especially, all of dynamic mechanisms such as wheels, 
slip-ring assemblies, scanning devise, robotic arms, 
bearings and gear trains is component requiring 
lubrication.  

While the space vehicle is doing mission, which 
problem makes a failure mission? Specially, in the gear 
train. It may be a lot of problem with detecting or not 
expectation. However, for some research already were be 
conducted, it can be predict of gear failure on typical 
problems. 

Already as mentioned, one of important cautions, it 
easily changes friction character is a contact stress 
between friction materials. Therefore, it needs estimate 
of gear dynamics on the effect of solid lubrication while 
experiment in the vacuum chamber. Before experiment, 
calculate to gear contact stress each normal load on the 
pinion.  

 
2.3 Gear train test under the ultra-high vacuum  

This space tribo-component test rig can 
experiement dynamics of gear, bearing in the high 
vacuum chamber. It can measurement rotating speed of 
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pinion, torque and displacement between the gear train 
while real-time. 

The width of both gear is 8 mm and the gears are 
standard module 1 gear train in this study. Actually, this 
test rig is preliminary one for proving measurement 
system in a real-time. The environment condition in the 
chamber has ultra-high vacuum as 10-7 torr. Therefore, in 
this chamber, it is possible to prove the effect of the solid 
lubrication in the high vacuum.  

 

 
Figure 2 Space Tribo-component Test rig. 

 
2.4 Gear test results 

Compare with difference speeds, 80 and 180 rpm, 
Backlash variation is possible to ignore according to 
result of speed variation. However, for this experiment, 
measurement error compare with ideal backlash. Thus, 
this measurement system can get more specific 
prediction for gear power loss while space rover doing 
missions in a real-time. 

 

  

Figure 3 The test results of gear coated silver film.  
 

 2.5 Pin-on-disk test 
A Pin-on-Disk test is defined for documents of 

ASTM standards, ASTM G99-95a. The guide is clearly 
mention, the guidelines of test method are typical 

recommendation, not required.  
Why need a wear test like a pin-on-disk test is for 

importance of know what is the friction coefficient on the 
each materials of lubricants and various conditions. Of 
course, already a lots of research had conducted for a long 
years. However, the study to adopt on the space 
environment is not enough. Furthermore, the wear test is 
extremely sensitive experiment, can be easily change 
value by normal force and material of the surface. 
Therefore, for assemble the components on the lunar 
rover, it need experiment as exactly correspond condition 
of environment. 

 
2.6 Test rig description 

This study conducts to get a curve for wear 
phenomenon under the high vacuum condition.  

In this test rig, it measurement rotating speed of disk 
material, torque while the pin makes a track on the disk, 
actually, this torque present friction coefficient of that 
material of disk and pin. Also, it detects whether the 
normal load properly hold on the disk from pin. 

According to preliminary test, it can be find a 
friction coefficient on the raw material of disk and pin. 
This raw material means material of test gear without 
lubrication. And then, Test again to find on the silver 
coated disk and pin. The silver coating covers the raw 
material of disk and pin. 

 

 
Figure 4 Friction results under the high vacuum. 
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ABSTRACT – The modification of inserts by reducing 
their thickness will lead to sustainable machining by 
attenuating the use of material during fabrication, 
operation, and disposal of the inserts. This study 
investigates the performance of modified carbide 
turning inserts when compared to conventional ones. 
Dry turning process was performed using finishing 
parameters. It was observed that the modified inserts 
could perform equivalent to conventional inserts 
regarding progressive tool flank wear, tool life and 
surface roughness in machining AISI 1017 steel. This 
work might be the first report on the performance of 
reduced thick inserts in metal machining as a strategy 
for steps towards sustainable manufacturing.  
 
1. INTRODUCTION 

Material removal processes constitute a major 
manufacturing activity that has high contribution to the 
growth of Asia as well as world economy. Recent 
research and development (R&D) in the field of tool-
cutting with the interactions between advances in 
machine tool and cutting tool technologies have resulted 
in innovations that have enhanced both productivity and 
quality of machined products [1]. Economical, lean, 
health issues and related technology become the 
important considerations in achieving cleaner, healthier 
and safer machining [2]. The advanced technology of 
cutting tool considers the reduction of cost and waste 
for optimum machining process by reducing the 
thickness of cutting insert [3]. However, this method 
might lead to chatter effect that is adverse to the 
performance during machining process.  

This comparative study implements the reduced 
thick cutting inserts as an alternative to replace the 
existing indexable insert that will reduce waste and 
disposal. From this study, there is no significant 
difference of conventional indexable insert compared to 
reduced thick insert in term of tool life, surface finish 
and tool-cutting temperature which can be a wise choice 
to be used in metal cutting with maintained of quality 
and productivity. 

 
2. METHODOLOGY  
2.1   Workpiece preparation 

The workpiece material used was a bar of an AISI 
1017 steel with nominal composition (wt.%) given as 
C:0.15; Mn:0.3; P:0.04; S:0.04; and Fe: remainder. An 
AISI 1017 has low hardenability and low tensile steel 
which could offer high machinability, high strength and 
high ductility. 

2.2 Modified cutting insert preparation 
A customised reduced thick of uncoated tungsten 

carbide tool insert, similar to ISO designation CNMN 
120108, was used for the machining experiments. The 
tools can be disposable with rhombic shape without a 
chip-breaker. The inserts are composed of 94 wt % 
tungsten carbide with 6 wt % of cobalt as a binder. 
Table 1 shows the physical properties of insert in term 
of density, weight, and thickness of both different types 
of cutting inserts.  

 
Table 1 Properties insert employed. 

Cutting insert 

Reduced 
thick insert 

Conventional 
insert 

Density 21.15 g/cm3  13.96 g/cm3 

Weight 3.73 g 27.63 g 
Thickness 1 mm 4 mm 

 
2.3 Cutting trial 

Tests in orthogonal turning were carried out for the 
evaluation of performance reduce thick cutting insert. 
For the investigation, machining trials were performed 
on the bar of AISI 1017 steel, using HAAS SL40 CNC 
lathe. The experiments were started with fresh tool and 
stop when the end of tool life was reached, and the test 
begins with conventional tool followed by reduced thick 
insert. The cutting trials have been performed with fixed 
cutting speed of 100 m/min, depth of cut 0.05 mm, and 
the feed rate 0.1 mm/rev. All the experiments were 
performed in dry condition. 

 
2.4 Tool wear and surface roughness measurement 

The average and maximum flank wear lands was 
measured by using a Dino-Lite optical microscope with 
a magnification ranging from 50 to 220 times. The 
International Standards Organisation (ISO 3685) [4] has 
suggested a standard for tool life testing. Surface 
roughness measurement was performed using surface 
roughness profiler MarSurf-PS1 based on ISO 4287 
where the values were measured with a cut-of length of 
5.6 mm. Ten dimensional values were measured at 
random point.  
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3. RESULTS AND DISCUSSION  
3.1   Progressive flank wear 

Figure 1 shows progressive flank wear between 
conventional and customised insert during machining 
AISI 1017 steel. The flank wear was increased as the 
cutting time increase during experiment for both types 
of inserts. The experimental result revealed that the end 
of tool life for both inserts is 140 min. 

A small significant difference between 
conventional and reduced thick inserts was shown in the 
graph. Consequently, the reduced thick inserts is 
acceptable to replace the conventional cutting inserts. 
According to H. Sasahara, K. Satake [5], as cutting 
speed, feed rate and depth of cut was kept constant, the 
increment of tool wear was observed due to increase of 
cutting temperature.  

 

 
Figure 1 Flank wear curve. 

 
3.2 Surface roughness 

Meanwhile, Figure 2 shows progressive surface 
roughness between conventional and customised inserts. 
From the graph, initial region shows that average Ra 
between 3.1 to 3.5 µm. While the medium region at 
cutting time 50 to 100 minutes, the Ra is in the range of 
3.6 to 3.9 µm. After cutting time of 100 minutes to end 
of tool life the Ra is between 3.9 to 4.0 µm.  

The average of Ra for conventional insert is 3.6 
µm meanwhile for reduced thick insert is 3.7 µm. The 
performance of conventional insert is better in term of 
surface roughness compared to reduced thick insert. 
However, a small significant difference < 0.05 proven 
the reduced thick insert is reliable to replace 
conventional inserts. The most influential machining 
parameter on surface roughness was cutting speed due 
to increasing temperature leads to lower tool life [6]. 

 
3.3 Cutting temperature  

The cutting temperature measured in the present 
work refers to temperatures measured beneath the 
cutting inserts. Finely wired thermocouples K-Type 
were placed between the cutting insert and the tool 
holder to measure the temperature based on the heat 
transferred into the tool during the machining process. 
Figure 3 shows the steady state temperature versus the 
time of cutting for machining processes with 
conventional and reduced thickness cutting inserts. It is 
observed that the readings of temperature for reduced 
thickness cutting insert were higher than those of 
conventional inserts. Moreover, the readings of 
temperature of reduced thickness cutting inserts were 
also more stable which eliminate the possibilities of 
chatter occurrence during machining. 

 
Figure 2 Surface roughness curve. 

 

 
Figure 3 Steady state temperatures.  

 
4. CONCLUSION  

This paper presents investigation of flank wear and 
surface roughness of reducing thick cutting insert in 
turning AISI 1017 steel. The main focus of this study is 
to determine whether the reduced cutting insert capable 
to replace the conventional cutting insert in turning 
process. Similar end of tool life has been observed for 
both cutting inserts. The performance of reduced thick 
cutting insert concerning flank wear and surface 
roughness (Ra) was documented comparable to 
conventional cutting insert.  These behaviours drove 
significant findings for sustainable manufacturing.  
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ABSTRACT – Thermoplastic based polymer materials 
are already represented in many tribological applications 
due to their good dry sliding behaviour, though high 
temperatures drastically limit the possible loads. This 
study investigates a filler material whose action is 
triggered by the heat development in the contact 
interface. The resulting chemical transformation of the 
filler actively counteracts surface interactions that would 
otherwise lead to excessive wear. The tribological tests 
clearly show the potential of this type of filler to broaden 
the range of application of polymer based compounds. 
 
1. INTRODUCTION 

Using thermoplastic based compounds for 
tribological systems bears many advantages. Self-
lubrication, corrosion resistance and low density make 
them an optimal choice for most applications. However, 
the friction induced heat in the contact interface is an 
obvious challenge for material developers, that could not 
yet be eliminated. There are numerous examples of use 
cases in which plastics are rejected purely due to their 
temperature sensitivity. Not only ambient conditions play 
a major role in that choice; the external load has a strong 
influence as well. Especially in the case of an 
unintentional overload and a resulting temperature 
excursion the material might melt and the whole system 
fail. 

A previous study [1] examined a special type of 
filler that is entirely new in the field of polymer tribology 
and promises a solution to the long-standing heat 
problem. The authors used a flame retardant featuring an 
endothermic chemical reaction, triggered very localized 
by high temperatures in the contact area, to counteract the 
heat development and keep the polymer in a normal 
operational state. The results not only prove that the 
concept is working well on a polyamide 66, but also 
indicate that products of the chemical transformation 
might have a positive effect on the tribological behaviour 
as well. 

However, the study only covers unreinforced 
compounds which by implication are not suitable for 
industrial systems subjected to high load. Therefore, this 
paper focusses on the applicability of the fundamental 
concept in the case of fibre reinforced polymers. 
 
2. METHODOLOGY 
2.1 Materials and sample preparation 

Two carbon fiber reinforced compounds based on 
polyamide 66 were prepared in analogy to the previous 
study [1]: One version contained only carbon fibres, 
another version additionally contained 30 wt.-% 

magnesium hydroxide (MH), provided by TER 
Chemicals (Germany) [2]: 
𝑀𝑔(𝑂𝐻)2   →   𝑀𝑔𝑂 + 𝐻2𝑂      (𝛥𝐻 ≈ 1450 𝐽/𝑔)    (1) 

The fibre content was held constant at 10 wt.-% for 
both compounds. The materials were manufactured using 
a co-rotating twin-screw extruder and utilizing a multi-
step Masterbatch routine according to [3]. After extrusion 
the granules were injection molded into plates from 
which the specimens were cut out mechanically. 

 
2.2 Tribological tests 

The tribological properties of the compounds were 
tested on a self-constructed pin-on-disk (PoD)-
Tribometer under dry sliding conditions. Wear was 
defined as the change in length Δ𝑙 of the sample pin, 
which was continuously monitored and recorded with a 
confocal distance sensor. The specific wear rate in the 
steady state phase could therefore be determined using 
following formula: 
𝑤𝑠 = 𝑊𝑉/(𝐹𝑁 ⋅ Δ𝑠) = 𝛥𝑙 ⋅ 𝐴0 (𝐹𝑁 ⋅ 𝑣 ⋅ Δ𝑡)⁄     (2) 

The temperatures of sample and counterbody were 
measured using infrared sensors. The point of 
measurement on the pin surface was located 1.5 mm 
away from the contact interface. 

To minimize the experimental effort for testing a 
broad load spectrum as well as to provide insight into the 
systems reaction to a sudden increase of the external load, 
load increasing tests on the basis of [4] were performed. 
The contact pressure was increased incrementally from 𝑝 
= 1 MPa to 5 MPa with a step size of Δ𝑝 = 0.5 MPa, the 
sliding velocity was set to 4 m/s. 

After the tribological tests, the worn surfaces were 
investigated via 3D profilometer. 

 
3. RESULTS AND DISCUSSION 

To investigate the change in the tribological 
behaviour of the compounds over a broad range of 
external load, the specific wear rate (2) in the steady state 
was plotted against the contact pressure (Figure 1). 
Because the values were taken only from the steady state 
phases, changes due to compression, softening and 
thermal expansion are not disturbing the wear rate 
calculations. 

During low load, both compounds show very 
similar values. At 2 MPa, the wear rate of the unfilled 
compound begins to increase drastically whereas the MH 
filled material demonstrates only little variation over the 
entire load spectrum. The rate of the former increases 
further with each load increment so that at 5 MPa, the 
value is almost five times higher compared to the filled 
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compound. This is an indication that, at medium and high 
loads, the filler shows a significant effect on the 
tribological behaviour by reducing mechanisms that 
normally lead to excessive wear. One of the effects 
involved is the production of a metal oxide layer on the 
surface which accumulates in front of fibre ends and 
prevents pieces from being broken off and furrowing the 
polymer surface [4]. 

 

 
Figure 1 Specific wear rate. 

 
Looking at the coefficient of friction, apart from a 

slight increase in the mid load segments the unfilled 
version demonstrates a rather constant value of 0.4 
during the tests. A decrease above 4 MPa can be 
explained by the local melting of the samples in that load 
region (see picture in figure 1) and the resulting reduction 
of its shear strength. The MH filled version demonstrates 
a comparatively high coefficient of friction of around 
0.55 in the beginning. This could be a result of an overall 
more brittle behaviour or of the interface temperature not 
yet being high enough to trigger the transformation of the 
filler [1]. The value is then decreasing rapidly to 0.3 
during the moderate load phases, followed by a slight 
incline towards the end. The reduction can be explained 
by the chemical reaction of the filler and the water 
released during that reaction: The water forms a steam 
cushion between the surfaces and hence reduces the 
probability of abrasive as well as adhesive interactions 
[1]. In addition, the produced metal oxide could form a 
particle layer on the surface similar to nano particles, 
creating a rolling effect and thus reducing the sliding 
resistance [4]. 

This layer is clearly visible when comparing the 3D 
profilometer pictures of the worn surfaces of the two 
compounds (Figure 2). The unfilled version shows signs 
of melting, illustrated by the smooth channel. Broken 
fibre pieces are lying on the surface and grooves are 
visible, which indicates abrasive action. The surface of 
the MH filled compound on the other hand is almost 
completely covered by a smooth layer; magnesium oxide. 

 

 
Figure 2 3D profilometer pictures. 

 
4. CONCLUSIONS 

Without doubt, the results show the potential of this 
new type of filler for polymer based tribocompounds. It 
was found that rather than the energy absorption, the 
released products during the chemical reaction of the 
filler seem to have a strong positive impact on the 
tribological behaviour of fibre reinforced plastics. They 
act similar to nanoparticles but are only released when 
necessary — during high loads — and in the location 
where it’s relevant — in high tension areas. 

Further study of the effects will evidently lead to a 
systematic use and, as a result, to safer, more cost 
efficient and overall better solutions for tribological 
applications. 
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ABSTRACT – This paper presents an experimental 
study of laser assisted micro milling of Ti6Al4V using 
micro ball end mill. Tool wear propagation was observed 
and compared between conventional and laser assisted 
micro milling to evaluate the effectiveness of laser 
assisted machining technique in Ti6Al4V micro 
machining. It is confirmed that laser assisted micro 
milling technique managed to improve the tool life even 
when using micro ball end mill tool. The maximum flank 
wear reduced for approximately 50 % at machining 
distance of 6000 mm when the laser pulse width is 
increased from 1 to 2 ms. 
 
1. INTRODUCTION 

It is well reported that laser heating is capable in 
improving the tool life by cutting force reduction. 
However, less has been discussed on laser assisted micro 
milling using micro ball end mill [1, 2]. The effectiveness 
of laser assisted micro milling (LAµMill) only can be 
achieved when the thermal softening gives dominant 
influence during the machining process compared to 
ductility and strain hardening effect [3, 4]. The 
appropriate heating temperature is one of the issue being 
argued among researchers. The most appropriate 
temperature were reported in different value which  
ranged from 150 to 500 °C [5-7]. Even though preheating 
the material managed to reduce chipping wear 
mechanism [6], the tools were still exposed to attrition, 
diffusion, and plastic deformation [8]. 

This study was conducted to investigate the 
effectiveness of LAµMill compared to conventional 
micro milling (Conv. µMill) in dry condition using micro 
ball end mill tool. Low power laser was used to avoid 
workpiece material properties changes during the 
machining process 
 
2. METHODOLOGY 

The experimental setup of laser assisted micro 
milling machine is shown in Figure 1 . TiAlN coated 
cemented carbide micro ball end mill with diameter of 
0.3 mm was used to perform linear groove machining. 
Air bearing micro spindle was set with angle of 80° from 
X-Y plane to reduce the effect of rubbing. Linear grove 
machining of 25 mm/path was performed on Ti6Al4V 
with depth of cut (tc) of 0.020 mm. The experiment was 
done in two stages. The first stage (1st. stage) was done 
to evaluate the influence of feed (f), cutting speed (vc) and 
laser heating. The second stage (2nd. Stage) was done to 
further evaluate the influence of laser heating at lower 
cutting speed (3.0 m/min) and different pulse repetition 

rate (tp =1 and 2 ms). 
 

 
Figure 1 Laser assisted micro milling. 

 
Table 1 Milling parameters. 

Parameters Value/ range 
Depth of cut, tc (mm) 
Feed, f × 10-3 (mm/flute) 
Cutting speed,  
vc (m/min) 

0.020 
2.1, 3.0, 4.2 
1st. stage : 7.6, 10.6 15.1  
2nd. stage: 3.0 

 
Table 2 Laser parameters. 

Parameters Value/ range 
Laser focus diameter, (mm) 
Pulse repetition rate, fp (Hz) 
Pulse width, tp (ms) 

Elliptical, 0.70 × 0.84 
100 
1 (1st. stage),  
2 (2nd. stage only) 

 
The milling parameters applied in this study are 

shown in Table 1. In LAµMill, the laser beam was 
focused with an angle of 55° from X-Y plane at distance 
(Xt-b) of 0.6 mm from the cutting tool and the detail lasing 
parameter is shown in Figure 1. The laser managed to 
heat the cutting area to approximately 130 °C to 165 °C. 

 
3. RESULTS AND DISCUSSION 

Laser heating has shown the most effect when the f 
was 3.0 × 10-3 mm/flute (Figure 2). All vc values has 
shown approximately the same tool wear rate. At f of 4.2 
× 10-3 mm/flute, vc of 7.6 m/min has shown the best 
machining performance with the lowest maximum flank 
wear (VBMAX) increment. It is suggested that laser heating 
has managed to give further softening effect which could 
significantly increase the workpiece deformability. 
Consequently, the tool managed to preserve the cutting 
edges initial geometry longer with minimum VBMAX 
increment.  
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Figure 2 Comparison on maximum flank wear (VBMAX) 
propagation between different feed (f) and machining 

method at tc of 0.02 mm. 
 

The effect of laser heating using different pulse 
width (tp) can be observed form Figure 3. When the 
workpiece is heated up, the VBMAX propagated with 
different rate and characteristics. In the case of LAµMill 
1 which applied 1 ms for the tp, machining using f of 2.1 
× 10-3 mm/flute has failed to show any improvement 
initiated by laser heating. The tool worn out even slightly 
faster than Conv. µMill. Laser heating has promoted the 
workpiece ductility and plasticity behavior. The 
machining performance at f of 2.1 × 10-3 mm/flute 
become worse when the workpiece become softer and 
more ductile.  

 

 
Figure 3 Flank wear increment comparison between 

Conv. µMill, LAµMill 1 and LAµMill 2. 
 

Generally, observation on the VBMAX has shown that 
LAµMill 2 performs better than Conv. Mill and even 
better than LAµMill 1 with approximately 30 % of VBMAX 
reduction at Xc of 6000 mm. The increment of tp from 1 
to 2 ms has successfully gave significant influence to the 
machining performance. In LAµMill 2, the workpiece 
was heated up to a higher temperature compared to 
LAµMill 1. The workpiece became softer during the 
machining process compared to the LAµMill 1 and Conv. 
µMill. 

 
4. CONCLUSIONS 

From the maximum flank wear observation, the 
next conclusions are derived: 

(a) Feed at 3.0 × 10-3 mm/flute gives the lowest 
tool wear rate in LAµMill 1. Low and 
considerably equal tool wear rate were 
observed at all cutting speed.  

(b) Laser heating using pulse width of 1 ms 

managed to reduce the tool wear rate but not 
at feed of 2.1 × 10-3 mm/flute. Increasing the 
pulse width to 2 ms has successfully further 
improve the laser assisted micro milling 
efficiency. The tool wear in LAµMill 2 
recorded approximately 50 % lower than 
LAµMill 1. 

(c) LAµMill 2 which were performed at 50 °C 
higher temperature than LAµMill 1 managed 
to give significant tool wear rate decrement. 
Heating temperature of approximately 200 °C 
and above is essential to obtain good 
machining performance. 
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ABSTRACT -The effect of slurries on disc brake system 
is evident to affect the frictional and wear performance of 
disc brakes. In this work, wear analysis was performed 
which include the calculation of wear rate and analysis of 
surface topography. Surface topography of the pads was 
analysed with SEM to identify the wear mechanisms 
involve. From the results, the presence of slurry caused 
higher wear rate in brake pads due to increasing pressure 
and sliding speed. Some mark of scratches, craters and 
grooves were observed from surface topography analysis 
and 2nd body abrasion tends to dominate the wear. 
 
1. INTRODUCTION 

It is a normal phenomenon for disc brakes of 
vehicles to be subjected to road particles especially 
during the rain and at bad road conditions. The effect of 
slurries on disc brake system is important to be studied 
since there is evidence that it affects the frictional and 
wear performance of brakes. Among the common known 
factors which affect the friction and wear of brake pads 
are the brake design itself, the loads or pressure applied, 
the disc speed and the surface roughness of the disc rotor. 
Since the brakes of a vehicle are located very closely to 
the road surface plus its exposed design, the chances of 
road particles such as sand and mud to enter and disturbs 
the brake performance is high.  
 
2. EXPERIMENTAL 
2.1  Apparatus and testing procedures 

The brake dynamometer was used to perform the 
experiment. The external particle feeder was specially 
designed to introduce slurry mixture with two filter 
funnels which will direct the slurry to the disc brake. The 
ratio for all the slurry concentration was kept constant at 
1:1 which is 1g to 1 ml of water. Apart from the presence 
of slurry, two other parameters were made as variables in 
the experiment which are the pressure and the sliding 
speed. Two different values of pressure were set at 5 and 
15 bar while three values of sliding speed were set at 20, 
40 and 60 rpm.  
 
2.2  Wear and surface topography analysis 

For the wear analysis, the effect of different 
pressures and sliding speeds were analyzed towards the 
wear rate of the brake pad. The weight of the brake pads 
was recorded before and after the experiment. The wear 
rate was calculated using the formula below:  
 
Wear rate (kg/s) = Weight loss (kg)/Sliding time (s) 
 

Wear analysis also includes the surface topography 

of the brake pads. Pad specimens were cooled down and 
cleaned properly before there are observed under optical 
microscopy. 
 
3. RESULTS AND DISCUSSION 

The effect of slurries on the friction and wear 
behavior of brake pads is being discussed.  Each 
experiment lasts for 1 hour in order to investigate the 
wear rate of the brake pad.  
 
3.1  Effect of slurry on brake pad’s wear under 

different load at constant sliding speed 
Using two different pressures, 5 bar and 15 bar, the 

values for wear rate of dry and wet conditions are plotted 
and compared. It is expected that the wear rate to show 
an increment in when load is increased. 
 

 
 Figure 1 Wear rate of the brake pad at sliding speed of 

20, 40 and 60 rpm for dry and wet braking. 
 

There are great differences in wear rate between dry 
braking (without the slurry) and wet braking (slurry is 
added) at lower speed of 20 rpm. The wear rate for dry 
condition is 0.25 x 10-7 kg/s while for wet braking is much 
higher which 1.63 x 10-7 kg/s. As for different pressure, 
the wear rate at 15 bar is higher than at 5 bar for both dry 
and wet conditions. As the normal load is increased, 
materials of the surface will be sheared off more. This 
means more tribo-layer will be generated in terms of 
thickness therefore it will reduce the friction coefficient 
[1]. The pressure being applied causes the deformation 
and flattening of surface asperities hence, wear rate is 
increased because the effective contact area is increased 
[2]. At moderate 40 rpm, there is similar trend like at 
lower rpm where the dry braking has less wear compared 
to the wet braking and the increase in pressure also 
increases wear. At higher speed of 60 rpm, the difference 
between the wear of dry and wet braking is high only at 
lower pressure of 5 bar whereas at 15 bar, the wear rate 
of dry braking is just as high as in wet braking. Even 

0

1

2

3

4

Dry WetW
ea

r r
at

e 
(k

g/
s x

 1
0^

-7
)

Wear rate at 
20 rpm

0

1

2

3

4

Dry Wet

Wear rate at 
40 rpm

0

2

4

6

8

Dry Wet

Wear rate at 
60 rpm

5
bar

15
bar



Abdul Hamid et al., 2018 

124 
 

without the presence of slurry, the wear rate of the brake 
pad is high due to the high pressure. In overall, the 
presence of slurry causes more wear to the brake pad due 
to the higher particles contact frequency. The wear rate 
increases when nominal pressure increases, and it is more 
noticeable under wet condition [2]. Wear increases with 
normal load because the shear forces between asperities 
will also increase [3]. 

 
3.2   Effect of slurry concentration of brake pad wear 

under different sliding speed of constant 
applied load 
The different sliding speed applied also has an 

effect towards the wear rate of brake pads. The wear rate 
for the sliding speed of 20, 40 and 60 rpm is compared at 
the pressure of 5 and 15 bar. 
 

 
Figure 2 Wear rate at 3 different speeds for dry and wet 

braking at 5 and 15 bar. 
 

From Figure 2, as the sliding speed increases, the 
wear rate also increases. The wear rate for wet condition 
is again higher that for dry condition. The presence of 
slurry is assumed to have increased wear in brake pads. 
The wear rate increases when sliding speed increases 
because the sliding distance also increases. It is observed 
that the wear rate at 60 rpm for dry however is almost the 
same as the wet braking. This shows that the effect of 
slurry is not dominant for higher rpm at high pressure of 
15 bar. The high pressure seems to contribute more 
towards the wear then the slurry. The mixing process that 
occur between external particles and other wear debris 
were accelerated, thus creates a better stabilized effective 
contact area [4]. From the surface topography analysis, 
sign of craters, scratches and grooves were present as 
illustrated in Figure 3. The two-body abrasion was 
assumed to dominate due to the existence of more 
scratches and grooves. From the overall observation, 
worn contact condition, sign of scratches and grooves can 

be found at some region on the pad surface with some 
bright patches and small particle spread over the pad 
contact areas.  

 

 
Figure 3 Sign of (a) craters, (b) scratches and grooves. 

 
4. CONCLUSION 

The presence of slurry during wet braking has 
affected the wear rate of the brake pads. The presence of 
slurry caused higher particle contact frequency especially 
with increasing pressure and sliding speed. Some mark 
of scratches and grooves were observed from surface 
topography analysis and 2nd body abrasion tends to 
dominate the wear. 

 
ACKNOWLEDGEMENT 

The authors would like to thank UTM for the 
support of the project under the GUP vot of 
Q.J130000.2624.12J37 and Q.J130000.2524.18H03. 

 
REFERENCES 
[1] Uyyuru, R. K., Surappa, M. K., & Brusethaug, S. 

(2007). Tribological behavior of Al–Si–SiCp 
composites/automobile brake pad system under dry 
sliding conditions. Tribology International, 40(2), 
365-373. 

[2] El-Tayeb, N. S. M., & Liew, K. W. (2009). On the 
dry and wet sliding performance of potentially new 
frictional brake pad materials for automotive 
industry. Wear, 266(1-2), 275-287. 

[3] Djafri, M., Bouchetara, M., Busch, C., & Weber, S. 
(2014). Effects of humidity and corrosion on the 
tribological behaviour of the brake disc 
materials. Wear, 321, 8-15. 

[4] Abdul Hamid, M. K. (2010). Study of external grit 
particles size effect on brake 
wear of disc braking system. Doctoral dissertation. 

[5] Blau, P. J., & McLaughlin, J. C. (2003). Effects of 
water films and sliding speed on the frictional 
behavior of truck disc brake materials. Tribology 
international, 36(10), 709-715. 

 
 

0

1

2

3

4

5

0 100W
ea

r r
at

e 
(k

g/
s x

 1
0^

-7
)

Slliding speed (rpm)

Wear rate vs speed 
at 5 bar

0

2

4

6

8

0 50 100

W
ea

r r
at

e 
(k

g/
s x

 1
0^

-7
)

Sliding speed (rpm)

Wear rate vs speed
at 15 bar

Dry

Wet



Proceedings of Asia International Conference on Tribology 2018, pp. 125-126, September 2018 

__________ 
© Malaysian Tribology Society 

 

Mechanical and dry sliding wear behavior of cenosphere particulate 
reinforced Al-Si12 matrix alloy composites produced by squeeze 

casting 
Tanusree Bera, S.K. Acharya* 

 
National Institute of Technology Rourkela, 769008, Rourkela, Odisha, India. 

 
*Corresponding e-mail: skacharya@nitrkl.ac.in 

 
Keywords: Al-Si12 matrix alloy; cenosphere; squeeze casting  

 
 

ABSTRACT – In this study, the effects of weight 
fraction of cenosphere on dry sliding wear behavior of 
Al-Si12 matrix alloy particle reinforced composites, 
fabricated by squeeze casting technique was 
investigated. Wear tests were carried out on a pin-on-
disc wear tester at 0.5235, 1.0472, 1.5708 and 2.0944 
m/s sliding velocity under loads of 5, 10, 15 and 20 N 
against EN 31 steel disc.  The results showed that the 
higher the load and the faster the sliding velocity are, 
the higher the wear rate is. The coefficient of friction of 
the matrix alloy and composites decreased with increase 
with the load. 
 
1. INTRODUCTION 

In the last few years, the metal matrix composites 
(MMCs) have emerged as the best material in the 
various industries due to its novel properties. 
Increasingly, MMCs are being used to replace the 
conventional materials in many applications, especially 
in the automobile industries [1].    Casting is one of the 
most economical methods for fabrication of MMCs [2]. 
However, there are many drawbacks in conventional 
castings, such as porosity, hot tears, A and V segregates 
[3]. To overcome all these drawbacks, new casting 
techniques have been introduced. Among other casting 
methods, squeeze casting has more potential to create 
less defective cast components [4]. 

 Most of the investigations on squeeze casting 
were carried out in cast aluminum alloys such as 
Al6061, AA603, Al2024, Al-Si8Cu3Fe, Al-Si7Mg, 
A357, A535 and A7010. However, no studies have been 
reported on the Al-Si12 matrix alloy with cenosphere by 
squeeze casting process. The present investigation is 
based on the dry sliding wear behavior of both the Al-
Si12 matrix alloy and Al-Si12/cenosphere composites. 

 
2. METHODOLOGY 

The chemical composition of the Al-Si12 matrix 
alloy used in the present investigation is given in Table 
1. The cenosphere is used as reinforcement in the 
present study, ordered from National Power Engineers, 
Kolkata, India. The size of the cenosphere particles are 
in the range of 30-200 μm, and the density is 0.6 g/cm3.  

The calculated matrix alloy was melted at 800-
900 °C in clay graphite crucible using an electric 
resistance melting furnace for 2-3 hours. The matrix 
alloy has been reinforced with 5, 7.5, 10, and 12.5 wt. % 
of cenosphere particles. The cenosphere particles were 
preheated at 40-50 °C in a separate muffle furnace for 2-
3 hours to remove moisture and other gasses. The 

preheated cenosphere particles were then added to the 
melt, and the melt was stirred at 100-150 rpm by a 
mechanical stirring system. A 100-ton hydraulic press 
with close control on the rate of application of pressure, 
dwell time and ejection facilities were used for squeeze 
casting. The hot pressing die of H13 steel had a mould 
cavity with a dimension of 130 mm x 50 mm x 50 mm. 
The initial die temperature was maintained at about 100-
120 °C by controlled electrical resistance heating. The 
composite melt was poured into the preheated die cavity 
before the application of pressure. The pouring 
temperature of the composite melt was kept constant at 
720 °C. The squeeze pressure was maintained at a level 
of 50 Mpa within a dwell period of 2 min, and then the 
solidified casting was ejected. After cooling the 
solidified casting was subjected to machining and 
samples of suitable size for different experimentation 
were obtained. Samples of the unreinforced matrix alloy 
were squeeze cast in a similar manner under the same 
conditions. 

 
Table 1 Chemical compositions of Al-Si12 alloy. 

 
 

The dry sliding wear tests were carried out on a 
pin-on-disc wear testing machine designed as per 
ASTM G-99 standard, supplied by Magnum Engineers, 
Bangalore, India. The tests were performed under a dry 
condition at room temperature.  

 
3. RESULTS AND DISCUSSION 

Figure 1 shows the variation of the coefficient of 
friction of the Al-Si12 matrix alloy and composites with 
load at 0.5235 m/s sliding velocity. It can be seen that 
the coefficient of friction of the matrix alloy and 



Bera and Acharya, 2018 

126 
 

composites decreased with increasing load. The friction 
coefficient decreases with increase in the wt. % c/s. 
There are two reasons for decrease in coefficient of 
friction with increase in load: (a) Due to increase in load 
the temperature of the contact surface increases and 
softens the surface of the pin. So, friction coefficient 
decreases. (b) When the load increases more wear of pin 
surface occurs, and the wear debris stuck in between pin 
and counter surface and acts as roller ball. Therefore, 
the coefficient of friction decreases.  

 

 
Figure 1 Variations in coefficient of friction with loads. 

 
Figure 2 presents the variation of wear rate of 

matrix alloy and composites with load at 1.0472 m/s 
sliding velocity. The wear rate increased with the 
increase in the load. This can be attributed due to 
following reasons-first one- At low load, mild wear was 
examined, but as the load increased beyond 10 N, the 
severe wear occurred. The second one- During the 
initial stage of abrasion, abrasive is in contact with the 
matrix, has less hardness as compared to angular silica 
sand (abrasive) particles. At that particular instance, the 
ratio Ha (hardness of the abrasive particle)/Hs (hardness 
of the surface) is much more than unity, resulting in 
severe matrix damage and the rate of material removal 
is very high. Thus, the specific wear rate is more. When 
the load increases, cenosphere particles get in contact 
with abrasive particles, Ha/Hs ratio is a little more than 
unity; as a result, cenosphere particles provide better 
resistance to the process of abrasion and reduce the 
wear rate. 

Figure 3 represents the variation of SWR of matrix 
alloy and composites with sliding velocity. The SWR 
first decreased with increasing sliding speed up to 
1.5708 m/s and then increased with further increasing 
sliding velocity. This is because, at slow sliding 
velocity, the sliding surface was covered with oxide like 
mechanically mixed layer (MML) formed at the sliding 
interface and minimized direct metallic contacts. This 
resulted in lower wear rate. At very high-velocity 
thermal softening of the matrix and localized melting on 
the interface, surfaces were reported. This causes the 
breakdown of the MML and allows more direct metallic 
contact during sliding, and cenosphere particles became 
dislodged, and suddenly huge wear resulted. 

 

 
Figure 2 Variations in wear rate with loads. 

 

 
Figure. 3 Variation in SWR as a function of sliding 

velocity. 
 

4. CONCLUSION 
The coefficient of friction of the matrix alloy and 

composites decrease with increasing load. The wear rate 
increases with increase in the load. The SWR increases 
with increase in the sliding velocity.  
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Abstract – The phenomenon that the aluminum alloy is 
remarkably worn by sliding against the PTFE was 
investigated experimentally in comparison with other 
metals and other polymers. The large wear amount of 
aluminum alloy slid against PTFE was thought to be 
influenced not only by the hardness of the metal and the 
hardness of the counterpart resin material but also 
fluorination of the metal surface during friction with 
PTFE. As a result of XPS analysis of the sliding surface 
of aluminum alloy, it was considered that surface of 
aluminum alloy is considerably fluorinated by sliding 
against PTFE. 
 
1. INTRODUCTION 

Tribological properties of PTFE have been 
extensively studied from fundamental research to 
practical research since PTFE shows the lowest friction 
coefficient among various resin materials. It is known 
that PTFE forms a thin transferred film on the metal 
counterpart surface by friction, which greatly contributes 
to friction characteristics of PTFE. In addition, it was 
investigated that metal fluoride was formed on the metal 
counterpart surface by friction with PTFE, which is 
thought to affect the formation of transferred film. It was 
reported that the binding between the first PTFE 
transferred film and active metallic surface is chemical 
bonding and the bonds to the metal is via fluorine atoms 
[1], and it was reported that the greater the strength of 
adhesion the lower the rate of wear [2]. However, it is 
difficult to say that transferred film formation mechanism 
has been sufficiently understood. In order to understand 
the low friction mechanism of PTFE, it is necessary to 
clarify the fluorination reaction of metal and the 
formation mechanism of the transferred film. 

In our previous study to investigate the abrasiveness 
of carbon fiber added to PTFE as a filler material to the 
counterpart metal surface, it was found that aluminum 
alloy, which is harder than PTFE, wears out considerably 
by the friction with unfilled PTFE [3]. It was also found 
by XPS analysis that the surface of the aluminum alloy is 
fluorinated. However, a causal relation between large 
wear amount of aluminum alloy and fluoridation of 
sliding surface of aluminum alloy is not clear. In this 
research, it was aimed to investigate the fundamental 
phenomena of wear of metal and fluorination of metal in 
friction between aluminum alloy and PTFE. 
 

2. METHODOLOGY 
2.1 Sample preparation 
 Fine PTFE molding powder, Fluon PTFE G163 
(Asahi Glass Co., Ltd.), with a median particle size of 25 
μm was used as raw material of PTFE specimen. PTFE 
powder put in a mold was compressed at 36.7 MPa while 
heating at 380 °C for 20 min. By this molding, a PTFE 
disk specimen with a diameter of 32 mm and a thickness 
of 2~3 mm can be obtained. As the main counterpart 
metal material, an aluminum alloy A5052 (Japanese 
Industrial Standards) was used for experiments. Other 
aluminum alloys (A1070 and A2017), pure copper 
(C1100) and stainless steel (SUS304) were also used for 
experiments in order to investigate the effect of metal 
hardness on the wear amount of metal specimen. In the 
case of a ring specimen, these metals are processed into 
a cylindrical shape. The outer diameter and inner 
diameter of the ring specimen are 16 mm and 12 mm 
respectively. The sliding surface of the ring specimen (the 
end face of the cylinder) was polished to provide a 
surface roughness of less than 0.02 μm (Ra). The 
specimen was cleaned ultrasonically with acetone before 
friction test. 
 
2.2 Friction test 
 The friction test was carried out with a ring-on-disk 
system or a ball-on-disk system depending on the 
purpose, though the result of ball-on-disk friction test is 
omitted because of space limitations. The ring-on-disk 
friction test was carried out under a condition of an 
applied normal pressure of 1.11 MPa, a sliding speed of 
0.51 m/s and a sliding distance of 1760 m at room 
temperature in a dry air (< 30% RH) atmosphere. 
 
3. RESULTS AND DISCUSSION 

Figure 1 shows wear amount of metal ring 
specimens slid against PTFE disk specimen (bar) and the 
Vickers hardness of the ring specimens (circle mark). For 
the aluminum alloy, the wear amount of metal 
counterpart decreases with the increase of the hardness of 
sliding surface. Here, the hardness of sliding surface of 
pure copper specimen was comparable with that of 
aluminum alloys, however, there was no wear of copper 
specimen. Therefore, it is difficult to explain the wear 
amount of the metal specimen slid against PTFE only 
with the hardness of the metal. 

In order to consider the effect of the hardness of 
polymer material on the wear amount of aluminum alloy 
counterpart, the wear amount of aluminum alloy slide 
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against PTFE, UHMWPE, and POM were compared. 
Figure 2 shows the wear amount of aluminum (A5052) 
ring specimen slid against three kinds of polymer disk 
specimens and the Durometer hardness (Type D) of 
polymer specimens. Here, UHMWPE was chosen 
because its molecular structure is similar to that of PTFE. 
Since the durometer hardness of POM is higher than that 
of PTFE, it can be explained that the wear amount of 
aluminum alloy rubbed with POM is larger than that 
rubbed with PTFE. However, despite the durometer 
hardness of UHMWPE being higher than that of PTFE, 
the wear amount of aluminum alloy rubbed with 
UHMWPE is quite small. So, from these results shown 
in Figure 1 and Figure 2, we can consider that some other 
factor may affect the wear of aluminum alloy, not only 
the hardness of metal or the hardness of polymer material. 

 

 
Figure 1 Wear amount of the ring specimens after 

sliding against PTFE and Vickers hardness of the ring 
specimens before friction test. 

 

 
Figure 2  Wear amount of A5052 ring specimen 
after sliding against polymer specimens and durometer 

hardness of polymer specimens. 

Figure 3 show the XPS spectra obtained from the 
sliding surface of A5052 ring specimen slid against PTFE. 
Fig. 3(a) & 3(c) show the C1s (carbon) peak and Fig. 3(b) 
& 3(d) show the F1s (fluorine) peak. Fig. 3(a) & 3(b) 
were obtained from the sliding surface as it was subjected 
to friction test, and Fig. 3(c) and 3(d) were obtained from 
the sliding surface after argon ion sputtering treatment.  
Before sputtering treatment, two peaks of C1s was 
obtained as shown in Fig. 3(a). The peak at around 292 
eV arise from carbon of PTFE and the peak at around 285 
eV arise from hydrocarbon such as contamination. This 
means that the transferred film of PTFE was generated 
on the surface of aluminum alloy. The peak of F1s 
consists of multiple peaks as shown in Fig. 3(b). One of 
them at around 689 eV arise from fluorine of PTFE and 
the others could be from aluminum fluoride (AlF3) or 
aluminum oxyfluoride (AlOxFy). After sputtering 
treatment, C1s peak from PTFE almost disappeared as 
shown in Figure 3(c), on the other hand, F1s peak 

remained as shown in Figure 3(d). This result means that 
metal fluoride is detected even after a sufficient amount 
of sputtering treatment to remove the transferred film of 
PTFE, therefore, it is considered that the surface of 
aluminum alloy is considerably fluorinated by sliding 
against PTFE. 

 
Figure 3 XPS spectra obtained from A5052 ring 

specimen after sliding test for C1s peak (a,c) and F1s 
peak (b,d). Spectra were obtained before sputtering (a,b) 

and after 1 min sputtering (c,d). 
 

It is well known that fluorination of metal 
counterface is the result of tribochemical reaction 
between PTFE and metal surface. And this reaction could 
make strong adhesion of PTFE transferred film to the 
metal counterface. However, it causes abrasion of the 
metal surface if the aluminum fluoride is brittle and 
easily removed from the surface by rubbing. Therefore, 
the non-negligible wear amount of aluminum alloy slid 
against unfilled PTFE could be attributed to not only the 
softness of aluminum alloy in comparison with other 
metal but also the mechanical properties of metal fluoride. 
 
4. CONCLUSION 
 In the friction between the metal and PTFE, metal 
fluoride is formed on the metal surface. The wear amount 
of the aluminum alloy slid against PTFE was remarkably 
large. This is considered to be caused by the aluminum 
fluoride which is formed in addition to the fact that the 
aluminum alloy is a relatively soft metal. 
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ABSTRACT – An analytical friction model is 
developed to compute the drive force required to slide a 
body over a surface subjected to coupled longitudinal 
and transverse vibration. Previously, this computation 
was only possible under either longitudinal or transverse 
vibration using a separate analytical model for each 
mode. The model proposed in this paper is applied to 
longitudinal, transverse, and coupled vibration modes. 
Results are in good agreement with existing literature. 
Analytical results are replicated numerically by use of a 
specially developed friction subroutine which can be 
integrated into any Abaqus® dry contact simulation. 

 
1. INTRODUCTION 

The efficiency of mechanical systems that involve 
predominantly dry sliding contacts can be significantly 
improved by friction reduction via the use of 
conventional lubricants or surface coatings. A less 
typical method, and one that has been the subject of 
theoretical analyses for several decades, is the 
phenomenon of reduced friction force of surfaces when 
subjected to vibration. In such studies vibration is 
applied by exciting one of the contacting bodies either 
in the longitudinal [1], transverse [2] or normal [3] 
direction. 

In recent research Gutowski and Leus [1-2] have 
shown that good agreement between analytical and 
experimental results can be achieved by utilising models 
that have dynamic equations of motion, while also 
including terms to describe compliance of both the 
contact and the drive system. A model for longitudinal 
vibration and a separate model for transverse vibration 
were developed [1-2], however, a model for coupled 
longitudinal and transverse vibration does not exist in 
literature. This paper proposes a new friction model to 
describe changes in friction force and drive force for 
sliding surfaces subjected to coupled longitudinal and 
transverse vibration. The new model is validated against 
previous models [1-2] that have shown good agreement 
with experiments. 

 
2. METHODOLOGY 

The domain, Figure 1, consists of a body of known 
mass 𝑚 moved over a base that can be oscillated 
sinusoidally such that the longitudinal and transverse 
components of motion, 𝑥𝑏 and 𝑦𝑏 , act simultaneously 
and in phase. Mathematically this coupled motion can 

be treated as vibration applied along an axis which is at 
angle 𝛳 relative to direction 𝑋, Figure 2. Movement of 
mass 𝑚 over the base is imposed by a constant drive 
velocity 𝑣𝑑 applied at point 𝐵, while vibration of the 
base is also transferred to the body. This corresponds to 
an instantaneous external drive force 𝐹𝑑 that is 
transferred to point 𝐴 of the body via a mechanical drive 
system of which the stiffness 𝑘𝑑 is known. No structural 
damping of the drive system is assumed, hence ℎ𝑑 = 0. 

Contact compliance is included by assuming Dahl 
friction behaviour [4]. The deformable contacting 
asperities of the sliding body and base are modelled as a 
single lumped asperity 𝑀𝑁. Endpoint 𝑁 is attached to 
the sliding body, while the free endpoint 𝑀 interfaces 
with the vibrating base. During vibration, change in 
relative displacement of 𝑀 and 𝑁 creates change in 
magnitude 𝑠 and direction 𝛽 of the contact’s elastic 
deformation. This causes changes in the friction force 
between the two bodies. 

 

 
Figure 1 Schematic of domain [2] showing coupled 
vibration with base motion components 𝑥𝑏 and 𝑦𝑏  

 

 
Figure 2 Mode of vibration defined by angle 𝛳. 
 
The new analytical model is a development of 

previous models [1-2] and is described by a 
mathematical computational procedure developed in 
Matlab®/Simulink®. The model enables computation of 
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𝐹𝑑 under different conditions, with the variable inputs 
being mass 𝑚, drive velocity 𝑣𝑑, amplitude of vibration 
velocity 𝑣𝑎, vibration frequency 𝑓, contact normal force 
𝐹𝑁, coefficient of friction 𝜇, contact stiffness 𝑘𝑡, drive 
system stiffness 𝑘𝑑, and angle 𝜃. 

The same domain has also been generated by finite 
element method in Abaqus® and the new model has 
been implemented via a specially developed friction 
subroutine. The base orientation can be set between 
0° ≤ 𝜃 < 360° in the 𝑋𝑌 plane to apply vibration in any 
mode. 

 
3. RESULTS AND DISCUSSION 

Results of the new model when set to longitudinal 
vibration mode, 𝜃 = 0°, are plotted in Figure 3, and 
with transverse vibration mode, 𝜃 = 90°, in Figure 4. 
Results of previous models are overlaid for validation. 
Simulations begin with the body stationary, hence    
𝐹𝑑 = 0N at 𝑡 = 0s. Constant drive velocity 𝑣𝑑 at 𝑡 > 0s 
causes elastic deformation 𝑠 to increase, resulting in 
steady rise of 𝐹𝑑 until 𝑡 ≈ 0.04s. At this time the 
magnitude of 𝐹𝑑 is large enough to cause the body to 
breakaway. At 𝑡 = 0.05s, switching on vibration 
significantly reduces the magnitude of 𝐹𝑑 as the body 
continues to slide.  

A characteristic of the new model when evaluated 
in Matlab®/Simulink® is that it produces a continuous 
small undulation of 𝐹𝑑 in longitudinal mode (Figure 3). 
The undulation diminishes as vibration mode 
approaches transverse, Figure 4. 
 
 

 
Figure 3 Validation of longitudinal vibration results. 

 
 

 
Figure 4 Validation of transverse vibration results. 

 
Further simulations in Abaqus®, Figure 5, 

illustrate the influence of 𝜃 and 𝑘𝑣 on 𝐹𝑑𝑣 ⁄ 𝐹𝑑𝑠, where              
𝑘𝑣 = 𝑣𝑎 𝑣𝑑⁄ , and 𝐹𝑑𝑣 ⁄ 𝐹𝑑𝑠 is the drive force under 
vibration in relation to drive force without vibration. 

Each data point in Figure 5 corresponds to the result of 
a single simulation. For each value of 𝑘𝑣, seven 
simulation results in the range 0° ≤ 𝜃 ≤ 90° allow a 
trend to be established. Trends for different values of 𝑘𝑣 
are indicated by dashed lines. A reduced number of 
simulations at 𝜃 > 90° agree with the excepted trends. 
Increasing 𝑘𝑣 decreases the drive force in all vibration 
modes. The greatest reduction in drive force is always 
achieved by longitudinal vibration (𝜃 = 0°, 180°) and 
the curve is always symmetrical about 𝜃 =  180°. The 
same result can thus be obtained at multiple values of 𝜃. 

 

 
Figure 5 Influence of 𝜃 and 𝑘𝑣 on 𝐹𝑑𝑣 ⁄ 𝐹𝑑𝑠. 

 
4. CONCLUSIONS 

An analytical model has been developed that is 
able to describe changes in friction force and drive force 
during sliding motion of a body over an in-plane 
vibrating surface. The new model has been validated 
against existing models for longitudinal and transverse 
vibration, and can also be used to simulate any mode of 
coupled vibration. 

The model can be used in any three-dimensional 
domain, such as the flat-on-flat contact domain used in 
this paper where the normal contact pressure has been 
assumed constant, or a more complex case of gears for 
example, where the normal contact pressures change as 
gear teeth move over one another, while multiple teeth 
enter and exit the gear mesh to form multiple contacts 
simultaneously. In the case of flat-on-flat contact, the 
greatest reduction in 𝐹𝑑 is achieved by longitudinal 
vibration, however, friction is in nearly all engineering 
problems and in other applications a different mode of 
vibration may be more beneficial. 
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ABSTRACT – The velocity-dependent wear behaviors 
of a phosphate laser glass were investigated by a 
reciprocating sliding tribometer in dry and humid air. 
The experimental results show that, with increase in 
sliding velocity, the wear volume of phosphate glass 
increases in dry air but decreases in humid air. Adhesive 
wear occurs easily in the high velocity sliding due to the 
friction-induced high temperature. Under low velocity, 
the absorbed water film between the contact asperities 
forms more easily, and the tribochemical reaction is 
more sufficient, which assists the material removal of 
phosphate glass. 
 
1. INTRODUCTION 

As an ideal energy gain medium, phosphate laser 
glass is widely used in high power laser systems [1], 
while it needs to achieve high surface processing quality. 
Velocity is an important parameter in the glass surface 
machining, which could determine the surface quality of 
glass. The essence of glass surface machining is the 
material removal caused by the local shear and friction 
between machining tool and glass under a given velocity. 
So, exploring the effect of velocity on the material 
removal by tribology is very useful to understand the 
role of the machining velocity in the glass surface 
processing. 

Some previous researches described different 
damage modes of glass surface under various sliding 
velocities, but rarely relate to the velocity-dependent 
damage mechanism. For example, Bandyopadhyay et al. 
[2] found that the wear rate of glass decreased with 
increase in velocity in scratch damage investigation of 
soda lime glass, but the related mechanism was not 
discussed. Phosphate glass has poor thermal 
conductivity and water resistance, so sliding velocity 
would affect the frictional temperature and water 
molecules adsorption at interface, when it is worn in a 
humid air. That would further affect the tribochemical 
reaction and material removal efficiency, but the 
specific effect mechanism is still unclear. 

 
2. METHODOLOGY 

The glass sample is polished N31 Nd-doped 
phosphate laser glass slide, provided by Shanghai 
Daheng Optics and Fine Mechanics Co., Ltd., China. In 
this investigation, all the friction and wear tests were 
performed on a universal ball-on-flat tribometer. Tests 
were performed through reciprocating sliding in the 
humid air. The friction pair is alumina ceramic balls 
with radius of 2 mm. The normal load is 2 N, number of 
cycles is 50, and the velocity is set to vary from 0.25 to 

7.5 mm/s. After the test, the images of wear tracks were 
obtained by optical microscopy. Then, the three-
dimensional morphology of wear tracks was analyzed 
by a white light scanning profilometry. Finally, the 
chemical composition of the wear debris under various 
velocities was detected by Raman spectra. 

 
3. RESULTS AND DISCUSSION 

Figure 1 shows the characteristic profile line of wear 
tracks in phosphate laser glass under various sliding 
velocities.  In dry air, the typical wear width and depth 
are 80 µm and 0.04 µm under a sliding velocity of 0.2 
mm/s. As the velocity gradually increases to 7.5 mm/s, 
the typical wear width and depth increase to 190 µm 
and 0.09 µm. While in humid air, the typical wear width 
and depth are 150 µm and 0.43 µm under a sliding 
velocity of 0.2 mm/s. As the velocity gradually 
increases to 7.5 mm/s, the typical wear width and depth 
decreases to 70 µm and 0.07 µm. 
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Figure 1 Profile lines of wear tracks in phosphate glass 
under various sliding velocities in dry and humid air. 

 
The increase in sliding velocity can induce an 

increase in the frictional temperature of the contact 
surfaces, causing local softening of the contact 
asperities of glass, and then affects the wear mode of 
glass. Equation (1) gives the estimation of the local 
temperature rise of contact asperities caused by friction 
[3]: 

( )1 2

 
4

pv
T

a k k


 =
+                               (1) 

Where μ is the friction coefficient, v is the sliding 
velocity, p is the normal load, a is the radius of actual 
contact area of frictional surfaces, and k1 and k2 are the 
thermal coefficients of two friction pairs. Since the 
actual contact radius of asperities can not be accurately 
measured, assuming the contact radius of asperities in 
this study is 100 ~ 200 nm, the local temperature rise 
will change from 7.7 ~ 15.4 K to 223.4 ~ 446.8 K when 
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the velocity increases from 0.25 to 7.5 mm/s. The true 
radius of contact asperities should be much smaller than 
the current hypothetical value, so the local temperature 
rise in the case of high-velocity friction will be further 
significantly increased. It easily reaches the glass 
transition temperature, resulting in softening of the 
contact asperities and then leading to adhesive wear.  

Figure 2 shows the variation of wear volume of 
phosphate glass with sliding velocity. As the velocity 
increases from 0.25 mm/s to 7.5 mm/s, the wear volume 
of glass sharply decreases from 1.8 × 105 μm3 to 0.15 × 
105 μm3 in humid air, while the wear volume increases 
from 0.1 × 105 μm3 to 0.45 × 105 μm3 in dry air. 
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Figure 2 The wear volume of phosphate laser glass as a 

function of sliding velocity in dry and humid air. 
 

When a phosphate glass is exposed in a humid air, 
the water film adsorbed on the surface will cause the 
deliquescence (hydrolysis) of glass, and the related 
chemical reaction can be described by Equation (2) [4]: 
P-O-P+H2O→P-OH+OH-P                (2) 

The above hydrolysis reaction will be exacerbated 
when the tensile stress or shear stress acts on the glass 
surface, which can be explained by stress corrosion 
theory. In reciprocating friction of glass in humid air, 
due to the continuous effect of shear stress, stress 
corrosion will further promote the materials removal of 
glass. Under high velocity sliding, the interface water 
bridge is difficult to form and is easily damaged due to 
the rapid relative movement between the contact 
asperities. As a result, the water molecules participating 
in the hydrolysis decreased, and the corresponding 
tribochemical wear is weakened. In addition, under high 
velocity sliding, due to the significant increase of 
friction temperature in the contact area, the interface 
adsorption water film forms more difficultly, which 
further reduces the possibility of hydrolysis and 
tribochemical wear. On the contrary, under low velocity 
sliding, the residence time of water molecules at the 
contact interface is longer, the hydrolysis and 
tribochemical wear is more sufficient, which assists the 
material removal of glass. As a result, the material 
removal (wear) of phosphate glass is more serious in 
low velocity sliding friction.  

In order to confirm the occurrence of tribochemical 
reaction under various sliding velocities, the chemical 
composition of wear debris of phosphate glass under 
low velocity (0.25 mm/s) and high velocity (7.5 mm/s) 
were analyzed by Raman spectroscopy, and they were 
compared to that of original surface. As shown in Figure 

3, under three conditions, the intensity of peak at 3100 
cm-1 (typical OH stretching vibration peak) [5] showed 
significant differences. It is very weak in the wear 
debris of original surface. The peak intensity increased 
slightly under high velocity sliding, which indicates that 
more OH groups were found in glass wear debris after 
rubbing under high velocity sliding. The more OH 
groups possibly came from the P-OH bond, which 
implied hydrolysis of P-O-P network may take place to 
a certain extent. The peak intensity at 3100 cm-1 under 
low velocity sliding increased significantly, indicating 
P-OH groups increase sharply in the debris after rubbing 
under low velocity sliding, so the hydrolysis reaction 
was more serious under low velocity sliding. It further 
confirms that more sufficient hydrolysis under low 
velocity exacerbates the tribochemical wear, which 
results in larger wear volume of phosphate glass in 
humid air. 
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Figure 3 Raman spectra of the wear debris in phosphate 

laser glass after wear testing in humid air. 
 

4. CONCLUSION 
Compared to low velocity sliding, adhesive wear 

occurs easily in the high velocity sliding in phosphate 
glass due to the friction-induced high temperature.  

The wear volume of phosphate glass decreases 
with increase in sliding velocity in humid air，because 
the tribochemical reaction is more sufficient under low 
velocity sliding, which assists the material removal of 
phosphate glass. 
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ABSTRACT – The accurate thermal stresses estimation 
of any machine element that subjected to high gradient 
in temperatures is considered an essential matter for the 
mechanical engineers to obtain a successful design. 
Friction clutches are subjected periodically to thermal 
stresses during the beginning of engagement due to the 
relative motion between driving and driven parts. 
Axisymmetric finite element models were developed to 
simulate the multi-disc clutches to compute thermal 
stresses, contact pressure, heat generation, and 
temperature field at any time during the sliding period. 
Axisymmetric models were used to simulate a multi-
disc clutch works under the dry condition during the 
sliding period. 
 
1. INTRODUCTION 

High thermal stresses are considered one of the 
main reasons which lead the friction clutches to failure 
before the expected lifetime. The thermal stresses may 
cause serious disadvantages such as thermal cracks and 
permanent deformation, and when the friction clutch 
works under these conditions for sufficient time this will 
lead the contacting surfaces to premature failure in some 
cases. The main parts of the multi-disc friction clutch 
system consists of pressure plate, clutch discs, plate 
separators and piston as shown in Figure 1. 

 

 
Figure 1 Main parts of a multi-disc clutch system. 

 
Abdullah and Schlattmann [1-4] investigated the 

temperature field and energy dissipated of dry friction 
clutches during a single and repeated engagement under 
uniform pressure and uniform wear conditions. They 
studied the effect of the contact pressure between 
contacting surfaces when torque is varying with time on 
the temperature field and the internal energy of the 
clutch disc using different techniques. Furthermore, they 
studied the effect of engagement time, sliding speed and 
thermal load on the thermal behavior of the friction 
clutches during the beginning of the engagement. 

2. FINITE ELEMENT FORMULATION 
In this work the thermoelastic model of a multi-

disc clutch (Figure 2) was developed numerically to 
investigate the contact pressure, heat generated, 
temperature field and thermal stresses during the sliding 
period. The sequentially coupled thermal-mechanical 
approach has been used to investigate the thermoelastic 
problem involves thermo-mechanical coupling that 
occurred in the friction clutches. Where this approach 
used two different models, the first one is used to solve 
the elastic problem to yield the displacement field and 
the contact pressure distribution. Whereas the second 
model is used to solve the transient thermal problem in 
order to compute the change in the temperature field. 
Both models are however coupled to each other since 
the contact pressure from the first model is needed to 
define the frictional heat flux for the second model. 
Given the temperature field T(r,z,t), the thermoelastic 
contact problem is solved for the contact pressure p(r,t). 
This is done by solving Hook’s law with thermal strain 
relations, 

( )
ijmmijij T
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and the equilibrium equation, 
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                                   (2) 

The next step is applying the boundary conditions that 
involve the exposed surfaces and displacement 
constraints. The contact pressure from the thermoelastic 
problem is used to define the frictional heat flux,  

rpq r=                                (3) 
Where p, ωr and r are the contact pressure, angular 
sliding speed and disc radius, respectively. The second 
problem that needs to be solved is the transient heat 
conduction equation, 

t
T

k
T




=
12                                 (4) 

in order to yield a new temperature field ),,( ttzrT + . 
The boundary conditions of this problem involve the 
heat flux )(rq  given at the contact interface and some 
other boundaries, which can consist of convective and 
insulated surfaces. It was assumed a homogeneous and 
isotropic material for all computations of the friction 
clutch model. All parameters and materials properties 
are listed in Table. 1. In this analysis also assuming 
there are no cracks in the contacting surfaces. 
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Figure 2 FE model of a multi-disc clutch system with 
elastic boundary condition (No. of elements= 4428). 

 
Table 1 The properties of materials and operations. 

Parameters Values 
Inner and outer radii of friction clutch disc 
[m] 

0.052 
0.067 

Thickness of clutch disc including the friction 
surfaces [m] 0.00193 

Thickness of friction material [m] 0.00053 

Inner and outer radii of pressure plate [m] 0.052 
0.067 

Thickness of pressure plate [m] 0.0074 

Inner radii of piston [m] 0.0235 
0.0535 

Outer radii of piston [m] 0.032 
0.067 

Thicknesses of the piston [m] 0.006 
0.024 

Applied pressure, p [MPa] 1 

Coefficient of friction, μ 0.2 

Number of friction clutch disc, n 5 

Maximum angular slipping speed [rad/sec] 300 

Young’s modulus of friction material [GPa] 0.30 
Young’s modulus of pressure plate, plate 
separator,  piston and h plate [Gpa] 125 

Poisson’s ratio of friction material, 0.25 
Poisson’s ratio of pressure plate, plate 
separator, piston and clutch plate 0.25 

Density of friction material [kg/m3] 2000 
Density of pressure plate, plate separator, 
piston and clutch plate [kg/m3] 7800 

Specific heat of friction material and steel  
[J/kg K] 

120 & 
532 

Conductivity of friction material and steel, 
[W/mK] 1 & 54 

Thermal expansion of friction material and steel 
[K-1] 12e-6 

Slipping time, ts [s] 0.5 

3. RESULTS AND DISCUSSION 
The numerical model of the multi-disc clutch 

system was developed using finite element method to 
investigate the thermal stresses, heat generation, contact 
pressure and temperature at any instant during a single 
engagement. Figure 3 shows the distribution of the heat 
generated with disc radius of the last surface of 5th disc 
clutch at different intervals time. It can be seen, that the 
hot spot was generated near the mean disc radius. 

 

 
Figure 1 Frictional heat generated on10th friction 

surface. 
 
4. SUMMARY 

The thermal stress analysis of the multi-disc 
friction clutches working under dry condition during the 
sliding period has been investigated in this research 
paper. The developed numerical model specified the 
complex interaction that exists among the contact 
pressure, the frictional heat generated and thermal 
stresses. The highest values of the thermal stresses 
appeared on the last two friction discs and less effect on 
the other friction discs. The results proved when the 
temperature decreases in the radial direction can 
negatively affect the magnitude and the distribution of 
the thermal stresses. This study presents a promising 
design tool to investigate the effect of materials, surface 
roughness, sliding speed and boundary conditions on the 
thermal stresses which induce in the surfaces of the 
friction clutch. 
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ABSTRACT – We investigated lubrication 
characteristics of reciprocating fuel pump with variation 
of groove type by hydrodynamic lubrication analysis. 
We used the two-dimensional Reynolds equation to 
evaluate lubrication characteristics of the pump and 
used equilibrium equation of moment and forces to 
determine the motion of the plunger for unsteady-state 
flow. The lubrication characteristics of the pump with 
ring-type groove are compared with those of spiral 
groove. We found that the film parameter of the pump 
with spiral groove is larger than that of the pump with 
ring-type groove.  
 
1. INTRODUCTION 

A few diesel engines are installed in a ship engine 
room. One or more diesel engines are installed as a 
main propulsion, and these engines are commonly low 
speed, two-stroke engines. They are operated with 
propeller or medium speed, four stroke engines. The 
two or more four-stroke engines are used as power 
generators. In the four-stroke diesel engines, a fuel 
delivery system commonly consists of mechanically 
controlled reciprocating fuel pump and injectors with 
multi-hole nozzle type [1-2]. The mechanically 
controlled reciprocating fuel pump is consisted of barrel 
and helical plunger. The fuel pump is one of key 
components in medium-speed diesel engines. 

The pumps have a particular problem that is 
referred to as “stick.”  The stick occurs, when various 
factors such as improper clearance, incorporation of 
foreign material, and lacquer formation cause the 
plunger to contact with barrel or block inside the barrel. 
The lacquer formation in the fuel pumps reduces 
clearance, and the reduced clearance lead to poor 
lubrication characteristics of them [3-4]. Due to the 
downturn in the economy, the use of crude oil as fuel oil 
has results in damage of the fuel pump from hard 
foreign material. In addition, catalytic particles so called 
Cat Fines in low sulfur fuel oils cause scratches of 
surfaces, and lead to wear or stick in the pump. 

In previous research, it was reported that for the 
improvement of lubrication characteristics of the pump, 
applying both circumferential groove and taper shape to 
the plunger was more effective than applying just either 
one of them. In spool valve system, the spool valves 
with spiral groove were observed to have a higher 
likelihood of mitigation an uneven pressure distribution 
surrounding the spool through the CFD analysis for 
steady-state flow. A variety of grooves are used in lots 
of lubrication systems. The application of groove has 

beneficial functions such as oil reservoir for supplying, 
generation of hydrodynamic pressure, reduction of 
friction, reduction of leakage, trap of foreign materials 
and mitigation of even pressure distribution [5].  

In this research, ring-type and spiral type grooves 
are applied to the plunger of the fuel pump in order to 
improve the lubrication characteristics under the 
unsteady-state condition. Grooves can relieve the 
pressure imbalance surrounding the plunger, by 
supplying passage in the circumferential direction. The 
effect of two type grooves has been evaluated and 
compared by the film parameter that is closely related to 
the lubrication characteristics of the pump through the 
hydrodynamic lubrication analysis. 
 
2. METHODOLOGY 

An unsteady-state two-dimensional Reynolds 
equation is used for the fluid film between barrel and 
plunger. The elastic deformation of surfaces is not taken 
into account and the center of moment in the plunger is 
placed on the bottom of it (point O). Moreover, the point 
O moves only on the center line of the barrel because 
the plunger guide is installed the lower end of the 
plunger. The lubrication characteristics of the pump are 
investigated with variations of viscosity. The numerical 
model is simplified as shown in Figure 1(a). The 
clearance between plunger and barrel is divided into two 
regions such as head part and stem part. A is the 
dimensionless clearance in the stem part and B is the 
dimensionless clearance in the head part, as shown in 
Figure 1(b). 

Two types of groove are applied to the stem of the 
plunger, as shown in Figure 2. One is ring-type groove 
and the other type is spiral groove. The spiral groove is 
characterized by their number of revolutions of spiral 
groove (n), the dimensionless distance (L1) from edge of 
the stem to the groove and circumferential angle (θ) of 
spiral groove. The dimensionless length of machined 
part in the stem is L2 and the dimensionless width of 
groove is Wg. The ring-type groove is also characterized 
by their number of ring-type groove (n), L1, Wg and 
dimensionless length (L3) between the ring-type 
grooves. 

The lubrication characteristics of the fuel pump is 
evaluated by comparing film parameter that is the ratio 
minimum film thickness to the surface roughness, as 
shown in Equation 1. 

 
                                                                                      (1) 
 

( )( )
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(a) 

 

 
(b) 

Figure 1 Numerical model of hydrodynamic lubrication 
analysis. (a) Schematic of numerical model and 

(b) dimensionless clearance of stem part (A) and head 
part (B). 

 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 2 Plunger with groove: (a) Plunger with spiral 
groove, (b) plunger with ring-type groove and 

(c) definition of θ in spiral groove. 
 

Table 1 Dimensionless geometries of groove. 
Groove 
type L1 L2 L3 Wg n θ 

Spiral  0.25 5.625 - 0.125 2 0 
Ring-type  0.25 - 0.05 0.125 2 - 
 
 
 
 
 

3. RESULTS AND DISCUSSION 
Lubrication characteristics of the fuel pump are 

estimated with variation of groove type. Figure 3 shows 
the film parameter when the dimensionless clearance of 
stem and head are 0.30 and 0.36, respectively. The 
dimensionless geometries of grooves are shown in Table 
1. The film parameter in case of spiral groove increases 
by about 160% over the case of ring-type groove in low 
viscosity condition. This is because the ring-type 
grooves are not connected with one another, so they 
only release uneven pressure distribution of plunger that 
surrounds the grooves in the circumferential direction, 
and a big pressure difference remain in the regions 
between grooves. Therefore, the lubrication 
characteristics of the plunger applied spiral groove is 
better than those of case applied ring-type groove.   

 

 
Figure 3 Film parameters with groove type. 

 
4.     CONCLUSION 

The spiral groove can effectively release the 
uneven pressure distribution surrounding the plunger 
because spiral groove consists of one continuous 
groove. Therefore, the application of spiral groove to 
the fuel pump could help to prevent sticking. 
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ABSTRACT – Tribofilm formation by ZDDP has been 
studied in two test conditions, thin film boundary 
lubrication and full film EHD conditions.  In both 
conditions the rate of film growth is found to be 
consistent with ZDDP reaction being driven by applied 
shear stress, in accord with a mechanochemical model. 
 
1. INTRODUCTION 

Zinc dialkyl and diaryldithiophosphates (ZDDPs) 
are the most widely used antiwear additives employed 
in lubricants and are currently present in almost all 
crankcase engine oils.  There has been a great deal of 
research on ZDDPs and they are now known to form 
thick tribofilms on rubbing surfaces.  ZDDPs are 
believed to control wear via these protective layers 
preventing direct contact of the substrates and thus loss 
of substrate material [1]. 

ZDDP is known to form tribofilms on rubbing 
surfaces at temperatures as low as 25°C and there has 
long been debate as to what drives its chemical reaction. 
A recent suggestion is that the reaction of ZDDP is 
driven directly by the very high stresses acting on 
ZDDP molecules at asperity contacts which 
mechanically promote covalent bond-breaking [2].  This 
mechanism of reaction is known as mechanochemistry. 
Very recently this was confirmed by the authors, who 
showed that ZDDP can form tribofilms even in thick 
film conditions when there is no asperity contact so long 
as the shear stress is sufficiently high [3]. This 
understanding is extremely important since it permits, 
for the first time, a thermodynamically-based 
description of ZDDP film formation and this new 
insight is already being applied to develop models of 
antiwear additive behaviour [4]. 

This paper describes new research on ZDDP 
tribofilm formation. Film formation is measured for a 
range of well-defined ZDDP solutions in both thick 
film, high pressure and thin film conditions.  The results 
confirm the mechanochemical origins of ZDDP reaction 
and also help understand the influence of ZDDP 
structure on tribological performance 

    
2. METHODOLOGY 

A minitraction machine with spacer layer imaging 
(MTM-SLIM) is employed to monitor the rate of film 
formation in rolling-sliding contacts. A schematic 
diagram of this rig is shown in Figure 1.  A ball is 
loaded and rotated against a rotating disc immersed in 
lubricant at controlled temperature.  Friction is 
monitored from a load cell attached to the ball drive 
motor.  The ball and disc are driven independently to 
permit any combination of rolling speed and sliding 

speed.  Periodically throughout a test, motion is halted 
and the ball is uploaded against a coated glass window 
to obtain an optical interference image from the ball.  
From this, the thickness of any ZDDP tribofilm on the 
ball wear track can be calculated.   

 

 
 

Figure 1 Schematic diagram of MTM-SLIM. 
 

In this study, two types of test were carried out. In 
the first, both ball and disc were driven at slow speeds, 
with an entrainment speed of 0.05 m/s. At such low 
speed negligible elastohydrodynamic (EHD) film is 
developed so the contact operates in boundary 
lubrication conditions.  Under such conditions ZDDP 
reaction occurs forms at quite low applied load since 
asperity pressures and the shear stresses are high.  In the 
second type of test, ball and disc were both driven at 
high speed with a very low slide-roll ratio.  This 
produces a full EHD film and the interest was in 
studying ZDDP tribofilm formation in such conditions.  
However for ZDDP to react, high shear stress and thus 
high pressure is required and in the absence of asperity 
contact this was achieved by a newly designed MTM 
able to reach an applied load of 1500 N rather than the 
normal 75 N maximum.  This has enabled ZDDP film 
formation to be studied in EHD condition on steel 
surface for the first time. 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows spacer layer images of a series of 
slow entrainment speed tests for steel/steel using an 800 
ppm P, mixed alkyl ZDDP in PAO4 at various slide-roll 
ratios (SRR) ranging from zero to 100%.  The formation 
of a tribofilm is evident from the brown to purple band 
in the images.  Figure 3 shows the evolution of tribofilm 
thickness with test time.  Except for the test at SRR=0 
(nominally pure rolling) the initial rate of film formation 
is almost independent of SRR.  This is as expected 
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based on mechanochemistry, which predicts film 
growth to vary with shear stress and rubbing time but 
not rubbing speed. Friction measurements showed that 
except at SRR=0 the friction and thus the shear stress 
was almost independent of SRR.  

 

 
 Figure 2 SLIM images of ZDDP film build up at 

various SRRs. ZDDP in PAO4 in boundary lubrication. 
0.05 m/s entrainment speed, 31 N load, 100°C. 

 

 
Figure 3.Growth of film thickness with rubbing time for 

tests shown in Figure 2 (and two other SRRs). 
 

Figure 4 shows the influence of test temperature on 
ZDDP tribofilm formation in low entrainment speed 
conditions.  The initial rate of film formation is strongly 
temperature dependent. Simultaneous friction 
measurement indicated that this varied only very 
slightly with temperature, so all tests were carried out at 
the same mean shear stress. When log (film growth rate) 
was plotted against 1/T, a straight line was obtained, in 
accord with mechanochemical theory [3].    

All the above results were made in slow speed 
contact and thus in boundary lubrication conditions.  
Figure 5 shows film growth versus test time for four 
different ZDDPs in a traction base fluid DM2H [3] at 
high entrainment speed, full film EHD conditions. 
These results were obtained using the new high pressure 
MTM with steel ball on steel disc and were at a load W 
= 600 N (maximum pressure 2.6 GPa), entrainment 
speed, U = 3.5 m/s, temperature 80°C and SRR = 3%. A 
large number of SLIM images were obtained throughout 
each test in order to ensure accurate film growth data.  It 
is evident that film thickness increases linearly with 
rubbing time and that one of the ZDDPs forms a film 
significantly more slowly than the other three.  This can 
be interpreted in terms of the ZDDP alkyl structures. 

 

 
Figure 4 Dependence of ZDDP tribofilm growth on 

temperature for ZDDP in GTL4 in boundary lubrication. 
0.05 m/s entrainment speed, 10% SRR, 31 N load. 
 

 
Figure 5 Dependence of ZDDP tribofilm growth on test 
temperature for ZDDP in DH2H (traction fluid) in EHD 

lubrication. U=3.5 m/s, SRR=10%, W=31 N, 80°C. 
 

4. CONCLUSION 
ZDDP film formation has been studied in both 

boundary and full film EHD conditions.  In both cases 
the rate of film formation is consistent with the concept 
that ZDDP reaction is driven by the shear stress 
experienced by the ZDDP, in accord with a 
mechanochemical mechanism. 
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ABSTRACT – The viscosity-temperature characteristic 
of the base oil was examined. We considered the viscosity 
of the base oil simulated using various silicone oils.  The 
friction tests using silicone oils were carried out without 
changing temperature. As a result, it was found that a lack 
of lubrication occurs due to high viscosity. Accordingly, 
this suggests that there is an upper limit of viscosity for 
maintaining lubrication. 

 
1. INTRODUCTION 

Ball joints are used as connection parts in steering 
and suspension systems in automobiles. A ball joint is a 
spherical bearing that is used to transmit a translation 
force. The frictional configuration of ball joints can be 
mostly described as grease lubricated reciprocating 
sliding between steel and plastic. However, it is difficult 
to understand its lubrication mechanism. In particular, it 
is unclear how grease works in reciprocating sliding. 
Grease consists of base oil and a thickener, and the 
viscosity of the base oil greatly changes with temperature. 
Its use is recommended at a temperature between base oil 
pour point and grease dropping point. [1] However, it is 
unclear how these two parameters contribute to friction. 
Furthermore, in some cases, sufficient durability is 
required for ball joints even under conditions exceeding 
the above temperature range because automobiles are 
used in various temperature environments throughout the 
world. Although the effect of viscosity of oil on the 
lubrication properties is usually investigated by changing 
the temperature of oil, it is difficult to achieve this effect 
experimentally under the very wide range of the 
temperature mentioned above. For example, the 
mechanical properties of plastic materials such as 
Polyoxymethylene (POM) used in ball joints is greatly 
changed by changing ambient temperature [2], so it is 
difficult to distinguish between the influence of change 
in the mechanical properties of plastic material and the 
influence of the change in the viscosity of oil. Therefore, 
in this research, the influence of the influence of the 
viscosity on the lubrication in reciprocating sliding over 
a wide range of viscosity was experimentally 
investigated without changing ambient temperature by 
using silicone oil which is commercially available in a 
wide range of viscosities. 

 
2. EXPERIMENTAL METHOD  

Two types of poly-alpha-olefin (PAO) (P1, P2) and 
seven types of dimethyl silicone oil (S1 to S7) used in 
experiment are shown in Table 1. PAO is the same type 
of oil that is often used as a base oil for grease for ball 

joints. We measured the rheological characteristics and 
coefficient of friction (COF) to consider the relationship 
between viscosity and lubrication properties. 

 
Table 1 List of lubricant oil. 

Sample Kinematic viscosity (mm2/s) 
P1 1,284 (40 °C) 
P2 3,400 (40 °C) 
S1 100 (25 °C) 
S2 1,000 (25 °C) 
S3 10,000 (25 °C) 
S4 30,000 (25 °C) 
S5 100,000 (25 °C) 
S6 300,000 (25 °C) 
S7 1,000,000 (25 °C) 

 
2.1 Rheology properties investigation   

We usually think about these oils with Newton fluid, 
but these behaviors are unclear in small gap such as 
around contact area. We investigated the relationship 
between shear rate and viscosity for each oil. We 
measured viscosity in three phases of shear rate 
(acceleration, slowdown, re-acceleration) to confirm the 
influence of molecular orientation.  Table 2 shows the test 
conditions. In the test, a parallel disk was used to make 
the 50 μm gap constant. Therefore, the calculated shear 
rate and viscosity are different from the values obtained 
by the original definition. However, it is possible to use 
this value in a relative comparison. 

 
Table 2 Rheology test conditions. 

 
2.2 Friction test  

The test was carried out in reciprocating sliding 
with pin-on-disk method. The pin specimen is a shape of 
a spherical surface of curvature 17.5 mm by molded 
injection of POM. The other test conditions are shown in 
Table 3. 

 

Test equipment MCR302 
Probe I8mm parallel 
Gap 50 μm  
Measure mode Rotation 

Temperature 30°C (Silicone fluid) 
-35, -15, 30, 80, 110°C (PAO) 

Shear rate (s-1) 
1 → 10,000 
10,000 → 1 
1 → 10,000 
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Table 3 Friction test conditions. 

Method Pin on disk type  
reciprocating sliding 

Test load 500N constant 
Reciprocating 
amplitude ±1.5mm 

Frequency 1.3Hz 
Number of test cycles 2,500 cycles 
Temperature 30°C 
Pin POM  

Disk Chromium molybdenum 
steel (< Ra 0.05μm) 

 
3. RESULTS AND DISCUSSION 
3.1 Comparison of viscosity characteristics 

As a result of the rheology test, these oils show 
linear trends on the low shear rate conditions. We 
summarized viscosities at shear rate 10s-1 of the first 
acceleration phase. Figure 1 shows the results. The 
horizontal axis shows the temperature and the vertical 
axis shows the calculated viscosity. Circle and triangle 
marks indicate the viscosity of PAO. The bar shows the 
measurement results of silicone oil for each viscosity. 
The viscosity of P1 changed from about 700 to 0.06 Pa·s 
with the increase of temperature. The viscosity of P2 
changed from about 900 to 0.2 Pa·s with the increase of 
temperature. The viscosity of the silicone oil is about 500 
to 0.05 Pa·s at 30 °C. We considered that it is possible to 
simulate the viscosities of PAO (P1, P2) in temperature 
ranging from about -30 to 100°C by using various 
silicone oils.  
 

 
 Figure 1 Relation between temperature and viscosity. 

 
3.2 Relationship between friction and viscosity 

Figure 2 shows COF at the start and end of tests. 
Regarding the COF, the result of S4 was the minimum 
value. However, all test results were almost 0.02 
regardless of viscosity. In the case of silicone oil, the 
COFs of high viscous oil (S5, S6, S7) increase greatly at 
the end of tests. Figure 3 shows two photographs of the 
disk after the test. Figure 3(a) shows that slight scars 
occurred using S4. This is also supported by the low COF 
of S4 until the end of the test. On the other hand, Figure 
3(b) clearly shows scars using S7.  

It is suggested that every oil formed an oil film on 
the contact area at the starting of each test, which 

indicates the low COFs. The COFs show a similar trend 
of variation of COF as shown by the EHL lubrication in 
the Stribeck curve. It is considered that the COF of S4 is 
the lowest because the viscosity is the minimum value for 
fluid lubrication. It is also considered oil replenishment 
to the contact area during sliding motion as follows. Oil 
is supplied mainly from forward of the contact area. At 
the same time, the rearward oil of the contact area 
decreases. This rearward oil recovers by the inflow from 
the surrounding area. In the reciprocating movement, the 
forward and the backward are switched. In case of high 
viscosity oil, the inflow oil is insufficient. As a result, the 
starved lubrication was occurred using high viscosity oil. 

 

 
Figure 2 Relation between viscosity and COF. 

 

 
Figure 3 Observation of steel disks after test. 

 
4. CONCLUSION 

In order to simulate the viscosity change of the base 
oil in wide temperature range, the effect of viscosity on 
lubrication at room temperature was investigated by 
using silicone oil of various viscosity. We found the 
following: (a) The viscosity of the base oil used for the 
ball joint grease greatly changes depending on the 
environment temperature range, and it can be simulated 
with silicone oil at room temperature. (b) In reciprocating 
sliding tests, the COFs at start are low for all tested oils. 
(c) The starved lubrication occurred using a high 
viscosity oil. This suggests that there is an upper limit of 
viscosity for maintaining oil film formation.  
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ABSTRACT –  In liquid lubricated contact, cavitation 
is often found and directly influences the hydrodynamic 
pressure profile. However, a large number of reseachers 
working on textured bearing still often neglected the 
cavitation phemonena. In this paper, the effect of 
cavitation on the lubrication performance is discussed, 
based on a CFD model.  The comparison between the 
case of “no-cavitation” and the “with cavitation” for the 
lubrication analysis is performed for the case of inclined 
lubricated contact. Based on the simulation results, it is 
found that including the cavitation modelling in the 
analysis gives the same prediction with the case of “no-
cavitation” with respect to the pressure distribution.  
 
1. INTRODUCTION 

A bearing is a machine element that constrains 
relative motion to only the desired motion and reduces 
friction between moving parts. The insertion of a 
lubricant into the region around the interacting devices 
could avoid direct contact between the surfaces, so the 
wear can be minimized. Numerically, the cavitation 
analysis of hydrodynamically lubricated bearings falls 
into several classes, using the Sommerfeld theory, using 
Half-Sommerfeld theory, using Reynolds approach, or 
using mass-conservative approach. The first three 
theories are often considered as a rough approximation, 
because it is not based on real physical phenomenon [1].  
For this reason, it is common practice to use the so-
called mass–conservative approach in analyzing the 
lubrication problems. Recently, some numerical works 
adopting this approach were presented by Fillon’s group 
[2-3], and Tauviqirrahman’s group [4-5].  

Therefore, more work is required in the research 
area of cavitation effect to provide the needful 
information for the design process. The contribution of 
this paper is to numerically study the effect of including 
cavitation model on the prediction of the hydrodynamic 
pressure based on CFD (computational fluid dynamic) 
approach. In particular, conventional inclined lubricated 
contact (i.e. bearing with slope incline ration of 2.2) is 
investigated. In the present study, the cavitation model 
which governs the mass exchange between the phase is 
adopted. In this way, the multiphase software is used to 
avoid the reaching of negative pressure in the lubricant. 

 
 
 

2. METHODOLOGY 
Figure 1 presents an inclined lubricated contact. To 

analyze the flow dynamic, the Navier–Stokes equations 
(Equations 1) are solved over the domain using a finite-
volume method with the commercial CFD software 
package FLUENT 16.0 ®.  
ρ(u • )u = - p+ 2 u                (1a) 
 • u = 0                                                             (1b) 
 

In FLUENT®, there are three available cavitation 
models: Schneer and Sauer model, Zwart-Gelber-
Belamri model and Sighal et al. model. In this study, the 
Zwart-Gelber-Belamri is employed due to their 
capability (less sensitive to mesh density, robust and 
converge quickly. In cavitation, the liquid-vapor mass 
transfer (evaporation and condensation) is governed by 
the vapor transport equation [6]: 

( ) ( ). vv gv cR R
t     

+ = −


                (2) 

 
Where αv is vapour volume fraction and ρv is vapor 
density. Rg and Rc account for the mass transfer between 
the liquid and vapour phases in cavitation. 

If 
( )nuc υ υ υ

B

3α 1 ρ P2
3 ρ

,
P

g evv app p R F
R



− −

=         (3) 

If υ υ υ

B

3α
,

ρ P P2
3 ρv c condRp p F

R
−

 =     (4) 

 
Where Fevap = evaporation coefficient = 50, Fcond = 
condensation coefficient = 0.01, RB = bubble radius = 
10-6 m, αnuc= nucleation site volume fraction= 5x10-4, ρl 

= liquid density and pv = vapour pressure. 
 

`  
Figure 1 Schematic of a lubricated traditional sliding 

contact. (Note: hd = dimple depth, hi = inlet film 
thickness, ho = outlet film thickness, l = length of 

textured zone, u = sliding velocity). 
 
 

u 
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For all following computation, the boundary 
condition used are as follows: 

Sliding velocity, u  = 1 m/s  
Density, ρ = 1000 kg/m3  
Viscosity, η =  10-2 Pas 
Inlet pressure, Pinlet =  1 Atm 
Oulet pressure, Poutlet =  1 Atm 
Slope incline ratio, H (H = hi/ho) = 2.2 

 
3. RESULTS AND DISCUSSION 

Results are presented in terms of fluid film 
pressure. In the present study, the comparison between 
the analysis considering cavitation modeling and the 
analysis without cavitation is conducted. 

Figure 2 shows the hydrodynamic pressure 
predicted by two methods, i.e. method considering 
cavitation versus method without cavitation. It is found 
that for the case of inclined lubricated contact with 
slope incline ratio of 2.2 (i.e., optimal traditional 
lubricated sliding contact), the prediction gives the same 
trend. It means that the cavitation which may occur in 
the lubricant does not exists. This is as expected because 
the wedge effect of the inclined slider bearing prevents 
the occurrence of the cavitation. For this reason, in 
order to reduce the computational time, for design 
analysis of the lubricated contact, in particular for the 
cases of the inclined bearing, the cavitation modelling 
may not be used. For detail, Table 2 depicts the 
deviation of the prediction by two methods regarding to 
the shear stress and profile distribution. 
 

 
Figure 2 Pressure distributions along lubricated surface.  
 

Table 1 Optimized lubricated contact characteristics. 

 W (N) F (N) Pmax 
(MPa) 

Without 
cavitation 158.833 0.772 0.249 

With 
Cavitation 160.364 0.775 0.251 

Δ (%) 0.012 0.003 0.008 
 
 
 
 
 
 
 
 
 

4. CONCLUSION 
The aim of the investigation was to examine the 

effect of the cavitation model on the inclined lubricated 
sliding contact by using CFD software. It can be 
concluded that taking into account of the cavitation 
model in the analysis gives the same prediction with 
respect to pressure compared with the case of “no 
cavitation”. 
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ABSTRACT – We investigated how a flow pressure 
between a rotating wafer and pad influenced the MRR of 
the wafer surface in the CMP process. We determined the 
flow pressure by solving Reynolds equation via 
application of the Reynolds boundary condition. The 
MRR was measured and verified with simulated results, 
and we confirmed that the MRR at the wafer center is 
smaller than it is at the wafer edge due to the flow 
pressure that is generated during the CMP process. We 
also confirmed that the MRR increases when the applied 
pressure of the wafer and pad increase. 
 
1. INTRODUCTION 

Chemical mechanical planarization (CMP) has been 
widely used to achieve smooth and flat wafer surfaces in 
the semiconductor industry, and the CMP process 
consists of chemical and mechanical actions. While the 
wafer and pad rotate in the same direction to allow the 
slurry to flow effectively in the thin clearance between 
the wafer and pad, the chemical action of the slurry 
erodes the wafer. Concerning the mechanical actions, the 
external pressure applied to the top side of the wafer 
pushes the wafer down to accelerate this erosive process 
via rubbing due to pressure between the rotating wafer 
and pad. In the CMP process, the material removal rate 
(MRR) of the wafer has been estimated using Preston’s 
law [1]: 

pMRR K PV=  (1) 
Here, pK   , P   and V    are Preston’s coefficient, the 
local pressure on the wafer surface, and the relative 
velocity of a point on the wafer surface with respect to 
the pad, respectively. The relative velocity can be easily 
calculated by consideration of the geometry and rotating 
speeds of the wafer and pad. The local pressure is the 
difference between the applied pressure and the flow 
pressure that is generated by the flow of slurry between 
the wafer and pad. The slurry flow and pressure between 
the wafer and pad can be determined by solving Reynolds 
equation including effect of rotating speed of wafer and 
pad. An internal boundary condition is needed to solve 
the Reynolds equation and Reynolds boundary condition 
is suitable to consider the realistic physical phenomenon. 

Several researchers have studied flow pressure by 
solving the Reynolds equation.  S. S. Park et al. [2] 
studied the flow pressure on a wafer surface during the 
CMP process by considering the rotation of both the 
wafer and pad. In their study, the Reynolds equation was 
solved by using the finite difference method, and they 
calculated the pressure distribution, load capacity, and 

moment. Dipto G. Thakurta et al. [3] calculated the flow 
pressure by using the generalized Reynolds equation and 
investigated the flow of slurry in three dimensions. 
However, they failed to apply the Reynolds boundary 
condition to solve the Reynolds equation and none of 
them correlated their simulated results with the 
experimental results because it is very difficult to 
measure the flow pressure in the thin clearance between 
the wafer and pad. 

In this paper, we investigated how the flow pressure 
between a rotating wafer and pad influenced the MRR of 
the wafer surface in the CMP process. We determined the 
flow pressure by solving Reynolds equation via 
application of the Reynolds boundary condition. The 
MRR was measured and verified with simulated results 
under various applied pressure condition, and we 
confirmed that the MRR at the wafer center is smaller 
than it is at the wafer edge due to the flow pressure that 
is generated during the CMP process. We also confirmed 
that the MRR increases when the applied pressure of the 
wafer and pad increase. 

 
2. METHODOLOGY 

Flow pressure is generated by flow of slurry 
between the wafer and pad. Flow pressure can be 
obtained by solving Reynolds equation and Reynolds 
equation including effect of the rotating wafer and pad 
can be written as follows: 

 3 31 1
6 6

( )
sin {( cos ) }p p w

p prh h
r r r

rh hd r d r
r

   

    


      +         
 

=  + +  − 
 

 (2) 

Where, p  ,   , h  , d  , p  and w   are the pressure, 
viscosity, and film thickness, the distance from the pad 
center to the wafer center, the rotating speeds of the wafer 
and pad, respectively. The film thickness h   is not 
constant because there generally exist various structures 
of multiple grooves and lands in pad.  
        Eq. (2) can be solved by using the finite element 
method. Pressure can be written by using a shape 
function N and a nodal pressure vector p . 
p = TN p                          (3)      

The finite element equation of the Reynolds 
equation in local coordinates can be derived by using Eqs. 
(2) and (3), as follows [4]:  
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          The global matrix equation of the finite element 
equation can be obtained after assembling the local 
equation, as follows: 

=Ap b                                           (5) 
Finally, the flow pressure on the wafer surface can 

be calculated by solving the global matrix equation in Eq. 
(5) with the application of appropriate boundary 
conditions.  

 

  
(a) Distribution 

 

 
 (b) Average pressure 

Figure 1 Pressure distribution on wafer surface and the 
average pressure along the radial direction. 

 
3. RESULTS AND DISCUSSION 

Figures 1 shows the pressure distribution and the 
average pressure along the radial direction in the case of 
a simultaneously rotating pad and wafer 
( 85p w rpm = = ) when the distance from the pad center 
to the wafer center was 190 mm. The maximum pressures 
(632.1 Pa) are located near the wafer center. We analyzed 
the flow pressure on the wafer surface for average 
clearances of 10 to 70 μm (with increments of 10 μm). 
The maximum pressure increases as the clearance 
decreases; the difference in the maximum pressure 
between clearances of 10 and 70 μm is 186.3 Pa, as 
shown Figure 1.  

We performed CMP experiments and compared the 
measured MRRs with simulated ones in order to verify 
the simulated results. In this experiment, the pad was an 
IC1010 pad with concentric grooves and the diameter of 
the wafer was 300 mm. The distance from the pad center 
to the wafer center was 190 mm. We set the rotating 
speeds of the wafer and pad to be equal in order to 

eliminate the effect of the relative velocity; this was done 
because the MRR of the wafer depends on the pressure 
and relative velocity. We performed CMP for 30 s, and 
the MRR can be determined by calculating the difference 
of the thickness of the wafer surface before and after the 
CMP process. We measured the MRR with rotating speed 
of 85 rpm under the applied pressure of 6.89 kPa (1 psi) 
or 8.27 kPa (1.2 psi). 

Figure 2 shows the measured MRR (solid line) and 
predicted MRR (dashed lines) according to the applied 
pressure of the wafer and pad. When we determined the 
predicted MRR for different clearances (from 10 μm to 
70 μm), we calculated the Preston’s coefficients via Eq. 
(1) in such a way that we divided the average measured 
MRR by the product of the pressure and relative velocity. 
In the cases of Figs. 2 (a), and (b), with a clearance of 40 
μm, the Preston’s coefficients are 6.8226e-14 Pa-1 

( 6.89appP kPa=  ), and 6.7872e-14 Pa-1 ( 8.27appP kPa=  ), 
respectively. Because the Preston’s coefficient only 
determines the location of the y-axis in Fig. 2, and the 
simulated pressure determines the overall shape of the 
simulated MRR, Fig. 2 shows that the measured MRR 
matches well with the simulated MRR. Figure 2 also 
shows that the difference between the applied pressure 
and flow pressure at the wafer center is smaller than it is 
at the wafer edge because the flow pressure at the wafer 
center is much greater than it is at the wafer edge when 
the wafer and pad rotate with the same velocity. 
Therefore, the MRR at the wafer center becomes smaller 
compared to the MRR at the wafer edge. Also, when the 
applied pressure increases from 6.89 kPa to 8.27 kPa, as 
shown in Figs. 2(a) and (b), the MRR increases because 
the difference between the applied pressure and 
maximum flow pressure increases. 

 

 
(a) 6.89 kPa    

 
 (b) 8.27 kPa 

Figure 2 Measured and predicted MRRs due to the 
applied pressure. 



Lee et al., 2018 

146 
 

4. CONCLUSION 
In this paper, we investigated how the flow pressure 

between a rotating wafer and pad influenced the MRR of 
the wafer surface in the CMP process. Flow pressure was 
determined by solving Reynolds equation with the 
application of the Reynolds boundary condition. 
Maximum flow pressures are located near the wafer 
center. We also confirmed flow pressure distribution due 
to clearance. The maximum pressure increase as the 
clearance decreases because the magnitude of flow 
pressure is in inverse proportion to clearance between the 
pad and wafer. The MRR was measured and verified with 
simulated results under various applied pressure 
condition, and we confirmed that the MRR at the wafer 
center is smaller than it is at the wafer edge due to the 
flow pressure that is generated during the CMP process. 
We also confirmed that the MRR increases when the 
applied pressure of the wafer and pad increase. The 
method proposed in this paper makes it possible to 
calculate the flow in various conditions to predict the 
MRR on a wafer surface. This research will contribute to 
manufacturing wafers with smooth and flat surfaces. 
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ABSTRACT – The frictional performance of 
compression ring-cylinder liner system (CRCL) is 
studied under starved lubrication. By considering the 
surface roughness and compression ring conformability, 
a mixed lubrication model is presented to investigate the 
frictional behaviors of CRCL with deformed liner. An 
oil transport model is employed to determine the inlet 
position of oil film. On this basis, the effects of liner 
deformation and ring profile on the tribological 
performance of CRCL are studied. Results show that the 
liner deformation and ring profile have great influence 
on the frictional performance. 
 
1. INTRODUCTION 

In internal combustion engines (ICEs), about 20% 
total friction loss is caused by the friction in CRCL [1]. 
Reducing the friction in CRCL is much more 
important for ICEs to improve the fuel efficiency. In 
order to improve the fuel efficiency maximally, more 
and more attention has been paid to the frictional 
characteristics of CRCL.  

Zhang et al. [2] investigated the effects of 
compression ring face shape on the lubrication 
performance of CRCL under hydrodynamic lubrication 
regime. However, a mixed lubrication regime is usually 
encountered at piston dead centers. Ma et al. [3] and 
Morris et al. [4] investigated the effects of surface 
roughness and ring profile on the performance of CRCL 
with circular liner under mixed lubrication regime. 
However, the liner is usually deformed because of the 
high thermal loads [5]. Usman et al. [6] investigated the 
effect of liner deformation on the lubrication of CRCL. 
The liner deformation was observed to have great 
influence on the performance. However, the fully 
lubrication was considered in their study. 

On the basis of the previous studies, the fully 
lubrication and circular liner are usually assumed in the 
analysis. In this paper, the frictional performance of a 
CRCL with deformed liner is investigated under starved 
lubrication.  A mixed lubrication model and oil transport 
model are presented to evaluate the frictional 
performance in CRCL. On this basis, the effects of ring 
profile and liner deformation on the minimum oil film 
thickness and power loss of CRCL are investigated. 

2. METHODOLOGY 
2.1 Governing equation 

Figure 1 shows the schematic diagram of CRCL. 
The oil film pressure p considering surface roughness 
can be described by the average Reynolds equation.  
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           (1)  

Where μ and ρ are the oil viscosity and density, φx and 
φy are the pressure flow factors, φs and φc are the shear 
flow and contact factors, U is the speed of ring. h is the 
oil film thickness, and it can be expressed as: 

 0 ring linerh h h h= + +
                          

  (2)  
Where h0 is the minimum oil film thickness, hring is the 
gap caused by the face profile of barrel-shaped ring, 
hliner is the gap caused by the liner deformation [6].  
 

h
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x Cylinder liner

Piston

z
0h

Compression ring

O

b
ringh

 Figure 1 Schematic diagram of CRCL. 
 

2.2    Oil transport model 
Under starved lubrication, the ring is not 

completely covered by oil. The inlet position of oil film 
is important for the lubrication analysis, and it can be 
determined by the flow conservation equation [1]. 

in in
supply supplyx x x x

q q Uh
= =

= =                       (3) 

Where hsupply is the oil film thickness left on liner, xin is 
the inlet position of oil film.  
 
2.3    Performance parameters 

The friction force and power loss are written as: 
total oil aspf f f= +

                               
(4)

 
Where foil is the hydrodynamic friction. fasp is the 
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asperity friction, and it can be calculated according to 
the Greenwood-Tripp asperity model [6]. 

The power loss of CRCL can be evaluated as: 
loss totalP f U=

                                    
(5) 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows the minimum oil film thickness 
and power loss for the circular and deformed liners. It 
can be seen that the minimum oil film thickness and 
power loss are decreased when the liner is deformed. 
Therefore, the liner deformation should be considered. 

Figure 3 shows the minimum oil film thickness 
and power loss for various crown heights of ring. As 
shown in Figure 3, higher minimum oil film thickness 
can be obtained for smaller crown height at the power 
stroke. At the middle of intake, compression, and 
exhaust strokes, the crown height is found to have less 
effect on the minimum oil film thickness, and lower 
power loss is observed for higher crown height. 

 

 
(a) 
 

 
(b) 

Figure 2 Performance of circular and deformed liners: 
(a) minimum oil film thickness; (b) power loss. 

 
4. CONCLUSION 

The liner deformation and ring crown height have 
great influence on the frictional performance of CRCL. 
Smaller minimum oil film thickness and power loss are 
observed for the deformed liner. Higher minimum oil 
film thickness is obtained for smaller crown height of 
ring at power stroke. The power loss decreases with the 
increase of crown height at intake, compression, and 
exhaust strokes. 
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Figure 3 Performance of CRCL for various crown 
heights: (a) minimum oil film thickness; (b) power loss. 
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ABSTRACT – The present study introduces the use of 
optical fluorescent method for the investigation of 
lubrication within hard-on-soft hip implants. Pendulum 
hip joint simulator was employed while several model 
fluids were applied. The contact of metal femoral head 
and poly(methyl)methacrylate acetabular cup was 
observed through optical imaging system. Dynamic 
swinging experiments were performed while it was found 
that the formation of lubricating film is strongly 
dependent on the composition of synovial fluid. Contrary 
to previous observations, it seems that the effect of 
hyaluronic acid is rather negative in relation to particular 
constituents of synovial fluid, indicating the importance 
of understanding the interaction of the molecules. 
 
1. INTRODUCTION 

Despite the rapid improvement of materials and 
design of hip replacements, limited longevity of implants 
is still recognized as one of its main drawbacks. As the 
major cause leading to implant failure is aseptic 
loosening [1], which is directly associated with 
degradation of bone and soft tissue due to presence of 
wear particles, so-called tribological processes in 
artificial joints have been extensively investigated 
recently. In that case, the main attention was paid to 
evaluation of wear rate, while little is known about the 
lubrication processes [2]. In our previous studies [3-4] we 
deeply focused on the development of lubricant film 
within hard-on-hard bearing pairs, focusing on the effect 
of implant material, geometry, and composition of 
synovial fluid. However, as most of the currently 
implanted joints are of hard-on-soft combination, it 
seems to be desirable to pay a greater attention to these 
materials. According to author´s knowledge the present 
study is the first reported investigation of in situ 
observation of lubricant film formation in the contact pair 
mimicking most common type of hip implants. 
 
2. METHODOLOGY 

Pendulum hip joint simulator, introduced in our 
previous study [5], was employed as the test device, 
while swinging flexion-extension motion in the range 
from -16° to 16° was applied. The contact was realized 
between metal femoral component and tailor-made 
polymethyl methacrylate (PMMA) acetabular cup. The 
dimensions of the cup respected the dimensions of real 
cups used in clinical practice. During the experiments, 
constant load equal to 515 N was applied, resulting to 
contact pressure of approximately 7 MPa which is similar 

to physiological level during walking conditions. 
Intensity of lubricating film was evaluated as a function 
of time, while fluorescent method [6-7] was employed. A 
scheme of the experimental approach is shown in Figure 
1. 

 

 
Figure 1 Schematic illustration of the test simulator and 

experimental methodology. 
 
Since the fundamental aspect, affecting the 

formation of lubricating film in hip implants, seems to be 
the composition of synovial fluid, several test lubricants 
were prepared to reveal the behaviour of individual 
constituents. Particularly, solution of simple albumin and 
γ-globulin, mixture of these proteins, and composition of 
albumin and γ-globulin doped by hyaluronic acid (HA) 
were investigated. Summary of the applied test lubricants 
is provided in Tab. 1. 
 

Table 1 Overview of the employed test lubricants. 
Concentrations of molecules are in mg/ml. 

Model fluid Albumin γ-globulin       HA 
Lab_Alb 24.9 - - 
Lab_Alb+Glob 24.9 6 - 
Lab_Alb+Glob+HA 24.9 6 1.49 
Lab_Glob - 6 . 
Lab_Glob+Alb 24.9 6 . 
Lab_Glob+Alb+HA 24.9 6 1.49 

 
3. RESULTS AND DISCUSSION 

The results with simple solutions of albumin and  
γ-globulin showed that in the case of γ-globulin, the film 
rather increases compared to albumin, which initially 
increases and then decreases reaching relatively constant 
value after around 110 s. These results are in a good 
correlation with previous observations for hard-on-hard 
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bearing pairs, described in our previous study [4]. 
Focusing on albumin film (Figure 2), it can be seen that 
adding other constituents (γ-globulin, HA) did not cause 
any substantial change of albumin formation; however, it 
led to decrease of its thickness, indicating that the 
interaction of molecules has a negative effect.  

 

 
Figure 2 Development of albumin fluorescent intensity 

on time for various model fluids. 
 
As is shown in Figure 3, when γ-globulin was the 

observed constituent, addition of other molecules 
(albumin, HA) considerably changed the formation of 
lubricating film. The increasing tendency of simple 
protein film could not be further observed, while 
surprisingly, when HA was applied, γ-globulin film was 
the thinnest.  

 

 
Figure 3 Development of γ-globulin fluorescent 

intensity on time for various model fluids. 
 

It should be highlighted that the displayed results do 
not provide the information about overall film thickness; 
it just expresses the layer of the particular constituent 
film. In author´s opinion, findings coming from the 
performed observations are fundamental, since so far, it 
is believed that the presence of HA is always positive; 
however, it seems that in the case of hard-on-soft 
implants, the mechanisms are more complicated, proving 
the necessity of deeper experimental investigation. 
 
4. CONCLUSIONS 

The present study introduces a novel 
methodological approach for the investigation of 
lubrication mechanisms within hard-on-soft hip 
implants. Dynamic swinging tests were conducted, 

focusing on the effect of model synovial fluid 
composition on lubricating film. The findings may be 
summarized into the following points. 

(a) Considering simple protein solutions, γ-globulin 
seems to be more effective lubricant constituent. 

(b) Addition of HA led to decrease of thickness 
layer of both the observed proteins. 

(c) The current results indicate that the interaction 
of molecules of synovial fluid is different when 
confronting hard-on-hard and hard-on-soft 
bearing pairs. 

(d) The future study should involve also 
phospholipids and lubricin in an effort to fully 
understand the lubrication mechanisms within 
hard-on-soft hip implants. 
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ABSTRACT – To gain the understanding of in vivo 
friction and wear behavior of implanted joint prosthesis, 
effect of each synovia constituent on the friction between 
UHMWPE and CoCrMo, the most popular material 
combination for the sliding surfaces of artificial joints, 
was examined in the reciprocating sliding tests. Proteins, 
phospholipids and hyaluronic acid were selected as major 
constituents of synovial fluid and several test lubricants 
containing these macromolecules with different 
combination were prepared to compare the effect on the 
sliding test results. The result of this study clearly 
indicated that protein molecules had the predominant 
effect and it made the effects of other molecules 
inconspicuous. 
 
1. INTRODUCTION 

It has been widely recognized that biological 
macromolecules contained in synovial fluid, such as 
proteins, lipids and hyaluronic acid, are playing certain 
roles in the highly sophisticated lubrication mechanism 
of natural synovial joints and contributing their excellent 
low friction and low wear characteristics [1,2]. At the 
same time, many studies have indicated that these 
macromolecules existing in the joint space also have 
large influence on the friction and wear of joint 
prostheses implanted to replace the diseased joint parts 
[3,4]. However, detailed mechanism of friction and wear 
of prosthetic materials in synovial fluid has not been 
explained clearly yet and there are still active discussions 
about the role of each synovial constituent. In this study, 
the sliding pair of ultra-high molecular weight 
polyethylene (UHMWPE) and CoCrMo alloy was 
selected as the most popular material combination for the 
sliding surfaces of joint prostheses and the effect of each 
synovial constituent on its frictional behaviour was 
examined. 
 
2. MATERIALS AND METHODS 

Friction coefficient between CoCrMo alloy and 
UHMWPE was evaluated in the reciprocating pin-on-
plate sliding test. The schematic of the tribometer used in 
this study is shown in Figure1 [5]. Medical grade cast 
CoCrMo (ASTM-F75) was used as the pin specimen. The 
pin surface was finished to have the curvature radius of 
110 mm and Ra value of 0.01 ± 0.005 μm. The plate 
specimen was machined from an UHMWPE bar stock 

which is compression moulded from medical grade 
GUR1050 compound and not sterilized. The plate surface 
was polished to have Ra value of 0.1 ± 0.02 μm. 

 

Figure 1 Schematic of reciprocating pin-on-plate type 
tribometer. 

 
In this study, the friction coefficient was evaluated 

in six test lubricants with different compositions, listed in 
Table 2, to elucidate the influence of each synovia 
constituents added to the lubricant. Phosphate buffered 
saline (PBS) was used as a macromolecular-free control 
lubricant and also as a base solution of test lubricants 
containing synovia constituents. The macromolecule 
constituents of synovial fluid examined in this study are 
bovine serum albumin (BSA), J-globulin (BSG), 
phospholipids (DPPC) and hyaluronic acid (HA). Each 
constituent was dissolved in PBS with physiological 
range of concentrations  

 
Table 1 Composition of test lubricants. 

 
 
In all sliding tests, the applied load was 4.9 N 

resulting to a maximum contact pressure of 6.3 MPa. Two 
different sliding speeds, 10 and 50 mm/s, were used, 
respectively. The stroke length was 25 mm, while the 

HA DPPC Albumin γ-globulin

1
2 0.5

3 0.01

4 0.5 1.4 0.7
5 0.5 0.01

6 0.5 0.01 1.4 0.7

Amount of synovia constituents (wt%)
Lubricant No.
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total sliding distance was 90 m. All the tests were carried 
out under controlled ambient temperature of 25 °C. To 
confirm the repeatability, the experiments were iterated 
three times under each condition with all the lubricants.  

Results were compared with our previous results 
obtained in several protein solutions containing only 
serum proteins, BSA or/and BSG with different 
concentrations [5].  
  
3. RESULTS AND DISCUSSION 

Results of the friction measurement are compared 
in Figure 2. The UHMWPE / CoCrMo sliding pair 
showed very low friction coefficient less than 0.05 in the 
macromolecule-free PBS and the HA solution (Lubricant 
1 and 2). However, it increased by adding DPPC to PBS 
(Lubricant 3). The effect of DPPC was further enhanced 
by mixing it with HA (Lubricant 5) and the friction 
coefficient reached 0.1. The influence of protein 
molecules was the most significant and the friction 
coefficient between UHMWPE and CoCrMo alloy 
exceeded 0.25 in protein-containing lubricants 
(Lubricant 4 and 6) especially under the higher sliding 
speed. 

 

Figure 2 Comparison of friction coefficient. 
 
In our previous experiments [5], the 

UHMWPE/CoCoMo sliding pair showed similar high 
friction with the friction coefficient of 0.25 in PBS-based 
lubricants containing only protein molecules. At that time, 
a linear relationship could be found between friction 
coefficient and the thickness of adsorbed protein film 
under the sliding speed of 10 mm/s and the friction 
coefficient increased as the protein film thickness 

increased. It might be indicating that larger percentage of 
real contact area was covered with adsorbed proteins as 
the amount of adsorbed protein increased and 
subsequently the friction coefficient was increased by the 
adsorbed and denatured proteins molecules. 

The protein molecules also exhibited the 
predominant effect and increased the friction coefficient 
between UHMWPE and CoCrMo significantly even if 
they were mixed with DPPC and/or HA. Some 
interactions between these macromolecules could be 
expected to form complex aggregates if they were mixed 
together in aqueous solutions. However, the protein 
adsorption on the PE and metal surfaces might be strong 
enough to make effects of other molecules inconspicuous.  
 
4. SUMMARY 

Proteins and phospholipids contained in synovial 
fluid clearly increased friction of the UHMWPE / 
CoCrMo sliding pair. The effect of protein molecules was 
more conspicuous compared with DPPC and the friction 
coefficient exceeded 0.25 in the protein-containing 
lubricants, while it was less than 0.05 in the 
macromolecular free PBS. On the other hand, the effect 
of HA was quite limited. 
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ABSTRACT – Friction and wear of a medical mouth-
guard material were studied using a reciprocating-motion 
sliding tester under dry, water-lubricated, and olive-oil-
lubricated conditions. Ethylene Vinyl Acetate (EVA) was 
the material tested. Three types of lubricating methods in 
water-lubrication conditions were tested: (1) submerged 
water-lubrication, (2) water-lubrication of the frictional 
surface only, and (3) water-lubrication of the opposite 
surface only. At high load, the EVA plate was perforated 
and worn out under a dry condition. The water-
lubrication of the frictional surface only significantly 
reduced friction and wear as well as the submerged 
water-lubrication. Olive oil exhibited the least friction 
coefficient and wear damage. 
 
1. INTRODUCTION 

Bruxism is a disorder that causes tooth wear and 
fracture, gum damage, and fractures of dental repair 
materials during sleep [1]. Thus far, the mechanisms of 
bruxism such as occlusal forces and its duration during 
sleep bruxism have been studied and reported [2]. 

A mouth-guard is commonly applied in clinical 
practices to prevent tooth wear and fracture due to 
bruxism [3]. However, it is easily worn out and 
perforated. To find a way for extending the life and 
developing a new wear-resistant mouth-guard material, it 
is essential to study the friction and wear of mouth-guard 
materials. However, insufficient work has been done 
regarding this issue. In this study, the friction and wear of 
a mouth-guard material were studied using a 
reciprocating-motion sliding tester under dry and 
lubricated conditions. 
 
2. EXPERIMENTAL PROCEDURE 

Experiments were conducted using a reciprocating-
motion sliding tester depicted in Figure 1. The tester 
comprised a fixed ball and a moving plate. The plate 
(thickness: 2 mm) was made of Ethylene Vinyl Acetate 
(EVA), which is commonly used in the medical field. The 
ball was made of stainless steel (SUS304) (diameter: 10 
mm). The experimental conditions are listed in Table 1. 
It has been reported that the load applied to one tooth 
during sleep bruxism ranges from 10 to 150 N [2]. 
Therefore, the load was varied in the range of 24.07 to 
118.1 N. The frictional force was measured using a load-
cell. The wear of the plate was monitored using a 
displacement meter placed on the ball holder. The tests 
were conducted under dry, water-lubricated, and olive-
oil-lubricated conditions, as depicted in Figs. 1(a), (b)–

(d) and (e), respectively. Three types of water-lubrication 
methods were tested: (1) submerged water-lubrication, 
(2) water-lubrication of the frictional surface only, and 
(3) water-lubrication of the opposite surface only, as 
depicted in Figure 1(b), (c) and (d), respectively. Wear 
scars were observed using an optical microscope and 
scanning electron microscope. 

 

Figure 1 Experimental apparatus and lubricating 
methods. 

 
Table 1 Experimental conditions. 

Stroke 5 mm 
Frequency 0.65 s−1 
Maximum sliding speed 10.23 × 10−3 m/s 
Load 24.07, 75.14, 118.1 N 
Test duration 7200 s 

 
3. RESULTS AND DISCUSSION 
3.1 Friction and wear properties 

Figure 2 depicts the friction curves obtained at a 
load of 74.14 N. Fig. 3 illustrates the displacement of the 
ball corresponding to Figure 1. In the dry friction, the 
friction coefficient increased with the runtime and finally 
reached ~1.5. The displacement also increased and 
reached −1.8 mm. The minus sign implies that the ball 
moved downwards due to the wear and deformation of 
EVA. The plate was perforated in this case. In the water-
lubrication of the frictional surface only, the friction 
coefficient was small and constant at 0.2 as well as the 
submerged water-lubrication. The displacements of the 
ball were also the same and small (−0.7 mm). The EVA 
plate did not suffer evident damages. Conversely, the 
friction and wear behavior in the water-lubrication of the 

EVA Ball 
Water 

Oil 

(a) (b) 

(c) (d) 

(e) 

Load 
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opposite surface only were similar to the dry friction. The 
EVA plate was just before perforation at the end of testing. 

 

 
Figure 2 Friction curves at 75.14 N. 

 

 
Figure 3 Displacement curves at 75.14 N. 

 
Figure 4 depicts the comparison of the results 

obtained under various conditions. The black solid lines 
in the figure of the wear depth indicate the statistical 
displacement without sliding obtained at each load. The 
difference between the measured and statistical depth 
indicated a real wear depth. The water-lubrication of the 
frictional surface only reduced the friction and wear as 
well as the submerged one for all the loads. The dry 
friction and the water-lubrication of the opposite surface 
only exhibited high friction coefficients, although the 
values in the lubrication of the opposite surface decreased. 
Thus, the lubrication of the opposite surface was not so 
effective to reduce the friction and wear. 

 

 
Figure 4 Comparison of results. 

 
3.2 Olive-oil-lubrication 

Figure 5 depicts the result obtained in the olive-oil-
lubrication. Only the frictional surface of the plate was 
coated with the olive-oil of 20 µl. The olive-oil-
lubrication exhibited the least friction coefficient of 0.13 
among the tests. The wear depth was also the smallest. 
Thus, natural olive-oil is very effective to reduce the 
friction and wear only with a small quantity of oil. 

3.3 Observations of wear scars of EVA 
Figure 6 depicts the micrographs of the wear scar of 

EVA. In the dry friction, the EVA plate was perforated 
and long cylinder-like fragments were commonly 
observed in Figure 6(a). In the water-lubrication of the 
opposite surface only, the EVA plate suffered severe 
damages similar to the dry friction just before perforation 
(Figure 6(b)). In the water-lubrication of the frictional 
surface only, a slight wear scar was observed and there 
was no wear fragment (Figure 6(c)). These features were 
similar to the submerged water-lubrication. In the olive-
oil-lubrication, the wear scar was observed by tilting and 
was invisible otherwise. It only suffered plastic 
deformation (Figure 6(d)). Thin oil film was formed and 
kept on the EVA surface because the EVA is soft and 
elastic. 

 

Figure 5 Comparison of results obtained in dry friction, 
water-, and olive-oil-lubrication. 

 

 
Figure 6 Micrographs of wear scars of the EVA at 75.14 

N: (a) Dry friction; (b) Water-lubrication of opposite 
surface only; (c) Water-lubrication of the frictional 

surface only; and (d) Olive-oil-lubrication (observed by 
tilting). 

 
4. CONCLUSION 

In the dry friction, the EVA plate was perforated at 
high load due to high friction and wear. The water-
lubrication of the frictional surface only demonstrated 
low friction and wear as well as the submerged water-
lubrication. The olive-oil-lubrication demonstrated the 
least friction coefficient only with a small quantity of oil. 
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ABSTRACT – Higher stiffness shown by CoCrMo load 
bearing implants as compared to human bone properties 
leads to bone or implant fracture. This study proposes 
two unique 3-dimensional (3D) meta-biomaterials unit 
cells with which simultaneously attenuate stiffness and 
stimulate osseointegration. The unit cell of the proposed 
3D design is composed of connecting struts making 
internal structures in the shape of square and diamond. 
The results under compression suggest all CoCrMo 
designs exhibit elastic modulus and compression strength 
that are comparable to the bone. It is demonstrated that 
the meta-biomaterials can be fabricated using 3D printing 
(3DP) techniques and their mechanical performance can 
be tailored by modifying the internal architectures.  
 
1. INTRODUCTION 

CoCrMo alloys are preferred materials in load 
bearing implants due to their superior mechanical 
properties compared to other biomaterials [1]. However, 
higher stiffness of CoCrMo (220 GPa) to host bone (1-30 
GPa) causes stress-shielding that leads to implant failure 
[2]. On the other hand, meta-biomaterials offer stiffness-
based design with can also encourage osseointegration. 
The rationally designed internal structures of meta-
biomaterials have significant effect on their mechanical 
and biological behaviors [3]. In this work, the mechanical 
performance of meta-biomaterial with different 3D 
internal architectures under compression was 
investigated. 3DP technique using selective laser melting 
(SLM) technology is used to produce square and 
diamond internal structure meta-biomaterial samples 
with variant geometries. These samples have undergone 
destructive uniaxial compression to determine their 
porosity relationship with mechanical behavior. The 
present work provides tailor strategy to match bone 
implant mechanical properties with human bone tissue.  
 
2. METHODOLOGY 
2.1    Material preparation  

The diamond (D) and square (S) meta-biomaterials 
were digitally modelled in computer-aided design 
(CAD). The samples were manufactured using SLM with 
parameters of (energy density).   

 
2.2 Compression test 

 Uniaxial compression test was performed in 
accordance to standard ISO (13314:2011) with load of 
100 kN at constant speed of 0.1 mm/min [4].  

 
 

Figure 1 (a) Square and (b) diamond meta-biomaterials. 
 

3. RESULTS AND DISCUSSION 
The mechanical properties of meta-biomaterials 

with the designed structure geometries are shown in 
Table 1 and Table 2. The elastic modulus of meta-
biomaterials varied from 0.45 to 8.75 GPa, compressive 
strength was in the range of 13 and 261 MPa. The 
structures exhibited 0.2% yield strength in the range of 8 
to 182 MPa. The stiffness of the samples are comparable 
to cancellous bone tissue (10 to 15,700 MPa) [5]. In 
addition, the meta-biomaterials demonstrated energy 
absorption in the range 3 to 260 MJ/m3. 

Figure 2 shows stress-strain curves obtained from 
the compression tests. Typical elastic-plastic deformation 
has been observed for both unit cell types. However, 
densification after plastic region in porous metallic 
materials that been observed by Gibson et al. [6] was not 
observed in this study. This was attributed to brittle 
fracture of the struts before the densification starts [7]. 

Meta-biomaterials experienced an initial settling 
period represented plateau stress which is shown as non-
linear and concave upwards line due to excessive support 
features on the bottom parts of samples. The elastic 
region showed the high degree of linearity indicated high 
strut strength of samples. 

The relationships between the normalised 
compressive properties of meta-biomaterials and 
porosity (ρ*/ρs) were analysed using nonlinear 
regression according to Gibson and Ashby method [6]. 
The elastic modulus (E), yield strength and ultimate 
strength of cellular structure was normalised using 
CoCrMo materials with E=200 GPa, yield strength = 600 
MPa and ultimate strength =1100 MPa as shown in 
Figure 3.  

 
4. CONCLUSION 

In this study, mechanical properties of meta-
biomaterials of CoCrMo load bearing implants were 
investigated. The elastic modulus and compression 
strength of meta-biomaterials are comparable to 
cancellous bone properties.  
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Table 1 Mechanical properties of meta-biomaterials. 
Sample  Unit cell 

length 
(mm)  
 
 

Strut 
size 
(mm) 

Porosity  
(ρ*/ρs) 

0.2% yield 
strength 
(MPa) 
 

D1 1.5 0.4 0.71 52.4±2.65 
D2 1.5 0.6 0.45 183.7±2.68 

D3 2.0 0.5 0.74 41.3±1.64 

D4 2.5 0.4 0.88 8.2±1.07 

D5 2.5 0.6 0.76 35.8±1.97 

S1 1.5 0.4 0.80 42.7±2.30 

S2 1.5 0.6 0.61 111.3±3.61 

S3 2.0 0.5 0.81 42.0±0.86 

S4 2.5 0.4 0.91 10.6±0.71 

S5 2.5 0.6 0.82 36.9±0.65 

 
Table 1 Continued. 

Sample Elastic  
modulus  
(GPa) 

Ultimate 
compressive 
(MPa) 

Modulus 
of 
resilience 
(MJ/m3) 
 

Modulus 
of 
toughness 
(MJ/m3) 
 D1 2.8 85.15 ± 3.97 5.48 63.40 

D2 7.7 302.79± 0.99 31.76 260.84 

D3 2.29 63.20 ± 0.99 10.43 41.14 

D4 0.45 13.19 ± 1.01 1.92 12.06 

D5 1.93 55.12 ± 1.64 3.49 42.58 

S1 4.47 78.99 ± 2.37 3.57 34.18 

S2 8.75 261.01± 2.36 8.22 235.64 

S3 2.91 64.54 ± 0.86 3.88 28.73 

S4 0.92 14.22 ± 1.11 0.78 3.17 

S5 2.10 52.08 ± 1.54 3.75 20.58 

 
REFERENCES 
[1] Navarro, M., Michiardi, A., Castano, O., & Planell, 

J. A. (2008). Biomaterials in orthopaedics. Journal 
of the Royal Society Interface, 5(27), 1137-1158. 

[2] Ralston, S. H. (2013). Bone structure and 
metabolism. Medicine, 41(10), 581-585.  

[3] Shamonina, E., & Solymar, L. (2007). 
Metamaterials: How the subject 
started. Metamaterials, 1(1), 12-18.  

[4] Hazlehurst, K., Wang, C. J., & Stanford, M. (2013). 
Evaluation of the stiffness characteristics of square 
pore CoCrMo cellular structures manufactured 
using laser melting technology for potential 
orthopaedic applications. Materials & Design, 51, 
949-955.  

[5] An, Y. H., & Draughn, R. A. (Eds.). 
(1999). Mechanical testing of bone and the bone-
implant interface. CRC press.  

[6] Gibson, L. J., & Ashby, M. F. (1999). Cellular 
solids: structure and properties. Cambridge 
university press.  

[7] Gümrük, R., Mines, R. A. W., & Karadeniz, S. 
(2013). Static mechanical behaviours of stainless 
steel micro-lattice structures under different loading 
conditions. Materials Science and Engineering: 
A, 586, 392-406.   
 

 
 Figure 2 Stress strain curves (a) diamond and    

(b) square. 
 

 
Figure 3 Normalised (a) elastic modulus, (b) yield 

strength and (c) ultimate strength on porosity. 
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ABSTRACT – In their simplest form, Stribeck curves 
depict friction coefficient as a function of the relative 
sliding speed between two lubricated surfaces. In the 
current work, extended Stribeck curves, which also 
include the static friction regime, are applied to 
understand the behavior of different bio-tribological 
systems including cartilages, ophthalmic solutions, food 
and beverages, cosmetics, etc. The test methodology 
applied here emphasizes on the importance of obtaining 
tribological data in the static and extreme boundary 
regime, especially for bio-tribological applications. 
Furthermore, the study also showcases a strategy to 
correlate frictional behavior to select mouthfeel 
attributes with the help of statistical analysis. 
 
1. INTRODUCTION 

Extended Stribeck curves, as the name suggests, 
extend the Stribeck curve all the way to the static 
regime, wherein there is no macroscopic relative motion 
between the two mating surfaces, see Figure 1. These 
curves help us understand the evolution of friction at 
extremely low speeds and also provide us with 
information regarding the value of limiting friction of a 
given system, which corresponds to the friction at the 
breakaway or the point of onset of macroscopic relative 
motion. Limiting friction is the highest value of static 
friction, responsible for inhibition of relative motion 
between two surfaces. In order to realize such low 
speeds with macroscopic contacts, tests were conducted 
on an MCR Tribometer.  

 

 
Figure 1 Extended Stribeck curve of a chocolate spread.  

 
In order to elucidate the usefulness of these curves, 

tribological investigations were carried out on different 
biological systems such as foods and beverages, 
ophthalmic solutions, cartilage/synovial fluids, to name 
a few, to address real issues concerning each of these 

systems. For instance, these curves can be used to 
determine the ease with which skin creams spread on 
our skins, or the way food feels in our mouths during 
oral processing.  

One of the other important aspects of this study is 
also to present the effect of test parameters on the and 
address the concept of reproducibility of results in 
tribological tests, especially for soft contacts, such 
existing in bio-tribological applications. 

 
2. TEST METHODOLGOY 

The tests were carried out on an MCR Tribometer 
from Anton Paar with a Peltier-controlled setup 
(T-PTD200). A ball-on-three-pins setup shown in Figure 
2 was used for testing food and beverages, skin creams, 
and ophthalmic solutions. Here, a set of specimens for a 
single test comprised of three cylindrical 
polydimethylsiloxane (PDMS) pins measuring 6 mm in 
diameter and height, and a glass ball measuring 12.7 
mm in diameter. For the tests with cartilage/synovial 
fluid system, a customized setup was built, and porcine 
cartilages were used for the tests. Tests were also carried 
out with polyvinylalcohol (PVA) as a reference material. 

 

 
Figure 2 Ball-on-three-pins setup. 

 
2.1 Test profile 

The Stribeck tests carried out during the current 
investigations are comprised of three steps. In the first 
step, the measuring shaft is lowered until the ball comes 
into contact with the pins. The maximum load attained 
during this phase is restricted to 0.5 N in order to avoid 
shock loading or sudden impact on the surfaces. In the 
second step, the load is gradually increased until the 
normal force reaches the predetermined value of 1 N. 
The system is then held at the test load for 5 minutes. 
The stresses produced at the contact by the applied load 
are partially relaxed during this step. In the third step, 
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the rotational speed is increased logarithmically from 
10-9 to 0.5 m/s. This step is performed three times 
during each test without changing the sample and 
without breaking contact between the ball and the pins. 
In the 1st Run, the running-in characteristics of the 
system are observed. Herein, the mating surfaces 
conform to each other to the extent possible either by 
plastic deformation, or wear, or both. During the 2nd and 
3rd Runs, the friction behavior of the systems depends 
on the extent of running-in during the 1st Run, and also 
on the formation of reaction/adsorption/adhesion films 
at the mating interface. 

Additionally, breakaway torque measurements 
were carried out to determine the limiting torque of the 
system. Here, like in the extended Stribeck tests, after 
the test load is applied, the torque was logarithmically 
increased from 0.01 mNm to 100 mNm.  

 
3. RESULTS AND DISCUSSION 

In the current study, tribological data is presented 
in the form of extended Stribeck curves and emphasis is 
laid on the trends in different regions of the curves, 
rather than on numerical values of the friction 
coefficient. These results are also supplemented by 
breakaway torque measurements, wherein the sliding 
distance is plotted as a function of increasing torque. 

The following sub-sections contain basic and 
simple examples of the results from this study. The 
complex part would be detailed in the full-length paper 
which would follow. 

 
3.1 Food and beverages 

One of the simplest examples for food tribology is 
to distinguish the difference in the tribological 
behaviour of milk with respect to its fat content. Fig. 3 
presents a comparison of the extended Stribeck curves 
for three variations of milk, i.e., fat free, low fat, and 
whole milk. It is easy to demonstrate the effect of fat as 
a lubricant, especially in the extreme boundary regimes 
corresponding to low sliding speeds. However, there 
needs to be a deeper study in order to understand as to 
what exactly happens at the contact interface leading to 
the decrease in friction with increase in the fat content.  

 

 
Figure 3 Extended Stribeck curves from three milk 

samples with different fat content. 
 
 

This study further includes statistical analysis 
methodology which was used to correlate frictional 
behaviour of spreadable cheese to certain mouthfeel 
attributes. 

 
3.2 Ophthalmic solutions 

Fig. 4 presents the results from tribological tests 
with three different ophthalmic solutions. Here, 
Sample 1 has the highest frictional resistance in the 
entire speed range. Samples 2 and 3 behave similarly in 
the low speed range, up until a speed of 0.001 m/s, but 
thereafter, Sample 3 shows an increase in its frictional 
resistance. The average blinking speed of human eyes is 
between 10 and 220 mm/s [1]. In this particular speed 
range, the three samples show clear differences in their 
frictional behaviour. Such differences can stem from 
alterations in the formulation of the solutions, as in this 
particular case. 

 

 
Figure 4 Extended Stribeck curves from three different 

ophthalmic solutions. 
 

4. SUMMARY 
This study presents test methodology to obtain 

extended Stribeck curves for lubricated bio-tribological 
contacts. These curves offer extensive information about 
the behaviour of such systems, especially in the 
extremely low-speed regimes, wherein the surface 
aspects dominate. Although these tests are carried out at 
model scale, a correlation can be built based results 
from human sensory tests, which could also be used to 
build a model for the respective systems. 
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ABSTRACT - A kind of hydration degree adjustable 
artificial skin model (ASM) was developed by the using 
of interpenetrating network of hydrophilic and 
hydrophobic polymers. The developed ASM has been 
applied as skin model for studying the tribological 
interactions between skin and wound dressing, skin and 
cosmetics.  
 
1. INTRODUCTION 

Skin friction is influenced by many factors, 
including the hydration status of skin, the surface 
roughness and surface chemistry of skin and contacting 
materials, the skin anatomic area, test environment, test 
conditions and test equipment, which result in highly 
variable skin friction values and make the comparison 
of data from different research very difficult [1].  

The use of artificial skin model could partially 
solve this problem. There are various kinds of 
commercial artificial skin model available already. But 
most of them are tissue engineered skin model for 
biomedical applications, which usually do not have the 
similar mechanical and tribological property of real 
human skin. Some of them are for industrial application, 
like Lorica for textile research, Silicon rubber for 
artificial grass research. While these kind of artificial 
skin models can only represent skin in dry situation, not 
in hydrated situation [2].  

In this study, a new kind of artificial skin model 
was developed, which can not only have similar 
mechanical and tribological properties to dry human 
skin, but also have similar properties to hydrated skin. 
And their tribological interactions with wound dressings 
and cosmetics were studied.  

 
2. THE TRIBOLOGICAL INTERACTIONS 

BETWEEN ASM AND WOUND DRESSINGS 
The aim of this study was to find out the design 

uidelines for the development of friction reducing 
wound dressings for the prevention of decubitus, based 
on the understanding of the tribological behavior of 
wound dressing. 

 
2.1 Test methodology 

The tribological interaction of wound dressings 
with skin was studied by using the UMT TriboLab 
machine. A nylon ball with 10mm in diameter was used 
to represent bed mattress, which was reciprocating 
sliding on wound dressing covered ASM. Three kinds of 
wound dressings (A, B, and C) were selected. The 
influence of hydration status of ASM and temperature 

on the friction coefficient was investigated. For 
comparison, in vivo study was conducted as well [3].  
 
2.2 Test results 

Figure 1 showed the static friction and fretting 
friction. The results indicated that the designed test 
methodology was able to differentiate the tribological 
behavior of different kinds of wound dressings. 
 

 
(a) 

 

 
(b) 

Figure 1 (a) The static friction and (b) fretting friction of 
the wound dressing covered ASM with bed mattress 

mimicking material. 
 

The results in Figure 2 showed that with the 
increasing in the hydration degree of ASM, the friction 
coefficient increased, which is in good agreement with 
the skin friction theory. In the meanwhile, with the 
increasing of temperature, the friction coefficient 
increased as well. 

In vivo friction measurement was conducted by 
covering the wound dressing on the skin of two 
candidates respectively. As shown in Figure 3, the skin 
covered with wound dressing demonstrated a reduced 
friction than the skin without covering with wound 
dressing. 
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Figure 2 The influence of hydration and temperature on 

the friction. 
 

Figure 3 The in vivo friction results of wound dressing 
covered skin. 

 
3. THE TRIBOLOGICAL INTERACTIONS 

BETWEEN ASM AND COSMETICS 
The aim of the study was to find out the 

correlation between the sensory property and 
moisturizing property of cosmetic products with tactile 
friction. 
 
3.1 Test methodology 

The frictional behavior between cosmetic products 
and ASM was studied by using a finger friction 
measurement equipment [4]. The performance of 
emulsions with different content of liquid crystal was 
investigated. 

 
3.2  Test results 

Figure 4 and Figure 5 showed the static friction 
and dynamic friction of the emulsion with different 
liquid crystal content respectively.  From fig. 4 it can be 
seen that during application the static friction of 
emulsion B is slightly higher than that of emulsion A 
and emulsion C., and 4 min after application, the static 
friction coefficient of emulsion C is the highest. 10 min 
after application, the static friction coefficient of 
emulsion B is the highest. From fig. 5, it can be found 
that, during application, there is no significant 
difference for the dynamic friction coefficient. 4 min 
after application, the dynamic friction coefficient of 
emulsion C is the highest. For emulsion C, optical 
microscopy images verified that it is not a lamellar 
structure, with the polar regions encased by 
hydrophobic regions, which hinders release of water 
from the emulsion. This is reflected by the reduction of 
the friction coefficient, which take place between 4 and 
10 min. 10min after application, the dynamic friction 
coefficient of emulsion B is obviously higher than that 

of emulsion A and emulsion C. At this stage, we think 
that the emulsion C with the highest liquid crystal 
content, has the best protection barrier for human skin. 
Thus, the emulsion can keep water in skin, which 
resulting in high friction coefficient. 
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Figure 4 The static friction coefficient of the emulsions. 
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Figure 5 The dynamic friction coefficient of the 

emulsions. 
 

2. CONCLUSIONS 
A kind of artificial skin model (ASM), which can 

represent skin both in dry and hydrated situation, was 
successfully developed.  

The tribological behavior of wound dressing 
interacting with ASM indicated that the design of 
appropriated wound dressing could help reduce the 
friction between skin and bed mattress, which has the 
potential for the development of appropriate wound 
dressing for the prevention of decubitus.  

The understanding of the tactile friction behavior 
of cosmetics interacting with skin could help the 
establishment of objective measurement for studying the 
sensory performance and moisturizing performance of 
cosmetic products.  
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ABSTRACT –The aim of this work is to investigate the 
effects of TiB2 and TiN coatings with modified cutting 
insert on tool wear when turning AISI 1017 carbon steel. 
TiB2 is favourable in metal machining as it can reduce 
cutting adhesion. In this work the influence of coating 
materials in tool wear has been investigated. Through a 
set of experiments, modified cutting insert coated with 
TiB2 exhibited about 24-33% improvement in tool wear 
compared to TiN coated insert. The results from this 
study show that TiB2 coating can be used as coating 
material for cutting tool but further research on tribology 
and sustainability along with cutting dynamics study are 
prerequisites for commercial application of this coating 
material in the mainstream. 
 
1. INTRODUCTION 

The knowledge of tool wear is essential for an 
optimisation of the cutting process. In turning, tool 
failure is an important factor that affects productivity and 
manufacturing efficiency. That is the reason one of the 
major objective of cutting research is the assessment of 
tool wear and prediction of tool life. The factors 
evaluation has to verify the technological performance 
and the claimed performance from an economic and 
environmental viewpoint.  

The high resistance of the material, deformation 
hardening, which occurs during processing and a low 
thermal conductivity coefficient affects the tool 
negatively during the cutting process [1].  In order to 
solve the problems which are encountered during the 
machining of these materials, researchers have come up 
with several suggestions. The most significant of these 
solutions is coating of the cutting tool [2].  

The hardness values of the coatings, low friction 
coefficients, and thermal specifications affect the 
processing performance positively. Therefore, the usage 
life of the tool particularly with reduced thick of insert, 
directly affects the cost of machining and product quality, 
has been increased [3]. Metal refractory ceramic material 
Titanium diboride (TiB2) has been investigated by 
several studies because of its high hardness 
characteristics, high melting point and corrosion resistant 
properties and improve cutting adhesion [4,5].   

Thus, this paper is an early study in investigating 
the effect of coating types (TiN and TiB2) on tool life and 
surface roughness using reduced thick insert during 
turning process.  

2. METHODOLOGY 
2.1   Workpiece material and cutting inserts 

This study was conducted in accordance with ISO 
3685 [6]; the work piece material was AISI 1017 carbon 
steel. The nominal composition (wt.%) given as C:0.15; 
Mn:0.3; P:0.04; S:0.04; and Fe:remainder. The properties 
of an AISI 1017 are low hardenability and tensile carbon 
steel which could offer high machinability, high strength, 
high ductility, and good weldability. The mechanical 
properties of the tested material are shown in Table 1. 
 

Table 1 Mechanical properties of AISI 1017. 
Ultimate Tensile 
Strength (MPa) 

Modulus of 
Elasticity (GPa) 

Hardness 
(HB) 

405 190 116 
 

Turning carbide inserts with no chip breaker and 6% 
cobalt were used. A customised reduced thick of insert, 
similar to ISO designation CNMN 120108, was coated 
with TiN and TiB2 using Physical Vapor Deposition 
(PVD) technique. The tool holder used in the test has ISO 
designation of VBMT 160408. 
 
2.2    Cutting trials 

Continuous turning test on AISI 1017 carbon steel 
bar were performed on HAAS SL40 CNC lathe machine 
that has a continuous variable spindle speed which 
particularly useful during the machining of bars with 
different diameters at the same cutting speed.  

 
2.3   Flank wear and surface roughness 

measurement 
The average and maximum flank wear lands, was 

measured by using a Dino-Lite optical microscope with 
a magnification ranging from 50 to 220 times. The 
International Standards Organisation (ISO 3685) [7] has 
suggested a standard for tool life testing. Surface 
roughness measurement was performed using surface 
roughness profiler MarSurf-PS1 based on ISO 4287 
where the value was measured with a cut-of length of 5.6 
mm. Ten dimensional values were measured at random 
point 

 
3. RESULTS AND DISCUSSION 
3.1   Progressive flank wear 

Figure 1 shows the relationship between flank wear 
of uncoated, TiN and TiB2 coated cutting insert and 
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useful cutting life. From the Figure 1 TiB2 shows the 
highest performance due to exhibit the lowest rate of 
flank wear compared to others. TiB2 coatings possess 
superior of hardness and inferior of brittleness that offer 
a great coating layer compared to TiN coating [8]. TiB2 
coating is stable and superhard because of the B-B type 
bonding. In addition, TiB2 coating is an electrical 
conductive refractory material with a high melting point 
that is beneficial in high temperature machining [9]. 
Thus, comparison of wear properties in this study 
revealed TiB2 coating resist better to abrasive wear 
compared to TiN by low tool wear rate [10].  

 

  
Figure 1 Flank wear curve. 

 
3.2   Surface roughness 

Figure 2 shows the surface roughness obtained in 
machining AISI 1017 using indexable uncoated, TiB2 and 
TiN coated cutting inserts when cutting parameters were 
kept constant. It is extremely difficult to precisely 
measure the end of tool life based on the progress of the 
surface roughness alone. However, it is observed that 
rapid surface increments exhibited by uncoated tool, TiN 
coated tool and TiB2 coated tool after 61 min, 74 min and 
110 min, respectively.  

 

 
Figure 2 Surface roughness curve. 

 
Moreover, the surface roughness, Ra generated at 

the region of rapid increment were 3.5 µm for all cutting 
insert. At this region, the coating layers were observed to 
be worn out and delaminated. It is seen from this 
experiment the cutting tool coated with TiB2 could 
extend the qood quality surface roughness for about 24-
33% than TiN coated tool. It is identical to the tool life 
results from A. Bordin,A. Ghiotti [11] that TiB2 coating 
may improve cutting tool life. 

 

4. CONCLUSION 
In this paper, deposition of TiN and TiB2 coating 

using PVD techniques for cutting insert have been 
discussed. The performance particularly in flank wear 
and surface roughness for cutting insert have been 
investigated. TiB2 coating exhibit superior performance 
due to its properties of excellent wear resistance in high 
temperature during machining.  
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ABSTRACT – Concentrated polymer brush (CPB) is a 
polymer film with a structure that possesses greatly 
extended polymer chains densely grafted to surface. It 
has been reported that CPB shows excellent lubrication 
properties (such as extremely low friction coefficient: 
μ≃10-4) in a good solvent. This work mainly focused on 
investigating the wear characteristic of CPB, and friction 
tests were conducted using different counterface m 
aterials: bearing steel and diamond-like carbon (DLC). 
All our results suggest that the wear characteristic of CPB 
strongly depends on the geometry and the chemical 
characteristic of the counterface materials. 
 
1. INTRODUCTION 

The method of surface modified by organic 
molecules has become the highlight in the field of 
tribology for achieving low friction due to preventing a 
direct contact between sliding surfaces. In particular, 
polymer-coated surfaces, such as polymer brush, have 
been attracted attention owing to their unique 
characteristics. 

Concentrated polymer brush (CPB) is an assembly 
of polymer chains densely grafted to surface. It has been 
revealed that CPB in a good solvent exhibits excellent 
tribological properties, such as extremely low friction 
coefficient(μ≃10-4) by micro-tribological analysis using 
an atomic force microscope [1] [2]. For the macroscale 
tribological study, CPB also showed the potential for 
achieving the excellent frictional performance in the 
similar way to the macroscale properties [3]. Therefore, 
CPB has been expected as one of the innovative 
tribological material for the future of industry.  

It is important to evaluate not only the frictional 
characteristic but also the wear characteristic and the 
durability of CPB during sliding when CPB is applied to 
the sliding components of industrial applications. 
However, although the frictional characteristic of CPB 
has been reported, the wear characteristic has not been 
investigated in detail yet. 

In this study, the wear characteristic of CPB was 
investigated in one of the good solvent: ionic liquid (IL). 
Especially, to reveal the influence of counterface 
materials on the wear characteristic, friction tests were 
conducted using the different counterface materials: 
bearing steel and diamond-like carbon. 
 

2. EXPERIMENTAL SECTION 
2.1 Materials 

AISI 52100 steel cylinder (φ15 [mm] × l22 [mm], 
Ra = 0.06 [μm]), DLC-coated steel cylinder (φ15 [mm] × 
l22 [mm], Ra = 0.06 [μm]) and AISI 52100 steel disk (φ24 
[mm] × t7.9 [mm], Ra = 0.02 [μm]) were used as test 
pieces. PMMA (Polymethyl methacrylate)-CPB was 
grafted to the disk by surface initiated atom transfer 
radical polymerization method the(SI-ATRP). The 
specification of the CPB used in this work is shown in 
table 1. As a lubricant, IL: N-(2-Methoxyethyl)-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)-
imide ([MEMP][TFSA]), which is one of the good 
solvent for PMMA, was used. The chemical structures of 
PMMA and [MEMP][TFSA] are provided in Table 2. 
 

Table 1 Specification of the CPB. 
Parameter Dry 
Graft density, chains/nm2 0.31 
Film thickness, nm 950 
Hardness, GPa 0.30 
Elastic modulus, GPa 10 

 
Table 2 Chemical structures of PMMA and 

[MEMP][TFSA]. 
PMMA [MEMP][TFSA] 

  
 
2.2 Friction test 

Cylinder on disk type reciprocating friction tests 
were conducted to investigate the wear characteristic of 
CPB at CPB/steel and CPB/DLC (disk/cylinder) 
tribopairs under the test condition shown in Table 3. After 
the friction test, the worn surface of CPB was observed 
using a confocal laser scanning microscope (VK-X150, 
KEYENCE, Japan). 
 
  

PMMA
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Table 3 Friction test condition. 
Normal load, N 5, 10, 20 
Sliding speed, mm/s 5 
Test time, min 120 
Temperature, K 298 
Lubricant, μL 300 

 
3. RESULTS AND DISCUSSION 

Figure 1 and 2 show the results of the friction tests 
at the CPB/steel and CPB/DLC tribopairs, respectively. 
Both tribopairs showed the lowest friction coefficient at 
the highest applied load of 20 N followed by the applied 
load of 10 N and 5 N. Figure 3 shows the results of the 
observation of the CPB surfaces after each friction test. 
Abrasive wear scars were confirmed on the worn surface 
of CPB after the friction test regardless of the counterface 
materials. It should be noted that the area where the wear 
proceeded was different depending on the counterface 
materials. The wear proceeded at the centre of the wear 
scar and the edge of the wear scar for the CPB/steel and 
the CPB/DLC tribopairs, respectively. It is concluded 
that this difference in wear behaviour is caused by the 
difference in geometry and chemical characteristic of the 
counterface materials. 
 

 
Figure 1 Result of friction tests in the case of using AISI 

52100 steel cylinder as a counterface material. 
 

 
Figure 2 Result of friction tests in the case of using 

DLC-coated steel cylinder as a counterface material. 
 

 
Figure 3 Surface images of the CPB after the friction 
tests under a load of (a) 5 [N] (b) 10 [N] (c) 20 [N] 

(Images of the left column: vs AISI 52100 steel 
cylinder. Images of the right column: vs DLC-coated 

cylinder). 
 
4. CONCLUSIONS 

This work mainly focused on investigating the wear 
characteristic of the CPB. A summary of this study is 
provided below. 

(a) From the results of the friction test and surface 
observation, abrasive wear is main cause of 
wear of the CPB when iron based material is 
used as a counterface material. 

(b) As for the wear characteristics of the CPB, it is 
concluded that the geometry or chemical 
characteristic of the counterface material have 
influence on it. 
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ABSTRACT –Using carbon-based hard films are 
promising solution for suppressing energy loss caused by 
friction. Carbon-based hard film typically gains low 
friction status through running-in. In this work, we 
irradiated atmospheric pressure plasma onto the surface 
of Si-DLC, or one of the carbon-based hard films, during 
sliding against POM; friction reduction and acceleration 
of running-in were confirmed. Furthermore, we analysed 
Si-DLC surface before and after atmospheric pressure 
plasma irradiation by OM, SEM, and XPS to observe 
change of the Si-DLC surface by plasma irradiation. 
Oxygen content increased at Si-DLC surface after plasma 
irradiation. 
 
1. INTRODUCTION 

Depositing Carbon-based hard film to friction 
surface is one of the solid lubrication method under dry 
condition. Diamond-Like Carbon (DLC) is one of the 
carbon based hard film. Low friction with DLC is 
achieved through running-in, which accompanies 
damage of film surface. However, friction against resin is 
too low-damage for DLC to be damaged because of low 
hardness of resin. Therefore, Okumura irradiated 
atmospheric pressure plasma onto Si-DLC, or DLC 
including silicon [1] sild against polyoxmethylene 
(POM) in order to create low friction interface easily by 
introducing plasma damage; running-in was promoted 
compared with Si-DLC without plasma irradiation [2]. In 
Okumura’s research, carrier gas used for atmospheric 
pressure plasma was only He gas. In this work, we used 
both Ar and He gases for comparison. Ar gas is low cost 
compared with He gas. For enabling both Ar and He 
plasma jets, we used microwave-excited atmospheric-
pressure plasma jet using microstrip line [3]. Moreover, 
we analysed transition of Si-DLC surface before and after 
atmospheric pressure plasma irradiation. 
 
2. METHODOLOGY 
2.1 Specimens 

We used a Si-DLC (hardness H = 9 GPa; arithmetic 
mean roughness Ra = 36 nm) deposited on steel disk 
(diameter φD = 22.5 mm; thickness t = 4 mm; SUJ2/JIS) 
and POM ball (diameter φP = 8 mm). Specimens were 
cleaned by ultrasonic cleaning in acetone for 15 min 
before atmospheric pressure plasma irradiation.  

 

 
Figure 1 Schematic diagram of (a) ball-on-disk 

type friction tester and (b) friction test with atmospheric 
pressure plasma irradiation. 

 
  2.2 Friction test 

Figure 1(a) shows a schematic diagram of the ball-
on-disk type friction tester employed. Si-DLC was fixed  
on turn table and POM ball was contacted to Si-DLC 
surface at a normal load of 1 N. Sliding speed was 0.167 
m/s until total sliding distance became 1800 m. Figure 
1(b) shows a schematic diagram of the atmospheric 
pressure plasma irradiation during sliding. Carrier gas 
was He or Ar gas. Flow rate of carrier gas was set to be 
1-3 L/min and irradiation distance was fixed to be 5 mm. 
In sliding distance 0 m to 50 m, atmospheric pressure 
plasma was irradiated onto Si-DLC surface. 

 
  2.3 Analysis on Si-DLC 

Before and after atmospheric pressure plasma 
irradiation, Si-DLC surface out of friction track was 
analysed by Optical Microscope (OM), Scanning 
Electron Microscope (SEM), and X-ray Photoelectron 
Spectroscopy (XPS). Surface morphological change of 
Si-DLC surface was observed by OM and SEM. Atomic 
concentration difference of Si-DLC surface was 
identified, where C, O, and Si were analysed by XPS. 
XPS analysis was conducted before and after cleaning 
with Ar ion sputtering. 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows friction coefficient of Si-DLC slid 
against POM ball with and without atmospheric pressure 
plasma irradiation onto Si-DLC. In the friction test 
without plasma irradiation, friction coefficient was 
reduced and stabilized at the sliding distance over 600 m. 
On the other hand, in the friction tests with Ar and He 
plasma irradiation, friction coefficients were reduced and 
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stabilized at the sliding distance less than 250 m. Namely, 
running-in of Si-DLC slid against POM ball was also 
promoted by atmospheric pressure plasma irradiation in 
the case Ar gas used. In both atmospheric pressure 
plasma irradiations, average friction coefficient after 
running-in was lower than without plasma irradiation. It 
is considered that atmospheric pressure plasma 
irradiation affected not only promotion of running-in, but 
also friction reduction. 

Figure 3(a) – 3(c) show the photograph of Si-DLC 
surface before and after He plasma irradiation by OM and 
SEM. The OM image Figure 3(b) indicates that particle 
like structures are shown after plasma irradiation. In the 
SEM image Figure 3(b), such particles are identified as a 
large particle with a diameter of 5 μm. As can be seen in 
Figure 3(c), it disappeared after ultrasonic cleaning in 
acetone. Figure 4(a) – 4(c) show the atomic concentration 
of C, O, and Si on Si-DLC surface (a) after He plasma 
irradiation, (b) after Ar plasma irradiation, and (c) before 
plasma irradiation, respectively. Both of He and Ar 
plasma irradiations increased O atoms concentration by 
about 16 % compared with as-deposit Si-DLC surface. O 
atoms were added from H2O or O2 in atmosphere because 
He gas and Ar gas doesn’t include O atoms. After Ar ion 
sputtering, atomic concentration indicated no differences. 
Figure 4(d) shows the atomic concentration on Si-DLC 
surface after ultrasonic cleaning after He plasma 
irradiation. Compared with Figure 4(a), C atoms 
concentration decreased by about 9 % and O atoms 
concentration increased by about 9 %. We considered that 
O atoms weren’t increased by ultrasonic cleaning, but C 
atoms were decreased. Considering the removed of large 
particles by ultrasonic cleaning as seen in Figure 3(b) and 
3(c), it is implied that particle like structures were some 
kind of substances containing C atoms isolated from Si-
DLC film. 

 

 
Figure 2 Friction coefficient as a function of sliding 

distance with and without atmospheric pressure plasma 
irradiation for friction tests. 

 

 

 
Figure 4 Atomic concentration of C, O, and Si on Si-

DLC by XPS; (a) after He plasma irradiation, (b) after 
Ar plasma irradiation, (c) as-deposit, and (d) after 

ultrasonic cleaning after He plasma irradiation  
 

4. CONCLUSIONS 
We irradiated atmospheric pressure plasma using 

He or Ar gas onto Si-DLC surface during initial stage of 
sliding against POM. In addition, Si-DLCs before and 
after plasma irradiation were analysed by OM, SEM, and 
XPS. The major results obtained are as follows. 

(a) Running-in between Si-DLC and POM was 
promoted by Ar plasma irradiation. 

(b) Particle like structures were created by 
atmospheric pressure plasma irradiation. 

(c) Plasma irradiation increased oxygen 
concentration by about 16 % at the top most 
surface of Si-DLC. 

(d) It was confirmed at the top most surface of Si-
DLC after He plasma irradiation that carbon 
concentration was decreased from 65 % to 54 % 
by ultrasonic cleaning. 
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deposit, (b) after He plasma irradiation, (c) after 
ultrasonic cleaning after He plasma irradiation. 
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ABSTRACT – This research aimed to elucidate how 
adsorbed water influences friction and wear in a ball-on-
ball sliding test. Since the force due to Laplace pressure, 
FLaplace at the contact interface is the function of relative 
humidity and surface roughness, they were selected as 
the manipulated variables in this study. To analyze the 
role of Laplace pressure, friction and wear at different 
contact positions were investigated. The empirical 
tribological results correlate with the theoretical equation 
of FLaplace developed. Hence, it can be concluded that 
Laplace pressure is predominant to both friction and wear 
at low relative humidity and low surface roughness. 
 
1. INTRODUCTION 

It is widely recognized that Laplace pressure 
generated by the adsorbed water at the contact interface 
can influence the tribological performance of atomic to 
nanometer-level systems dominantly due to the high 
surface to body force ratio [1]. However, it has not yet 
been recognized if such effect is significant at micro to 
millimeter-level mechanical contacts which many 
industrial applications involve [2]. A previous research 
shows that the thickness of an adsorbed water layer on 
stainless steel can be up to 60nm at 90% RH [3]. This 
value is comparable to the surface roughness of a fine-
finished sliding surface. This raises the question if the 
same mechanism for the atomic to nanometer-level 
systems influences the tribological phenomena of the 
micro to millimeter-level systems. Thus, a ball-on-ball 
sliding test was carried out [4]. Interesting phenomenon 
was found where friction is higher when the balls are 
away from each other than when they are approaching 
each other as shown in Figure 1 [4]. It was hypothesized 
that the friction surge is caused by Laplace pressure and 
it may be high enough in generating wear. This research 
aimed to elucidate the influence of adsorbed water on 
both friction and wear of a ball-on-ball sliding test. 
 

 
Figure 1 Friction force curve for JIS SUS316 at 8% RH 

in a ball-on-ball sliding test [4]. 

2. METHODOLOGY 
The experiment was carried out utilizing a 

unidirectional ball-on-ball sliding tester as shown in 
Figure 2 [4]. The balls used were made of JIS SUS304 
austenitic stainless steel with diameter of 8mm and were 
fixed in a humidity-controlled chamber. The relative 
humidity (RH) was adjusted to 5%, 50%, and 95% with 
an air flow rate of 5L/min. The surface roughness (Ra) 
was 0.04µm for polished balls and 0.16µm for 
unpolished balls. The overlap distance of the balls was 
100µm and the sliding speed was 2000µm/s. The applied 
load was 10N. The calculated maximum Hertzian contact 
pressure was 1.74GPa which did not exceed the hardness 
of the JIS SUS304 balls (3GPa). Thus, the contact was 
under elastic deformation. The calculated maximum 
Hertzian contact diameter was 105µm. Before each 
experiment, the specimens were kept in the humidity 
chamber for 30 minutes so that the thickness of adsorbed 
water layer could achieve a steady state. Each experiment 
consisted of five unidirectional sliding cycles with 13 
seconds interval per cycle. Each experiment condition 
was repeated thrice with newly prepared specimen pairs. 
All experiments were performed at room temperature at 
one atmospheric pressure. In terms of data acquisition, 
the friction was measured by load cells while the sliding 
contact status was checked by an electrical conductivity 
sensor. The wear behavior was characterized by the wear 
depth which was measured by an optical profilometer. 
 

 
Figure 2 Schematic of a unidirectional ball-on-ball 

sliding tester [4]. 
 
3. RESULTS AND DISCUSSION 

Equation (1) is the force due to Laplace pressure, 
FLaplace derived based on Young-Laplace equation, 
Kelvin’s radius, and Hertzian contact theory, where RG is 
the molar gas constant, T is the absolute temperature, V 
is the molar volume of water, AC is the constant related 
to Hertzian contact area, Ra is the surface roughness, and 
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ρ/ρ0 is the RH. From the equation, FLaplace is the function 
of the reciprocal of Ra and the natural logarithm of RH. 

𝐹𝐿𝑎𝑝𝑙𝑎𝑐𝑒 =
𝑅𝐺𝑇
𝑉𝐴𝐶

( 1
𝑅𝑎
)
2/3

ln 𝑝
𝑝0

                                          (1) 
 

Figure 3 shows the Pearson’s skewness of friction 
force curve at the first sliding cycle. A positive skewness 
represents higher friction at the “approach” region as 
shown in Figure 1 due to the dominant mechanical slope 
effect while a negative skewness represents higher 
friction at the “away” region in Figure 1 due to the 
dominant negative Laplace pressure generated at the 
meniscus formed between adsorbed water layers on the 
surfaces. Figure 4 shows the Pearson’s skewness of 
friction force curve against RH. The most negative 
skewness can be found at the point of low Ra and low 
RH. As RH increases from 5% to 50%, both polished and 
unpolished specimens show a significant change of 
skewness from negative to positive and with polished 
ones increase more drastically. This trend very much 
correlates with Equation (1). However, both specimens 
remain almost unchanged in skewness as RH increases 
from 50% to 95%. This may be due to the nearly 
saturated adsorbed water layer [3]. Hence, it can be 
concluded that the influence of the FLaplace is significant 
to friction generation at low Ra and low RH. 
 

 
Figure 3 Pearson’s skewness of friction force curve. 

 

 
Figure 4 Pearson’s skewness of friction force curve 

against RH. 
 

Figure 5 and Figure 6 show the wear depth against 
contact position for polished and unpolished balls 
respectively. The wear depths for the approach and away 
positions were taken 500µm from the center of the wear 
track respectively. Overall, wear depth is higher when the 
balls are away from each other as compared to when they 
are approaching each other for the polished balls as 
shown in Figure 5. This is due to the negative Laplace 
pressure generated when the balls are away from each 
other. Looking at the “away” position specifically, the 
lower the RH, the higher the wear depth. This shows that 
the empirical results of both Ra and RH follow the 
theoretical equation of FLaplace as shown in Equation (1). 

As for the unpolished balls, wear depth is higher at the 
“approach” position than that of “away”. This is because 
higher Ra of the unpolished balls makes Laplace pressure 
less significant; hence, the mechanical slope effect is 
predominant due to the change in normal reaction. 

 

 
Figure 5 Wear depth against contact position (polished). 
 

 
Figure 6 Wear depth against contact position 

(unpolished). 
 
4. CONCLUSION 

It is confirmed that the role of adsorbed water on the 
tribological performance of a ball-on-ball sliding test is 
significant at micro to millimeter levels. By interpreting 
friction and wear at different contact positions, the 
influence of Laplace pressure due to adsorbed water was 
elucidated. The empirical results of both friction and 
wear correlate with the theoretical equation of FLaplace. 
Negative Laplace pressure is found predominant at low 
Ra and low RH. 
 
ACKNOWLEDGEMENT 

This research was supported by the matching grant 
scheme Vote No. 00M82 of Universiti Teknologi 
Malaysia and Ministry of Higher Education, Malaysia. 
 
REFERENCES 
[1] Tanner, D. M., Walraven, J. A., Irwin, L. W., 

Dugger, M. T., Smith, N. F., Eaton, W. P., ... & 
Miller, S. L. (1999). The effect of humidity on the 
reliability of a surface micromachined microengine. 
Reliability Physics Symposium Proceedings, 189-
197. 

[2] Lancaster, J. K. (1990). A review of the influence of 
environmental humidity and water on friction, 
lubrication and wear. Tribology 
International, 23(6), 371-389. 

[3] Subhi, Z. A., Fukuda, K., Morita, T., & Sugimura, 
J. (2015). Quantitative estimation of adsorbed water 
layer on austenitic stainless steel. Tribology 
Online, 10(5), 314-319. 

[4] Subhi, Z.A., & Fukuda, K. (2016). Influences of 
atmospheric humidity on the adhesion mechanisms 
of brass and austenitic stainless steel. Proceedings 
of JAST Tribology Conference, Niigata. 



Proceedings of Asia International Conference on Tribology 2018, pp. 171-172, September 2018 

__________ 
© Malaysian Tribology Society 

 

Roughness effects in concentrated contact from full to mixed 
lubrication 

P. Sperka*, I. Krupka, M. Hartl 
 

Faculty of Mechanical Engineering, Brno University of Technology, Technicka 2896/2, 616 69 Brno, Czech Republic. 
 

*Corresponding e-mail: sperka@fme.vutbr.cz 
 

Keywords: Surface roughness; elastohydrodynamic contact; lubrication; film parameter 
 
 

ABSTRACT – Stirred up by a quest for higher energy 
efficiency, there is an evident trend of lubricant film 
thinning in recent decades. As a result, an impact of a 
surface roughness on the contact performance in machine 
components is increasing steadily. Surface roughness 
influences film thickness, pressure distribution and 
friction produced by an EHL contact. It is well known 
that simple approach how to deal with roughness is often 
not sufficient due to roughness deformation and 
roughness influence on film thickness. Therefore, it is 
important to get know more about effects connected with 
specific character of surface features inside the contact. 
This study presents an overview of recent film thickness 
experiments showing phenomena connected with several 
kinds of roughness features. Specific focus is given to its 
magnitude of deformation and affected film thickness to 
give a better image of real surfaces separation.  
 
1. INTRODUCTION 

A pioneering work on film thickness experiments 
with several kinds of roughness features has been given 
by Wedeven and Cusano [1,2]. Since early nineties, it was 
well recognised a key importance of model roughness 
features examination. Model features provide a chance to 
obtain an EHL contact responds to isolated and well 
defined surface structure [3-7]. Several configurations of 
transverse, longitudinal, 1D or 2D ridges have been 
studied. Besides ridges other kinds of surface features are 
important like the indentations [8-11] and grooves [12-
14]. It was shown that indentations can lead to film 
thickness enhancement in some cases while transverse 
grooves wider than contact zone can cause a film 
breakdown. 

In this contribution, the effect of three different 
surface features (ridge, indentation and groove) on the 
roughness deformation and film thickness is presented. 
Both effects can be included in actual film parameter and 
the values compared to values given by standard 
definition. 
 
2. MATERIAL AND METHODS 

Film thickness measurements were carried out on 
ball-on-disc optical tribometer using thin film 
colorimetric interferometry [15]. The passage of the 
roughness features through a contact was recorded by a 
high-speed camera. A glass disc and a bearing steel ball 
were used. The ridge was made of chromium by 
sputtering technique. The indentation and the groove 
were produced mechanically by Rockwell diamond 
indenter on the steel ball. The plastically build-up 
material on edges was removed by diamond paste 

polishing. Dimensions of the features are listed in Table 
1. Rq roughness parameter was calculated with 
assumption of one roughness feature in a domain of the 
tested contact zone. A mineral base oil of 0.356 Pa·s 
viscosity at 25°C was used as a lubricant.  

 
Table 1 Dimensions of roughness features. 

Roughness 
feature Width Height 

(depth) 
Rq 
(initial) 

Ridge 40 µm 0.2 µm 0.1 µm 
Indentation 40 µm 0.35 µm 0.17 µm 
Groove 40 µm 0.55 µm 0.21 µm 

 
3. RESULTS AND DISCUSSION 

Film thickness was measured at 25°C, 0.6 GPa, 
slide/roll ratio of 1 (smooth surface is faster than rough 
surface) and mean speed producing approx. the same 
smooth central film thickness of 110 nm. Interferograms 
showing a distribution of film thickness in contact zone 
are shown in Fig. 1. It can be seen that the ridge is 
subjected to substantial deformation, the indentation is 
deformed only slightly while has medium effect on film 
thickness. Finally, the groove leads to almost no 
deformation and has a significant influence on film 
thickness causing film breakdown downstream of a 
lubricant flow.  

 

 
Figure 1 In-contact effect of different roughness 

features. 
 

Typical magnitudes of deformation and film 
thickness influence are plotted in Fig. 2. It is possible to 
express modified film parameter by incorporating 
modified Rq and hmin and compare this definition of film 
parameter to standard definition. This will be further 
extended and discussed in full contribution. It will be 
shown that depending on dominant character of 
roughness features in real rough surface the contact can 
diverge to mixed lubrication for lower of higher speeds 
despite the initial Rq of surface roughness is the same. 
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Figure 2 Magnitudes of roughness features effects. 

 
4. CONCLUSION 

Film thickness distribution for three different 
roughness features are shown in elastohydrodynamic 
contact by interferometry measurements. Different 
character of roughness plays a significant role on the 
magnitude of roughness deformation and roughness 
influence on film thickness. It was concluded that it is 
important not only to evaluate Rq parameter, but also 
consider what kind of features are the most frequent on a 
surface. 
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ABSTRACT – Tribological properties of unique 
amorphous carbon (unique a-C) coating with mesh 
structure was investigated and compared with the 
standard ta-C and a-C:H under base-oil lubrication 
using roller-on-disk tribo-tester. The friction coefficient 
for unique a-C and the standard ta-C shows the same 
trend of decreasing over the load. While the a-C:H 
shows reduction in friction coefficient as the load 
increased. Moreover, the wear rate at 20 N loads was 
less than 2.0x10-9 mm3/Nm unique a-C as compared to 
3.2x10-8 mm3/Nm for standard ta-C. It is a result of 
inhibition of brittle micro-fracture by the structure and 
abrasive particle hardness produced by the unique a-C 
which is three times softer than the standard ta-C. The a-
C:H coating wear mechanism explained by the contact 
surface structure transformation to graphite. 

 
1. INTRODUCTION 

Diamond-like carbon has been subjected to 
research since 1900s, as a result of which it has gained 
attention of academic and industrial sector. Significant 
studies have been conducted on several of its aspects 
such as deposition techniques, structure and 
morphology of the film coating, lubrication and additive 
properties and intrinsic and extrinsic factors which 
cause decrease in friction and wear rate. Unique a-C 
coatings have been developed which having mesh-type 
structure. Unique a-C having also possesses soft 
structure with high chipping resistance, low friction 
coefficient and high seizure pressure. There are still 
limited studies about the structure effect to the 
tribological performance of the DLC. Thus, it is crucial 
to determine the structural effect of DLC to the 
tribological performance under the free additive 
lubricant. 

 
2. METHODOLOGY 

Three types of diamond-like carbon coating 
samples which are unique a-C, standard ta-C, and 
standard a-C:H were investigated using roller-on-disk 
tribo-tester with aim to clarify the effect of coating 
structure toward tribological performance. The structure 
of the unique a-C is mesh-type with hardness and 
average surface roughness Ra of 27.5 GPa and 25.8 nm 
respectively. While the hardness and average surface 
roughness Ra for standard ta-C are 78.3 GPa and 23.0 
nm, and standard a-C:H are 14.8 GPa and 20.7 nm 

respectively. The experiments were conducted with 
coated roller against SUJ2 disk in lubricated condition 
with poly-alpha-olefin PAO oil at the temperature of 
80°C, speed of 0.068m/s, and loads 5, 10, and 20 N. The 
wear scar produced on the coated roller after friction 
test was evaluated and studied by using the optical 
microscope (OM), field emission scanning electron 
microscope (FE-SEM), Raman spectroscopy and atomic 
force microscopy (AFM). 

 
3. RESULTS AND DISCUSSION 

Figure 1 shows the coefficient of friction results 
for all specimens at different loads. Unique a-C shows 
similar friction coefficient and trend to the standard ta-C 
with regard to the applied load. Furthermore, the unique 
a-C shows the lowest wear rates for all load tested and it 
shows high resistance to wear with the increase of 
applied load as shown in Figure 2. 

 

  
Figure 1 Friction coefficient as a function of load. 

 

 
Figure 2 Wear rates of unique a-C, standard a-C:H and 

ta-C coated specimen as a function of load. 
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The wear rates for standard ta-C are much more 
severe as the load increased. This suggests that the 
structure of the coatings provides the improvement in 
wear resistance in the case of a-C coating. But for the 
case of standard a-C:H, as the load increased, the wear 
rate also decreases. The wear mechanism of standard ta-
C in DLC/steel tribo-pair were initiated by the brittle 
micro-fracture, which then develop the partial spalling 
which serves as the abrasive particle that accelerate the 
wear as shown in Fig. 3b and 4b. While for standard a-
C:H in DLC/steel tribo-pair, the wear mechanism is 
mainly due to removal of the topmost surface weakened 
graphitized layers [1-3]. Li et al. [1] also stated that an 
increased in sliding distance would result in smaller 
partial spalling inside or around the wear track border. 
Raman peak analysis for the as-deposited standard ta-C 
as shown in Fig. 5b shows broad G-peak at 1580cm-1 
and no D-peak which states high sp3 content [4], support 
by its high hardness 78.3 GPa. as –deposited unique a-C 
(Fig. 5c) shows broad G-peak and D-peak which states 
the structure form in combination of sp3 and sp2 
structure. 

 
 

 
Figure 3 Optical microscope images of the wear track 
for load 20 N (a) standard a-C:H (b) standard ta-C (c) 

unique a-C. 
 

It is clearly showing that there were no evident that 
the wear scar of standard a-C:H transform into graphite 
structure (Figure 5a), but the measurement of the 
Raman at the black spot (Fig. 4a) leave near to the wear 
track has been confirmed as the graphite structure. Thus 
for standard a-C:H,  the topmost layer of the coating has 
been transformed to graphite structure which then being 
consistently remove to the edge of wear track during the 
friction test. This explains why the coefficient of friction 
drop from 0.069 to 0.046 as the load increased. While 
for the standard ta-C (Figure 3b & 4b), there were 
severe micro spallation on the wear track and crack 
observed. The result of lower wear resistance of 
standard ta-C is also due to the initial surface roughness 
as compared to the other coatings.  For the unique a-C, 
there appear several deep abrasive scratches along the 
wear track (Figure 4c) causing by the low hardness 
abrasive particle that has been generated during the 
friction test. There also several tiny cracks observed 
near the non-uniform width of wear track as in Figure 
4c with no evident of spalling/delamination. Thus, wear 
mechanism of the unique a-C then could be explained 
by deterrence of severe through thickness micro-crack 
and less hardness abrasive particle produce during 
friction test. The hardness of the standard ta-C is 

approximately three times higher than the unique a-C, 
thus the abrasive particles produce by standard ta-C 
have higher hardness which accelerate the wear as 
compare to the wear particle of unique a-C. 

 
 

 
Figure 4 FE-SEM images for (a) standard a-C:H, (b) 

standard ta-C, and (c) unique a-C.  
 

 
Figure 5 Raman spectra for (a) standard a-C:H, (b) 

standard ta-C, and (c) unique a-C.  
 

4. CONCLUSION 
The friction and wear properties of unique a-C, 

standard ta-C and a-C:H were investigated under base-
oil lubrication. The wear rate of the unique a-C reduces 
by 93% as compared to the standard ta-C at almost 
similar friction coefficient. So the unique a-C shows 
excellent wear resistance due to inhibition of micro 
fracture and cracks by the structure which results in less 
low hardness abrasive particle produces. While the 
standard ta-C endured abrasive wear due to through 
thickness micro-crack, and standard a-C:H is due to 
graphitization-induced wear mechanism. 
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ABSTRACT – A local damage of Diamond-Like Carbon 
(DLC) is repaired by recoating. Conventional recoating 
regains through the following processes: (1) 
Uninstallation of the die from a processing machine, (2) 
Removal of all the DLC, (3) Recoating of new DLC, (4) 
Installation of the recoated die to a processing machine. 
In this work, and thus we propose a new way of repairing 
such a local damage of DLC without uninstallation of die. 
We carried out friction test of Si-DLC with a local 
scratched damage before and after repairing deposition 
by PECVD, and the repaired Si-DLC showed better 
friction characteristics than damaged Si-DLC.   
 
1. INTRODUCTION 

Injection mold is desired to have better releasing 
property, against molded plastics to DLC (Diamond-Like 
Carbon) coating is often considered to satisfy the demand. 
DLC has high hardness (over 10GPa), high wear 
resistance, and low frictional property. However, DLC 
film has poor impact resistance because of high hardness, 
it’s easy to damage by cracking into a film and peeling 
from a base material. 

Conventionally, a local damage by peeling and wear 
of Diamond-Like Carbon (DLC) on a die is repaired 
through the following process: (1) Uninstallation of the 
die from a processing machine, (2) Removal of all the 
DLC film coated on the die, (3) Recoating of new DLC 
film, (4) Installation of the recoated die to the processing 
machine. However, this process loses a lot of time and 
money, and thus we propose a new way of repairing such 
a local damage of DLC without uninstalling a coated die 
from a processing machine. Development of this new ray 
way regards at least two element technologies: (I) 
Cleaning process for keeping sufficient adhesive strength 
between pre-coated DLC and re-coated DLC, (II) micro 
device capable of repairing DLC on the die fixed to a 
processing machine. Technology (I) is regarded because 
re-coated new DLC partly overlaps old DLC in local 
repairing, where old DLC remaining is not removed 
before re-coating. Prior to this work, we focused on 
technology (I), and improved the adhesion between pre-
coated Si-DLC and recoated Si-DLC [1]. In this work, we 
investigated the effect of re-coated Si-DLC to a local 
damaged part of pre-coated Si-DLC. 

 
2. METHODOLOGY 

In this work, as a local damage to be repaired, we 
introduced scratch scar to a pre-coated Si-DLC on a steel 

disk (SUJ2, JIS) by scratch tester for measuring peel-off 
load of hard films. The steel disk has a diameter of 
22.5mm and a thickness of 4mm. Pre-coated Si-DLC has 
a film thickness of 2.4μm, Knoop hardness of 2350HK, 
was deposited onto nitrided layer of 4.3μm. In scratching, 
testing load from 49N to 50N was applied to the pre-
coated Si-DLC at a scratch distance of 10mm. We used    
slit mask 0.5mm in width and length of 11.25mm in order 
to deposit re-coated Si-DLC within a local area including 
the scratch scar. For cleaning and following deposition of 
recoated Si-DLC, we used a plasma-enhanced chemical 
vapor deposition (PECVD) apparatus (Figure 1) 
employing Microwave sheath-Voltage combination 
Plasma (MVP) [2,3]. Table1 and Table 2 are respectively 
cleaning condition and deposition condition. 

 

 
Figure 1 Schematic of vacuum chamber and peripheral 

equipment for deposition. 
 

Table 1 Cleaning condition. 

 
 
Finally, in order to evaluate pre-coated, damaged, 

and repaired Si-DLCs from tribological view point, these 
Si-DLC were slid against a steel ball (SUJ2, JIS) at a 
normal load of 15N and a rotation speed of 10m/min 
(revolution number of 318rpm, revolution radius of 
5mm) by a ball on disk friction tester. 

 

 

Fig.1 Schematic of vacuum chamber and peripheral    
   equipment for deposition 
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Table 2 Deposition condition. 

 
 

3. RESULTS AND DISCUSSION 
Table 3 shows microscope photo and cross-

sectional shape of damaged and repaired Si-DLC. You 
can identify the depth of scratch scar on the damaged Si-
DLC as about 7μm, while that on the repaired Si-DLC as 
about 6μm. These results clearly indicate that re-coated 
Si-DLC about 1μm in thickness was deposited onto the 
damaged Si-DLC. We tried to recoat film thickness of 
over 1μm, however recoated Si-DLC film thickness of 
over 1μm was peeled.  

 
Table 3 Result of before and after part of deposition on 

scratch scar. 

 
 

Figure 2 shows relationship between friction 
coefficient and sliding distance by using ball on disk 
friction tester. In sliding against a steel ball, friction 
coefficient typically increases at the beginning because 
of initial oxide layer on the steel ball, subsequently, 
friction coefficient turns to decrease due to the formation 
of the transfer film of low shear strength onto the surface 
of the steel ball. This behaviour is ascribed to the initial 
oxide layer mentioned above. In typical Si-DLCs, 
Friction coefficient of about 0.05-0.1 is achieved after 
running-in process when it is slide against a steel ball 
under dry sliding condition [2]. In other word, we can say 
running-in process is finished, when friction coefficient 
is kept less than 0.05-0.1 in a sliding distance which is 
longer than the initial sliding distance where friction 
coefficient is higher than. 

In Figure 2, in pre-coated Si-DLC, friction 
coefficient increased from the start to the sliding distance 
of 50m, subsequently it turned to decrease. Pre-coated Si-
DLC was not finished running-in process even at the 
sliding distance of 300m, friction coefficient has kept 
decreasing. Damaged Si-DLC showed a similar tendency, 
however frequent fluctuation of friction coefficient has 
kept appearing from sliding distance of about 60m to that 
of 300m. On the contrary, repaired Si-DLC finished 
running-in process at a sliding distance of about 100m, 
when friction coefficient was almost constant at 0.06. 

The period of the fluctuation of friction coefficient 

in damaged Si-DLC did not synchronize to the rotation 
period; in addition, the fluctuation of friction coefficient 
did not appear from the start of the test to a sliding 
distance of about 60m. Because the exposed steel around 
the scratch scar in the damaged Si-DLC can strongly 
adhere with transfer film, we consider the fluctuation of 
friction coefficient in damaged Si-DLC is caused by 
adhesion and detachment of transfer film between ball 
and disk. 

In the repaired Si-DLC, running-in process was 
finished at a sliding distance of about 100m. Furthermore, 
in repaired Si-DLC, fluctuation of friction coefficient as 
seen in damaged Si-DLC was not observed. This should 
be because the exposed steel around the scratch scar is 
successfully covered by recoated Si-DLC in the repaired 
Si-DLC. 
 

 
Figure 2 Relationship between damaged Si-DLC and 

repaired Si-DLC by using friction test. 
 (revolution:318rpm; radius:5mm; load:15N) 

 
4. CONCLUSION 

We evaluated the friction property of pre-coated, 
damaged and repaired Si-DLCs. In damaged Si-DLC 
with scratch scar, fluctuation of friction coefficient 
appeared and average friction coefficient ignoring the 
fluctuation was slightly larger than that of pre-coated Si-
DLC. In repaired Si-DLC, fluctuation of friction 
coefficient was not observed, it showed better friction 
characteristics than damaged Si-DLC.    
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Table2 Deposition condition 

 

Deposition time sec 30

Microwave
(2.45 GHz)

Peak power kW 1
Pulse frequency Hz 500
Duty ratio % 50

Bias
（DC）

Voltage V -500
Pulse frequency Hz 500
Duty ratio % 50

Pressure Pa 75
Gas flow rate   CH4 ： Ar ：TMS sccm 200：40：20

 

Table3 Result of before and afterpart of deposition  
    on scratch scar 

 

Damaged Si-DLC Repaired Si-DLC

Scope photo

Shape

0.2mm

5μ
m

Slit area  

 

Fig.2 Relationship between damaged Si-DLC and  
   repaired Si-DLC by using friction test 
  （revoltion:318rpm，radius:5mm，load:15N） 
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ABSTRACT – Nano-indentation is an important method 
to characterize mechanical properties of Thermal Barrier 
Coatings (TBCs). The physical investigation is very 
complicated with unknown properties and can’t reflect 
the real behavior during its functioning. The finite 
element simulation can help to study complex 
indentation problems to optimize coating microstructure 
improving its properties. The objective of the paper is to 
simulate nano-indentation to characterize mechanical 
properties such as stress distribution, contact friction and 
elastic/plastic response behavior on columnar 
microstructure with different indenter shapes (spherical, 
flat and conical). The simulation results will indicate the 
effect of friction coefficient (COFI), columnar friction 
(COFC) and the ratio of columnar gap to the width (R) on 
elastic/plastic response behavior and band formations. 
 
1. INTRODUCTION 

Thermal Barrier Coatings (TBCs) are advanced 
material system applied to exhaust nozzle of X-15 rocket, 
gas turbine and aero engines which plays a vital role to 
protect and allow them to operate at high inlet gas 
temperatures [1]. TBC is the multilayer structure 
consisting of superalloy substrate, metallic Bond Coat 
(BC) which provides mechanical bond and reduce 
thermal expansion mismatch, and ceramic Top Coat (TC) 
provides actual thermal barrier forming a thermal 
insulation layer and protects the component surface.  

Nano-indentation is an important method to 
characterize mechanical properties of TBCs. As the 
physical investigation is very complicated with many 
unknown properties and can’t reflect the real behavior 
during its functioning. Lugscheider et al. [2] used an 
indentation method to study mechanical properties of 
zirconia TBCs produced by EB-PVD. It was found that 
due to its columnar microstructure the grain and grain 
boundaries have different mechanical properties in 
perpendicular and parallel direction. Panich and Sun [3] 
studied nanoindentation of soft coating on the harder 
substrate with Finite Element Method. They found the 
relationship between impression depth and yield strength 
ratio with the change in radius of indenter tip. Chen et al. 
[4] studied elastic/plastic deformation behavior of 
columnar TBC using indentation model and found the 
effect of variation of friction coefficient, columnar 
friction and column width over the deformation grains.  

The objective of the paper is to simulate nano-
indentation to characterize mechanical properties such as 
stress distribution, contact friction and elastic/plastic 
response behavior on columnar microstructure produced 
with EB-PVD using different indenter shapes (spherical, 
flat and conical). The simulation results will indicate the 
effect of friction coefficient (COFI=0.05, 0.1, 0.5), 

columnar friction (COFC=0.05, 0.1, 0.5) and the ratio of 
columnar gap to the width (R=0.001, 0.002, 0.003) on 
elastic/plastic response behaviour and band formations. 
 
2. COMPUTATIONAL DETAILS 

To simplify FE analysis, the 3D model is reduced to 
2D axisymmetric in order to reduce the model size and 
computational time. The 2D asymmetric nonlinear 
contact model of columnar TBC is considered with half 
indenter (spherical with radius 200μm, flat with 100μm 
and inclination of 135°, and conical with 70.3°) as rigid 
body as shown in Figure 1 with substrate (Inconel 718) 
3mm, BC (NiCoCrAlY) 100μm and TC (7YSZ) 250μm 
thickness and the columnar width 30μm incorporated for 
indentation model using ABAQUS 2016. The material 
properties assigned to model is as shown in Table 1.  

 

 
Figure 1 Axi-symmetric indentation model. 

 
The model is assumed to be homogeneous and 

isotropic, material properties for substrate and BC is 
considered to be elastic/plastic and TC to be linear 
elastic. The indentation process is simulated in loading 
and unloading steps with certain displacement to indenter 
tip in –y direction (towards TBC) during loading and +y 
direction (original position) during unloading step. The 
bottom of the substrate is constrained as Uy=0 and axis 
of symmetry as Ux=0 with multi-point couple and tie 
constraint applied to the right side for the same 
displacement along the horizontal direction. The mesh 
element in indentation model consists of four-node 
quadrilateral axisymmetric with reduced integration 
(CAX4R). 

 
Table 1 Material properties used in model. 

Properties Substrate BC TC 
Elastic Modulus (GPa) 206 200 50 
Density (Kg/m3) 8190 7800 7650 
Poisson Ratio 0.30 0.36 0.25 
Yield Stress (MPa) 390 470 500 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows the contour plots under different 
indenter shapes with impression depth (δ=50μm). As the 
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TC is considered to be linear elastic, the plastic 
deformation is neglected. When the Von-Mises stress 
induced in columnar grain reaches yield stress, crack is 
initiated. As for Figures 2(a1) & (a2), when the COFI and 
COFC are finite but small, the columnar grains exhibit 
‘kink’ and ‘shear’ bands with material flowing around the 
spherical and flat indenter producing ‘pile-up’ 
deformation as shown in Figure 2(c1) and (c2). For the 
same condition, under conical indenter, the columnar 
grains exhibit ‘shear’ bands with no ‘pile-up’ deformation 
as shown in Figure 2(a3) & (c3). As for Figure 2(b1 to 
b3), it can be seen when the R decreases with decreased 
in COFI and COFC, maximum compressive stress is 
induced at maximum loading step.  

Figure 3 shows load vs. displacement curve while 
loading and unloading step under spherical indenter with 
δ=50μm. Figure 3 (a) shows when the COFI, COFC are 
same, there is an increase in the corresponding load with 
a decrease in R. As the columnar gap is decreased the 
contact stress is increased. Similarly, when the R and 
COFI are same, there is an increase in the corresponding 
load with the increase in COFC as shown in Figure 3(b). 
Figure 3(c) shows when R and COFC are same, the 
corresponding load curve coincides and then deviate 

when δ is beyond 30μm with the increase in COFI. The 
same phenomenon is observed under the impression of 
flat and conical indenter only the corresponding load 
values are high for the flat and low for the conical 
indenter compared to the spherical indenter.  

 

 
Figure 2 Contour plots for Von-Mises, shear stress, and 
deformation under (a) spherical, (b) flat & (c) conical 

indenter for COFI=COFC=0.05 and R=0.001. 

 

 
Figure 3 Load vs. displacement curve under spherical indenter. 

 
4. CONCLUSIONS 

The effect of the friction coefficient and columnar 
friction plays a vital role affecting the elastic/plastic 
deformation behavior and band formations under the 
different indenter shapes. When the COFI and R are 
same, the COFC affects more on elastic recovery 
compared to COFI. The finite and small COFC will 

produce "pile up" phenomenon in the TBC. The change 
in R does not have a significant effect on elastic recovery. 
The effect of the indenter shape strongly affects the 
orientation and deformation pattern of kink and shear 
band formations. The comparison of indentation 
behavior under different indenter shapes with the 
variation of COFI, COFC, and R is listed in Table 2. 

 
Table 2 Comparison of indentation behavior under different indenter shapes. 

Indenter 
shapes 

Von- 
Mises 
Stress 

Kink (Z) & 
shear (S) 
band types  

Pile-up  
deformation  

Shear stress 
distribution 

Yield  
stress 
failure 

Load 
vs. 
displacement 

Contact area 
(indenter tip 
& TC) 

Spherical Low S & Z Medium Medium Late Medium Low 
Flat High S & Z High High Early High High 
Conical Medium S Low Low Medium Low Medium 
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ABSTRACT – Researches interest in investigating the 
effect of surface texturing has grown rapidly. The 
objective of the study was to investigate the 
hydrodynamic behavior on a different geometries of a 
curve surfaces. The simulation was run on different 
fluid curves with a single dimple having height of 0.045 
mm and 0.5 mm in diameter. The maximum pressure on 
the dimple was observed. The results showed that for a 
single dimple of the mentioned size, curve surface 
affected the maximum pressure with difference below 
than 10%. 
 
1. INTRODUCTION 

Surface texturing is defined as a well-defined 
identical feature of discrete dimples or grooves on a 
surface. It could reduce wear and friction by providing a 
micro-hydrodynamic bearing, enhancing load support 
and acting as a reservoir for a lubricant resulting in 
improvements of tribological properties. Hydrodynamic 
effect in which the flow approaching the asperity 
increases the pressure thus generating an additional 
load-carrying capacity [1]. Benefits of surface texturing 
towards the lubrications performance were discussed in 
[2,3]. In order to study the hydrodynamic behavior in a 
dimple surface, some researchers have conducted 
computational fluid dynamics (CFD) analyses in varied 
applications such as in journal bearing [4,5]. The 
periodic micro-dimples arranged in x and y direction 
caused a periodic flow thus focusing detail to the 
hydrodynamic on a flat surface with a single dimple [6]. 
This paper presents a premier investigation in 
hydrodynamic behavior in a curve fluid domain in order 
to observe how the fluid geometry could affect the 
hydrodynamic on the textured surface.  
 
2. METHODOLOGY 

In fluid mechanics, characteristics and prediction 
of fluid flow is determined using Reynold’ number as in 
Eq.1 and Navier-Stokes equation (NSE) is written as in 
Eq.2. 
𝑅𝑒 =  𝜌𝑉𝐿

𝜂
   (1) 

Where ρ is fluid density, v is fluid velocity, L is length 
fluid, 𝝶 is viscosity of fluid, p is fluid pressure and Re 
is Reynolds number.   
𝑑𝑣
𝑑𝑡

+ (𝑣. 𝛻)𝑣 =  −𝛻𝑝 +  1
𝑅𝑒

 𝛻2𝑣     (2) 
The CFD analyses were conducted using 

commercial software (STAR-CCM+) [7]. Fluid 
thickness was a constant value for all type of fluid 
domain which was 0.03 mm. For small flat surface, the 

length and width used were both 1 mm while for curve 
surface, the fluid domain used as in the Table 1. 

 
Table 1 Fluid domain dimensions. 

Fluid domain Arc 
length Width Radius 

Small curve 1 mm 1 mm 14mm 
180º curve surface 44 mm 1 mm 14mm 
Hemisphere 
surface - 14mm 

 
The fluid in this study was assumed to be 

Newtonian without body force, with constant viscosity 
and density; 0.0009 Pas and 1063 kg/m3 respectively. 
The dimple depth, H used was 0.045 mm and diameter, 
W 0.5 mm, also be a constant. The computational 
simulation was conducted on curve surface using the 
same fluid properties and boundary condition as [6] 
except for the hemisphere fluid domain. At the walls, 
the fluid was experiencing a no-slip conditions in which 
the velocity of the fluid was the same velocity of the 
wall. The upper wall was smooth and had relative 
velocity U0 along the x-direction while the bottom wall 
had zero velocity. The symmetry boundary condition 
was applied along the y-direction. Periodic boundary 
conditions were used on the both ends of the x-direction 
to make sure that all variables as well as coefficients 
had the same value at both ends of the fluid domain. For 
hemisphere fluid domain, outlet boundary condition was 
assumed on the edge of the fluid domain. Angular 
velocity used was 2 rad/s on the y-axis. In order to 
optimize the meshing, the domain at dimple area was 
specified using control volume to control the mesh size 
until 3.5e-6 m. Since the geometries used were different, 
convergence study was conducted on each model in this 
study. 
 
3. RESULTS AND DISCUSSION 

The result was observed on a pressure distribution 
and hydrodynamic behavior of a single dimple on 
different types of fluid domain. In order to validate the 
method, pressure on the dimple for the flat surface was 
compared with previous paper [6] with 0.02% of error. 
Then, the pressure distributions were observed.  

From the Figure 1, it was observed that on all fluid 
domains, for the same dimple diameter and depth there 
were pressure drop at the beginning and end of the 
domain and the pressure peaks occurred at the periphery 
of the dimple as illustrated in Figure 2 (a). The non-
symmetric pressure profile that occurred at the dimple 
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area will produce a positive net pressure built-up on the 
surface. It indicates that a steady dynamic lubrication 
film was formed on the textured surface [6].  Figure 2 
(b) compares the pressure along cross section at the top 
wall of the dimple area. It was determined that the 
difference of maximum pressure on a small surface for 
flat and curve was insignificant, 1%. 

 

 
 

                       
(a)                                  (b) 

 

                     
  (c)                              (d) 

Figure 1 Distribution of pressure for different fluid 
model with single dimple: (a) Small flat surface,  

(b) small curve surface, (c) 180º curve surface and  
(d) hemisphere surface. 

 
    
 

(a) 
 

 
(b) 

Figure 2 (a) Pressure of cross section at the dimple area 
and (b) pressure of cross section on top surface at 

dimple area. 
 

When the domain arc length was extended to form 
180º curve, the difference of maximum pressure 
increased about 9% from the small curve surface. When 
the fluid domain was expanded to hemisphere, it gave 
about just 2% different in maximum contact pressure in 
a small curve surface. The maximum pressure was 
slightly higher in 180º curve surface than hemisphere 
surface. Overall, the different maximum pressure was 

below than 10%. From NSE, it was found that Reynolds 
number could affect the maximum pressure [8], as it is 
depending on the viscosity, velocity, density and length 
of the fluid domain. It could become the main reason of 
the difference in maximum pressure on the different 
fluid surface in this study. 
 
4. CONCLUSION 

From the simulation, it can be seen that the 
textured surface increased the pressure on the dimple 
area which acts as hydrodynamic lift thus increasing the 
load bearing capacity. Fluid domain geometry gave 
effect on the maximum pressure for one dimple. The 
analyses can be more significant when the dimples are 
added with different size, depth and arrangement and 
also when there is a change of Reynolds number in the 
fluid domain.  
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ABSTRACT - With the advancement in innovative 
engineering materials, polymers are the one who gave 
gain much importance. In the present work, three such 
polymers namely, Polyether ether ketone (PEEK), 
Polymethyl methacrylate (PMMA) and 
Polytetrafluoroethylene (PTFE) have been selected and 
micro-indentation has been carried out to determine 
some of their mechanical properties. The fatigue 
properties of the material can be analyzed by 
progressive loading multi cycles (PLMC) and constant 
load multi cycles (CLMC). 
 
1. INTRODUCTION 

The use of polymers in the mechanical systems has 
increased significantly. It has been observed that the 
strength of the interfaces is influenced by small scale 
mechanical properties. As such, the characterization of 
these surface mechanical properties is of prime 
importance. In view of this, the micro-indentations are 
one of the essential parameter which can be used to 
characterize the material properties such as Young’s 
modulus, creep behaviour, hardness and fatigue 
properties. The technique also results in minimum 
material distortion. The technique became popular with 
the determination of material properties with the help of 
a load-displacement data during the 90s. [1]. Nano-
indentation results were discussed later in some details 
for polymer surfaces [2–3]. Further developments in this 
direction were collectively reported in [4].  

The present work is focused on the micro-
indentation testing on a polymer substrate using a new 
methodology.  This work proposes a methodology to 
carry out micro-indentation testing of polymer 
substrates. The tests were carried out for three 
commonly used engineering polymers: Polyether ether 
ketone (PEEK), Poly (methyl methacrylate) (PMMA) 
and Polytetrafluoroethylene (PTFE). The experiments 
have been performed with different loading conditions 
and the obtained results have been compared with the 
conventional material properties.  
 
2. EXPERIMENTAL 

The experiments were carried out on an 
instrumented indentation tester (CSM Instruments, 
Switzerland). The materials employed for the test are 
PEEK; PMMA; and PTFE. Rectangular blocks of 
polymer samples were machined out of a rod of 10 mm 
diameter. Test surfaces were then successively lapped 
using emery papers of grades 100, 600, and 800, 
respectively. This was done to sufficiently eliminate the 
roughness interferences of polymer surfaces on indenter 

size. The Vickers indenter having characteristic 
dimension of 50 μm has been used for all testing. Tests 
comprise of two different loading scenarios: (a) 
continuous loading multi-cycle loading (CLMC); and  
(b) Progressive loading multi-cycle loading (PLMC).  
Some detailed ideas on these testing were earlier applied 
on ceramic materials [5]. Three maximum loads of 0.5 
N, 2 N and 10 N were chosen, where minimum load 
was taken to be 5% of maximum in both cases. In 
CLMC, the tests were run for 10 cycles; and in PLMC, 
the maximum load was reached in 5 cycles. Each test 
has been performed for three times. Both average values 
and standard deviation of the properties (Young’s 
modulus, E, hardness, H, and etc.) were shown where 
ever necessary. 
 
3. RESULTS AND DISCUSSION 

Young’s modulus, E, as obtained using the 
instrumented indentation method has been shown for all 
three polymers and both loading types in Figure 1. The 
method used to calculate E values was explained in 
detail in [1]. This further helps in relying on the 
techniques adopted in this work. In case of PLMC, large 
scatters in first cycle, and the variation in values from 
first to second cycle has been observed which is 
possibly due to higher strain rate involved in initial 
cycles; since the load rate for these tests were taken as 
double of the maximum load per minute. This means, it 
takes only 1.5 second to reach the maximum load of 
first loading cycle which in turn induced very high 
strain rate to cause some instability in material’s 
response.  

For all, the results appeared nearly with the values 
reported as per conventional material testing process 
Figure 1(a). More investigation is in process to find the 
reason fatigue properties in the behaviors of PEEK, 
PMMA and PTFE. Moreover, the Young’s modulus of 
all materials has shown a continuously declining trend 
with increasing load at each cycle. This indicates that 
dependency of E values on depth is significant. The 
observation is important in view of designing polymer 
components for tribo-systems. 

Hardness, H, values for all cases were reported in     
Figure 2. A slight reduction in hardness for CLMC 
loading has been noticed (Figure 2). The reason is 
increase in area of plastic deformation after each cycle 
which may be due to some deformation through fatigue. 
Thereby, indentation fatigue behaviour may be 
understood with such behaviour which is subjected to 
further analysis in the direction. Explanation on large 
variations in first and second cycles of PLMC loading is 
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as discussed earlier. Additionally, the E/H ratio has been 
examined (not shown here). Small increment in the 
parameter after each cycle of CLMC loading for the 
tested polymers were noticed; whereas the ratio showed 
a declining trend for all materials under PLMC loading. 
This ratio is a qualitative indication of material’s 
resistance to plastic deformation [6]. Increases in this 
ratio suggest more chances of plastic deformation of the 
contacting components. Thereby, the ratio may be 
considered as a useful design parameter while deciding 
material pairs for tribo-systems. 

 

 
 (a) 

 

 
(b) 

Figure 1 Young’s modulus of PEEK, PMMA, and PTFE 
by (a) CLMC and (b) PLMC. 

 
4. CONCLUSION 

An experimental approach has been demonstrated 
in this work to analyze micro-indentation data primarily 
intending for polymeric materials. The methodology 
adopted multi-cycle loading scenario to estimate 
stabilized material properties such as Young’s modulus 
and hardness as feasible from instrumented indentation 
testing. The results for all materials match well with 
reported data. It has been reported that the hardness of 
the materials is going to decrease with multiple cycle 
that is not clearly visible in present figures. The 
discussion on E/H ratio has been added to find some 
direction in design process of polymer components in 
tribo-systems. However, further analyses along with 
extensive testing on more polymeric materials are 
highly required towards making the approach more 
reliable which is part of the follow-up researches. 
 

 
(a) 

 

 
(b) 

Figure 2 Hardness of PEEK, PMMA, and PTFE by (a) 
CLMC and (b) PMLC. 
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ABSTRACT – The main purpose of the work was to 
capture the moment of initiation of the fretting scar. 
Based on the fretting scar profile, it resulted that minimal 
fretting wear does not occur at the minimum surface 
roughness value. Surprisingly, it has been noticed that the 
minimum friction coefficient does not coincide with the 
minimum fretting wear of the Ti-6Al-4V alloy surface. 
 
1. INTRODUCTION 

Fretting can be classified into two categories: 
fretting fatigue and fretting wear. Also, corrosion, 
mentioned in several studies as the third manifestation of 
the fretting [1,2], was accepted in the whole area of 
fretting damage and incorporates the two manifestations 
of fretting fatigue and fretting wear. 
 
2. METHODOLOGY 

The fretting tests were performed on a universal 
servo-hydraulic testing machine, MTS Bionix. The 
testing machine allowed application of a 600 kN load 
under static conditions and 500 kN for fatigue loading. 
The maximum cyclic loading frequency of the machine 
is 50 Hz.  

The equipment operates at ambient temperature in 
the laboratory environment, but can also be used at low 
and high temperatures and with other environments. To 
perform fretting fatigue tests, on the machine was a 
special fretting device that has two load cells that allow 
(prior to testing) application of normal and tangential 
contact loads (during the test) and their recording/ 
measurement. A 1000 N loading cell is used to set and 
measure the pre-tangential/ tangential load and a 2500 N 
loading cell to set/ measure the normal load.  

The load is applied by two pads, which are pressed 
perpendicularly on the flat faces of the sample by a pair 
of compression springs, which are loaded with adjustable 
screws. Also, two vertical compression springs, which 
action on the pad, are used to apply the pre-tangential 
load (to avoid the pad’s movement). The tests mainly 
followed the evolution of fretting scar according to the 
normal load applied under different roughness conditions 
of the surface and normal loading, but at constant 
tangential loading.  

The fretting fatigue experiments were performed 
using the geometries of sample and pad, which are shown 
in Figure 1. 

 

 
(a) 

 
(b) 

 
     (c) 

Figure 1 Geometry of the specimen (a), sample (b) and 
fretting test pad (c). 

 
3. EXPERIMENTAL EVALUATION  
3.1 Evolution of the contact surface state in fretting 

conditions 
The experimental evaluation vas performed on a 

MTS Bionix servo-hydraulic dynamic testing machine. 
The duration of the tests was 5 minutes, in order to 
capture the moment of initiation of the fretting scar. The 
cross-sections of fretting wear scars (Figure 2) were 
recorded and measured under the different experimental 
conditions used, at different surface roughness of the 
sample and pad.  

 

    

 
A18 

 
A20 

 
A22 

 
A24 

Figure 2 Central transversal profile and image of 
fretting wear scar Ra = 0.045 μm, t = 5 min. 

 
The evolution of fretting wear depending on time 

for different roughnesses is presented in the double-
logarithmic diagram in Figure 3. 
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Figure 3 Evolution of wear versus time, for different 

roughness Ra. 
 
3.2  Influence of the initial roughness on the fretting 

wear and friction coefficient 
The minimum value of the surface wear must 

coincide with the minimum value of the surface 
roughness. A large number of wear measurements were 
performed with four roughnesses: Ra = 0.015 μm; Ra = 
0.045 μm; Ra = 0.075 μm and Ra = 0.19 μm. The average 
values of the volume of fretting worn material for the four 
roughnesses are: 
Ra = 0.015 μm → Vu = 7.0 ×10-5 mm3 → μ = 0.038; 
Ra = 0.045 μm → Vu = 7.0 ×10-6 mm3 → μ = 0.050; 
Ra = 0.075 μm → Vu = 3.7 ×10-5 mm3 → μ = 0.038; 
Ra = 0.190 μm → Vu = 1.0 ×10-3 mm3 → μ = 0.078. 
 

Simultaneously with the production of fretting wear 
scars on the surface of the Ti-6Al-4V alloy samples, the 
coefficient of friction was also measured. The effect of 
the running-in on the fretting wear behavior of the surface 
was also analyzed. This was done by using the same pad 
for several successive tests. The existence of an optimal 
roughness can be explained either by an effect on the 
lubricant film or by a change in the mechanical properties 
of the surface. In this case, at the optimum roughness, the 
reduction of the h/σ ratio is compensated by increasing 
the wear resistance of the surfaces.  

 
4. RESULTS AND DISCUSSION 

The influence of the sample and pad roughnesses on 
the initiation and evolution of the fretting wear scar was 
studied. The geometry of the test configuration allowed 
the investigation of finished surfaces at roughnesses Ra = 
0.015 μm, Ra = 0.045 μm, Ra = 0.075 μm and Ra = 0.19 
μm. From the determinations of fretting wear evolution 
in time under the experimental conditions used (short 
testing time), it was found that in the case of the shortest 

experiment (5 minutes) the fretting wear scar is visible. 
The profiles and microphotographs of the initial surfaces 
topography studied and of those resulted after short 
fretting contact periods were recorded and analyzed. 
Simultaneously the friction coefficient was measured. 
The recording of fretting scars allowed calculation of the 
volume of worn material by fretting and correlation with 
the value of the friction coefficient recorded during each 
test. 

It has been found that there is a minimum of the 
wear curve resulted for roughness Ra = 0.045 μm. 

After 3 seconds, in the case of surfaces with Ra = 
0.015 μm, Ra = 0.075 μm and Ra = 0.19 μm (t = 3 s), the 
fretting wear is of adhesive type (metallic shape with 
pronounced scratches). In the case of surfaces with Ra = 
0.045 μm, the type of fretting wear is predominantly 
oxidative. During the running-in, the fretting wear 
velocity is reduced as a result of the surface 
conformation, and surfaces with Ra = 0.075 μm and Ra = 
0.19 μm are undergoing in oxidative wear regime. It has 
been observed that by increasing the operating time from 
5 minutes to 30 minutes, the wear increases only with 
about 10%. It is worth noting the rapid reduction of the 
wear velocity over time, excepting the surface with 
roughness Ra = 0.045 μm, where in the first 3 seconds, 
between 25% and 50% of the wear occurs in 30 minutes. 
At surfaces with roughness Ra = 0.045 μm, a significant 
influence of the running-in was observed. After the first 
5 minutes of operation, the entire contact surface is 
covered with oxide. The scar obtained after another 5 
minutes, with the same buffer, has a special shape, the 
oxidative wear area being limited to half of the loaded 
surface. 

 
5. CONCLUSION 

Under the experimental conditions used, the 
initiation of the fretting scar occurs within the first 5 
minutes of the couple operation. A double-logarithmic 
evolution of fretting wear function of time was 
determined for different roughnesses analyzed. The used 
roughnesses caused not only a difference in the value of 
the scratch scar removal volume but also the appearance 
of wear scar (type of wear). Used roughnesses have 
caused not only a difference between the values of the 
worn volume of the fretting scar, but also of the wear scar 
appearance (type of wear). In the experimental conditions 
Ra = 0.015 μm, t = 5 min and Ra = 0.19 μm, t = 30 min it 
is clearly observed the start of the fretting scars 
elongation in the sliding direction, as well as the typical 
W-shape of the transversal profile of the scar.  
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ABSTRACT – In recent years, laser surface texturing 
has been used to improve friction characteristics. It has 
been also reported that surface texturing generates 
friction anisotropy on the surface under boundary 
lubrication. The effect of surface texturing and friction 
anisotropy under boundary lubrication was investigated 
by cylinder-on-disk type sliding test. The sliding test was 
conducted in four different directions, parallel, thirty 
degrees, sixty degrees, and perpendicular to the direction 
of the surface texture. The experimental results were then 
compared with result of the continuous analysis of real 
contact area. 
 
1. INTRODUCTION 

To further reduce fuel consumption and emission of 
vehicles, continuously variable transmission (CVT) is 
commonly used in automobiles. CVT consists of a belt 
clamped between two pulleys, which enables continuous 
ratio change under load. CVT is capable of tracing engine 
operating range with high fuel efficiency, therefore 
reducing fuel consumption and emission [1]. However, 
efficiency of CVT itself can be improved [2]. Low 
friction can reduce loss when sliding belt in the radial 
direction of the pulley, but causes slip in the 
circumferential direction. In this study, relationship 
between surface texture and friction anisotropy was 
investigated to improve tribological properties of pulley 
surface. 
 
2. Experimental Details 
2.1 Friction test 

To investigate the effect of surface texture on 
friction anisotropy, three different types of texture 
surfaces were created on AISI52100 specimens. Sample 
A, B, C were given groove texture as shown in Figure 1. 

 

 
Figure 1 Textured specimen. 

Cylinder-on-disk type friction tests were conducted 
with Bowden-leben type friction tester. The sliding tests 
were performed in four different directions: parallel, 
thirty degrees, sixty degrees, perpendicular to the 
direction of the surface texture. Sliding was conducted 
500 times in each direction. 
 
2.2 Numerical analysis 

Continuous analysis of real contact area was 
conducted for all textured samples to investigate the 
mechanism of friction anisotropy by surface texturing. 
Real contact area of the textured specimen and the 
cylinder were calculated by commercial software 
(NewtonWorks, NewtonSuite-ASP-μ, JP) model using 3-
dimensional roughness parameters obtained by laser 
microscope (KEYENCE VK-X150, JP), as shown in 
Figure 2. For this analysis, focusing on contact at the 
center of the cylinder, contact count at every coordinate 
were calculated as the analysis is repeated in the sliding 
direction. 

 

 
Figure 2 Contact model. 

 
3. RESULTS AND DISCUSSION 

Figure 3 shows the results of the friction test. The 
plots represent average friction coefficient of the last 100 
cycles. The results show that the friction anisotropy was 
generated by all three texture patterns. However, friction 
anisotropy and friction coefficient differ from one texture 
pattern to the other. Sample A generated best friction 
anisotropy and lowest friction coefficient. Sample B 
generated similar friction anisotropy, but higher friction 
coefficient was observed than that of Sample A. This was 
caused by increase in sliding distance on the plateaus of 
the texture, which caused micro oil starvation. Sample C 
generated less friction anisotropy compared to the other 
two texture patterns. Shorter groove length of Sample C 
created more isotropic texture pattern, which decreased 
the anisotropy of friction coefficient. 
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Figure 3 Friction test result. 

 
To look further into this mechanism, Continuous 

analysis of real contact area was conducted. Figure 4 
represent analytical result for parallel direction. From 
Figure 4, increase in contact count can be observed. 
However, contact count significantly decreases in thirty 
degrees (see Figure 5). For sixty degrees and 
perpendicular directions (Figures 6 and 7), contact count 
gradually decreases as the sliding direction increases. 
From the result we can conclude that sliding distance on 
the plateaus of the texture decreases as the sliding 
direction increases. This decreases the possibility of oil 
starvation on the plateaus of texture and lead to low 
friction. 

Friction coefficient of the surface was calculated by 
taking average of friction force set for each contact count. 
A relationship between contact count and friction force 
was represented as a function, which was hypothesised 
from comparing analytical result and the experimental 
result. Friction coefficient calculated from numerical 
analysis is shown in Figure 8. Figure 8 shows similar 
friction anisotropy trend observed from the experimental 
result. This suggest the possibility that the generation of 
friction anisotropy by surface texturing can be predicted 
by numerical analysis. 
 

 
Figure 4 Analytical result for parallel direction 

for sample A. 
 

 
Figure 5 Analytical result for thirty degrees 

for sample A. 

 
Figure 6 Analytical result for sixty degrees 

for sample A. 
 

 
Figure 7 Analytical result for perpendicular direction 

for sample A. 
 

 
Figure 8 Friction coefficient by numerical analysis. 

 
4. SUMMARY 

Friction anisotropy was generated by micro-oil 
starvation created by difference in the sliding distance on 
plateaus of the texture. Difference in the sliding distance 
was confirmed by continuous analysis of the real contact 
area. By comparing experimental and analytical results, 
novel approach for calculating friction anisotropy by 
surface texturing was proposed. 
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ABSTRACT – The tangential fretting wear behavior of 
alloy 690 tubes against 405 stainless steel plates was 
studied with tube-on-plate contact in steam and water at 
285 oC. The results show that wear volume in steam is 
higher than that in water and that fretting wear promotes 
the oxidation of contact area. The wear mechanisms are 
complex with abrasive wear and delamination in steam 
and water at 285 oC. In addition, the abrasive wear in 
steam is severer than that in water.  
 
1. INTRODUCTION 

Steam generator is one of the most important 
components in pressurized water reactor. Alloy 690 is 
widely used as tubing material for steam generator in 
nuclear power plants [1,2]. Due to flow-induced 
vibration, the tubes of steam generator are expected to 
vibrate with small amplitude oscillatory motion against 
their supporters, which results in the occurrence of 
fretting wear at the contacting surface between steam 
generator tube and anti-vibration structure [3-6]. There 
are water, steam and mixture of them in the secondary 
side of steam generator. Therefore, it is of great necessity 
to study the fretting wear behaviour of alloy 690 tube in 
service condition. 
 
2. METHODOLOGY 

The materials used in this study are alloy 690 and 
405 stainless steel. The chemical composition of alloy 
690 is 0.023% C, 0.002% S, 0.3% Si, 0.008% P, 0.23 % 
Mn, 0.25 % Al, 9.6% Fe, 30.3% Cr and Ni balance (wt.%). 
The alloy 690 tube specimen is external diameter = 17.5 
mm, inner diameter = 15.5 mm, length = 16 mm. And the 
composition of 405 stainless steel is 0.50% Ni, 12.5% Cr, 
0.15% Al, 0.056% C, 0.60% Si, 0.58% Mn, 0.013% S, 
0.025% and Fe balance. The 405 SS plate specimen is 7.6 
×12.2 × 3 mm3. The experiments were carried out on a 
fretting wear testing equipment with a tube-on-plate 
contact configuration, as shown in Figure 1. The normal 
load was controlled by the springs and the displacement 
was measured by displacement sensor. The testing 
parameters used in the present research are listed in Table 
1. Before and after testing, all specimens were 
ultrasonically cleaned in ethyl alcohol and dried with hot 
compressed air. The morphology of the wear scars was 
examined with 3D optical microscope (Bruker Contour 
GT-I) and scanning electron microscopy (SEM). 
  

 
Figure 1 Schematic diagram of fretting wear tester:  

1-tube specimen; 2-plate specimen; 3-springs; 4-holder 
of the Alloy 690 tube specimen; 5-spring plate;6-

displacement sensor; 7-holder of plate specimen; 8-
servo motor; 9-autoclave. 

 
Table 1 Experimental parameters for fretting wear test. 
Parameter  Value (unit) 
Temperature 285 oC  
pH 9.75 (with ammonia) 
DO ＜5 ppb 
Frequency 5 Hz 
Cycles  500000 
Displacement 100 μm 
Normal force 40 N 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows the wear volume of alloy 690 in 285 
oC steam and water. It is found that the wear volume in 
steam is higher than that in water, at the same time, the 
wear depth in steam is bigger than that in water. 

The morphology of the wear scars on alloy 690 is 
examined. As shown in Figure 3, the worn surface is 
covered with grooves, which are the tracks of abrasive 
wear, and the grooves are paralleled to the direction of 
fretting, indicating that abrasive wear happened. There 
are obvious concaves observed on the wear surface, 
indicating the delamination. Obviously, the abrasive wear 
in steam is severer than that in water. 
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Figure 2 The wear volume and wear depth of alloy 690 

in 285 oC steam and water. 
 

 
Figure 3 SEM images of worn scars of alloy 690 in (a) 

285 oC steam and (b) 285 oC water. 
 

The chemical composition of worn surface on the 
alloy 690 is shown in Figure 4. EDS line scan results 
show that wear scar corresponds to high O and Fe. And 
unworn surface corresponds to high Cr and Ni. High O in 
worn surfaces indicates that fretting wear promoted the 
oxidation of the contacting surfaces. High Fe detected at 
some parts indicates that material was transferred from 
405 stainless steel into alloy 690. 

 

  
Figure 4 EDS line scan of alloy 690 tube in (a) 285 oC 

steam and (b) 285 oC water. 
 

According to the above results, fretting wear of 
alloy 690 in steam and water is different. Compared to 
steam, water is good for lubrication. Additionally, the 
wear debris are easily removed in water, so the abrasive 
wear in steam is severer than that in water, as shown in 
Figure 3. Therefore, the wear volume in steam is higher 
than that in water. 

 
4. CONCLUSION  

The tangential fretting wear behaviour of alloy 690 
tube against 405 SS plate in high temperature steam was 
investigated. It can be got that the wear volume in steam 
is higher than that in water, because of the lubrication of 
water and wear debris removed by water. The fretting 
wear promotes the oxidation of contact area in 285 oC 
steam. The wear mechanisms are complex with abrasive 
wear and delamination in 285 oC steam.  
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ABSTRACT – Physical properties at different scales 
significantly affects the material properties for various 
applications. Multidimensional information of a piece of 
material is usually obtained with different characterization 
techniques, which make it difficult to get different 
information from the same location.  It this study, brake 
material is used as an example to illustrate the benefits by 
characterizing its surface at different scales with different 
properties. The properties measured include surface texture 
and mechanical properties at different scale. We have 
demonstrated a characterization chain to link the different 
properties with the final material behaviours, making us 
understand the material better.  
 
1. INTRODUCTION 

Many physical and chemical processes happen at 
the interface. The properties of material surface 
determine these processes, for example, the tribo-
corrosion process is determined by the work function, 
surface texture, hardness, hydrophobicity, and chemical 
composition of the environment. In the field of tribology, 
surface properties, including surface texture and 
mechanical properties and their distribution, are 
especially important. This topic has been reviewed in 
details [1]. To tailor the friction behaviour of a surface, 
anti-friction behaviour has been demonstrated by 
patterning surface with DLC and Si-DLC coatings [2]. 
In addition to macroscopic behaviours, tribology has 
been studied at different scales. For example, anisotropic 
behaviour is observed at nanoscale, while isotropic 
behaviour is shown at macroscale. The macroscopic 
tribological behaviours are derived from the averaging 
effect of anisotropic topography and lattice orientation 
[3]. Therefore, characterizing the surface at different 
scales with a series of methods is required to understand 
the tribological behaviours of materials. However, it is 
not trivial to establish correlation among the information 
obtained from different methods. In this paper, brake 
material is used as a reference sample to show how the 
information from different aspects are used to 
understand its tribological behaviours. Instead of 
studying a full-size brake as in SAE standard, we 
measured different properties of a part of brake with 
pattern and steel samples with tribometer, µ-EDXRF, 
micro-hardness, nano-indentation, AFM and white light 
interferometry (WLI). As shown in Figure 1, tribometer 
obtained the averaging tribological behaviours. Micro-
hardness, nano-indentation and AFM obtained 
mechanical properties at different scales. µ-EDXRF 
obtained the element distribution at micro-meter scale. 

WLI obtained the surface texture and strains with a 
resolution close to the optical diffraction limit, i.e. 
hundreds of nanometers. All the information is 
important for understanding the macroscopic 
tribological behaviours. The characterization chain built 
for brake studies can be easily extended to other 
tribological studies. 

 

 
Figure 1 Characterization chain for multidimensional 

property measurements from nanoscale to macroscale. 
  

2. METHODOLOGY 
Brake was cut to circular samples of ø12.7 mm for 

tribometer test (TriboLab, Bruker Inc.) following the 
SAE J2522. Steel samples were prepared with 
15mm×15mm square for other tests. The geometry of 
steel sample was measured at the same location before 
and after isostatic pressing by WLI (Contour GT, Bruker 
Inc.). Then the local strain was calculated by subtracting 
these two geometries. Hardness and modulus of the steel 
samples were measured by Nanoindentation (Hysitron 
TI980, Bruker Inc.). The modulus at nanoscale was 
obtained by AFM with QNM mode (Dimension ICON, 
Bruker Inc.). 

 
3. RESULTS AND DISCUSSION 

Tribology of brake was tested at reduced scale. 
Figure 2a shows a typical test profile. Other parameters 
are compliant with SAE J2522 [4]. As shown in Figure 
2b, COF of each steps (Green µ, Burnish, Characteristic 
value 1 and 2, Speed/Pressure sensitivity µ, Cold µ, Fade 
1, Recovery 1, as per SAE standard) showed good 
correlation with industry standard within 10% deviation. 
There are five key parameters need to be considered 
when simulating tribology test at reduced scale. Contact 
geometry should be the same (plane-to-plane at brake). 
The contact area should be larger than non-homogenous 
nature of materials (0.5mm at brake material). The 
contact pressure, motion type and environment should 
be simulated as exactly as possible. TriboLab simulated 
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the aforementioned parameters very well, which is the 
reason for good correlation. 

No matter SAE full size test or TriboLab reduced 
size test, only averaging results of brake materials are 
obtained. To understand the mechanism of brake 
tribology and develop new brake materials, the local 
properties of brake materials should be addressed.  

 

 
Figure 2 Tribology studies of a part of brake. a) Typical 

test profile, b) COF comparison between TriboLab 
(UMT) and Dynamometer. 

 
WLI can be used to visualize the topography of 

brake material before and after tribology test. As shown 
in Figure 3a, the brake is designed with special pattern, 
which facilitates the flow of lubricant and removal of 
debris. The bearing curve, as shown in Figure 3b, is the 
area of a surface intercepted by a plane parallel to the 
mean plane of the surface. It is used to show the height 
distribution of a surface. There are typically three 
segments in a bearing curve. The peak segment 
represents the peaks on the surface, which contributes 
the running-in behaviour during tribology test. The 
valley segment represents the valleys on the surface, 
which contribute to the fluid retention and debris 
removal behaviour. Besides these two segments, there 
are core bearing segments, which represents the main 
bearing area during tribology test as they are named. 
Pattern surface has more than one core bearing segment 
usually. Figure 3b contains two core bearing segments. 
Only the left segment bears load during tribology test. 
The height difference between these two segments and 
the area percentage of left segment can be used to 
characterize patterned brake. After the running-in period 
of a tribology test is passed, the peak segment of bearing 
curve is reduced accordingly. Figure 3c and 3d show the 
bearing curve of intact and worn contacted surface of 
brake. The peak segment is reduced for a worn surface. 
So is the valley segment, which is the result of filling 
debris into the valleys of the brake surface. As expected, 

the core bearing area is increased, which reduces the 
stress of brake material at the same load. It means the 
brake undergoes a stable wear period with lower wearing 
rate. 

The anisotropy of the brake surface is also 
important since the friction direction of a brake is 
tangential. The anisotropy of the brake topography is 
quantified by cross-hatch analysis of Vision64 software 
as shown in Figure 3e. this result is related to lubrication 
flow and debris removal. 

 

 
Figure 3 Topography analysis of brake by WLI. a) 

Patterned surface of a brake, b) Bearing curve of the 
patterned surface, c) and d) Bearing curve of intact and 

worn contacted area, e) Anisotropy analysis of 
patterned brake surface. 

 
In addition to surface texture, the phase distribution 

in brake material affects its tribological behaviour 
significantly. In this paper, we show how to use 
microscale strain analysis to visualize the phase 
distribution. Compared with other phase contrast 
imaging techniques, microscale strain analysis provides 
information directly affecting tribological behaviours. 
WLI provides lateral resolution of sub-micrometer and 
vertical resolution of sub nanometer. The lateral and 
vertical resolutions are ideal for microscale strain 
analysis.  Figure 4 shows the microscale strain 
distribution after isostatic pressing, which was obtained 
by subtracting two surface textures at the same location. 
In the microscale strain image, the stripes with a period 
of several micrometers are clear shown. 

 

 
Figure 4 Strain mapping of a piece of steel after 

isostatic pressing. 
 
To verify this kind of strips in the strain image are 

not artefacts induced by image processing, 
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nanomechanical measurement on the sample were 
conducted. The three methods used for mechanical 
property measurements have different spatial resolution. 
Table 1 summarizes the differences among micro-
hardness, nano-indentation and AFM QNM. Micro-
hardness has larger indent imprint, while nano-indenter 
and AFM indent at nanoscale. All of them have the 
capability of in situ geometry imaging, enabling the 
identification of phases in brake material. 
Nanoindentation is used to generate the modulus and 
hardness mapping, as shown in Figure 5. A similar stripe 
structure can also be found at both modulus and hardness, 
confirming the microscale strain image obtained by WLI 
is correct. 

 
Table 1 Comparison among micro-hardness, nano-

indentation and AFM QNM. 

Method Micro-
hardness 

Nano-
indentation 

AFM 
QNM 

Load ~N ~mN ~µN 
Basic Mechanics Mechanics Mechanics 
Optional Creep Creep Adhesion 
In situ 
imaging Yes Yes Yes 

 

 
Figure 5 Hardness and modulus mapping by 

nanoindentation (XPM). 
 
Combined with partial unload or frequency sweep 

load profile, nanoindentation can measure the 
mechanical properties as a function of surface depth or 
frequency. This method will provide 3D distribution of 
mechanical properties and dynamic response of brake 
material, which is an undergoing project in our team. 

 
4. CONCLUSION 

Brake, as an example, was studied with tribology, 
mechanical properties, geometry and phase distribution. 
These results form a chain of the surface 
characterization at different scales with different 
properties. Due to localization capabilities of these 
techniques, different properties on the same location 
provide the base for understanding the underlying 
mechanism of tribological behaviours observed by 
traditional tribometers. This characterization chain 
could also be expanded to other applications. 
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ABSTRACT –The ground surface is the result of the 
geometry interaction between grits and workpiece. 
Therefore, its profile can be regarded as a reflection of 
the upper envelope profile of effective cutting grains. 
Based on that, a numerical method was proposed to 
investigate the influences of abrasive wear height, cutting 
depth and contacted belt length separately on surface 
profile. According to the results of the application case, it 
has been revealed that the abrasive wear height and the 
contacted belt length had a significant effect on Ra of the 
surface, while the cutting depth just affects Ra within a 
limited arrangement. 
 
1. INTRODUCTION 

Nowadays, belt grinding/finishing has been widely 
used in many fields, including automotive industry [1], 
aviation engine blade production [2] and maintenance of 
high-speed rail [3]. The surface texture of the workpiece 
has been studied for many years, some valuable works 
about effects of the working conditions on surface quality 
have been investigated [1,2]. 

However, the basic physical mechanisms of the 
abrasive process are not fully understood. One difficulty 
is that it is difficult to strictly realize the single-variable 
controlling principle during the experiment. Although it 
is possible to control single-variable on working 
conditions such as applied force, grinding speed, belt 
feed rate in the experiment. One working condition can 
influence belt abrasion height, cutting depth and 
contacted belt length, simultaneously. For example, in a 
normal belt grinding process with a contact wheel, the 
applied force will change grains wear situation, average 
intending depth and the contact length at the same time. 

The purpose of this paper is to provide an approach 
to investigate the change trend of the surface roughness 
under different working conditions. Firstly, the theory 
and evaluating procedures were introduced. Then, an 
application case was given, and the results were analyzed. 
 
2. THE EVALUATING METHOD 
2.1 Forming process of surface texture 

Before introducing the evaluating approach, it is 
necessary to understand how the surface texture is 
formed during belt grinding process. As shown in Figure 
1, the first profile (black) of section A is built by the first 
group of grits at the beginning. The ha is the abrasion 
height of the belt and ht is the cutting depth of grains. As 
time goes on, when there are a few of new grains (red) 
coming into interacting, the profile will be reshaped to 

the red one. At the end of the grinding time Tc, the final 
profile with black, red and green curves is defined by the 
upper envelope profile of all the interacting grains. 
Therefore, the upper envelope profile of the abrasive belt 
carries the important information of the final surface 
texture. Studying it will be meaningful and helpful to 
understand the mechanisms of this interacting process. 
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Figure1 The evolution of forming surface texture. 

 
2.2 Evaluating procedures 

As shown in Figure 2, there are 3 main steps to 
complete the evaluation: (a) To obtain a 3D digital 
surface of the abrasive belt. In this step, the width of the 
working area should be larger than the value needed for 
the roughness evaluation. The length of the working area 
should be larger than the total belt contact length. (b) To 
extract the zone of interest through the threshold control. 
For this step, a pair of thresholds should be set to extract 
all the points between the height of hmax-ha and hmax-
(ha+ht), where hmax is the height of the highest grain. One 
thing should be mentioned is that the wear mode of grains 
in this paper is assumed as generating a flat plan to 
replace the original tip. (c) To generate the upper 
envelope profile of grains within the working area. In this 
step, every cross section within the working area is going 
to be projected along the grinding direction. The 
envelope profile of those sections is decided by choosing 
the highest points at each location.  

 
3. APPLICATION AND RESULTS 

The belt topography with the grains’ grade of P120 
(average grain size is about 100 μm) was obtained by 
Nanovea PS50. The scanned area is 10 mm x 20 mm with 
the depth resolution of 0.01 μm as well as the sampling 
interval of 30 μm.  
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Figure 2 The flow chart of the evaluating procedures. 

 
3.1 The influence of abrasive wear height 

Figure 3 reveals that Ra decreases with the increase 
of ha. The trend can be roughly divided into 3 parts, which 
accidentally corresponds to the change of the height 
distribution of the belt. 

 
3.2 The influence of cutting depth 

It is clear from the Fig.4 that a larger cutting depth 
will lead to a greater Ra because of an important increase 
of the indentation depth of grains. However, this impact 
can be severely limited both by rising abrasion height and 
adding the belt contacted length. 

 
3.3 The influence of belt length in contact 

Figure 5 indicates that with the growth of the 
contacted belt length the Ra decreases rapidly at first and 
then tends to be stable. It is interesting that different 

cutting depths will end up with the same Ra when the lb 
is over a certain value. 

 

 
Figure 3 Roughness Ra vs. wear height ha. 

 

 
Figure 4 Roughness Ra vs. cutting depth ht. 

 

 
Figure 5 Roughness Ra vs. contacted belt length lb. 

 
4. CONCLUSION 

The method proposed is able to separately 
investigate the influences of belt wear height, cutting 
depth and contacted belt length on surface texture in belt 
grinding/finishing. 
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ABSTRACT – We developed the in-situ measurement 
method of surface energy in friction area during friction 
to clarify low friction mechanism in ESEM 
(Environmental Scanning Electron Microscope) chamber 
by measurement of contact angles of condensed liquid 
micro droplets of water and diiodemethane. We 
confirmed that surface energy of local friction area and 
friction coefficient could be estimated well in the 
chamber of ESEM.  
 
1. INTRODUCTION 

One of the important phenomena for the friction is 
adhesion. Adhesion should be affected by surface energy 
of both friction surfaces. M. E. Sikorski reported that 
friction coefficient between metals depended on the 
adhesion coefficient [1]. Santner and Czichos [2] showed 
that adhesion works between various polymer materials 
showed strong effect for friction works. Traditionally 
surface energy has been measured by a liquid droplet 
method that estimate the dispersion force term and 
hydrogen bond term of surface energy of solid surface by 
the contact angles of two liquid drop lets as water and 
diiodemethane [3]. However the liquid droplet method is 
just the average value of surface energy of the measured 
contact area of droplets as about 1 mm diameter circle 
area. In order to know the effect of surface area on the 
friction, we should measure the surface energy of local 
friction area as a few Pm diameter circle area.  

In order to overcome this problem, we introduced 
new method for the evaluation of surface energy of 
minute local area on friction scar with Friction tester 
installed ESEM. After repeated oscillating friction, 
condensed micro liquid droplets were produced by the 
cooling of the friction truck in ESEM chamber. From the 
contact angle of micro liquid droplets in various types as 
water and diiodemethane, surface energy of local area on 
the friction scar can be estimated just after friction test 
without any evacuations to the outside from the chamber. 
In this paper, the possibility and effectiveness of the new 
novel method of surface energy estimation for local 
friction area with in-situ friction tester in ESEM is 
introduced.  
 
2. PROPOSAL OF NOBLE METHOD OF 

SURFACE ENERGY ESTIMATION FOR 
LOCAL FRICTION AREA WITH IN-SITU 
FRICTION TESTER IN ESEM 
Figure 1 shows the schematics of the developed 

surface energy friction measurement systems. The 
oscillating type pin-on-plate friction tester is in the 

chamber of the ESEM. The ESEM can observe the 
specimen even if the chamber is filled the gas which is 
up to 10 Torr. So we can fill the water and diiodemethan 
gases to make the micro droplets. In order to cool the 
friction plate specimen, friction specimen is fixed on an 
electric cooling stage which is installed in the oscillating 
type friction tester.  

Repeated sliding was applied by the oscillating 
motion of the plate specimen. After the repeated sliding 
up to a certain cycles, the plate was moved to the center 
of the ESEM observation area. And then, the cooling of 
the plate specimen was started to grow the liquid droplet 
of water. After the water, cooling stage was heated. After 
the evaporation of the water droplet, a diiodemethane gas 
was introduced to the chamber for the droplets of the 
diiodemethane.  During the cooling of the plate, the 
growth of the diiodemethane droplets could be observed 
with ESEM. Contact angles of water and diiodemethane 
droplets could be measured from the videos of the growth 
of both droplets. 

 

 
Figure 1 Schematics of the developed surface energy 

friction measurement systems. 
 

3. COMPAIRING BETWEEN SURFCAE 
ENERGIES BY DIFFERENT METHDS AS 
CONVENTIONAL LARGE DROPLET 
METHOD AND THIS NEW MICRO 
DROPLET METHOD WITH ESEM  
Figure 2 and 3 shows the observed water and 

diiodemethan micro droplets on the Si (100) surface in 
ESEM, respectively. From these contact angles of these 
figures, Hydrogen bonding components and Dispersion 
force components were estimated as shown in Figure 4. 
In Fiure 4, Kawai’s report [4] shows the results obtained 
by the conventional macro droplets method. Figure 4 
shows that our new method can provide the proper values 
of each components of surface energy. 
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Figure 2 Observed water micro droplets on the Si (100) 
surface. 

 
 
 

 
 
 

 
 
 
 
 
 
 

Figure 3 Observed diiodemetahne micro droplets on the 
Si (100) surface. 

 

 
Figure 4 Comparison between estimation results by 

conventional macro droplet method (Kawai’s report [4]) 
and this new micro droplet ESEM method. 

 
4. RELATIONSHIP BETWEEN SURFCAE 

ENERGY AND FRICTION FOR POLYMER 
MATERILAS  
In order to confirm if our in-situ friction tester can 

measure the friction and surface energy both, friction 
force under repeated sliding in ESEM chamber was done 
for polymer plates as POM, PE and PTFE.. Figure 5 
shows the variation of friction coefficient of 3 polymers 
with repeated friction cycles. Friction coefficients of all 
3 polymer are quite stable under different repeated 
friction cycles. Figure 6 shows the relationship between 
friction coefficient and surface energy. It can be seen that 
friction coefficient of polymer is proportional to the 
surface energy well. 

 

 

 
Figure 5 Variation of friction coefficient of polymers 

materials with repeated friction cycles. 
 

 
Figure 6 Relationship between friction coefficient after 
5000 cycles and surface energy of Polymer materials. 

 
5. CONCLUSION 

We developed the in-situ measurement method of 
surface energy in friction area during friction to clarify 
low friction mechanism in ESEM (Environmental 
Scanning Electron Microscope) chamber by 
measurement of contact angles of condensed liquid micro 
droplets of water and diiodemethane. We confirmed that 
surface energy of local friction area could be estimated 
well in the chamber of ESEM. Also friction coefficient of 
polymers showed proportional relationship to surface 
energy. From these results, we confirmed that this new 
method can obtain the in-situ relationship between 
surface energy and friction coefficient just after sliding 
well. 
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ABSTRACT - The press processing is generally carried 
out under high surface pressure. It is necessary to know 
the behavior of press processing oils under such high 
pressure. In this study, the high-pressure viscometer is 
used to observe fluid behavior and the deep drawing 
tester is used to evaluate the press performance. The 
lubricants contained specific polar additives such as butyl 
stearate showed the phase transition and excellent press 
property. 
 
1. INTRODUCTION 

The surface of the press tool is always exposed high 
surface pressure while the press material is sliding. Since 
the lubricant for press working is given high pressure, it 
is important to grasp accurately the fluid behavior and the 
condition. On the other hands, it is well known that the 
phase transition of lubricants occurs, and lubricants is 
transformed from liquids to elasto-plastic liquids or 
solids under elasto-hydrodynamic. These behaviors are 
already used for the traction fluid of the toroidal type 
transmission [1]. In this research, to grasp fluid behavior 
of the lubricants in press processing, the behavior of 
lubricants and additives are studied using high pressure 
falling ball viscometer which attached an optical 
microscope. In addition, the press properties of these 
lubricants and additives were evaluated using the deep 
drawing tester and to discuss the relationship between the 
phase transition and press properties.   

 
2. EXPERIMENTAL                                                        
2.1 Chemicals 

Five kinds of chemicals were tested. The list of 
tested chemicals and their physical properties are given 
in Table 1. All chemicals except for paraffinic oil are 
reagent grade. Esters and alcohols were dissolved into the 
paraffinic oil at the optional concentration as oiliness 
agent. Methyl stearate could dissolve into paraffinic oil 
to 40wt% and 1-tetradecanol could dissolve to 20wt% at 
30℃. 

 
Table 1 Properties of tested chemicals. 

 
*is indicate reference value 

 
 

2.2 High-pressure observation apparatus 
Saga University high-pressure falling ball 

viscometer is utilised as high-pressure vessel in this study 
[2]. The sapphire glass observation window was built in 
the middle of the high-pressure vessel. The optical 
microscope was provided on the observation window to 
observe the behavior of each test samples as shown 
Figure 1. 

 

 
Figure 1 High-pressure observation apparatus. 
 

2.3 Deep drawing tester 
Sheet metal testing machine was used as the deep 

drawing tester. SPCC dull steel sheet was used as test 
pieces in this test. Detail test conditions are listed in Table 
2 and Figure 2. The maximum blank holding load was 
reported. The higher maximum blank holding load, the 
better friction property is indicated. 

 
Table 2 Test condition of the deep drawing tester. 

 
 

Paraffinic oil Methyl stearate Butyl stearate 1-Dodecanol 1-Tetradecanol

Dynamic viscosity  

40℃ , mm2/s
Pour point, 
℃

Melting point, 
℃

Density  

15℃ , g/cm3

－ 39 23 24 38

0.856 0.86* 0.86* 0.8309 0.824

7.83 9.00* 6.71* － －

-10 － － － －
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Figure 2 Punch and die of the deep drawing tester. 

 
3. RESULTS AND DISCUSSION  
3.1 High-pressure observation 

Figure 2 shows the appearance of each chemicals in 
the optional pressure. The paraffinic oil have tiny and 
blurred outline particles thought wax. On the other hands, 
each polar chemicals indicate crystallization with 
individual pressure. As the pressure of the vessel exceed 
a specific value, each crystal from the polar chemicals 
became the solid completely and interrupt the light finally. 

 

  
Paraffinic oil Methyl stearate 

(30wt%) 
 

  
Butyl stearate                1-Dodecanol 

Figure 3 Appearances of each chemicals in each 
optional pressure. 

 
The phase transition pressure of each chemicals was 

compared as shown Figure 4. Figure 4 was obtained by 
changing the dosage of each chemicals in the paraffinic 
oil and monitoring the fluid appearance with video 
camera. The phase transition pressure decreased 
following the dosage of polar chemicals increased. It was 
found that the phase transition pressure was influenced 
by the dosage of chemical in paraffinic oil. In addition, it 
is very interesting that the phase transition pressure of 1-
Tetradecanol is lower than 1-Dodacanol one even though 
each melting points are almost same. This result indicates 
that the phase transition pressure of each chemicals 
doesn’t only depend on the chemical’s melting point but 
also chemical’s structure. 

 

 
Figure 4 The phase transition pressure in each 

chemical’s dosage. 

3.2 Blank holding load with deep drawing tester 
Maximum blank holding load was compared as 

shown Figure 5. The maximum blank holding load of the 
paraffinic oil is just 40kN, however 1-tetradecanol of 
20wt% is added to the paraffinic oil, the maximum blank 
holding load increase to 200kN what is as same as 30wt% 
of methyl stearate. On the other hands, maximum blank 
holding load of 1-dodecanol indicated just 140kN though 
the melting point is almost same as butyl stearate one. 

 

 
 

Figure 5 Maximum blank holding load from the deep 
drawing tester. 

 
It seems that there are some relationships between 

the phase transition tendency and maximum transition 
pressure load. This is considered that the drawing 
property of testing samples contain specific polar 
chemicals is improved by the phase transition of each 
chemicals at optional pressure. 

 
4. CONCLUSION 

In this research, the phase transition and drawing 
property were pointed out by corresponding experiment. 
Some specific polar chemicals show the phase transition 
at optional pressure and have excellent drawing property. 
The outcome of the experiments is summarized as 

(a) By blending some specific polar chemicals such 
as methyl stearate, butyl stearate, 1-dodecanol 
and 1-tetradecanol, the phase transition and 
solidification were caused at optional pressure. 

(b) The phase transition of each polar chemicals 
doesn’t only depend on the chemical’s melting 
point but also chemical’s structure. 

(c) The testing samples containing specific polar 
chemicals have the excellent drawing property. 
It was indicated that there exit some 
relationships between the phase transition 
tendency and lubrication property at the high 
surface pressure. 
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ABSTRACT – Metalworking fluids from palm oils are 
desirable as the alternative to mineral oil that possesses 
negative effect for humans and environment. The aim of 
this study was to evaluate the tribological performance 
of modified refined, bleached and deodorized (RBD) 
palm olein-based lubricants (MRPOs) through the 
orthogonal cutting process. MRPOs were mixed with 
0.05wt.% of hexagonal boron nitride (hBN) particles 
and 1wt. % of phosphonium-based ionic liquid (PIL). 
MRPOs were analyzed through the rheological 
properties. Results showed that MRPO-based lubricants 
exhibited excellent rheological properties and 
machining performances, thus have a potential to 
substitute the mineral oil as the metalworking fluids in 
regards to the environment and health concern.  
 
1. INTRODUCTION 

Palm oil is an edible vegetable oil that has been 
primarily used for food and cosmetic industry. Recently, 
the uses of palm oils as the industrial lubricant have 
been extensively explored as the alternative to the 
mineral oil-based lubricant. Mineral oil-based lubricants 
negatively affect people and the environment due to the 
toxicity of hydrocarbons and are not readily 
biodegradable and non-renewable.  

Palm oils are desirable as metalworking fluids in 
order to create green machining operations. Rahim et al. 
[1] revealed that the use of palm oil-based lubricant 
indicated better performance in drilling process by 
promoting a stable thin boundary lubrication film, 
subsequently reduced the cutting force, cutting 
temperature and tool wear rate than the synthetic ester. 
This phenomenon was due to the high viscosity of palm 
oil that has a tendency to resist the flow, thus provided 
effective lubricating at the tool-chip interface, reduced 
the friction and prevented the cutting tool from rapid 
wear. Additionally, Wang et al. [2] also found that palm 
oil-based lubricant shows excellent lubrication 
properties due to the high contains of saturated fatty 
acids (palmitic acids) that increase the adsorption film 
strength on the metal surface. The high viscosity of 
palm oil provided better anti-friction and anti-wear 
effects, thus reduced the coefficient of friction and 
specific energy.  

In this study, the tribological performances of 
modified RBP palm olein-based lubricants (MRPOs) 

with the addition of additives (hexagonal boron nitride, 
hBN and phosphonium-based ionic liquid, PIL) were 
compared with a commercial synthetic ester (SE, Unicut 
Jinen MQL) as the reference oil. Experiment 
evaluations are conducted on the rheological properties 
(kinematic viscosity and viscosity index) and orthogonal 
cutting performances (cutting force and cutting 
temperature).  

 
2. METHODOLOGY 

Firstly, MRPOs were modified through 
transesterification process between fatty acid methyl 
ester and trimethylolpropane. Then, MRPOs were 
mixed with 0.05wt.% of hBN particles and 1wt.% of 
PIL.  

The rheological properties were determined 
through kinematic viscosity and viscosity index. The 
kinematic viscosity (ASTM D445) was measured using 
a viscometer at 40 and 100 °C. The correlation between 
viscosity and temperature was further associated with 
viscosity index (ASTM D2270). The testing was 
repeated for three times and the average value was 
recorded. 

The orthogonal cutting process was carried out on 
a NC lathe machine (Alpha Harrison 400). The 
workpiece material used in this study was a disk of AISI 
1045 with a diameter and thickness of 150 mm and 2 
mm, respectively. The uncoated carbide inserts 
(SPGN120308) was mounted at the modified tool 
holder (CSDPN2525M12). Both insert and tool holder 
was fixed on the dynamometer (Kistler 9257BA) to 
measure the cutting force. The dynamometer was 
connected to the multichannel amplifier (Kistler 5070) 
and the cutting force value was recorded by the 
Dynoware software. The maximum cutting temperature 
was captured via FLIR T640 thermal imager camera 
during the machining operation by placing the camera in 
the axial direction. The lubricant was supplied via the 
minimum quantity lubrication (MQL) method with an 
input pressure of 0.4MPa. The oil flow rate was fixed at 
0.16 l/h from the nozzle with a diameter of 2.5 mm. The 
nozzle was fixed at an angle of 45° and located 
approximately 8 mm from the cutting edge as shown in 
Figure 1. The experiment was conducted at constant 
machining parameters (cutting speed, Vc = 350 m/min, 
feed rate, fr = 0.12 mm/rev and width of cut, w = 2mm). 
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Figure 1 Nozzle location. 

 
3. RESULTS AND DISCUSSION 
3.1  Rheological properties 

Table 1 displays the kinematic viscosity and 
viscosity index. It was noticed that the kinematic 
viscosity of the reference oil (SE) at 40 and 100 °C are 
21.5 mm2/s and 5.6 mm2/s, respectively. The kinematic 
viscosity value of MRPO+hBN0.05% obtained the 
highest kinematic viscosity of 22.2 mm2/s at 40 °C and 
6.35 mm2/s at 100 °C.  This scenario was due to the 
lower thermal expansion (1x10 -6/°C) of hBN particles, 
thus improved the viscosity value [3]. Meanwhile, 
MRPO+PIL1% recorded the kinematic viscosity values 
of 22.21 mm2/s at 40 °C and 6.25 mm2/s at 100 °C. Both 
MRPO-based lubricants demonstrated the highest 
kinematic viscosity when compared to SE. This scenario 
was due to the presence of trimethylolpropane triester 
that provides good low-temperature properties. In 
addition, MRPO+PIL1% exhibited the highest viscosity 
index of 259 and this was followed by   
MRPO+hBN0.05% (245). The high viscosity index is 
desirable as it indicates little changes in viscosity across 
a wide range of operating temperature. 

 
Table 1 The rheological properties. 

Lubricant 
Kinematic 

viscosity [mm2/s] 
Viscosity 
index, 
VI 40 °C 100 °C 

Synthetic Ester (SE) 21.5 5.6 221 
MRPO+PIL1% 22.21 6.25 259 
MRPO+hBN0.05% 23.50 6.35 245 

 
3.2  Orthogonal cutting performance 

Figure 2 illustrated the cutting force, Fc and the 
maximum cutting temperature for all lubricant samples. 
It can be observed that SE recorded the highest cutting 
force of 612 N and cutting temperature of 308 °C, 
respectively. SE generated poor performance when 
compared to MRPO-based lubricants. From the results, 
MRPO+PIL1% showed the lowest cutting force of 607 
N and cutting temperature of 286 °C, respectively. 
Meanwhile, the cutting force and cutting temperature 
recorded by MRPO+hBN0.05% was at 610 N and 
298 °C. MRPO-based lubricants provided better 
lubrication film, subsequently reduced the friction at the 
cutting zone [5]. The additional of 1wt.% of PIL in 
MRPO-based lubricant attributed to a high polarity of 
ester molecule, thus resulted in the increased adsorption  

 
Figure 2 The cutting force and the maximum cutting 

temperature for all lubricant samples. 
 
rate of the additive molecules on the metal surface [6]. 
Furthermore, the presence of hBN particles in MRPO-
based lubricant provided a thin lubrication film that 
allows the particles to change from sliding friction to 
the rolling friction, thus reduced the force and heat 
generate [3]. 

 
4. CONCLUSIONS 

From the experimental results, it can be concluded 
that MRPO-based lubricants provided excellent 
lubrication film which reflected on the tribological 
performance of the contact surfaces. Thus, both 
MRPO+hBN0.05% and MRPO+PIL1% have a high 
potential to substitute the mineral oils as the 
metalworking fluid for machining process in regard to 
environment and health quality.  
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ABSTRACT – One of the major factors that determines 
the choice of engine oil is its viscosity. This research 
investigates the impact of graphene on the viscosity of 
engine oil before and after IC engine operation. 
Morphological changes of the graphene flakes have been 
studied to understand its dependency on the rheological 
performance of engine oil. Graphene based 
nanolubricants were synthesized to meet API SN/CF 
20W50 grade. Scanning electron microscopy graphs 
show that the graphene flakes undergo tribo-
morphological transformations to become tubes, helical 
coils and percolated structures. However, such changes 
do not significantly impact the viscosity of engine oil 
throughout its life-cycle. 
 
1. INTRODUCTION 

Fast advancing automotive industries continue their 
pursuit of improving heat transfer from engines for better 
performance.  Commonly used lubricants have inherently 
poor thermal conductivities that limit the heat transfer 
significantly. To overcome this drawback, a number of 
chemical based additives are blended with base oils. 
Nanoparticles which are being introduced as lubricant 
additives have an edge over the traditional thermal 
additives owing to their remarkable thermo-physical 
properties. Nanoparticles not only improve lubricant 
thermal conductivity but also significantly alter its 
viscosity [1]. Many engine oil formulations already 
contain viscosity modifies such as olefin copolymer 
(OCP) and polymethacrylate (PMAs). Original 
equipment manufacturers (OEMs) favor the lubricants to 
be within certain viscosity range. If the addition of 
nanoparticles to formulations alters its viscosity, it will 
limit its potential to be an additive. Moreover, if 
variations in lubricant viscosity are observed during 
engine operation, it might further restrict the use of 
nanoparticles as additives. Oils containing nanoparticles, 
popularly known as nanolubricants or nanofluids witness 
change in viscosity of base oils with the increasing 
nanoparticle concentration and temperature. Few reports 
have also found a relationship between thermal 
conductivity and viscosity of nanofluids [2,3]. 
Discrepancies exist over the relationship between 
viscosity and various other physical parameters [4]. 

However, recently discovered graphene has the 
advantage of causing negligible changes to lubricant 
viscosity [5]. Graphene is one layer of atomic carbon 
with theoretical specific surface area up to 2600 m2g-1 [6] 
and excellent in-plane thermal conductivity up to 5200 
Wm-1K-1 [7]. Compared to graphene based oils, polar 
solvents such as water and ethylene glycol based 
nanofluids have been investigated more. Viscosity 
enhancements ranging between 15-100% has been 
witnessed for several polar solvents. Very little or no 
explanation has been provided to justify the observed 
behavior of graphene based suspensions. In this study, 
kinematic viscosity and dynamic viscosity of graphene 
nanolubricant before and after subjecting to engine test 
has been investigated. Factors such as the graphene size, 
temperature and lubricity additive concentration have 
been considered.  
 
2. METHODOLOGY 

Engine oil meeting API 20W50 SN/CF 
specifications and natural polymeric ester based lubricity 
additive are obtained from Lube World, Sdn Bhd, 
Malaysia and Apar Industries Limited, India. Graphene 
nanopowders have flake thickness approximately 8-12 
nm were procured from Graphene Labs Inc, USA. 
Sample of nanolubricants are prepared by blending 
different ratios of graphene, oil and the additive. Stirring 
and 4 hours of sonication was performed using bath type 
sonicator (JAC Sonicator 1505, 4 kHz) to obtain 
homogeneous formulation. The samples were physically 
monitored to examine settling of nanoflakes. 
Morphology and elemental composition of graphene was 
characterized using Field Emission Scanning Electron 
Microscope (FESEM FEI Quanta 400F, USA). XRD 
pattern was acquired by producing X-rays with a voltage 
of 45 kV and 27 mA through copper material, with 
wavelength (K alpha) of 1.54 Å and filtration of x-ray 
through Ni using PANytical X-ray Diffractometer, 
Netherlands. Kinematic Viscosity at 40 and 100 oC was 
measured using ASTM D 445 standard procedure. 
Dynamic viscosity was measured using Anton Paar 
rheometer MCR 302. The used engine oils were obtained 
from our previous study [8], where the methodology of 
engine tests and used oil analysis is described in detail. 
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3. RESULTS AND DISCUSSION 
The engine oil properties were determined using the 

ASTM standards mentioned in the Table 1. 
 

Table 1 Engine oil properties. 

Property/characteristics Test Method 
API 
SN/CF 
20W50 

Appearance Visual Clear 
Liquid 

Colour visual ASTM D 1500 < 2.0 
Density at 29.5 C, gm/cc ASTM D 1298 0.865 
Viscosity at 40oC, 
kinematic, cSt   ( mm2/s ) ASTM D 445 159.7 

Viscosity at 100oC, 
kinematic, cSt ( mm2/s ) ASTM D 445 18.45 

Viscosity index ASTM D 2270 130 
TAN, mgKOH/gm   ASTM D 974 1.22 
TBN, mgKOH/gm ASTM D 2896 8.12 

 
The morphology of graphene analysed using SEM 

(Figure 1) shows that the structure of graphene in powder 
for is predominantly planar. The corresponding EDX 
graph shows the pristine nature of graphene. 

 

 
Figure 1 SEM images of graphene flakes used in the 

study.  
 

The dynamic viscosity results of the virgin oil and 
graphene nanolubricant confirmed its Newtonian 
behaviour. The kinematic viscosity of the oil without and 
with graphene had insignificant difference (157.20 
mm2/s) after the engine operation for 100 hrs. Graphene 
in the oil was found to undergo substantial morphological 
transformation (Figure 2) owing to several tribological 
phenomenon however, that did not affect oil viscosity. 

 
4. CONCLUSION 

Graphene added to improve the anti-wear and 
thermal properties of the oil undergoes several tribo-
morphological transformations. However, that does not 

affect the viscosity of oil before and after 100 hrs of 
engine operation.  

 

 
Figure 2. Graphene in oil before engine test, A - 

partially rolled, B – Twisted; Graphene in oil after 
engine test, C - Fulled rolled and partially exfoliated, D 

– Percolated and Entangled. 
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ABSTRACT – Using an engine oil M16A adding 
aggregate type soft matter additive, high pressure 
density and high pressure viscosity properties have been 
experimentally investigated. Consequently, it was found 
that the engine oil M16A shows the almost same 
pressure viscosity coefficient as comparative PAO 40 
with high viscosity. In addition, entrapped EHL oil film 
formation and its variations over time have been 
examined under impact loading condition. In both of 
M16A and PAO40, decrease in film thickness caused by 
liquid behavior of oil films was observed, and the oil 
film of M16A disappeared quickly compared with 
PAO40 having large lubrication parameter αη0. 
 
1. INTRODUCTION 

In the present investigation, using an engine oil 
adding the soft matter additive which form the 
aggregating film under severe lubricating conditions, 
high pressure viscosity test and high pressure density 
test were carried out, and the elastohydrodynamic 
lubrication (EHL) oil films under the impact loading 
were observed. In comparison with the test results 
obtained by a hydrocarbon synthetic lubrication oil 
polyalphaolefin (PAO), it was examined how the base 
oil and the soft matter additives influence on high 
pressure physical properties and EHL oil film formation. 
 
2. TEST OILS AND THESE REPRESENTATIVE 

PROPERTIES 
Test oil is 5W-40 multi grade engine oil M16A 

adding the soft matter additive which forms aggregated 
films under sever operating condition. Its representative 
properties (ρ: density, ν: kinematic viscosity, VI: 
viscosity index) are shown in Table 1. A polyalphaolefin 
(PAO) 40 with the representative values indicated in 
Table 1 was employed as a comparative test oil.  

 
Table 1 Table caption. 

Oil ρ, g/cm3 
at 288K 

ν, mm2/s 
VI 

313 K 373 K 
M16A 0.857 79.0 13.5 174 
PAO40 0.845 395 40.0 124 

 
3. RESULTS AND DISCUSSION 
3.1 High pressure viscosity property of test oil 

In the high pressure viscosity experiments of test 
oil, the high pressure viscometer of the falling-ball type 
designed in Saga University [1] was used. Test 
temperatures were four levels of 283 K, 293 K, 313 K 
and 333 K. Each load of 9.8 kN, 19.6 kN or 29.4 kN 

was applied. The pressure p to each load becomes 0.08 
GPa, 0.17 GPa or 0.25 GPa, respectively. 

Figure 1 shows the experimental results of high 
pressure viscosity test. In the tests with the engine oil 
M16A adding the soft matter additive at the temperature 
of 283 K, when the pressure of 0.25 GPa was applied, 
light quantity through the sapphire observation window 
suddenly decreased. Consequently, the value of 
viscosity could not be obtained. Therefore, the substitute 
experiments at the pressure of 0.21 GPa were 
performed. The measuring result is also shown in the 
figure. Pressure viscosity coefficient α [GPa-1] showed 
in the figure was calculated based on the values of high 
pressure viscosity. Solid line and broken line are 
approximation straight lines obtained by applying the 
values of pressure viscosity coefficient to Barus 
equation. The pressure viscosity coefficients of M16A 
indicate almost the same values as PAO 40. 

 

 
Figure 1 High pressure viscosity of test oils. 

 
3.2 High pressure density property of test oil 

For measuring high pressure density of test oil, 
high pressure densitometer of plunger type designed in 
Saga University [1] was employed. Two milliliters of 
test oil was poured into the pressure vessel of the high 
pressure densitometer. While the load in the range from 
4.9 kN to 147 kN was continuously applied to the test 
oil, pushing depth of the plunger was measured at every 
load increase of 4.9 kN. From the measuring depth 
volume V [mm3] and density ρ [g/cm3] of test oil were 
obtained, and then the relations of these values with the 
pressure were examined. Test temperatures of M16A 
were 283 K, 293 K, 303 K and 313 K. In the case of 
PAO 40, these were set at 263 K and 283 K. 

From the results of the high-pressure density test, 
the bulk modulus K [GPa] was calculated [1], and the 
relations between the bulk modulus and pressure in the 
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test oils were examined. In the engine oil M16A, when 
the pressure exceeded 0.6 GPa, the difference in the 
increase rate of the bulk modulus was found depending 
on test temperature. Namely, in the temperature of 263 
K, 268 K, 273 K and 283 K, bulk modulus rapidly rose 
at the pressure of 0.69 GPa, 0.75 GPa, 0.81 GPa and 
0.92 GPa, respectively. In the test with PAO40, when 
the test temperatures were 263 K and 283 K, the same 
phenomena were observed at the pressure of 0.57 GPa 
and 0.94 GPa. These pressures where the abrupt 
changes in the bulk modulus occurred were regarded as 
the viscoelastic solid transition pressure pVE [GPa] to the 
test temperatures. 

 
3.3 Phase transition diagram of test oil 

Viscoelastic solid transition temperature TVE0 [K] 
at atmospheric pressure is measured by the low 
temperature photo-elasticity test [1]. From the transition 
temperature in atmosphere and the viscoelastic solid 
transition pressures, the phase transition diagram of test 
oil can be produced. Figure 2 shows the phase transition 
diagrams of the test oil M16A and the comparative oil 
PAO40. Plot dots in the figure represent measured 
values. Using these values, the viscoelastic solid 
transition temperature TVE [K] derived by least square 
method is given by below equation. 

( )pAATT VEVE ++= 210 1ln  (1) 
Where p is pressure with unit of [GPa]. Coefficients for 
the test oil M16A are A1=1057 K and A2=0.066 Pa-1. In 
the case of PAO40, A1 and A2 are 87K and 1.663 Pa-1. 
The values of the viscoelastic solid transition 
temperature TVE0 at atmospheric pressure for M16A and 
PAO40 are 222 K and 207 K, respectively. 

 

 
Figure 2 Phase transition diagrams of test oils. 

 
3.4 Entrapped EHL oil film observation test under 

impact loading 
Using the impact loading testing machine 

combining interference type film thickness measuring 
device, EHL oil films were observed [2]. Test 
temperature was kept at 293 K. The load of 73.4 N was 
applied. In this instance, maximum Hertzian pressure pH 
in a stationary state is equivalent to 0.64 GPa. Steel ball 
with a diameter of 23.8 mm was impacted on a pyrex  

glass plate with a diameter of 45 mm and thickness 
5 mm. Young modulus E and poisons ratio ν of the glass 
are 63.7 GPa and 0.2 respectively. Gap between the 

steel ball and the glass is 60 μm. Chromium coating 
with thickness of 50 nm was deposited on the glass 
contact surface. Wavelength of light source through the 
red filter is 0.6 μm. The reflection factors of test oil 
M16A and comparative synthetic oil PAO40 are 1.47 
and 1.48, respectively. Therefore, the interference 
fringes of both test oils appear at interval of film 
thickness of about 0.2 μm. 

Figure 3 shows interference fringe observation 
photos at the times of 1 s and 60 s, 90 s after impact 
loading. In the phase transition diagrams of Figure 2, 
the test point at the pressure of 0.64 GPa and the 
temperature of 293 K is represented by red point. In 
both M16A and PAO40, the changes in the interference 
fringes caused by oil outflow were observed, and so it 
was suggested that the variations in entrapped EHL oil 
films relate to liquid behavior of the oil films indicated 
in the phase transition diagram. After 1 second, the oil 
film thickness of PAO40 was thicker than M16A. In the 
engine oil M16A, whole of the circle area with radius of 
about 0.1 mm from central of oil film showed dark 
stripe. It was predicted that the entrapped EHL oil film 
of M16A is affected by the behavior of aggregated type 
soft matter. The dark stripe at the time of 90 s 
represented distorted shape, and the flat oil films 
disappeared quickly compared with PAO40. 

 

   

   
Figure 3 Interference fringes under impact contact. 
 

4. CONCLUSION 
The engine oil M16A adding the molecule 

aggregate type soft matter additive showed almost the 
same pressure viscosity coefficient as the comparative 
synthetic oil PAO40. In the both test oils, the decreasing 
process of the entrapped EHL oil films caused by the 
liquid behaviour of oil film were observed. In the case 
of M16A, the entrapped EHL oil films disappeared 
faster than PAO40 with high viscosity. 
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ABSTRACT – DLC application to engine components 
can reduce friction inside automobile engine. However 
clarification of lubricant additives effects to DLC is 
necessary to avoid components failure. In this study, 
friction test between SUJ2 balls and as-deposited plus 
ultraviolet (UV) irradiated a-C:H coatings was 
conducted in four different lubricant oils. Friction test 
results showed that UV irradiated a-C:H gives lower 
friction coefficient than as-deposited a-C:H. Surface 
analysis reveals that UV irradiation creates thicker 
tribofilm and dangling bonds formed attract more 
lubricant additives element to attached on its own 
surface and its counter materials resulting lower friction 
coefficient than the as-deposited a-C:H. 
 
1. INTRODUCTION 

DLC is an amorphous material which is a 
combination of both sp2 and sp3 structures that has the 
properties of low in friction, high hardness, chemically 
inert and highly wear resist. However, in order to apply 
DLC in engine components, one problem might happen 
which is the incompatibilities between DLC and 
lubricant additives. If this problem not being solved, this 
ultimately will cause DLC coated parts failure.  

ZnDTP is one of oil additives that have been 
extensively used for a long time. There are numerous 
studies regarding on the tribological characteristics of 
DLC films in ZnDTP oil lubrication [1]. And some 
studies reported that due to the existence of MoDTC in 
lubricant oils, the fraction of the anti-friction additives 
accelerate the wear of DLC when rubbed against steel 
[2]. For the case of lubrication in GMO, it contacted 
with DLC in the shape of ester plus the hydroxyl groups 
in the molecule enact an important part during the 
interaction [3]. 

Gadallah et al. also found that UV irradiation 
reduces the hydrogen composition and the ratio of sp3 
to sp2 hybridization then produces a long graphene 
layers on the irradiated DLC coatings. They also 
discovered that graphite fibres formed on the processed 
DLC coatings [4].  

However, no attempt was made to investigate the 
effects lubricant additives to the ultra-violet (UV) 
irradiated DLC coating. In this investigation, UV 
irradiation process have been done to hydrogenated 

amorphous carbon (a-C:H), and their characteristic in 
terms of friction and tribofilm formation has been 
studied when lubricated by four types of additives added 
lubricant oil. 
 
2. METHODOLOGY 
2.1 Hydrogenated DLC and lubricant oil additives 

The a-C:H coating used in this study has a 
hydrogen content of 16% on the Si (100) substrate by 
about 1.8 μm. Four types of oil used in this study which 
is anti-wear ZnDTP included base oil, ZnDTP and anti-
friction MoDTC included base oil, ZnDTP and anti-
friction GMO included base oil and lastly only base oil.  

 
2.2 UV irradiation and friction tester equipment 

Figure 1 shows a schematic diagram of the ball-on-
disk friction test apparatus used. In the friction test, the 
load was 1.0 N, the sliding speed of the two opposing 
surfaces was 6.28 × 10 -2 m / s (200 rpm), and the 
atmosphere temperature was at room temperature. 

 

 
Figure 1 Ball-on-disk friction test equipment 

schematics. 
 

2.3 DLC surface and tribofilm analysis equipment 
Atomic force microscope (AFM), nano-indentation 

hardness tester ENT-2100, ellipsometery (MART-102), 
scanning white light interferometry (Zygo, Newview) 
and the energy dispersive X-ray spectroscopy (EDS) 
was utilized to analyse the DLC coatings surface before 
and after the ultraviolet irradiation and friction test. 
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3. RESULTS AND DISCUSSIONS 
3.1 Friction coefficient 

Figure 1 shows the results of steady state friction 
coefficient in the last 5000 cycles of friction test. In 
each type of lubricant oils, UV irradiated a-C:H showed 
lower friction coefficient than the as-deposited a-C:H 
with reduction from 0.091 to 0.080 in Base oil, 0.056 to 
0.038 in ZnDTP oil, 0.080 to 0.065 in ZnDTP+MoDTC 
oil and 0.051 to 0.046 in ZnDTP+GMO oil. 

 

 
Figure 1 Frictional behaviour of as-deposited and UV 

irradiated a-C:H coating in 4 different type of oils. 
 

3.2 Tribofilm formation observation 
Figure 2 and 3 shows the results of lubricant 

additives element EDS analysis detected on both a-C:H 
disks and SUJ2 balls. No lubricants additives element 
detected on UV irradiated and non-irradiated a-C:H and 
its counter materials when lubricated with Base oil. But 
in ZnDTP lubrication, higher traces of lubricant 
additives detected on UV irradiated a-C:H disk and the 
counterpart SUJ2 ball. The same trend can be seen in 
ZnDTP+GMO lubrication but for the lubrication in 
ZnDTP+MoDTC, except for sulphur that cannot be 
traced on SUJ2 ball of UV irradiated a-C:H disk, the 
rest of the element showed higher atomic percentage 
compared to the case of as deposited a-C:H disk. Based 
on these results, the findings suggest that UV irradiation 
process helps to generate thick tribofilm on both UV 
irradiated a-C:H and its counterpart SUJ2 balls. These 
were made possible by the dangling bonds and thin 
graphite layer formed on the topmost surface of a-C:H 
disk and is consistent with findings of past studies [4]. 

 

 
Figure 2 Lubricant additives element analysis by EDS 

on SUJ2 balls. 
 

 
Figure 3 Lubricant additives element analysis by EDS 

on as-deposited and UV irradiated a-C:H disks. 
 
4. CONCLUSIONS 

The primary conclusions can be summarized as 
follows: 

(a) Friction coefficients of UV irradiated a-C:H 
coatings exhibited lower friction coefficient 
compared to the as-deposited a-C:H in all 
four type of additives added lubricant oils. 

(b) UV irradiation helps to generate thicker 
tribofilm on both UV irradiated a-C:H disks 
and its counterpart material SUJ2 balls thanks 
to the existence of dangling bonds and 
graphite layer on the topmost surface of UV 
irradiated a-C:H disks that cause the tribofilm 
to stick more on both UV irradiated a-C:H 
disks and SUJ2 balls instead of only on SUJ2 
balls as in as-deposited a-C:H disk. 
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ABSTRACT – The free volume of a liquid is an 
important concept as we can see from the Doolittle 
equation which shows that the viscosity is dependent on 
only the free volume. On the other hand the bulk modulus 
of liquids depends linearly on the pressure as shown in 
the Murnaghan equation. It is found that the dependence 
of the bulk modulus of liquids arises from the free 
volume and a new model is proposed. Measurements of 
the bulk modulus for typical lubricants were given and 
the free volumes were accordingly estimated by using the 
proposed model, which shows that the model is 
reasonable. 
 
1. INTRODUCTION 

The free volume of a liquid is the volume in excess 
to the random close-packed volume [1], which may be 
present as holes or irregular voids. The fractional free 
volume, which is defined as the ratio of the free volume 
to the total volume, is considered to be constant at the 
glass transition temperature for most of systems [2], and 
it is around 0.025 [3] which means that the fractional 
closed-packed volume at the temperature is 0.975. The 
free volume provides the fluidity and controls the 
viscosity of a fluid which is summarized in the Doolittle 
equation [4]. The free volume increases with the 
temperature, but decreases with the pressure. The 
Doolittle equation makes it possible to predict the 
viscosity of a liquid at any given temperature and 
pressure only if the dependence of the free volume on the 
temperature and the pressure is clarified, which has been 
explored by Bair et al [5].  

 In this paper, a new approach to the measurement 
of the free volume is given in terms of the bulk modulus. 

 
2. BULK MODULUS OF LIQUIDS 

The bulk modulus K of a liquid is defined as  

𝐾 = −
𝑑𝑝

𝑑𝑉/𝑉
 (1) 

where p is the pressure applied, and V the volume of the 
liquid. 

The volume of liquids can be divided into two 
different parts: the free volume and the occupied volume. 
The bulk modulus K can be decomposed as follows 

1
𝐾

= −
𝑑𝑉

𝑉𝑑𝑝
= −

𝑑𝑉𝑓 + 𝑑𝑉𝑜

𝑉𝑑𝑝
=

1
𝐾𝑓

+
1

𝐾𝑠
 (2) 

Where 𝐾𝑓 and 𝐾𝑠 are the nominal bulk moduli of the free 
volume and the occupied volume, respectively. The bulk 
modulus of the free volume defined above is the nominal 
value and its real value should be given by 

1
𝐾𝑟𝑓

= −
𝑑𝑉𝑓

𝑉𝑓𝑑𝑝
= −

𝑑𝑉𝑓

𝑉𝑑𝑝
𝑉
𝑉𝑓

=
1

𝐾𝑓

1
𝑓

 (3) 

𝐾𝑟𝑓 = 𝑓 ∙ 𝐾𝑓 (4) 

Where f is the fractional free volume.  
Equation (4) shows that, to the extent that the real 

bulk modulus of the free volume is independent of 
pressure, the nominal bulk modulus will be inversely 
proportional to the fractional free volume which 
decreases as pressure increases.  

The fractional free volume f can be expressed in 
terms of the pressure to the extent that the real volume 
modulus of the free volume is independent of the 
pressure as follows 

𝑓 =
𝑉𝑓

𝑉
=

𝑉𝑓0𝑒
− 𝑝

𝐾𝑟𝑓

𝑉
= 𝑓0𝑒

− 𝑝
𝐾𝑟𝑓  (5) 

Therefore 

𝐾𝑓 = 𝐾𝑟𝑓/𝑓 =
𝐾𝑟𝑓

𝑓0𝑒
− 𝑝

𝐾𝑟𝑓

= 𝐾𝑓0𝑒
𝑝

𝐾𝑟𝑓  (6) 

Combining equation (2) and (6) gives 

𝐾 =
𝐾𝑓𝐾𝑠

𝐾𝑓 + 𝐾𝑠
=

𝐾𝑓0𝐾𝑠𝑒
𝑝

𝐾𝑟𝑓

𝐾𝑓0𝑒
𝑝

𝐾𝑟𝑓 + 𝐾𝑠

 (7) 

At low pressure where 

𝑝/𝐾𝑟𝑓 ≪ 1, and 𝐾𝑓 ≪ 𝐾𝑠 (8) 

equation (7) can be approximated by 

𝐾 ≅ 𝐾𝑓 ≅
𝐾𝑟𝑓

𝑓0
(1 + 𝑝/𝐾𝑟𝑓) =

𝐾𝑟𝑓

𝑓0
+

𝑝
𝑓0

 (9) 

This is no more than the Murnaghan equation [6] 
𝐾 = 𝐾0 + 𝛼𝑝𝑝 (10) 

if we let 

𝛼𝑝 =
1
𝑓0

 (11) 

Equation (7) shows the possibility of measuring the 
fractional free volume of a liquid by measuring the 
pressure dependence of the bulk modulus which has been 
well established. The Mornaghan equation is only an 
approximation of equation (7) at low pressure. 
 
3. EXPERIMENTATION 

Figure 1 shows the schematic of the high pressure 
densimeter used in this study. The densimeter is basically 
a dilatometer which measures the volume change with 
pressure by measuring the displacement of the plunger 
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during loading. The dilatometer is generally not 
recommended to be used for the quantitative 
measurement of density for its lack of the accuracy which 
arises from the deformation of the high pressure chamber. 
The effect of the deformation of the chamber is 
eliminated in this study by measuring twice the 
displacement for the same oil under two different initial 
volumes which is realized by immersing a steel pillar into 
the high pressure chamber. The bulk modulus is then 
given by 

𝐾 = (ℎ𝑐 − (ℎ − ℎ′))
𝑑𝑝

𝑑(ℎ − ℎ′) (12) 

Where ℎ𝑐 is the height of the pillar.  
 

 
Figure 1 Schematic of the differential high pressure 

densimeter used in this study. 
 

4. RESULTS AND DISCUSSION 
Figure 2 shows the measurement of the dependence 

of the bulk modulus on the pressure for lubricant KTF1, 
together with the linearly fitted line of the Murnaghan 
equation and the theoretically fitted curve of equation (7) 
for comparison. The Murnaghan equation and equation 
(7) gave very similar pressure dependence of the bulk 
modulus as shown in Figure 2. However the following 
shows that two models gave very different fitted 
parameters. 

The fitted Murnaghan equation for KTF1 is given 
by 

𝐾 = 0.6 + 8.97𝑝 GPa (13) 
which suggested that  

𝐾𝑓0 = 0.6 GPa 
𝐾𝑟𝑓 = 0.066 GPa 
𝑓0 = 0.11 

(14) 
(15) 
(16) 

On the other hand, the theoretically fitted equations 
are 

𝐾𝑓 = 1.6𝑒3.5𝑝 GPa 
𝐾𝑠 = 10 GPa 

(17) 
(18) 

giving 
𝐾𝑓0 = 1.6 𝐺𝑃𝑎 
𝐾𝑟𝑓 = 0.29 𝐺𝑃𝑎 

𝑓0 =
𝐾𝑟𝑓

𝐾𝑓0
= 0.18 

(19) 
(20) 

 
(21) 

The two models gave very different fitting results. The 
compressibility, which should be in the same magnitude 
order as the fractional free volume, of KTF1 up to a 
pressure of 1 GPa is around 20%. Therefore equation (7) 

given in this paper is fitter than the Murnaghan equation 
for the fitting parameter of the fractional free volume. 
The Murnaghan equation is much simpler in form than 
equation (7) and may be used to predict the dependence 
of the bulk modulus on the pressure, but it is not 
recommended to use the Murnaghan equation for fitting 
parameter.  
 

 
Figure 2 Measurement of the pressure dependence of 
the bulk modulus for KTF1, together with the linearly 

fitted and theoretically fitted results. 
 
5. CONCLUSION 

A new model of predicting the pressure dependence 
of the bulk modulus of liquids was proposed by 
considering the effects of the free volume and the 
occupied volume on the compressibility of liquids. It is 
found that the Murnaghan equation is an approximation 
of the proposed model at low pressure, and that the 
fractional free volume is estimated very well from the 
measured dependence of the bulk modulus on the 
pressure by using the model. The fraction free volume of 
the lubricant KTF1 under atmosphere pressure is around 
18%. 
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ABSTRACT – The effects of organic friction modifier; 
GMO and PLA/HEA on lubricity of MoDTC were 
investigated using a reciprocating-type tribotester and 
several surface analyses. From the results of friction tests, 
the lubrication with PAO (poly-alpha olefin) + MoDTC 
+ PLA/HEA exhibited lower friction coefficient than the 
lubrication with PAO + MoDTC, whereas the lubrication 
with PAO + MoDTC + GMO exhibited higher friction 
coefficient than the lubrication with PAO + MoDTC. The 
surface analysis results indicate that GMO inhibited the 
formation of MoS2 tribofilms on the sliding surface.  

 
1. INTRODUCTION 

In an effort to solve various environmental issues, 
there is growing demand for improved fuel efficiency in 
the automotive industry. Reducing friction and wear in 
engine components is one of the wildly-recognized 
approach to meet the demand.   To reduce the friction loss 
and wear of sliding components, the optimized design of 
engine lubricants that can give excellent tribological 
performance is required.   

 In a great deal of chemical compounds for engine 
lubricants, MoDTC is one of the great promised friction 
modifier commonly used in engine lubricants. It is well 
known that MoDTC can reduce boundary friction due to 
the formation of a MoS2 tribofilm that is well known as a     
low frictional solid lubricant [1]. On the other hand, 
organic friction modifiers (OFMs) that can give low 
friction under especially mixed lubrication are also 
essential for engine lubricants since the sliding 
components in automotive engines are normally operated 
under boundary, mixed and hydromagnetic lubrication 
regimes. However, there is a serious problem that 
MoDTC and OFM inhibits their performance each other 
when they are used together in engine lubricants [2].   

In order to achieve further low friction and wear, the 
synergetic effects of MoDTC and OFM is required. 
Therefore, we aim to reveal the interaction between OFM 
and MoDTC under boundary lubrication that can achieve 
a desired tribological performance. In this study, we 
investigated the effects of organic friction modifiers on 
lubricity of MoDTC.      

 
2. EXPERIMENTAL DETAILS 

Sliding tests were performed by using cylinder-on-
disk type sliding tester (SRV, Optimol, GE), as shown in 
Figure 1. Test conditions are listed in Table 1. The test 
specimens used in this study were the 52100 bearing steel 
disk and cylinder. Poly-alpha-olefin (PAO4, VG16) was 

used as the base oil. MoDTC, glycerin monooleate 
(GMO), Poly-lauryl-acrylate-hydroxyethyl-acrylate 
(PLA/HEA) were used as lubricant additives. Their 
chemical structures are shown in Table 2. Lubricants used 
in this study were pure-PAO, PAO + MoDTC, PAO + 
GMO,PAO +PLA\HEA, PAO + MODTC + GMO and 
PAO + PLA/HEA + MoDTC. After the sliding test, 
Raman spectrometer (in Via spectrometer, Renishaw, 
ENG) and EDS (Energy Dispersive X-ray Spectroscopy) 
(SUPRA 40, Zeiss, DE) were used to evaluate the 
composition of tribofilms.  

 

 
Figure 1 Schematic diagram of sliding tester. 

 
Table 1 Test conditions. 

 
 

Table 2 Chemical structure. 

 
 

3. RESULTS AND DISCUSSION 
3.1 Friction properties 

Figure 2 shows the friction behavior for each 
lubricant. For PAO + MoDTC, the friction coefficient 

Reciprocation

Load
SUJ2 

Oil 
SUJ2 

 

Load [N] 80 
Temperature [°C] 100 

Stroke [mm] 1.0 
Frequency [Hz] 50 

Lubricant [µl] 300 

Test duration [min.] 30 

 

MoDTC 

 

GMO 

 

PLA/HEA 

 
 

 

 

 

X=hydroxyethyl  
R=lauryl(C12) 
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was stable at 0.08. For PAO + MoDTC + GMO, the 
friction coefficient was 0.09. On the other hand, For PAO 
+ MoDTC + PLA/HEA, the friction coefficient was 
stable at 0.06. This indicates that GMO inhibited the 
MoDTC-derived low frictional properties and the 
combination of PLA/HEA and MoDTC led the 
synergistic effects to achieve lower friction than MoDTC 
alone solution.  

  
3.2 Raman results 

The Raman spectra were obtained using a 532-nm 
laser, with a maximum power output of 5 mW. The radius 
of the laser spots was 6 µm. Figure 3 shows Raman 
analysis was conducted on the rubbed surface of the disk 
for PAO + GMO + MoDTC and PAO + PLA/HEA + 
MoDTC. They all show the C-H bond peak of PAO (840-
895, 1081, 1303, 1442 cm-1) [3]. For PAO + MoDTC + 
PLA/HEA, a peak derived from MoS2 (378, 412 cm-1) 
was also confirmed although these peaks were not 
observed for PAO + GMO + MoDTC [4]. 

 

 
(a) 

 

 
(b) 

Figure 2 Frictional behavior of (a) GMO added oil and 
(b) PLA/HEA added oil.        

 
3.3 EDX results 

Figure 4 shows the atomic concentration of MoS2- 
derived elements (iron, oxide, carbon, sulfur) calculated 
from EDS element mappings of the worn surfaces on the 
steel disk after the friction test. For PAO + MoDTC and 

PAO + MoDTC + PLA/HEA, the sulfur concentration 
was almost 4.9 %. On the other hand, for PAO + MoDTC 
+ GMO, the sulfur concentrationwas 1.6 %, which was 
significantly lower than the other cases. 

 

 
(a) PAO+MoDTC+ GMO 

 

 
(b) PAO+MoDTC+PLA/HEA 

Figure 3 Raman spectra 
 

 
Figure 4 Concentration of Fe, O, S. 

 
PAO + MoDTC + PLA / HEA exhibited the lowest 

value than the other MoDTC solutions. The results of the 
Raman and SEM analysis showed the formation rate of 
MoS2 for PAO + MoDTC + PLA / HEA was higher than 
the case of PAO + GMO + MoDTC. This strongly reletd 
to the low frictional behavior of the combination of 
mODTC and PLA/HEA. The details will be shown in the 
presentation.   

 
4. SUMMARY 

The effect of organic friction modifiers on lubricity 
of MoDTC in the presence of organic friction modifiers 
and MoDTC was investigated. The main conclusions are 
as follows: 

(a) For lubrication with PAO + MoDTC + 
PLA/HEA, it is confirmed that friction 
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reduction effect exceeding that of MoDTC alone 
added oil. 

(b) For lubrication with PAO + MoDTC + GMO, 
GMO inhibited the formation of MoS2 tribofilm, 
therefore friction coefficient increased. 
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ABSTRACT – Starvation phenomenon widely exists in 
the non-conforming contacts when high-viscosity 
lubricating oil or greases are used. However, most of 
work focuses on the steady state starvation; the 
phenomenon of instantaneous starvation is not well 
explored by scholars. This paper experimentally studies 
the effect of speed, base oil viscosity and load on 
instantaneous starvation, and proposes some impro-
vement measures to weaken the instantaneous starvation.  
 
1. INTRODUCTION 

Starvation often occurs in tribological contact due 
to reduced lubricant availability which generally 
accompanies with the decreased protective fluid film, 
and then even moderate surface roughness can lead to 
component damage. This is especially true with use of 
grease-lubricated or high-viscosity-oil-lubricated 
applications. Lots of theoretical and experimental work 

has been done to investigate the effects of the operating 
conditions and the lubricant properties on the starvation. 
Recently, Wang [1] et al. used the multiple-contact 
optical EHL test rig to investigate the starvation of 
grease-lubricated finite line contact, and they found 
even in a short period of time there is a significant 
change in the thickness of the film, as shown in Figure 1.  

The film-thickness interference images of one 
period are showed in Figure 2. These high frequency 
fluctuations indicate "Instantaneous Starvation" 
phenomenon. Many factors may cause this phenomenon, 
such as the vibration of test rig, the variation of speed 
and the lubricant properties. In this paper, effect of 
speed, base oil viscosity and load on this phenomenon is 
firstly investigated with the elastohydrodynamic 
lubrication (EHL) test rig, and then some improvement 
measures are proposed to weaken this phenomenon.  

 

 
Figure 1 Change in film thickness over time [1]. 

 
Figure 2 Variation of the oil film interference image in 

one cycle (corresponding to B in Figure 1) [1]. 
 

2. TEST RIG AND CONDITIONS 
2.1 Test Rig 

Figure 3 shows the schematic of finite line contact 
EHL test rig used in this work. 

 

  
Figure 3 Schematic of EHL testing machine. 

 
2.2 Test conditions and lubricants 

Table 1 shows the test conditions used in this study. 
The kinematic viscosity of PAO at 40℃ varies from 
30.5mm2/s to 1000mm2/s. 

 
Table 1 Test conditions. 

Needle roller  6×12 
Load 293N ~ 672 N 
Speed 0.107 m/s ~ 0.321 m/s 
Experiment time 4 min 
Frame rate 300 frames/s  
Lubricant (Synthetic oil) Poly Alpha Olefin (PAO) 

 
3. EFFECT OF OPERATING CONDITIONS ON 

INSTANTANEOUS STARVATION 
3.1 Effect of speed on instantaneous starvation 

Figure 4 gives the effect of speed on instantaneous 
starvation. It can be found that when the high-viscosity 
base oil is used, as the speed increases, the film 
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thickness increases, and the high frequency fluctuation 
of film thickness weakens and finally disappears. This is 
because as the speed increases, the amount of 
lubricating oil involved in the contact area increases 
correspondingly, and the volume of lubricant passing 
contact areas per unit of time also increases, which may 
weaken instantaneous starvation. Under this working 
condition, when the speed is larger than 0.321 m/s, the 
instantaneous starvation phenomenon disappears.  

 

 
Figure 4 Variation of film thickness with time at 
different speeds (w = 200 N, v = 1000 mm2/s). 
 

3.2 Effect of base oil viscosity on instantaneous 
starvation 
Figure 5 gives the effect of base oil viscosity on 

instantaneous starvation. It can be found that as the 
viscosity decreases, the film thickness decreases, and 
the high frequency fluctuation of film thickness 
weakens and finally disappears, since reducing the 
viscosity of base oil will decrease the internal shear 
stress of lubricant, which can improve the mobility of 
the lubricant and weaken instantaneous starvation. Thus, 
the instantaneous starvation phenomenon disappears. In 
this working condition, when the base oil viscosity is 
lower than 58mm2/s, the instantaneous starvation 
phenomenon disappears. 

 

 
Figure 5 Variation of film thickness with time at 
different viscosities (w = 200 N, u =0.107 m/s). 
 

3.3 Effect of load on instantaneous starvation 
Figure 6 gives the effect of load on instantaneous 

starvation; it can be found as the load increases; the film 
thickness slightly decreases. In addition, the load has 
little influence on the instantaneous starvation.  

 

 
Figure 6 Variation of film thickness with time at 
different loads (u = 0.107 m/s, v = 242 mm2/s). 

 
3.4 Effect of non-Newtonian fluid 

In order to investigate non-Newtonian fluid on 
instantaneous starvation, the viscosity improver additive 
(PMA) is added to base oil (PAO), which can form non-
Newtonian fluid. From figure 7, it can be found that 
although two lubricants have the similar kinematic 
viscosity, the film thickness of non-Newtonian fluid is 
lower than that of Newtonian fluid, and the 
instantaneous starvation non-Newtonian fluid weakens 
comparing to Newtonian fluid. This is because shear-
thinning behavior exists in non-Newtonian fluid under 
high shear stress which can cause temporary loss of 
viscosity. Thus, non-Newtonian fluid can weaken the 
instantaneous starvation. 

 

 
Figure 7 The influence of non-Newtonian fluid on 

instantaneous starvation. 
 
4.     CONCLUSION 

The instantaneous starvation phenomenon is 
experimentally investigated by using the multiple-
contact optical EHL test rig. It can be found that the 
operating speed and the base oil viscosity are the two 
primary factors in the instantaneous starvation 
phenomenon. The load has little influence on the 
instantaneous starvation. Using the non-newton fluid 
can weaken the instantaneous starvation. 
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ABSTRACT – In this study, aluminum powders were 
deposited using two different cold spray processes 
which are high pressure cold spray process (HPCS) and 
low-pressure cold spray process (LPCS). The main 
objective is to investigate and compare the 
microstructure, mechanical and wear properties of 
aluminum coatings using HPCS and LPCS processes. 
The microstructure, hardness, wear and elemental 
composition were evaluated using Scanning Electron 
Microscope, Vickers Hardness test, pin-on disc wear test 
machine and Energy-dispersive X-ray spectroscopy, 
respectively. It was found that the aluminium coatings 
using LPCS process exhibited slightly better mechanical 
and wear properties compared to the aluminium 
coatings using HPCS process. 
 
1. INTRODUCTION 

Aluminium (Al) alloys are lightweight with high 
corrosion resistance, its ductility and strength led to its 
increased use in transportation systems to reduce fuel 
consumption. However, Al is highly susceptible to 
severe crack and wear. In order to overcome these 
damages, cold spray (CS) is used to repair and minimize 
any potential phase transformation and keeps the 
particles in their unmodified solid state. There are two 
processes of CS known as high pressure cold spray 
process (HPCS) and low-pressure cold spray process 
(LPCS) as deposition method of wear resistant coatings 
and repair of defective structural constituent elements. 
Furthermore, Wang et al. reported bonding mechanism 
between particles in the CS Al coating [1]. They found 
high strain-rate deformation on the surface area due to 
the mechanical bonding between two particles [1]. This 
study focuses on the mechanical and wear properties of 
Al coatings prepared using HPCS and LPCS processes 
by means of Scanning Electron Microscope (SEM), 
Vickers Hardness test, pin-on disk wear test machine 
and Energy-dispersive X-ray spectroscopy (EDX). 
 
2. METHODOLOGY 

The CS deposition process for HPCS and LPCS 
was conducted using PCS-203(Plasma Giken Kogyo 
Co. Ltd, Japan) and DYMET403J (Obninsk Center for 
Powder Spraying, Russia), respectively. The feedstock 
powder of Al (AL G-AT, Fukuda Metal Foil & Powder 
Corporation) with diameter of 25 µm and aluminium 

1100 as substrate were used. Helium and compressed air 
were used as working gas for HPCS and LPCS, 
respectively.  

The hardness of the different coating processes 
was measured using Vickers hardness test machine at 
room temperature. Meanwhile, friction and wear test 
were performed with micro pin-on disc tribotester 
(model CM-9109, Ducom, Bangalore). The tests were 
conducted for different loads 2N, 3N and 5N and sliding 
velocity constant at 0.1 m/s.   

The samples were cut using Buehler Isomet 
Precision Saw and followed by grinding and polishing 
processes for highly reflective surface. The cross-
sectional microstructures, surface morphologies and 
wear tracks, and elemental composition were examined 
using SEM (Hitachi SU1510) and EDX analysis. 
 
3. RESULTS AND DISCUSSION 
3.1 Microstructure and mechanical  

Figure 1 shows the SEM images of Al coatings 
using (a) HPCS and (b) LPCS processes. Larger pores 
were observed in HPCS coatings compared to that of 
LPCS coatings indicating higher porosity with larger 
pores and partial deformation due to subsequent high 
velocity impact among particles. On the other hand, the 
Al coating deposited via LPCS process was fully 
deformed with excellent bonding between particles in 
the coating with small pores.  

 

 
 

 
Figure 1 SEM images of Al coatings using (a) HPCS 

and (b) LPCS processes. 
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Furthermore, the coating with LPCS process holds 
higher hardness of 196.6 HV than that of HPCS 
hardness of 174.3 HV due to lower porosity as observed 
in Figure 1. Table 1 tabulates the Vickers hardness and 
porosity of HPCS and LPCS coatings. LPCS exhibits 
greater hardness because of the peening effect [2]. Thus, 
the higher hardness obtained by LPCS process may 
attributed from high level of plastic deformation and 
strain hardening caused by the lower porosity. 
 

Table 1 Vickers hardness and porosity. 
Process Vickers hardness (HV) Porosity (%) 
HPCS 174.3 7.72 
LPCS 196.6 3.48 
 
3.2 Friction and wear 

The specific wear rate is determined as in the 
following Equation (1). 

dF
vW
n

=
•

 (1) 

Where, v, Fn and d is the wear volume, normal load and 
sliding distance, respectively. Figure 2 shows the 
specific wear rate and wear resistance of HPCS and 
LPCS processes.   
  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Specific wear rate and wear resistance of (a) 
HPCS and (b) LPCS processes. 

 
Figure 2 denotes that the high specific wear rate of 

LPCS at higher applied load leads to greater value of 
wear resistance in LPCS (98.5 Nm/ mm³) compared 
with HPCS (98.2 Nm/ mm³), indicating that the oxide 
transfer layer inhibits contact between the surfaces and 
slowing down the rate of specific wear. 

Besides that, the friction coefficient of LPCS 
deceased gradually from 1.343 to 1.297 and then to 
0.798 with small gaps in the values as the load was 

increased as seen in Figure 3. Whereas, HPCS process 
decreased from 1.609 to 1.067 and then to 0.807 with 
larger gaps. As stated in [2], dense coatings with low 
porosity generates low friction coefficient that improves 
wear resistance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 3 Friction coefficient and wear rate of (a) HPCS 
and (b) LPCS processes. 

 
4.     SUMMARY 

In conclusion, the Al coating using LPCS process 
exhibited smaller pores indicating good bonding 
between the particles in the coating. Moreover, the 
LPCS process with lower porosity holds greater 
hardness than HPCS process. The gradual decrease in 
friction coefficient obtained by LPCS process denotes 
good tribological properties of Al coating. Finally, the 
wear analysis revealed that LPCS process has lower 
specific wear rate at high applied load. Therefore, the 
LPCS Al coating exhibited slightly better mechanical 
and wear properties compared to the HPCS Al coating.   
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ABSTRACT – The wear properties of a-C:H and Si-
DLC in pressurized high-temperature water were 
investigated. We conducted friction tests for DLC pins in 
pressurized (10 MPa) high-temperature (23, 100, 200, 
300 oC) water with two different amounts of dissolved 
oxygen (0.5, 40 mg/L) to figure out the wear properties 
of DLC in an oxidative environment. We then clarified 
that (i) Si-DLC shows great wear resistance even in 300 
oC, 10 MPa water with 40 mg/L dissolved oxygen, (ii) 
while wear scar of a-C:H has soft structure-changed 
surface, wear scar of Si-DLC has relatively hard surface 
without much structural change. 
 
1. INTRODUCTION 

In order to realize further higher efficiency and 
longer life of the machine, DLC (Diamond-Like Carbon) 
coating having excellent characteristics such as low 
friction coefficient, high hardness, high abrasion 
resistance and chemical stability has attracted attention 
[1]. Although it has already been applied to many 
machines under environments of ambient temperature 
under atmospheric pressure, the application to equipment 
operating under a high oxidizing environment is difficult 
because the friction and wear behavior in a high oxidation 
environment is unclarified. Zin et al. [2] conducted an 
abrasion test for a-C:H film in pressurized (10 MPa), 
high-temperature (300 oC) water environment. As a result, 
as the amount of dissolved oxygen in water increased, the 
wear resistance of the a-C:H degraded. It has not been 
clarified why wear resistance has decreased. Choi et al. 
[3] conducted experiments of annealing the Si-DLC in a 
high temperature atmosphere at 500 oC, and clarified the 
excellent heat resistance of the Si-DLC. However, the 
wear characteristics of Si-DLC under high oxidation 
environments are unknown. Therefore, in this study, the 
friction test using an autoclave was conducted and 
analyses of the DLC films were carried out in order to 
evaluate the structural change and aimed to clarify the 
wear properties of a-C:H and Si-DLC in pressurized 
high-temperature water. 

 
2. METHODOLOGY 

Figure 1 shows a schematic diagram of a friction 
tester using an autoclave. The specimens were installed 
in the autoclave, and the pins slid when the autoclave 
tilted. The autoclave moves like a pendulum by a motor 
and a crank mechanism. In this study, the abrasion tests 
were carried out in pressurized (10 MPa) high-
temperature (23, 100, 200, 300 oC) water. Amount of 
dissolved oxygen was controlled by bubbling purified 

water with nitrogen gas and oxygen gas (dissolved 
oxygen D=0.5x10-6 mg/mm3, 40x10-6 mg/mm3 
respectively). On pin specimens, a-C:H or Si-DLC film 
was formed on the tip of a SCM420 steel pin with a 
curvature radius of 1 mm. In the test, three pins were 
attached to one fixing jig, and three points contact the 
mating material surface. The contact point load of the 
three DLC pins was 0.056 N/each, and the average 
surface pressure was 329 MPa, and the sliding distance 
was 20 m. 
 

 
Figure 1 Automotive friction tester. 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows the specific wear rate of DLC films 
in pressurized high-temperature water. As the 
temperature was changed from 23 oC to 300 oC under 
D=40x10-6 mg/mm3, the specific wear rate of the a-C:H 
increased about 26.2 times. On the other hand, the 
increase of Si-DLC was about 2.4 times. In addition, 
when the temperature was changed from 23 oC to 300 oC 
under D=0.5x10-6 mg/mm3, the specific wear rate of the 
a-C:H and the Si-DLC remained at 3.7 times and 2.4 
times respectively. It was suggested that the wear 
resistance of the a-C:H is remarkably deteriorated in the 
high oxidation environment and the Si-DLC maintained 
wear resistance even in the oxidizing environment. 
Figure 3 shows the relationship between specific wear 
rate and inverse of AFM scratch hardness [4] along with 
the previous study [2], and this shows that wear is 
governed by the hardness of DLC. Figure 4 shows the 
results of Raman analysis of DLC film after friction test. 
As the temperature is changed from 23 oC to 300 oC, as 
for a-C:H film, the ID / IG ratio of the surface increased by 
about 0.30 where D=40x10-6 mg/mm3, and about 0.14 
where D=0.5x10-6 mg/mm3. It is suggested that the 
structural change occurred due to an increase in dissolved 
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oxygen amount. On the other hand, in the Si-DLC film, 
regardless of the amount of dissolved oxygen, the 
increase in the ID/IG ratio was only about 0.05, and almost 
no structural change occurred. In other words, it was 
suggested that the high abrasion resistance of the Si-DLC 
in the high oxidation environment is caused by the 
suppression of the structural change of the DLC film 
surface by the addition of Si. In order to investigate the 
reasons for these phenomena, Si peak analysis on Si-
DLC after friction test was carried out by XPS. As seen 
in Figure 5, under D=40x10-6 mg/mm3, as the 
temperature is changed from 23 oC to 300 oC, the ratio of 
the Si-C bonds to the entire bonding containing Si 
decreased from 0.72 to 0.51, whereas the Si-O bond ratio 
increased from 0.20 to 0.43. From this result, it can be 
seen that silicon atoms originally bonded to carbon atoms 
are recombined with oxygen diffused to the film surface 
in a high oxidizing environment. The characteristic of Si-
DLC may decrease carbon atom restructuring and 
oxidation which remain Si-DLC wear resistance in high 
oxidation environment. 

 

 
Figure 2 Specific wear rate of DLC films in pressurized 

high-temperature water. 
 

 
Figure 4 Relationship between specific wear rate and 
inverse of AFM scratch hardness: (a) Si-DLC, 200 oC, 
D=0.5x10-6 mg/mm3, (b) Si-DLC, 200 oC, D=40x10-6 

mg/mm3, (c) a-C:H, 200 oC, D=0.5x10-6 mg/mm3, (d) a-
C:H, 300 oC, D=0.7x10-6 mg/mm3, (e) a-C:H, 300 oC, 
D=16.3x10-6 mg/mm3, (f) a-C:H, 200 oC, D=40x10-6 

mg/mm3, (g) a-C:H, 300 oC, D=48x10-6 mg/mm3. 
 

4. CONCLUSIONS 
(a) As the temperature was changed from 23 oC to 

300 oC under D=40x10-6 mg/mm3, the specific 
wear rate of the a-C:H increased by 26.2 times, 
whereas that of Si-DLC was 2.4 times. 

(b) As the temperature was changed from 23 oC to 
300 oC under D=40x10-6 mg/mm3 the ID / IG ratio 
of the a-C:H was increased by about 0.30 under 
D=40x10-6 mg/mm3, and by 0.14 under 
D=0.5x10-6 mg/mm3, whereas that of Si-DLC 
increased by 0.05 regardless of the oxygen. 

(c) As the temperature was changed from 23 oC to 
300 oC under D=40x10-6 mg/mm3, the ratio of 
Si-C bonds to the entire bonding containing Si 
decreased from 0.72 to 0.51, whereas the ratio 
of Si-O bonds was 0.20 to 0.43. 

 

  
Figure 4 Raman analysis of DLC films after friction. 

          

 
Figure 5 XPS analysis of Si-DLC films after friction. 
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ABSTRACT – In the current study, the influence of 
lubricant additives on the scuffing process was 
investigated. In-situ observation tests of the lubricated 
area between a rotating sapphire disc and a stationary 
steel pin were conducted using four oils containing 
different additives such as the anti-wear additive, friction 
modifier, viscosity improver and so on. It was found that 
transfer layers from the steel pin grew greatly on the 
sapphire surface before an occurrence of scuffing. The 
anti-wear additive and viscosity improver prevented the 
growth of the transfer layer to increase the scuffing load. 
 
1. INTRODUCTION 

As a method to reduce the energy consumption of 
automobiles, the use of low viscosity oil is strongly 
required. As a result, operating conditions for lubricated 
parts become severer, resulting in an occurrence of 
scuffing, which is a catastrophic failure characterized by 
sudden increases in friction coefficient and temperature 
of friction surface. To prevent an occurrence of scuffing, 
various additives are contained in lubricant oil to improve 
performance in boundary lubrication conditions. In 
particular, a friction modifier of molybdenum 
dithiocarbamate (MoDTC) and an anti-wear additive of 
zinc dialkyldithiophosphate (ZnDTP) are well 
recognized as additives contained in engine oil. These 
form a reaction film by high shear force to reduce friction 
and improve anti-scuffing performance [1,2]. In severe 
condition, however, scuffing can occur after the removal 
of the reaction film. The behavior and role of lubricant 
additives in such severe condition have not still been 
understood. In-situ observation of the friction area is an 
excellent technique to understand the change of the 
friction area and various phenomena occurring in the 
friction area [3]. 

In the current study, in-situ observation of the 
lubricated area was conducted to understand the 
influence of additives on the scuffing process. The 
lubricated area comprised of a rotating sapphire disc and 
a stationary steel pin. A monochrome high-speed camera 
was used to capture precisely the lubricated area over the 
sapphire disc. Four types of oils containing different 
additives such as the anti-wear additive, friction modifier, 
viscosity improver, and so on were tested. 

 
2. EXPERIMENTAL PROCEDURE 

The in-situ observation system used in the current 
study is mainly divided into two parts comprising a 
capturing system and a tribometer. The capturing system 

consists of a microscope, a halogen lamp, and a 
monochrome high speed camera. The frame rate of the 
high speed camera was set to 200 fps. The tribometer is a 
pin-on-disc type. The contact area is between a rotating 
sapphire disc and a SUJ2 steel pin. The diameter of the 
steel pin is 4 mm, and the curvature of the top surface is 
12.7 mm. A type K thermocouple is embedded in the steel 
pin at depth of 1 mm. The load, friction force and 
temperature of the thermocouple are simultaneously 
measured. A test was conducted under a stepwise load of 
1000 N/min and at a sliding speed of 3.0 m/s. Four types 
of oils were used and the additives in each oil were shown 
in Table 1. Oil was supplied into the leading edge of the 
contact area by a trochoid pump. The temperature of the 
oil was set to 80 ºC by a heat controlling system.  

 
Table 1 Additives of each oil. 

Oil Oil A Oil B Oil C Oil D 
SAE 
viscosity 
grade 

0W-8 0W-8   

Base oil 
Mineral oil 
KV100=3.5 
mm2/s 

Mineral oil 
KV100=3.5 
mm2/s 

Mineral oil 
KV100=3.5 
mm2/s 

Mineral oil 
KV100=3.
5 mm2/s 

Viscosity 
index 
improver 

Polymethacr-
ylate 

Polymethacr-
ylate 

Polymethacr-
ylate ―――― 

Anti-wear ZnDTP 
(Secondary) 

ZnDTP 
(Secondary) ―――― ―――― 

Metallic 
detergent 

Overbased 
Ca salicylate 

Overbased 
Ca salicylate ―――― ―――― 

Antioxidant Amine-based 
Phenol-based 

Amine-based 
Phenol-based ―――― ―――― 

Friction 
modifier ―――― MoDTC ―――― ―――― 

Antifoaming 
agent Silicon Silicon ―――― ―――― 

  
3. RESULTS AND DISCUSSION 

Figure 1 shows the friction coefficients during tests 
for four oils. At the early stage of the tests, the friction 
coefficient of oil B is the lowest and that of oil A is the 
second lowest value. Figure 2 shows the friction surfaces 
for oil A and oil C at the test time of 10.0 s. At the inlet 
zone of the contact area for oil C, wear debris particles 
are accumulated. The contact area for oil C is larger than 
oil A. It is found that wear is suppressed for the oil 
containing an anti-wear additive of ZnDTP and the 
friction coefficient is the lowest for the oil containing a 
friction modifier of MoDTC. It is considered that 
reaction film originated from additives in oil is formed 
just after the test start. After approximately 60 s from the 
test start, the friction coefficients for oil A and oil B 
increase. Figure 3 shows the contact area for oil A and oil 
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C at the test time of 114 s. It is found that wear of both 
oils progressed. From these results, it is considered that 
the reaction film has removed because of severe 
conditions under a high loading of 2000 N. 

 

 
Figure 1 Variations in friction coefficient for each oil. 

 

 
(a) 

 

 
(b) 

Figure 2 Friction surfaces at the test time of (a) 10s and 
(b) 114 s. 

 
At the test time of around 120 s, scuffing occurred 

in the test of oil C as shown in Figure 1. Referring again 
to Figure 2, transfer layers from the steel pin can be seen 
on the sapphire disc and the transfer layer appears to 
adhere larger for oil C.  In order to show how much the 
transfer layer exists, monochrome images are binarized 
with a brightness value as a threshold and the ratio of area 
of transfer layer occupying the friction surface as a 
function of time is shown in Figure 3. It is found that the 
ratio of the transfer layer is the largest in oil C and 
smallest in oil B. The sliding between the steel pin and 
the transfer layer makes friction of same material which 
prompts occurring of scuffing. It is considered that the 
additives showed the effect of suppressing the formation 
of the transfer layer under severe conditions. 

 
 
 

4. SUMMARY 
In the current study, scuffing tests were carried out 

using four types of oils under a stepwise increase in load. 
The contact area during each test were in-situ observed 
by a monochrome high-speed camera. The conclusions 
of the current study are as follows: 

(a) Black film was formed in the contact area for 
the oil with ZnDTP and MoDTC and that with 
ZnDTP just after start of the tests while such a 
film did not appear for oils without ZnDTP 
and MoDTC.  

(b) The friction coefficient was lowest for the oil 
with ZnDTP and MoDTC while that was 
greatest for only base oil. 

(c) After the black film removal, the friction 
coefficient increased, and wear progressed, 
which did not have clear difference among the 
tested oils. 

(d) The scuffing load depended on the type of oil, 
although the black film was removed at the 
stage of light load.  

(e) The scuffing load for the oil with ZnDTP and 
MoDTC was highest while that was lowest for 
the oil with VII. 

(f) Before occurrence of scuffing, the formation 
of large transfer layer could be observed on the 
sapphire disc and the formation of transfer 
layer was more suppressed for the oil with 
ZnDTP and MoDTC and that with ZnDTC, 
compared with that for the oil with VII and 
only base oil.  

 

 
Figure 3 Area ration of the transfer layer occupying the 

surface area at the load of 2000 N. 
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ABSTRACT – This contribution explains the fatigue 
mechanisms in the gear tooth contact related to pitting 
initiation and growth. A fatigue simulation for gears is 
introduced. The algorithm considers among others the 
exact geometry, load-distribution, speed-ratios and 
tribological conditions in every simulation step. These 
parameters are used to determine a local wear value, a 
crack-density - measure of micropitting - and a damage 
value according to fatigue, which leads to pittings. This 
calculation is based on the Lundberg/Palmgren approach 
for bearing rating life and has been transferred to the 
tooth contact. 
 
1. INTRODUCTION 

Under cyclic load material fatigue appears in form 
of fine surface cracks on gear tooth flanks. These cracks 
expand at the beginning only a few micrometres from the 
tooth surface into the subsurface material layer. If such 
cracks reach back to the surface or interlink with each 
other micro-pores will break out and such areas of the 
flank appear grey. This so-called micropitting is a 
macroscopic image of fatigue which is characterized by 
a high density of micro-cracks and -pores in the surface. 
Affected areas have a smaller wear resistance, so they 
might be removed more easily during further load cycles. 
Micropitting is predominantly initiated in the tooth root 
and increases in the direction to the pitch point. 

Under inappropriate conditions the gain of 
micropitting and corresponding profile form deviation 
result in a sharp-edged transition from the micropitting to 
the non-micropitting area (Figure 1). Such an edge leads 
to stress concentrations and subsequently to an 
intensified development of surface cracks and their 
propagation into the material. This effect is superimposed 
by the classical subsurface fatigue by cyclic shear 
stresses, increasing Hertzian stresses, and stresses 
induced by defects within the steel microstructure. 

Pittings are initiated by local stress intensities and 
start in most of cases at the edge of the micropitting area. 
Such kind of pittings are typically triangularly or shell-
formed shaped. They are an unequivocal indication that 
the service life of a gear is reached soon, because a 
suchlike damaged tooth flank continues to wear with a 
high gradient. The initiation of pittings can be divided 
into surface and sub-surface cases. The crack growth 
mechanisms are comparable to those of micropitting. In 
contrast to the micropitting mechanism, where the micro-
cracks usually are within the asperity height or propagate 
into the tooth surface for only about 10 µm, cracks which 
cause pittings are about 20 to 100 µm long and reach or 
are initiated further below the surface [1,2]. 

 
Figure 1 Growth of profile form deviation. 

 
2. METHODOLOGY 

Basis of the simulation of pitting initiation and 
growth in this contribution is a wear and fatigue 
algorithm developed in [3,4]. 

Walkowiak has derived in [3] a simulation based on 
a local wear model. This model calculates the wear on 
gear tooth flanks based on a local wear rate. The wear 
rate describes a local material removal from the flank 
surface in normal direction per load circle. The 
calculation considers the local load distribution, the local 
radii of curvature and thereby also the exact, possibly 
already worn, tooth flank profile in form of a local 
Hertzian pressure. The local speed conditions are 
represented by the sliding speed and the sum speed. With 
the arithmetical mean roughness and the hardness, the 
local surface and material properties are described. The 
additivation of the lubricant and its physical and chemical 
properties are also considered. 

Lohmann has supplemented this simulation in [4] 
for a detailed investigation of micropitting. He introduces 
a surface fatigue model which describes the surface crack 
initiation as well as the subsequent crack propagation into 
the material. For this purpose, a crack-safety and a 
crack-density are defined. The crack-safety is an 
instantaneous value which describes the risk which is 
currently present for the generation of micropitting at a 
discrete point. The crack-density is used as a quantitative 
measure which describes the fatigue state of the 
surface-near boundary layer in the form of a ratio to the 
crack-free surface. The calculation of these micropitting 
values depends on the variable operating conditions. The 
decisive influence of the local sliding conditions on the 
formation of micropitting – reason why micropitting can 
be observed mainly in areas of negative specific sliding 
in the mixed friction region – is considered in form of a 
ratio of sliding speed and sum speed, the specific sliding. 
According to the approaches of Ruiz and Chen [5] and 
Van and Grivea [6], other influencing factors are the glide 
path, the friction-shear-stress, the shear stress on the 
surface, the Hertzian stress and the residual stress. The 
dependency of the micropitting on the lubrication is 
implemented via the relative lubricating film height. 

The previously described simulation algorithms are 
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a valuable tool for the design and analysis of tooth flank 
geometries. They can be utilized to calculate tooth flank 
geometries which are optimized with regard to wear and 
micropitting and therefore achieve a higher load capacity 
and a longer service life [4]. However, wear and 
micropitting initially represent only a fatigue state or 
appearance of the gear flank. Conclusions for a service 
life value or a remaining operating time are not possible 
by this information. Under steady operation, wear and 
micropitting often lead to pittings, by which the lifetime 
and, thus, the operability of a transmission are usually 
limited. The aim is therefore also to model the 
mechanisms for pitting initiation on tooth flanks. 

As a first approach for the implementation of a 
pitting initiation and growth within the previously 
described simulation the model of Lundberg and 
Palmgren for calculation of the fatigue life of roller 
bearings has been used [7]. Due to the fact that this model 
was published first in 1947 it is the basis for the design 
of also todays roller bearings. In the bearing technology 
break-outs on the race ways – pittings – are the dominant 
reason for failure, so that this phenomenon has been 
investigated for decades. The Lundberg and Palmgren 
formula – optimized by different scientists over the 
decades [8] – allows the determination the fatigue life of 
in consideration of the load, represented by the maximal 
shear stress, other values of the Hertzian theory and the 
number of load cycles. It takes into account macroscopic 
pittings, which are caused by cracks located and initiated 
below the stressed material surface. 

To make use of this approach in the context of the 
previously described simulation, it was first necessary to 
express the fatigue life in the form of a damage and a 
damage rate. The damage is the reciprocal value of the 
fatigue life. Depending on a certain load and a certain 
number of loads cycles this equation calculates a 
corresponding damage. The deviation of the damage is 
the damage rate which can be used to integrate 
incrementally a damage (see Equation 1). 

 
  (1) 

This equation considers the current fatigue state of 
a point on a tooth flank by a variable fatigue limit value 
τu which depends on the crank density. In a first step, this 
pitting simulation model has been validated for rolling 
bearings and verified by a comparison with the static load 
capacity [9]. In a second step, this approach was 
transferred to the gear tooth contact and has been 
validated and adjusted by bench tests [10]. 
 
3. RESULTS AND DISCUSSION 

The described and extended simulation tool allows 
to calculate the profile form deviation, the crack-density 
and the damage according to sub-surface initiated 
pittings. From Figure 2, the results show the gain of the 
profile form deviation and the typical scouring on the 
tooth flank near to the tooth root by an increasing number 
of load cycles and under continuing load. The crack-
density has its maximum at the point of maximum 
pressure and at the transition from micropitting to 
non-micropitting. Here cracks are continuously initiated, 

and wear is enforced, while continuing and removing 
cracks it leads into further growth of the micropitting area 
in direction to the pitch point. In addition, at such 
transition the damage caused by sub-surface initiated 
pittings has its maximum and moves in the direction of 
the pitch point. In the beginning this damage has very 
small values and increases slowly, after a certain number 
of load cycles and load this damage rises exponentially 
up to the critical value of 1 representing the probability 
of pitting failure. 

 

 
Figure 2 Simulation of wear, micropitting and pitting. 

 
REFERENCES 
[1] Ding, Y., & Rieger, N. F. (2003). Spalling formation 

mechanism for gears. Wear, 254, 1307-1317. 
[2] Ding, Y., & Gear, J. A. (2009). Spalling depth 

prediction model. Wear, 267, 1181 – 1190. 
[3] Walkowiak, M. (2014). Örtliche Belastungen und 

Verschleißsimulation in den Zahneingriffen 
profilkorrigierter gerad- und schrägverzahnter 
Stirnradgetriebe. Dissertation, Ruhr-Universität. 

[4] Lohmann, C. (2014). Zusammenhang von 
ermüdung, rissbildung, verschleiß und 
graufleckentragfähigkeit an stirnrädern. 
Dissertation, Ruhr-Universität Bochum. 

[5] Ruiz, C., & Chen, K. C. (1986). Life assessment of 
dovetail joints between blades and discs in aero-
engines. Mechanical Engineering Publications, 
187-194. 

[6] Van, K. D., & Griveau, B. (1989). On a new 
multiaxial fatigue limit criterion: theory and 
application. In ICBMFF2. 

[7] Lundberg, G., & Palmgren, A. (1947). Dynamic 
Capacity of Rolling Bearings. Acta Polytechnica, 
Mechanical Engineering Series, 1(3), 1-52. 

[8] Ioannides, E., & Beswick, J. M. (1991). Moderne 
Wälzlagertechnik, Beiträge von SKF-Autoren. 

[9] Weibring, M., Lohmann, C., & Tenberge, P. (2016). 
Simulation der Werkstoffermüdung von 
Zahnflanken unter Gleitwälzbelastung, Schweizer 
Maschinenelemente Kolloquium, 65-80. 

[10] Weibring, M., Gondecki, L., & Tenberge, P. (2017). 
Simulation of fatigue failure on tooth flanks in 
consideration of pitting initiation and growth. 
International Conference on Gears, VDI-Berichte 
Nr. 2294.1, 305-318. 

 



Proceedings of Asia International Conference on Tribology 2018, pp. 224-226, September 2018 

__________ 
© Malaysian Tribology Society 

 

Effect of layer thickness on surface roughness of lattice structure 
manufactured using FDM 
N.A. Rosli1, R. Hasan1,2,*, M.R. Alkahari1,2  

 
1) Fakulti Kejuruteraan Mekanikal, 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: rafidahhasan@utem.edu.my 
 

Keywords: Lattice structure material; lightweight material; additive manufacturing 
 
 

ABSTRACT – This research investigated on the effect 
of layer thickness on surface roughness of lattice 
structure fabricated using fused deposition modeling 
(FDM) technique. Variations of layer thickness of the 
FDM machine in this study were 70 µm, 200 µm and 300 
µm. Examinations on the surface quality of the printed 
lattice blocks were conducted with observation and 
measurement with optical microscope. Surface 
roughness was calculated using standard formulation and 
measured by 3D non-contact profilometer. The result 
shows that increased in layer thickness also increased the 
surface roughness. This finding will be useful in analysis 
of mechanical properties of lattice structure material. 
 
1. INTRODUCTION 

Lattice structure is a complex design of repeating 
struts and nodes in forming a certain structure. In recent 
years, lattice structure has started to raise interest among 
researchers. The excellent characteristics of lattice 
structure makes it desirable for industrial application 
such as in lightweight structures [1], as energy absorbers 
[2] and in tissue engineering [3]. The manufacturing 
complexity of this structure can be overcome by additive 
manufacturing (AM) or also known as 3D printing. AM 
is capable to produce lattice structure with a wide range 
of material and dimensional scales. There are various AM 
techniques suitable for lattice structure fabrication such 
as material extrusion and powder bed fusion [4]. In this 
research, material extrusion technique which is fused 
deposition modeling (FDM) was utilized.  

Surface finish is one of the most important factors 
in additive manufacturing. There are a lot of research 
assessed on the influence of process parameters on the 
print quality of FDM [5-6]. Past research found that the 
process parameters of FDM has influenced the print 
quality as well as the mechanical performance of lattice 
structure [6]. Therefore, this paper reported the relation 
of process parameters on the surface quality of the FDM 
printed lattice structure. 

 
2. METHODOLOGY 

Lattice structure with body-centred-cubic (BCC) 
arrangement was fabricated as in previous study [7]. The 
identification name for each lattice structures cube was 
based on its process parameters and strut diameter. The 
definition of the identification name was print 
strength/print pattern/layer thickness (µm)/strut diameter 
(mm). Table 1 concludes the identification names.             

In this study, the Almost Solid print strength is equivalent 
to 4.5 MPa yield strength. 
 

Table 1 Samples ID and process parameters. 

Sample ID Print 
Pattern 

Print 
Strength 

Layer 
Thick-ness 
(µm) 

Dia-
meter 
(mm) 

As/Hc/70/1.6 Honey-
comb 

Almost 
Solid 70 1.6 

As/Hc/200/1.6 Honey-
comb 

Almost 
Solid 200 1.6 

As/Hc/300/1.6 Honey-
comb 

Almost 
Solid 300 1.6 

As = Almost Solid, Hc = Honeycomb  
 
The surface quality was analysed by optical 

microscope. The average roughness (Ra) values were 
calculated based on standard formula [8], as in       
Equation (1). 

dxz
L

R
L

a =
0

1
 (1) 

Definition of node area, effective length and cross 
section for strut measurement can be referred in Figure 1. 
The average strut diameter measurement was taken along 
section A-A’. Meanwhile, the minimum and maximum 
diameter of strut was taken from cross section B-B’.  
 

     
Figure 1 Details of node area, strut effective length and 

strut cross section. 
 

For data comparison, Ra value for strut was 
measured using 3D non-contact profilometer and 
compared to that of Ra measured as in Equation (1). 
  
3. RESULTS AND DISCUSSION 

Figure 2 shows that the formation of node area 
differs for each layer thickness. Larger node area was 
found in lattice structure with lower layer thickness. As 
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shown in Figure 3, strut effective length for lattice 
structure with lower layer thickness is shorter. This 
signifies that the node area increases as the layer 
thickness decrease. This is due to more material 
deposition in lower layer thickness as described in the 
previous study [7].  

The minimum and maximum strut diameter of 
lattice structure were measured and recorded as in Figure 
4 while strut diameter along strut effective length was 
recorded in Figure 5. All measured data were tabulated in 
Table 2. 
 

   
(a) (b) (c) 

Figure 2 Node area in lattice structure with layer 
thickness of (a) 70 µm, (b) 200 µm and (c) 300 µm. 

 

 
(a) (b) (c) 

Figure 3 Strut effective length of lattice structure with 
layer thickness of (a) 70 µm, (b) 200 µm and (c) 300 

µm. 
 

   
(a)  (b) (c) 

Figure 4 Minimum and maximum diameter cross 
section of lattice structure with layer thickness (a) 70 

µm, (b) 200 µm and (c) 300 µm. 
 

   
(a) (b) (c) 

Figure 5 Single strut diameter of lattice structure with 
layer thickness (a) 70 µm, (b) 200 µm and (c) 300 µm. 

 
Table 2 Data of measured strut diameter and length. 

Layer 
thick-
ness 

Strut 
Effective 
length 
(mm) 

Single 
Strut 
Dia. 
(mm) 

Min 
Dia. 
(mm) 

Max 
Dia. 
(mm) 

70µm 1.526 2.0146 1.984 2.091 
200µm 1.913 1.6972 1.736 1.770 
300µm 1.974 1.335 1.288 1.531 

 
 

In this study, surface roughness was analyzed by 
finding the average roughness (Ra) of the single strut for 
each lattice structure with different layer thickness. As 
been discussed previously, the node formation of lattice 
structure with different layer thickness affected the strut 
effective length. Hence, the Ra value for strut with and 
without node influenced area were calculated using 
Equation (1). On top of that, the Ra values which were 
measured with profilometer were also recorded for 
comparison. Table 3 shows the Ra values for strut, with 
and without the effect of node influenced area as well as 
the measured Ra value with profilometer. 
 

Table 3 Ra values for lattice structure’s struts. 

Layer 
thick-
ness 

Ra with 
effect of node 
influenced 
area (µm) 

Ra without 
effect of 
node 
influenced 
area (µm) 

Ra measured 
from 
profilometer 
(µm) 

70µm 91.17 25.3 13 
200µm 58.33 61 22.73 
300µm 88.17 77.83 29.59 

 
Ra value for strut diameter with the effect of node 

influenced area gave inconsistent result as shown in 
Figure 6. This is due to the default setting of the machine 
parameter during node formation of lattice structure with 
different layer thickness. However, if the effect of node 
influenced area was not considered, the Ra value 
increased as the layer thickness increased which is 
similar to that of measured Ra value by using 
profilometer.  

 

 
Figure 6 Layer thickness effect on surface roughness of 

lattice structure’s struts. 
 
4. CONCLUSION 

In this research, the effect of layer thickness on the 
lattice structure formation was studied. It showed that 
variations in layer thickness affected the surface 
roughness and strut diameter of lattice structure. It was 
found that surface roughness of lattice structure was in 
the range of 10 to 90 µm, depending on the node 
influenced area. Thus, this result will be taken into 
consideration in the analysis of mechanical properties of 
lattice structure material.  
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ABSTRACT – The aim of the study introduces 
tribological performance to the adding ratio of CNT and 
Clay in carbon fiber epoxy composite (CFEC) and 
texturing effect on grease lubrication for pure sliding 
motion. Increasing the adding ratio of nanoparticles can 
effectively increase their mechanical properties and heat 
conduction coefficient and improves their tribological 
performances. Smooth surface, plowing and the tooth 
textured surface was tested by a pin on disc pure sliding 
experiment with grease lubrication. Texturing pattern 
can significantly decrease the friction, especially in the 
tooth pattern situation owing to the leak can be avoided 
and keep more grease in the grooves. 
 
1. INTRODUCTION 

The Surface pattern on steel is wildly used in the 
journal bearing, piston, cylinder ring …so on, and has 
excellent friction behavior. With the rapid development 
of technology, the material with single characteristic has 
been unable to meet the demand of diversified 
applications in practice. On the contrary, the variety of a 
composite’s functions is highly required nowadays. 
Thus, Nanocomposites on particular properties has 
become one of the popular issues among material 
research and will be extensively applied in the near 
future. The friction behavior for a textured composite 
mechanical component has a high opportunity in 
decreasing friction and extending its using life. 

The design factors for texturing pattern include 
geometry shape, depth and covering ratio of a surface. 
The proper design of geometry shape can highly 
increase the bearing ability on journal bearing [1]. If no, 
cavitation will be occurred between two relative motion 
components and decrease the load bearing ability. For 
the covering ratio of a surface, enough number of 
dimples can effectively reduce friction coefficient [2]. 
While the covering ratio of a surface for dimple 
increases to 11%, the film thickness is the thickest [3]. 
Different geometry design has different best covering 
ratio, the V groove shape is 6%, and plowing shape is 
higher is better. The pattern of step groove design has 
excellent friction behavior on journal bearing [1], but 
the fabrication method is hard to apply to each 
component. The depth of pattern is a key factor and has 
the higher effect than the other two factors. Because it 
affects the minimum film thickness. In 2013, Ramesh et 
al. [4] proved the optimal depth for dimple is 102 μm by 
theoretical model and confirmed by experiment. 

2. EXPERIMENT DETAIL 
This study, test specimens of nanocomposites were 

produced through the vacuum assisted resin transfer 
molding, VARTM. By using Epoxy and multiple layers 
of carbon fibers as a substrate, clay and muilti-wall 
carbon nanotube are enhanced material. The carbon 
fibers are featured in high strength and high thermal 
conductive. Also, the clay and the carbon nanotube have 
outstanding nature of strength and tribology ability. 
Therefore, the combination of these three materials can 
efficiently strengthen the mechanical property and 
reducing the friction on carbon fiber Epoxy based 
nanocomposites (CFEN). And then, laser engraving was 
used to process the pattern on the test specimens. The 
textured surface is shown in Figure 1. In order to 
simulate the wear of Nanocomposites under 
reciprocating motion, the test specimens were installed 
on a vertical abrasion tester and forced to conduct 
sliding motion with grease. Experiment conditions are 
shown in the Tab.1. Friction coefficient was measured 
by friction torque devices and wear volume was also 
obtained by surface morphology measuring. 

 

  
(a) Tooth groove (a) Plowing groove 

Figure 1 Surface pattern. 
 

Table 1 Testing condition of pin on disc experiment. 
Upper 
specimen 

SUJ2 
ball 12.7mm 

Lower 
specimen CFEN 17.1mm*17.1mm*2.6mm 

Temp. 25±2 (°C) 
Groove 
pattern Smooth Plowing  Tooth groove 

Lubricant Non Grease (40 cst at 40 °C, base oil) 
Load 2.8 (kgw) 
Sliding speed 6.4 (mm/s) 
Testing time 60 (min) 
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3. RESULTS AND DISCUSSION 
Prepared specimens were tested by dry and grease 

lubricated conditions and shown in Figure 2. Grease 
lubricated test has lower friction coefficient. Both 
results show that the friction coefficient is reduced with 
the increase of content density of CNT and clay. One 
reason is owing to the surface hardness is enhanced by 
the CNT and clay as shown in Figure 3, the Vicker’s 
hardness and tensile stress are rising with the increase of 
nano particles. The other reason is the tribological 
property of these two nano particles are excellent and 
can effectively reducing the friction coefficient. Figure 4 
shows the lost volume is effectively reduced by the 
rising of the content ratio of nano particles. Textured 
specimen has lower friction comparing with non-
textured under grease lubricating condition, especially 
on tooth groove specimen. The groove can keep liquid 
lubricant and increase the oil film thickness. The sliding 
direction is perpendicular to the pattern and tooth 
pattern has higher flowing resistance to the grease, so 
the lubricant is easier to stay at contact area than the 
plowing groove. 
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(b) 

Figure 2 Pure sliding pin on disc testing on smooth 
surface. (a) Dry contact, (b) grease lubricated. 
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Figure 3 Mechanical properties. 

 
4. SUMMARY 

The experiments have indicated that the 
mechanical and tribology properties of CFEN can be 
elevated by combining clay and carbon nanotube with 
the substrate under certain weight ratio. With the 
optimized amount of additives, physical properties of 
the material, including hardness, tensile strength, and 
tribology property have increased by 48 %, 52 %, and 
20.6 %, respectively. The pattern textured with tooth 
geometry on the surface has the lowest friction owing to 
can keep more lubricant at the contact area. 
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ABSTRACT – This research aimed at producing a 
water-repellent surface by using textured moulds in 
injection moulding. The textured mould surfaces with 
dimples and grooves were created by the laser texturing 
techniques. Then, textured polypropylene (PP) surfaces 
were created by the textured moulds. We found that the 
contact angle of the textured PP surfaces is dependent on 
the texture. More specifically, textures with smaller pitch 
tend to be more water-repellent.  
 
1. INTRODUCTION 

Pipette tips are consumables made of plastics which 
are used to pipette a small amount of liquid (Fig. 1). They 
are used in many research areas such as in Chemistry, 
Bioengineering, etc. To reduce the remaining liquid in the 
tips, water repellent material and coatings have been used. 
However, such materials and coatings increase the 
production cost. 

This research aims at producing a water repellent 
surface by an injection moulding with a laser-textured 
mould to produce a low-cost and functional surface for 
the inner surface of the pipette tips.  

 
Figure 1 Pipette tips. 

 
2. METHODOLOGY 

The textured mould surfaces are produced by a laser 
surface texturing. Two kinds of textures, dimpled 
surfaces and grooved surfaces were created on ASTM 
M2 high speed tool steel. For the dimpled surfaces, 
dimples were created by a fibre laser. The intervals of the 
adjacent dimples are 10, 21, 28 and 50 Pm and the dimple 
depth and width were about 3 Pm and 10 Pm, respectively. 
The grooved surfaces were created by a picosecond laser. 
The detail of the grooved surfaces is summarized in 
Figure 2 and Table 1.  

Using the textured surfaces as mould inserts in 
injection mouldings, textured polypropylene (PP) 
surfaces were created. An example of the laser textured 

mould and moulded surface is shown in Figure 3. We can 
see that the grooves of the laser surface texture of the 
mould (Figure 3(a)) is transferred to the moulded PP 
surface (Figure 3(b)). Please note that the groove textures 
on the mould create ridges on the moulded PP texture. 
Also, the dimples on the mould create bumps on the PP 
surfaces. The value of the transfer rate, the depth of the 
PP texture / the depth of the mould texture, was about 
60 %. 

Contact angle measurements were performed for 
the textured PP surfaces using a commercial contact 
angle meter. The contact angles between the moulded PP 
texture and pure water (3 PL) were measured using the 
sessile drop method. Also, two kinds of medical liquids, 
Zonisamide and Haroperidol were used for the 
measurement (3 PL for Zonisamide and 7 PL for 
Haroperidol, respectively).  

 

 
Figure 2 Shape and size of the laser textured surface. 

 
Table 1 Laser texturing conditions. 

 Pitch P 
Pm 

Width W 
Pm 

Depth D 
Pm 

1)  20 10 5 
2) 15 7.5 5 
3) 10 5 5 
4) 20 10 2.5 
5) 10 5 2.5 

 
3. RESULTS AND DISCUSSION 

Figure 4 shows examples of the measured contact 
angles for the different surface textures. For the reference, 
the contact angle measured for a non-textured PP surface 
(# 100q) was shown in the figures. For the bump texture 
(Fig. 4(b)), it is clear that the contact angle increases with 
a decrease in the pitch. From Figure 4(b), an anisotropic 
nature of the contact angle for the ridge textures can be 
seen as shown by Belaud et al. [1]. Among the ridge 
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textures, No. 2), 3) and 5) which have smaller ridge pitch 
show larger contact angle. Comparison between No. 3) 
and 5) shows that the height of 2.5 Pm is more water-
repellent than 5 Pm. Also, comparison between No. 2) 
and 3) may show that the wider ridge is better to make 
surface water-repellent. The cause of the water-repellent 
nature of the texture can be explained by the Cassie-
Baxter model which takes air gap into account. More 
specifically, the difference in texture pitch and ridge 
width affects the contact between the liquid drops and 
textures and the air gap between them changes 
accordingly. 

 
 
 
 

4. SUMMARY 
The water-repellent surfaces were successfully 

produced by the injection moulding with the laser 
textured mould. The water repellent nature was 
dependent on the detail of the texture such as the pitch, 
width and depth. 
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Figure 3 Surface topography obtained by AFM (Texture No. 3 in Table 1). 

Figure 4 Effects of the surface texture on the contact angles between the (a) bump and (b) ridge texture and 
pure water. V and H in (b) denote the measurement direction (Vertical and Horizontal). 

(a) Bump texture. (b) Ridge texture. 
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ABSTRACT – Coefficients of friction of mineral oils 
under bulk plastic deformation were measured to 
understand lubrication conditions in the metal forming 
process by using plane strain extrusion apparatus. The 
apparatus consisted of the container wall, taper die, 
plane plate tool and billet (workpiece). The detection 
part of frictional force was placed on the surface of 
plane plate tool and that part was located in the 
deformation zone of billet. Relation between coefficient 
of friction and surface roughness of billet was 
investigated. The surface roughness parameter S is 
effective parameter to evaluate coefficient of friction 
from surface condition of partially extruded billet. 
 
1. INTRODUCTION 

In metal forming, work load and surface quality of 
product were affected by friction acted between tool and 
workpiece. As lubricant has a role to reduce friction in 
the process, measurement of friction in the metal 
forming process is important to grasp the information of 
lubrication characteristics in some work conditions. The 
methods of measurement of friction in the metal 
forming process have been reported as previous study 
[1,2]. Kamitani et al. [3] reported on the measurement 
of friction under bulk plastic deformation by using plane 
strain extrusion apparatus with plane plate tool and taper 
die with force sensors built in the plane plate tool.  

In this report, a series of plane strain extrusion 
tests were carried out by using the above apparatus. The 
relation between surface condition of billet slid on the 
plane plate tool surface with bulk plastic deformation 
and coefficient of friction was investigated. 
 
2. EXPERIMENTAL APPARATUS AND 

METHOD 
2.1 Experimental apparatus 

Figure 1 shows the schematic sketch of plane 
strain extrusion apparatus. Extrusion ratio was two in 
this apparatus. The apparatus consists of the container 
wall, taper die, plane plate tool and billet(workpiece). 
The straight flat surface of plane plate tool is test 
surface, and works as the tool and container wall too. 
The taper die has 45 degrees die half angle. The dies 
and containers were made of the tool alloy steel, SKD11 
(JIS), and hardened and tempered. Hardness of dies was 

650HV and surface roughness on the test surface was 
finished in 0.06μmRa.Workpiece material was pure 
aluminum A1050-JIS. It was annealed and hardness was 
25HV. The surface roughness on the test surface was 
finished in 0.3μmRa.  The combination billet with two 
pieces, 80 mm x 15 mm x 10 mm x 2 pieces, was 
prepared. Two types of plane plate tools, T+45D and T-
45D were prepared to measure the compressive 
components of frictional force acting on the tool surface 
toward +45 degrees and -45 degrees with regard to 
perpendicular direction to the tool surface. The 
detection parts of the frictional forces were placed on 
the surfaces of plane plate tools and that parts were 
located in the deformation zone of billet. Both tools 
were set in the apparatus together. The compressive 
components of frictional force, FA and FB were 
measured by the strain gauges in 2-gauge system. 

 

 
Figure 1 Plane strain extrusion apparatus and detection 

part of the frictional force. 
 

2.2 Experimental conditions 
Initial oil film mass on the test tool surface was set 

in 15mg at each testing by using the electronic balance. 
Approximately, equal amount of paraffinic mineral oil 
VG460 was applied to all other contact surfaces in 
experiments. Four types of naphthenic mineral oils N; 
N1(VG10), N2(VG22), N3(VG460), N4(VG1200）and 
four types of paraffinic mineral oils P; P1(VG7), 
P2(VG32), P3(VG460), P4(VG1000）were used as test 
oils in experiments. Experiments were carried out in 
room temperature. 
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2.3 Experimental method 
The billet in the apparatus was extruded by the oil-

hydraulic press, and the extrusion was ceased abruptly 
at press ram stroke, 24-25mm, in the steady state 
extrusion condition in which the extrusion speed was 
held at the constant value. Extrusion load, displacement 
of press ram and compressive components of frictional 
force were measured during extrusion process. Surface 
conditions of partially extruded billets were evaluated 
by measuring the surface roughness and by microscopic 
observation after experiments. 

 
2.4 Calculation of coefficient of friction 

Coefficient of friction P is calculated by eq. (1) as 
previous study [3]. The compressive components FA and 
FB were measured in two types of plane plate tools 
T+45D and T-45D shown in Figure 1. 
P=(FB-FA)/(FA+FB)  (1) 

 
3. EXPERIMENTAL RESULTS AND 

DISCUSSION 
Figure 2 shows coefficient of friction with regard 

to surface roughness parameter Ra.  Ra is arithmetic 
average. Adhesion of aluminum did not occur in the all 
conditions of tested lubricating oils. In the low viscosity 
conditions, change of coefficient of friction was steep, 
while coefficient of friction in the high viscosity 
conditions (Ra ≥0.2Pm) showed almost constant value.   
In the low viscosity conditions N1, N2, P1 and P2, 
surfaces of billets were smoothed because of thin oil 
film and contact between tool and the billet surface with 
plastic deformation. In the high viscosity conditions N3, 
N4, P3 and P4, surfaces of billets were roughened with 
regard to thick oil film thickness and plastic 
deformation of billet. It is difficult to judge the 
difference of coefficient of friction from surface 
roughness Ra of billets in the low viscosity conditions. 

 

 
Figure 2 Coefficient of friction with regard to surface 

roughness parameter Ra. 
 
Figure 3 shows relation between coefficient of 

friction and surface roughness parameter S. Where, S is 
mean spacing of local peaks of the profile. Coefficients 
of friction in low viscosity conditions with thin oil film 
thickness increased with decreasing of S values. While, 
coefficients of friction in high viscosity conditions with 
thick oil film changed a little with regard to S. It is 

considered spacing of local peaks of billet surface in 
low viscosity conditions was narrowed by flattening of 
billet surface in the thin oil film condition with regard to 
tool surface constraint. It is found that the surface 
roughness parameter S is effective parameter to evaluate 
the difference of frictional condition from surface 
condition of partially extruded billet. 
 

 
Figure 3 Coefficient of friction with regard to surface 

roughness parameter S. 
 
4. CONCLUSIONS 

In the present investigation, coefficients of friction 
of mineral oils in bulk plastic deformation were 
measured by plane strain extrusion test. The results were 
summarized as follows: 

(a) In the low viscosity conditions, change of 
coefficient of friction was steep, while 
coefficients of friction in the high viscosity 
conditions (Ra ≥0.2Pm) showed almost 
constant value. 

(b) Coefficients of friction in low viscosity 
conditions with thin oil film thickness 
increased with decreasing of S values. While, 
coefficients of friction in high viscosity 
conditions with thick oil film changed a little 
with regard to S. 
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ABSTRACT – This work demonstrates the evolution of 
surface topography with the number of cycles during 
running-in wear. The Archard’s wear law is employed to 
simulate the wear depth by assuming the linear elastic 
behavior of materials. The numerical simulation is 
performed on various 2D profiles with varying RMS 
roughness, skewness and kurtosis. It is shown that 
roughness parameters significantly change with the 
number of wear cycles. Two different wear rates are 
clearly shown which correspond to running-in and mild 
or steady wear rates. The proposed wear model is 
developed for dry contacts. Furthermore, it can be 
extended to develop more complex wear models.  
 
1. INTRODUCTION 

Roughness characteristics of contacting surfaces 
significantly affect the friction and wear. Prajapati and 
Tiwari [1] reported the effect of lay direction on 
topography parameters and bearing area curve (BAC). 
The surface topography substantially changes during 
wear process due to removal of asperity peaks from one 
or both contacting bodies. It is necessary to investigate 
the change in surface roughness parameters with 
increase in wear cycles. Ghosh and Sadeghi [2] 
developed a novel approach to model the wear 
mechanisms mainly accelerated by micro-cutting. They 
showed the change in roughness parameters with 
number of cycles for various 2D profiles having 
different RMS roughness, skewness and kurtosis. They 
found same trend for wear depth on comparing with 
experimental result published by Masouros et al. [3]. In 
this work, a different approach is used to model the 
initial and steady state wear regimes. Archard’s wear 
law [4] is used to calculate the wear depth at micro 
level. The asperity tips shape is assumed to spherical 
and Hertzian contact theory is employed at micro-level 
to calculate the asperity radius, deformation and mean 
contact pressure. The roughness parameters and 
topography parameters (summit radius and number of 
contacting asperity) variation with number of cycles are 
and discussed in detail. 

 
2. WEAR MODELING 

The simulation starts by setting the value of 
applied Fapp. After that, a smooth surface is displaced 
(di) and deformation, asperity radius and means contact 
pressure is calculated until summation of the asperity 
load (Fsum) is equal to applied load (Fapp). The Archard’s 
wear law is then applied at micro-level to calculate the 
average wear depth. After calculating the average wear 

depth for a particular number of cycles, the contacting 
nodes is displaced by ‘h’ and worn surface topography 
is obtained. The wear cycles are updated until ratio of 
real to nominal contact area (Areal/Anom) is greater than 
0.5. The wear simulation is terminated when the real 
contact area is more 50% of nominal area. The nominal 
contact area (Anom) in this work is assumed to 10 mm2.  

.....(1)   
H
δΔNkP

meanh j









=  

Where, h is the average wear depth, Pj is contact 
pressure at jth contacting asperity, ΔN is the incremental 
wear cycles, H is the hardness of the material, δ is the 
horizontal displacement which is assumed to be 
constant, k is the wear coefficient. 
 
3. RESULTS AND DISCUSSION 

In this section, simulation is performed on various 
2D profiles having different RMS roughness (Sq), 
skewness (Ssk) and kurtosis (Sku) values. The simulated 
result for isotropic 2D profile is presented in Figure 2-4. 
The input parameters listed in Table 1 are used in 
numerical wear model (see Figure 1).  

Figure 2 shows the evolution of 2D profile after 
19,000 cycles. In Figure 2, black and red line represents 
the roughness data of isotropic 2D profile before and 
after 19000 number wear cycles. It can be seen from 
Figure 2 that significant peaks are removed after 19000 
wear cycles. It is happening due to decrease in contact 
pressure per cycles. Figure 3 represents the bearing area 
curve (BAC) of isotropic 2D profile before and after 
19,000 number of cycles. From Figure 3 it can be seen 
that almost 50% material (roughness peaks) are 
removed from the profile after 19,000 number of cycles. 
It is happening due to simultaneously change in wear 
depth (h), summit radius, asperity area, and asperity 
contact pressure per cycles. Figure 4 shows the change 
in RMS roughness (Sq) and wear depth with number of 
cycles. RMS roughness (Sq) decreases with increase in 
number of cycles. Whereas, wear depth increases with 
increase in number of cycles. Two different wear rate 
(running-in and steady wear rate) can be seen from 
Figure 4. These wear rates are obtained according to 
procedure outlined in Ghosh and Sadeghi [2]. It can be 
seen from Figure 4 that running-in (or severe wear) rate 
(krunning-in) is higher than steady wear (or mild wear) rate 
(ksteady). It is happening due to removal of asperity at 
very higher rate during initial wear cycles (N1 = 3800 
cycles in Figure 4).  
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Figure 1 Flow diagram for wear simulation. 

 
Table 1 Input parameters used in wear simulation. 

Parameters Constant Value 
Applied load, Fapp 2×103 N 
Horizontal displacement, δ 200 µm 
Hardness, H 2.07 GPa 
Elastic modulus, E1 = E2= E 210 GPa 
Poisson ratio, ν 0.3 
Skewness, Rsk 0.0010 
Kurtosis, Rku 2.912 
Wear coefficient, k 5×10-4 
RMS roughness, Rq 9×10-4 mm 
 

 
Figure 2 Unworn profile and worn profile after 19000 

wear cycles.      
   

4. CONCLUSION 
The develop wear model is successfully applied to 

determine the change in topography parameters with 
number of wear cycles. It can be seen from Figure 3 that 
almost all roughness peaks are worn off as the real 
contact area (Areal) increases up to 50 % of the nominal 
contact area (Anom). Two distinct wear rates can be seen 

form Figure. 4. The wear rates are determined by linear 
fitting of wear depth with number of cycles. It can be 
seen that initial or running wear rate is higher than mild 
or steady wear rate due to decrease in contact pressure 
or increase in real contact area at higher number of 
cycles.  

 

 
Figure 3 Bearing area curve (BAC) for unworn and 

worn profiles. 
 

 Figure 4 Change in RMS roughness and wear depth 
with number of cycles. 
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ABSTRACT – Meso-scale frictional dynamics of 
elastic-plastic bodies were studied using Smoothed 
Particle Hydrodynamics (SPH) method. Our coarse-
grained model can consider the plasticity, wear and 
heating based on the continuum dynamics and molecular 
approach. The former mainly expresses the elastic-plastic 
properties and the latter plays the interaction between 
friction surfaces. In the system that two bodies with 
rough surfaces were set face to face, a series of the 
friction, wear were qualitatively reproduced. This model 
will be in future effective to clear the tribological 
mechanism, such as friction reduction and low seizure, 
with varying the conditions. 
 
1. INTRODUCTION 

In the industrial fields, the reduction of frictional 
damage of the materials is very demanded issue and the 
frictional simulations have been studied by many 
researchers. If the root cause of the friction exists in 
molecular scale’s phenomena such as phonon dissipation 
to the bulk [1], chemical boding and breakage, structure 
change of molecular ensemble as previous study [2], all 
atomistic simulation is needed to reproduce the frictional 
phenomena. In fact, however, many continuum 
simulations are used to reproduce the frictional properties. 
Although many researchers regard the meso-scale 
properties, for instance, surface roughness, distribution 
of stress and temperature, local heat generation and 
conduction, are much important elements of the frictional 
dynamics, it is very difficult that such elements are 
involved in the continuum dynamics with based on the 
molecular physics or chemistry.  From the molecular 
level, on the other hand, these properties are very difficult 
to be incorporated in the simulation since the size of the 
simulation box is restricted in nano-scale. Between the 
different space and time scales, there clearly exists the 
each and every physical discontinuity (damping) of the 
various physical properties which are non-linearly 
connected. The mechanism of such complex system has 
still been remained not to be cleared.  

We now try to study the frictional mechanism of the 
meso (micron-order) scale with both continuum approach 
and molecular approach. It is just meso-scale that is 
situated in between the nano scale to demand particle 
approach and the macro scale to demand continuum 
approach. Its physical discontinuity is not yet resolved 
but by using both approaches while doing try and error 
and then reproducing valid frictional phenomena, the 
mechanism of its discontinuity may be resolved.    

Concretely, we purpose a coarse-grained meso 
model using SPH (Smoothed Particle Hydrodynamics) 

method. SPH is one of the particle methods to resolve 
continuum equation with mesh free and a certain region 
of fluid or continuum body is expressed as a particle with 
set of field variables and the particle is moving in a 
Lagrangian manner. In SPH, the field variables (physical 
quantities) of the particle are reconstructed by the adding 
the field variables of the surrounding particles by an 
appropriate weighting whose function is called kernel. 
Moreover, we add the interaction forces directly between 
the particles on the friction surfaces, which is mimicking 
the molecular approach. 

We set two systems in which two elastic-plastic 
bodies within about 10~100 micro meter order is faced, 
and one body is sliding under the vertical load to cause 
shear friction. We confirm to reproduce a series of the 
friction, wear and heating and analyse its frictional 
properties in detail. 

  
2. SIMULATION METHOD 

We set the system that the elastic-plastic bodies are 
rubbing each other. The elastic bodies are expressed by 
the SPH particles and the vacant spaces between bodies 
are now as bulk in which the particles are not filled. The 
governing transport equations are (1) for momentum, (2) 
for inner energy (3), for heat (4), respectively [5,6]. 
Equation (5) is needed for calculation of stress tensor, 
which is calculated according to Hooke’s law by 
increment method and D is defined as 6×6 elastic or 
plastic modulus tensor assuming symmetries of stress 
and strain tensor. (i,j is particle indices, 𝛼, 𝛽 is coordinate 
indices) 
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𝑑𝝈 = 𝐷𝑑𝜺   (5) 
 

𝐹𝑖
𝛼 = 𝑚𝑖

𝑑𝑣𝑖
𝛼

𝑑𝑡    (6) 

 
Where:  

𝜈 velocity, 𝑈 inner energy, 𝑇 temp., 
𝑡 time, 𝑥 position, 𝑊 weighting, 
 𝜌 density, 𝑚 mass, 𝝈 stress tensor, 
 𝜺 strain tensor, 𝐻 heating function, 
𝜅, 𝜇, 𝑐𝑣 coef. of heating, 
𝑓 friction force and so on 

 
For the purpose to efficiently realize the calculation 

of the great number of particles with parallel code, we use 
the FDPS open platform [4] to create our simulation code. 

 
3. RESULTS AND DISCUSSIONS 

At first, in order to confirm the model, we simulate 
sliding friction between two solid planes shown in left of 
Figure 1. In this model, the mean diameter of the particle 
is about 3 μm and the system size is x, y, z as 170 μm, 40 
μm, 40 μm, respectively. The number of particles is 9492. 
The interfaces of two blocks have regular roughness each 
other. We set the rubbing force, with included in the 
second term 𝑓of eq. (1), as Lennard-Jones (LJ) potential. 
The particle mass, Young modulus and Poisson’s ratio are 
defined to refer to the material values of Al while the 
other coefficients are arbitrary in regard. The rubbing is 
caused by one-direction sliding and the initial sliding 
speed is set to 150 m/sec. Time development of friction 
coefficient (left of Figure 2) shows that stick-slip motion 
is reproduced by our simulator. Heat generation and 
dissipation to the bulk is calculated correctly (right of 
Figure 2). 

 
 

 
Figure 1 Simulation models. Left is to confirm sliding 

friction between two solid planes with regular 
roughness. Right is zoomed up to investigate wear and 

adsorption in detail.   
 

 
 
 
 
 
 
 
 
Figure 2 Time development of friction coefficient (left) 

and temperature profile (right). 
 

Then we set more zoomed up model to investigate 
the wear and adsorption in detail as right of Fig. 1. In this 
simulation, the mean diameter of the particle is set to 0.3 
μm and the system size is x×y×z = 9μm×9μm×9μm. The 

number of particle N is 11532.  
Two surface interactions are introduced by 

changing LJ parameters, in order to investigate the 
thermo elastic plastic properties between the surfaces. 
Figure 3 shows the temperature distribution due to the 
sliding in these two cases. In the weak interaction system, 
temperature rises slightly due to the friction. In the strong 
interaction system, on other hand, high temperature rise 
and breakage of the asperities are found. Friction 
coefficient (CoF) in Figure 4 for the two systems also 
show the difference.  CoF smoothly oscillates under weak 
interaction whereas the discrete changes are found in 
strong interaction system. In the realistic system, surface 
interaction is governed by chemical modification of the 
surfaces, namely, oxidization, adsorption of the additives 
and contamination. Modifications of the model to 
incorporate these aspects are respected in the future work. 

 

 

 
Figure 3 Snapshots of the simulation under weak (up) 

and strong (bottom) surface interactions. 
 

 
Figure 4 Time development of friction coefficient. 

 
4. CONCLUSION 

SPH model to describe solid friction and wear, 
including elastic-plastic deformation, heat generation and 
conduction in micron level were successfully simulated. 
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ABSTRACT – The effect of applied loads and braking 
times on the tribological behaviour on indigenously 
formulated semi-metallic brake friction materials were 
investigated using Chase dynamometer. Friction and 
wear tests were carried out under six different loads (445, 
890, 1335, 1780, 2225 and 2670 N) and braking times (4, 
8, 12, 16, 20 and 24 minutes) while the rotating velocity 
of the disc was kept constant at 500 rpm during the tests. 
Generally, it was observed that coefficient of friction 
decreases while the wear volume increases with 
increasing of the applied loads and braking times. The 
friction material was observed to be suitable for 
temperature up to 250oC, load up to 1335 N and 
continuous braking time less than 20 minutes. An 
increase in wear volume was corresponding to the 
decomposition of organic materials.  
 
1. INTRODUCTION 

The tribological performance of brake friction 
material depends on the material properties as well as on 
the operating conditions such as applied load, sliding 
speed, frequency of braking, environment, etc. The 
coefficient of friction (COF) and wear rate are very 
important parameters for the selection, since they 
determine a material’s suitability for brake pad 
application. Brake friction materials should meet a 
number of requirement; they should have a moderate 
COF, low wear rate and good mechanical properties. 

In real brake systems, the nominal contact pressure, 
typically varies between 0.3 and 2 MPa and the sliding 
velocity between 1 and 10 m/s [1].  It was observed by 
several authors [2-4] that the variation of COF and wear 
rate depends on the interfacial conditions such as normal 
load, geometry, relative surface motion, sliding speed, 
surface roughness of the rubbing surfaces, type of 
material, temperature, lubrication and vibration. Among 
these factors, sliding speed and normal load are the two 
major factors whose play significant role for the variation 
COF and wear rate. Further, most of the wear studies on 
friction material were performed at low speed (0.5–10 
m/s) and load (2–900 N) conditions [2-6]. Literature on 
the high sliding speed and load effects on the wear and 
friction properties is limited [7]. Therefore in this study 
an attempt is made to investigate the effect of braking 
load and time on COF and wear behaviour of semi 
metallic friction material. 

 
 

2. METHADOLOGY 
In this study, a semi-metallic friction material 

(brake pad) from earlier publication was used [8]. The 
friction and wear tests were carried out using Chase 
dynamometer. In this test, each specimen was pressed 
against a brake drum rotating with a constant speed of 
500 rpm following the experimental design approach (6 
loads x 6 times). The tests were conducted at different 
braking loads of 445, 890, 1335, 1780, 2225 and 2670 N 
and different braking times of 4, 8, 12, 16, 20 and 24 
minutes. Friction test results obtained from this study are 
the COF and the volume of wear of the brake friction 
materials.  
  
3. RESULTS AND DISCUSSION 

It can be seen from Figure 1 that after short running-
in stage the COF raised until it reached a maximum value 
with an increase in braking time. After reaching its 
maximum value, the COF declined with the braking time 
and subsequently reached a steady state friction. With 
subsequent braking, the shearing of the peak asperities 
resulting in breaking the interlocking between asperities 
which reduced the COF. The present results are 
consistent with previous work [9]. The present samples 
are only suitable as the load increased up to 1335 N. 

It was observed that an increase in worn volume 
occurred as the function of braking time as shown in 
Figure 2. The worn volume shows a linear relationship 
with load and/or braking time below 890 N and/or 12 
minutes, respectively. Above 890 N load and/or 12 
minutes braking time, the worn volume increased 
significantly. For all load at braking time 24 minutes, the 
worn volume also increased dramatically. The above 
finding is consistent by Rhee [10], Kubota and Hirose 
[11] and Talib [12] which concluded that wear rate 
increased linearly when the temperature was below 
230oC and afterwards increased exponentially. The 
phenolic resin becomes weaker as the temperature rises, 
since it undergoes softening. The polymer material will 
be degraded as the temperature increase. Thermal 
degradation of resin materials results in reduction in 
composition bonding and structural integrity of the brake 
friction materials caused the wear rate to increase 
exponentially. The wear resistance naturally decreased in 
response to a reduction of composition bonding and 
structural integrity. This process may have increased the 
rate of surface failure as reported by other researchers 
[13-14]. 
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Figure 1 The variation of COF related to braking time. 

 

 
Figure 2 Variation of worn volume with braking time. 

 
4. CONCLUSION 

The following salient conclusion can be drawn from 
the study on influence of different applied loads and 
braking times of semi-metallic automotive friction 
material. In general, the increase in load and braking time 
lead to an increase in surface temperature the worn 
volume but cause a reduction in COF. The increased in 
wear volume was corresponding to decomposition of 
organic materials. The COF was highest on the onset of 
braking due to ploughing of harder asperities and 
enlargement of the contact area. Later, the COF slowly 
decreases with applied loads and braking times due to 
shearing of the peak asperities and formation of friction 
film. The samples are observed to be suitable for load up 
to 1335 N and continuous braking time less than 20 
minutes.  
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ABSTRACT – Most shrink fit joints, couplings and 
fasteners of machine components are generally made up 
of AISI 1040 steel. These components are subjected to 
the fretting wear due to vibrations induced from 
machine operation. Fretting wear test on AISI 1040 steel 
is performed at different normal loads in ambient 
condition using Rtec MFT 5000 tribometer. The effect 
of different normal loads on coefficient of friction, slip 
regime and wear profile are analyzed. The result reveal 
that normal load has significant effect on fretting wear 
performance of AISI 1040 alloy. Optical micrograph 
obtained from optical microscope shows that with 
increase in normal load transition of gross sliding to 
partial sliding takes place.  
 
1. INTRODUCTION 

In general, almost all the mechanical components 
have different type of contacting bodies which are 
subjected to vibration during running condition. These 
vibrations cause the loss of material from the contact 
interface which is commonly known as fretting wear. 
First systematic study of fretting wear was performed by 
Tomlinson [1]. Vingsbo & Söderberg [2] presented a 
classical fretting map representing the gross slip and 
partial slip regime as the function of normal load and 
slip amplitude. Fretting wear is categorized in three slip 
regimes out of which partial slip regime is most critical 
as in this regime crack initiation and propagation takes 
place at junction of stick and slip. Li et al.[3] conducted 
fretting wear test in ball on plate configuration on 
inconel 690 TT alloy. They have concluded that in gross 
slip regime degradation mechanism was deformation, 
oxidation and delamination crack in worn sub surface 
while in partial slip regime deformation of asperities in 
adhesion zone, oxidation at worn edge and fatigue crack 
at junction stick-slip. Li & Lu [4] performed fretting 
wear test on inconel 600 alloy and concluded that with 
increase in sliding amplitude coefficient of friction and 
wear volume increases. Jeong et al. [5] conducted 
fretting wear test on AISI 1045 steel and concluded that 
coefficient of friction decreases with increase in normal 
load and transition of gross slip to partial slip takes 
place. 

Fouvry et al. [6] proposed the method for 
quantification of wear damage using dissipated 
frictional energy in the contact interface for different 
regimes of fretting and proposed transition criteria for 
various regimes of fretting. AISI 1040 steel is used in 
the couplings, crankshaft and shrink fit joints where 
fretting wear is one of the important failure modes.  

In past, very limited number of fretting wear study 
have been reported on AISI 1040 steel. Which indicates 

the need of detailed investigation of AISI 1040 steel 
under gross and partial slip conditions. 

In the present study fretting wear experiment on 
AISI 1040 steel plate sliding against AISI 4340 steel pin 
is carried out at constant sliding amplitude, constant 
sliding frequency and with different normal loads, to 
obtain the effect of normal load on coefficient of friction 
and wear damage. 
 
2. EXPERIMENTAL METHODOLOGY 

Before performing the fretting wear test, samples 
were polished up to average surface roughness 0.03 𝜇𝑚. 
Hardness tests were performed on both upper and lower 
samples using Vickers hardness tester. Figure 1a shows 
the indent of Vickers hardness test on upper sample and 
figure 1b shows the indent on lower sample at 2 Kgf. 
 

 
Figure 1 Optical micrograph of Vickers hardness test. 

 
Figure 2 shows the stress-strain curve of AISI 

1040 steel obtained from the tensile test conducted 
atcrosshead speedof 1.5𝑚𝑚/𝑚𝑖𝑛. Yield strength is 
found to be 356 𝑀𝑃𝑎 obtained by 0.2% strain offset. 
 

 
Figure 2 Stress strain graph of AISI 1040. 
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Mechanical properties of the test material are listed 
in Table 1. 
 

Table 1 Mechanical properties of the materials. 

Material Modulus of 
Elasticity (𝐆𝐏𝐚) 

Hardness, 
HV 

AISI 1040 200 180 
AISI 4340 210 776 
 

Fretting wear tests of AISI 1040 steel alloy 
areperformed using Rtec multifunctional tribometer 
(Rtech Instruments, USA) in pin on plate contact 
configuration at room temperature in dry sliding 
condition. Target sample is lower specimen which is 
made up of AISI 1040 steel alloy plate with dimension 
35 × 25 × 3 𝑚𝑚  and upper specimen was 6 mm 
diameter hemispherical pin of AISI 4340 steel. Figure 3 
shows the schematic contact configuration. 
 

 
Figure 3 Schematic representation of pin on plate 

contact 
 

Fretting wear test is performed at constant sliding 
amplitude 50 𝜇𝑚, constant sliding frequency 50 𝐻𝑧 and 
different normal load from 10 𝑁 to 45 𝑁. Effect of 
displacement amplitude is discussed in next section. 
 
3. RESULTS AND DISCUSSION 

Figure 4 shows the variation of coefficient of 
friction with normal load.  
 

 
Figure 4 Variation of coefficient of friction with normal 

load. 
 
 
 

With increase in normal load coefficient of friction 
decreases. In partial slip regime rate of decrease in 
coefficient of friction is small while in gross slip regime 
it is more. Highest coefficient of friction is observed at 
15 N applied load. Figure 5 shows the worn surfaces 
obtained from the optical microscope in different sliding 
condition. 
 

 
Figure 5 Optical micrograph at applied normal load 

(a) 10 N (b) 20 N (c) 22 N (d) 40 N 
 

From Figures 5(a) and 5(b) it is observed that 
gross sliding in the contact interfacetakes place for the 
applied load 10N to 20N. After 20N transition from 
gross sliding to partial sliding takes place. At 22 N 
Normal Load, visible stick zone in the center of the 
contact is observed with small scratches which indicates 
that few wear debris are entrapped in the stick zone. 

As the Normal Load increases from 22 N to 45 N, 
central stick zone extends towards outside and width of 
slip zone observed to be diminishing. 
 
REFERENCES 
[1] Tomlinson, G. A. (1927). The rusting of steel 

surfaces in contact. Proceeding of the Royal 
Society of London A, 115(771), 472-483. 

[2] Vingsbo, O., & Söderberg, S. (1988). On fretting 
maps. Wear, 126(2), 131-147. 

[3] Li, J., Yang, B. B., Lu, Y. H., Xin, L., Wang, Z. H., 
& Shoji, T. (2017). The degradation mechanism of 
Inconel 690TT induced by fretting wear in 
air. Tribology International, 116, 147-154. 

[4] Li, J., & Lu, Y. H. (2013). Effects of displacement 
amplitude on fretting wear behaviors and 
mechanism of Inconel 600 alloy. Wear, 304(1-2), 
223-230. 

[5] Jeong, S. H., Yong, S. J., & Lee, Y. Z. (2007). 
Friction and wear characteristics due to stick-slip 
under fretting conditions. Tribology 
Transactions, 50(4), 564-572. 

[6] Fouvry, S., Kapsa, P., & Vincent, L. (1996). 
Quantification of fretting damage. Wear, 200(1-2), 
186-205. 



Proceedings of Asia International Conference on Tribology 2018, pp. 242-243, September 2018 
 

__________ 
© Malaysian Tribology Society 

 

Influence of climatic conditions on adhesion in the wheel-rail contact 
R. Galas*, M. Omasta, I. Křupka, M. Hartl 

 
Faculty of Mechanical Engineering, Brno University of Technology, Technická 2896/2, 616 69 Brno, Czech Republic. 

 
*Corresponding e-mail: Radovan.Galas@vut.cz 

 
Keywords: Adhesion; wheel-rail contact; humidity 

 
 

ABSTRACT – The goal of this study was to investigate 
the effect of climatic conditions on adhesion in the 
wheel-rail contact. For this purpose, a ball-on-disc 
tribometer was utilized which enables to precisely 
control climatic conditions, mainly temperature and air 
humidity. Apart from these conditions, the influence of 
leaf layer on adhesion was investigated. The special 
attention was paid to water condensation which can 
cause a further adhesion decrease. Obtained results 
showed that a combination of high relative humidity and 
a presence of leaf layer can significantly reduce 
adhesion in the contact, even below a value 0.1 which is 
needed to traction and braking.  
 
1. INTRODUCTION 

Transmission of tangential force from the wheel to 
the rail represents a crucial parameter for traction and 
braking performance of railway vehicles. This 
transmission is usually expressed as the ratio of 
tangential and normal force acting in the contact.  
In railway field, this ratio is usually called the adhesion 
coefficient which is typically in the range from 0.2 to 
0.7 for dry conditions dependently on an experimental 
apparatus [1]. However, an actual value of adhesion 
coefficient is considerably affected by both operating 
and environmental conditions. In the case of 
environmental conditions, the most significant natural 
contaminants are humidity [2-3], water [4-8], and leaves 
on the track [9-10]. These conditions can result in the 
adhesion coefficient less than 0.1 [5,9] which can cause 
traction and braking difficulties. Although, there are 
many papers dealing with the influence of 
environmental conditions on adhesion in the wheel-rail 
contact, only little has been reported yet about the effect 
of water condensation on adhesion. In addition, 
previous studies mainly used apparatus where the 
contact operates under pure sliding conditions. This 
experimental approach can avoid some adhesion drops 
because of high contact temperature. With respect to 
these facts, the effect of water, temperature, and air 
humidity on adhesion was studied under rolling-sliding 
conditions in the present study. Furthermore, these 
experiments were carried out with “clean” and 
contaminated disc (by leaf extract) to evaluate the 
critical scenario occurring during autumn. 
 
2. METHODOLOGY 

A ball-on-disc tribometer was employed to achieve 
typical rolling-sliding conditions occurring in the wheel-
rail interface. Both the ball and the disc were 
independently driven; thus, the slip could be accurately 

set and controlled. A material of both contact bodies was  
a bearing steel AISI 52100 with an initial roughness of  
Ra 0.01 µm and 0.2 µm for the ball and the disc, resp. 
The tribometer is equipped by the climatic chamber 
enabling to set various values of temperature (1–50 °C) 
and relative humidity (7–100%). 

Each particular experiment was started by a run-in 
in order to remove all oxides and a residual friction 
layer adhered on contact surfaces. This run-in was 
stopped when a stable and dry level of adhesion was 
reached. Immediately after this run-in, the main part of 
the test was conducted. During this measurement, the 
adhesion coefficient was recorded at a frequency of 1 
Hz. All experiments were performed under following 
operating conditions: contact pressure of 0.8 GPa, 
entrainment speed of 1 m/s, and slip of 5%. These 
experimental parameters were chosen with respect to 
the typical operating conditions for light rail systems. 
As was mentioned above, “clean” and contaminated 
discs were used in this study. Besides air humidity and 
temperature, the effect of various quantity of water on 
adhesion was investigated where an applied quantity 
was changed from 1 µl for tens of milliliters to achieve 
fully-flooded conditions. 
 
3. RESULTS AND DISCUSSION 

Figure 1 shows the example of time test with the 
clean disc where the effect of relative humidity on 
adhesion was investigated at a constant air temperature 
of 24 °C. The same sets of measurements were 
conducted for various temperatures. After completing of 
all these experiments, an average value of adhesion was 
evaluated for each particular measurement. The average 
adhesion value was calculated from last 30 seconds 
where the adhesion coefficient was certainly stabilized.  

 

 
Figure 1 Effect of RH on adhesion for clean disc at air 

temperature 24 °C.  
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Figure 2 Influence of relative humidity and temperature 

on adhesion for clean disc. 
 
The results of adhesion measurements with the 

clean and contaminated disc for various values of 
relative humidity and temperature are depicted in Fig. 2 
and Fig. 3. In the case of the clean disc, it is apparent 
that the adhesion coefficient is significantly reduced 
with increasing relative humidity. Moreover, this effect 
is much more significant for lower temperature e.g. 
1 °C. These results are in a good correlation with a 
previous observation [2]. It should be highlighted that a 
further adhesion drop occurs if water condensation was 
identified, see the condensation area in Fig. 2 and Fig. 3. 
In that case, a small amount of water together with wear 
debris may form an enough viscous paste, which can 
partially or completely separate contact surfaces, as was 
previously reported by Beagley et al. [11]. A presence of 
this viscous paste/layer with a low shear strength results 
in low adhesion values.  

The similar trend was also found for measurements 
with the contaminated disc. In this case, the adhesion 
coefficient generally reached lower values, due to the 
presence of leaf extract, compared to the experiments 
with the clean disc. This combination of leaf and high 
relative humidity results in insufficient adhesion for 
traction and braking because the adhesion coefficient 
was less than 0.1. This critically low adhesion can be 
explained as a result of softening of leaf layer due to the 
presence of water. 

 

 
Figure 3 Influence of relative humidity and temperature 

on adhesion for contaminated disc. 
 

4. CONCLUSIONS 
The present study was focused on the effect of 

climatic conditions on adhesion in the wheel-rail 
contact. Experimental research was conducted using a 
ball-on-disc apparatus which enables to achieve the 
typical rolling-sliding conditions occurring in light-rail 

systems. The obtained results showed that adhesion was 
considerably reduced with increasing value of relative 
humidity, especially at lower temperatures. 
Furthermore, the significant drop in adhesion was found 
if water condensation occurred. The critical case was 
observed for a high relative humidity and the disc 
contaminated by the leaf extract. In this case, the 
adhesion coefficient reached critically low values 
leading to traction and braking difficulties. This critical 
scenario can especially occur during mornings where a 
low temperature and a high humidity can be expected. 
 
ASKNOWLEDGEMENT 

This research was carried out under the project 
NETME CENTRE PLUS (LO1202) with financial 
support from the Ministry of Education, Youth and 
Sports under the National Sustainability Programme I.  
 
REFERENCES 
[1] Gallardo-Hernandez, E. A., & Lewis, R. (2008). 

Twin disc assessment of wheel/rail 
adhesion. Wear, 265(9-10), 1309-1316. 

[2] Olofsson, U., & Sundvall, K. (2004). Influence of 
leaf, humidity and applied lubrication on friction in 
the wheel-rail contact: pin-on-disc 
experiments. Proceedings of the Institution of 
Mechanical Engineers, Part F: Journal of Rail and 
Rapid Transit, 218(3), 235-242. 

[3] Baek, K. S., Kyogoku, K., & Nakahara, T. (2008). 
An experimental study of transient traction 
characteristics between rail and wheel under low 
slip and low speed conditions. Wear, 265(9-10), 
1417-1424. 

[4] Chen, H., Ban, T., Ishida, M., & Nakahara, T. 
(2002). Adhesion between rail/wheel under water 
lubricated contact. Wear, 253(1-2), 75-81. 

[5] Chen, H., Ban, T., Ishida, M., & Nakahara, T. 
(2008). Experimental investigation of influential 
factors on adhesion between wheel and rail under 
wet conditions. Wear, 265(9-10), 1504-1511. 

[6] Chen, H., Ishida, M., Namura, A., Baek, K. S., 
Nakahara, T., Leban, B., & Pau, M. (2011). 
Estimation of wheel/rail adhesion coefficient under 
wet condition with measured boundary friction 
coefficient and real contact area. Wear, 271(1-2), 
32-39. 

[7] Wang, W. J., Shen, P., Song, J. H., Guo, J., Liu, Q. 
Y., & Jin, X. S. (2011). Experimental study on 
adhesion behavior of wheel/rail under dry and 
water conditions. Wear, 271(9-10), 2699-2705. 

[8] Hardwick, C., Lewis, R., & Eadie, D. T. (2014). 
Wheel and rail wear—Understanding the effects of 
water and grease. Wear, 314(1-2), 198-204. 

[9] Cann, P. M. (2006). The “leaves on the line” 
problem—a study of leaf residue film formation 
and lubricity under laboratory test 
conditions. Tribology letters, 24(2), 151-158. 

[10] Gallardo-Hernandez, E. A., & Lewis, R. (2008). 
Twin disc assessment of wheel/rail 
adhesion. Wear, 265(9-10), 1309-1316. 

[11] Beagley, T. M., & Pritchard, C. (1975). Wheel/rail 
adhesion—the overriding influence of 
water. Wear, 35(2), 299-313. 



Proceedings of Asia International Conference on Tribology 2018, pp. 244-245, September 2018 

__________ 
© Malaysian Tribology Society 

 

Impact-sliding complex fretting wear behaviors of laser shock peened 
TC4 alloy 

M.G. Yin, Z.B. Cai*, W.J. Wang, M.H. Zhu 

 
Tribology Research Institute, Key Laboratory of Advanced Technologies of Materials (Ministry Education), Southwest 

Jiaotong University, Chengdu 610031, China. 
 

*Corresponding e-mail: caizb@swjtu.cn 
 

Keywords: Impact-sliding; TC4 titanium alloy; LSP 
 
 
ABSTRACT – The process of outer particles collision 
with certain dynamic object is always an impact-sliding 
wear process. This study aimed to investigate the impact-
sliding fretting wear performance of some TC4 titanium 
alloys that treated by different laser pulse energies. The 
wear test was performed on a novel impact-sliding wear 
testing rig. Present results showed that the wear 
resistance of treated samples were greatly improved, and 
the higher pulse energy lead to the more obvious effect. 
All results can be attributed to the increase of material’s 
surface hardness and the residual compressive stress 
were also introduced after laser shock peened. 
 
1. INTRODUCTION 

The TC4 titanium alloy has been widely used to 
make aero-engine fan, compressor disk, jet-engine blades 
and other important parts of advanced aircrafts [1]. In 
recent years, researchers have proposed many surface 
treatment technologies to improve some mechanical 
properties of this kind material. Laser shock peening 
(LSP) is a surface treatment method which can improve 
the wear and corrosion properties of materials mainly 
through increasing the residual compress stress and 
refining the crystalline structure [2]. Impact-sliding 
fretting wear always means that the tangential friction 
occurs simultaneously when the mechanical components 
subjected the impact force [3]. At working Aero-engine 
fan blades are always tend to be easier attacked by solid 
particles that suspend in the air, their wear of the blade 
surfaces always increase the blade surface roughness and 
cause a permanent loss of performance [4]. Y. Sato et al. 
[5] found that the wear volume caused by impact-sliding 
wear which was always greater than pure impact or pure 
sliding fretting wear was caused.  

 
2. Methodology 

The impact-sliding fretting wear tests were carried 
out on a homemade impact-sliding fretting wear test rig 
(Figure 1). One test sample was untreated and the other 
two were peened two times by the laser pulse energy of 
5J and 7J respectively, silicon nitride ceramic ball 
(Φ9.52mm) has been used as an impact head. The details 
of the experimental parameters were given in Table 1. In 
this test, both x and z directions were all oscillated with 
a sinusoidal wave, and the phase difference of both 
directions was π/2. Displacement equations of both 
directions in each single impact-sliding cycle were 
shown in Equation (1) and (2). Figure 2 shows the 
movement and force conditions of impact head and test 
sample among each impact-sliding wear cycle. Before 

test, the EBSD technique has been used to study the 
microstructure changes of both treated samples. After test, 
morphologies of all wear scars were observed by 
scanning election microscopy (SEM; JSM6610LV). 

 

 
Figure 1 Schematic diagram of the impact-sliding wear 

test rig. 
 

Table 1 Experimental conditions for the test. 
Properties Data 
Number of cycles 500,1000,1500, 2000,3000 

Maximum impact force (N) 10 
Amplitude in x-direction (μm) 100 
Amplitude in z-direction (μm) 200 
Frequency (Hz) x:4, z:4 
Temperature (℃) 25 

 
100sin8x t=                                        (1) 
200sin(8 / 2)z t = +                         (2) 

 

 
Figure 2 (a) Independent trajectory of each direction and 

(b) F-S diagram of each cycle. 
 

3. RESULTS AND DISCUSSION 
The recrystallized fraction maps indicate the 

distribution of recrystallized, sub-structured and 
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deformed grains, and fully recrystallized grains are 
marked in blue, deformed grains are in red and sub-
structured grains are in yellow (Figure 3). The statistical 
graph clearly shows that with the increasing pulse energy, 
the fraction of sub-structured and deformed grains 
increase significantly, while the recrystallized grains 
decreased significantly. Generally, more deformed phase 
often exhibits superior strength after treated. 

 

 
Figure 3 Recrystallized fraction maps of (a) 5J, (b) 7J, 

(c) treated samples and recrystallized fraction 
components of both treated samples. 

 
The micrographs of worn scars of these three test 

samples that suffered 3000 wear cycles are shown in 
Figure 4. The test sample peened by 7J pulse energy 
always shows the minimum wear area. This is attributed 
to the increase of surface hardness. Delamination cracks 
caused by fatigue effect can be seen clearly on the wear 
scar morphology of the untreated sample, while the 7J 
pulse energy peened sample hardly occurred 
delamination cracks. This mainly because compressive 
residual stress had been introduced after LSP. 

 

 
Figure 4 Micrographs of worn scars. 

Figure 5 reveals that the maximum wear depth of 
the three test samples’ wear scars under different wear 
cycles. Maximum wear depth of each test sample 
increased with the increasing of wear cycles, and the 
maximum wear depth of the 7J treated sample is always 
the smallest one under the same impact cycles.  

 

 
Figure 5 Maximum wear depth of three test samples. 

 
4. CONCLUSION 

During laser shock peening process, the TC4 
titanium alloy always occurred plastic deformation which 
will lead to further grain refinement. The surface 
hardness and the inner residual compressive stress of the 
TC4 alloy also well improved after treated. The main 
wear mechanisms of this kind alloy were fatigue 
delamination and spalling. 
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ABSTRACT – The goal of this paper is to model the 
damage which occurs at the contact interface between a 
metallic ball and a laminate composite material. For this 
3D Hashin’s damage model was implemented in the 
Finite Element Method (FEM) software Abaqus. The 
obtained damage is in good agreement with the 
experimental results.  
 
1. INTRODUCTION 

The fiber-reinforced polymers (FRP) composite 
materials have many applications in industry and have 
been extensively investigated thanks to aeronautical 
developments in last few decades. Continuous 
unidirectional fibre- reinforced polymers are also being 
introduced for a variety of mechanical and biomedical 
applications, due to their greater wear resistance either 
normal or parallel to the sliding direction. The wear 
process of fibre composite materials is a very complex 
one. A diversity of fibres, both with respect to their 
properties and their fiber volume ratio, makes the 
analysis of this process even more difficult. Although it 
was suggested that the dominant wear process during 
the rubbing of fibrous composites is the adhesion one 
[1], depending on the type of fibres and friction 
conditions, other wear mechanisms may also be present. 
However, in a set of fundamental factors that influence 
the wear of fibrous composite materials, the most 
important are fibre type, its fiber volume ratio in the 
composite, as well as the structure of inter-phase 
between the fibre and the matrix. 

To well understand the wear mechanisms, it is 
necessary to simulate the damage which appears in the 
contact zone. Traditional ply-based failure criteria, such 
as Tsai-Wu and Tsai-Hill, consider a yarn-matrix system 
as a whole and, therefore, they are not suitable to predict 
whether the failure occurs inside a yarn, a matrix, or at 
their interfaces. In contrast, some mode-dependent 
failure criteria take into account interactions between 
stresses and strains (they are called interactive failure 
criteria), including Hashin [2], Puck and Schürmann [3] 
and micro mechanics-based failure (MMF) criteria. In 
this paper, we propose to study the wear mechanims 
with the help of failure criterion. Hashin’s criterion has 
been chosen to take into account the kind of damages 
(fibre or matrix) which occur in the contact zone. 
 
 

2. EXPERIMENTAL STUDY 
Composites based on Polyetherimide resin and 

unidirectionally reinforced carbon fibers 
(polyacrylonitrile-PAN based high modulus) in 80% by 
volume were developed by compression moulding after 
optimization of various parameters [5]. Since fiber 
orientation with respect to loading direction is a decisive 
factor in controlling the performance of the composite, 
the testing of composite was done in various fiber 
orientation angles such as 0°, 15°, 30°, 45°, 60°, 75° and 
90°. Classically the composites evaluated for their 
mechanical and tribological performance showed strong 
dependence on the orientation of fibers [5]. Tribological 
evaluation was done in abrasive wear mode in a single-
pass condition, linear and unidirectional forward motion 
on a Universal Wear Tester. SEM studies on worn 
surfaces were done to understand the wear mechanisms. 
Following the angle of the fibres with the sliding 
direction different kinds of damage can be observed on 
the worn surfaces (Figures 1(a) and 1(b)).  
 

   
                      (a)                                        (b) 

Figure 1 (a) Fibre damage and breakage for fibres 
parallel to sliding direction (b) matrix damage for an 
angle of 45° between fibres and the sliding direction. 

 
3. FINITE ELEMENT MODEL 

Finite element modeling is made on Abaqus 
Software. Hashin’s model is used to model the damage 
occurring at the contact interface. The damage’s model 
was implemented with the help of UMAT’s subroutine. 
 
3.1 Hashin’s model 

Hashin proposed different failure modes associated 
with the fibre tow and the matrix, considering, in both 
modes, differences in tension and compression [2]. The 
values of initiation damage criteria FI for each type of 
failure mode I are as follows: 
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Fibre tensile failure Ft
f  (σ11≥0) : 

𝐹𝑓𝑡 = (
𝜎11
𝑋𝑇

)
2
+ 𝛼 {(

𝜎12
𝑆12

)
2
+ (

𝜎13
𝑆13

)
2
} = 1 

 
Fibre compressive failure Fc

f  (σ11<0) : 

𝐹𝑓𝑐 = (
𝜎11
𝑋𝐶

)
2
= 1 

 
Matrix tensile failure Ft

m  (σ22+ σ33≥0) : 

𝐹𝑚𝑡 = (
𝜎22 + 𝜎33

𝑌𝑇
)
2
+ {(

𝜎232 − 𝜎22. 𝜎33
𝑆232

) + (
𝜎12
𝑆12

)
2

+ (
𝜎13
𝑆13

)
2
} = 1 

 
Matrix compressive failure Fc

m  (σ22+ σ33<0) : 

𝐹𝑚𝑐 = ((
𝑌𝐶

2𝑆23
)

2

− 1)(
𝜎22 + 𝜎33

𝑌𝐶
) + (

𝜎22 + 𝜎33

2𝑆23
)

2

+ {(
𝜎23

2 − 𝜎22. 𝜎33

𝑆23
2 ) + (

𝜎12

𝑆12
)

2

+ (
𝜎13

𝑆13
)

2
} = 1 

 
XT and YT denote tensile strengths in the longitudinal 
(X) and transverse (Y) directions of a UD composite, 
respectively. XC and YC are compressive strengths in the 
X and Y directions of the composite, respectively. 
Indices 1, 2 and 3 are used to describe X, Y and Z 
directions, respectively. Hence, S12, S13 and S23 signify 
in-plane and two out-of-plane shear strengths, 
respectively. All the mechanical properties have been 
defined from standard tests [5]. 

 
4. RESULTS AND DISCUSSION 

The contact between a metallic ball with a UD 
laminate composite was simulated. Rigid and 3D (brick) 
elements have been used respectively for the ball and 
the composite material. A refined zone is defined in the 
contact zone to well evaluate the stress and the 
damages. 

 

 
Figure 2 Finite element model. 

A normal of 40N is applied and a friction 
coefficient depending of the angle between the fibres 
and the sliding direction is used (obtained from 
experimental data). 

Due to the anisotropy of the composite material 
and the sliding, the stress distribution is not 
axisymmetric (Figure 3). The maximum of von Mises 
stress is at the entry of the contact. 

From Figure 4, fibre and matrix damages are given 
in the case of the UD composite parallel to the sliding 
direction. We can observe that the highest values of the 
both damages do not appear where the stress is 
maximal. Fibre breakage appears at the exit of the 

contact zone (Figure 4(a)). Matrix damage occurs all 
around the contact zone and the maximum value of the 
damage is obtained for an angle of 45° with the sliding 
direction (Figure 4(b)). These results are in agreement 
with the experimental observations. 

 

 
Figure 3 Von Mises stress distribution. 

 

 
                      (a)                                     (b) 

Figure 4 (a) Fibre damage and (b) matrix damage 
obtained in the case of a sliding parallel to the fibres. 

 
5. CONCLUSION 

A finite element simulation using a failure criterion 
based on the matrix and fibre damages was performed 
to evaluate the damage occurring at the contact 
interface. From theses simulations, further works will be 
done to define a wear model based on the observed 
damages (fibre and matrix). For this, a progressive 
damage evolution model has to be used [6].  
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ABSTRACT – The study investigates sliding friction 
and heat transfer of the coarse-grained iron micron-scale 
system by smoothed particle hydrodynamics simulation. 
The body-centered-cubic iron system of 2187×1012 
atoms is coarse-grained into the simple-cubic crystal of 
40500 particles. Heat transfer of particles is monitored 
in the sliding time. Stick-slip motion is observed during 
the sliding. The detected results also demonstrate that a 
combination of the coarse-grained model and the spring 
friction force reasonably presents these quantities of the 
iron systems.   
 
1. INTRODUCTION 

Coarse-graining (CG) has become one of the most 
noted choices in simulations of micron-scale systems. 
The number of degrees of freedom decreases many 
times in a CG system compared to a corresponding 
atomistic system, therefore, one has to solve only a few 
equations of motion for a CG system. Furthermore, 
since mass of a CG particle is much larger than that of 
an atom, a time step of simulation can be chosen longer, 
meaning that a CG system can be simulated in a long 
time. Thus, to investigate large simulation systems a 
coarse-grained model needs to be used, and to observe 
stick-slip motion during the sliding between two objects 
one should utilize spring force to characterize friction 
force. This work combines a new coarse-grained model 
and spring interaction force to survey sliding friction of 
the iron micron-scale system.   
 
2. MODEL AND SIMULATION 

Coarse-graining is proceeded in two steps: firstly, 
one unit cell of the initially body-centered-cubic (bcc) 
atomic ỉon system is coarse-grained into one particle 
that has mass of 2m ( 55.845m =  g/mol) and is 
positioned at the center of the unit cell (Figure 1(a)). 
This coarse-graining exchanges the atomic system to a 
simple-cubic (sc) particle one that has a lattice constant 
of 2.85BCCa = Å (Figure 1(b)); finally, the obtained sc 
particle system is continuously coarse-grained into a 
larger sc particle one by grouping a cubic region of 3

l
N  

unit cells ( lN  in each direction x, y or z) into one 
particle. The final sc particle system (Figure 1(c)) has 
the following characters: particle mass of 

32
CG l

M N m= , a lattice constant of CG l BCCa N a=  and 

the particle number of 3/ (2 )
CG atom lN N N= . By using 

this coarse-graining, the 864×1012 atoms system 
consisting of two objects, the slider of 
25.650×25.650×12.825 (µm3) and the substrate of 
51.300×25.650×12.825 (µm3), is modeled into the 
40500 particles system (Fig. 1d) having particle mass of 
5.006×10-6 μg and lattice constant of 0.855 μm. 

  

    
                 (a)                     (b)                           (c) 
              

    
 (d)        

Figure 1 The CG process of the atomic system into the 
simulated particle one. (a) Atoms (blue) of bcc unit cells 

are coarse-grained into particles (red), which are 
positioned at the center of the unit cells. (b) A sc unit 

cell of the particle system is taken from the first coarse-
graining. (c) A sc unit cell of the particle system is taken 
from the final coarse-graining. (d) The simulated system 

of 40500 particles. 
 
        Governing equations of the density, velocity and 
internal energy are well-known in smoothed particle 
hydrodynamics method as follows:     
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,

i friction

P i

T
u u

C
=

+
,                                                         (4) 

Where friction
u  is contribution of the spring friction force 

(see below). Smoothed particle hydrodynamics 
simulations are run with the time step of 285 ps and the 
sliding velocity of 100 m/s. The particles of the lowest 
layer of the slider is considered causing friction. 
Interaction between the slider and the substrate is 
represented by interaction between particles of the 
lowest layer of the slider and particles of the highest 
layer of the substrate. Two particles, one of each layer, 
interact with each other via the following spring force 

( ) 0

0 ,

ij

int,ij

r
k r h r h

F r
r h

− −  
=








                             (5)                                                    

Where , ,x y z
k   is the spring constant, h  is the smoothed 

length, i j
r r r= −   and r r=  here kr  is position vector 

of 𝑘th particle. Initial temperature of the substrate is 301 
K and that of the sliding is 300 K. 
 
3. RESULTS AND DISCUSSION 

Figure 2 shows the sliding-time dependence of 
friction force and coefficient. Stick-slip motion of the 
system is observed during the sliding by monitoring the 
shape of friction force and friction coefficient (Fig. 2a 
and 2b). The distance between the nearest peaks of each 
curve is exactly equal to the lattice constant of the 
system ( 0.855GCa = Å), as observed experimentally for 
various materials [1,2]. The simulation friction 
coefficient of 0.27 is in accordance with the 
experimental values, 0.15-0.40 [3] and 0.18-0.65 [4]. 

 

   

 
Figure 2 Sliding-time dependence of friction force and 

coefficient. 
 

   

 
Figure 3 Sliding-time dependence of mean temperature 

of particles. Color of the lines in Figure 3(a) is 
corresponding to color of particles in Figure 1(d), for 
example the yellow line presents mean temperature of 

the yellow particles. 
 

Mean temperature of each region shows an abrupt 
growth in the initial stage of the sliding (⁓20 ps) (Figure 
3(a)). It then becomes stable or increases very light in 
sliding time. The particle layer causing friction, the 
lowest layer of the slider, exhibits the strongest growth 
and has the highest temperature compared to the other 
regions. Particles close to interface of the objects have 
higher temperature than particles far from the interface. 
Figure 3b shows the sliding-time dependence of 
temperature of each segment of the highest particle 
layer of the substrate, which is divided in three 
segments of equal length in X-sliding direction, 

0 10 CGX a= − , 11 20 GCa−  and 21 30 CGa− . 
Temperature of the first segment increases in the initial 
stage and then decreases as the sliding object leaves it. 
Other segment shows a growth of temperature since the 
sliding object is being on it or going to it. Temperature 
of the second segment becomes lager than that of the 
first segment when sliding time reaches around 85 ps at 
which the slider leaves out the first segment and is lying 
on the second segment. The present work does not 
consider energy dissipation in the substrate. This can 
lead a slight decrease of temperature in the very 
beginning of the sliding. Energy dissipation term will be 
mentioned in our future works.   
 
4. CONCLUSION 
          In the study, we have detected sliding friction and 
heat transfer of the coarse-grained iron micron system 
by smoothed particle hydrodynamics simulation. We 
find that a combination of the coarse-grained model and 
the spring friction force reasonably presents the friction 
quantities of the iron systems.    
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ABSTRACT – Galling, defined as a severe kind of 
adhesive wear encountered when friction occurs 
between two sliding surfaces under sufficient load, is a 
complex multiscale and multi-physics phenomenon still 
not thoroughly understood. Its initiation and 
propagation is impacted by different factors related to 
microstructure, surface defects or chemical 
composition. Currently, a normalized galling test, 
denoted ASTM G-98, can be used to determine 
experimentally a threshold galling stress of material 
couples. A finite element modeling, using ABAQUS, of 
this tribological test is purposed in order to investigate 
the mechanisms appearing during galling of 316L 
stainless steel in particular. 
 
1. INTRODUCTION 

When two loaded mating surfaces slide with 
respect to each other, a form of surface damage, usually 
called galling, can be observed. Such a process occurs 
suddenly and evolves quickly, altering the surface 
integrity (material transfer, wear debris…) of the 
mechanical components, and consequently degrading 
their tribological properties. Galling can lead to 
disastrous consequences particularly in the agro-food, 
chemical and pharmaceutical industries (e.g. deposition 
of metal particles with carcinogenic elements (Cr, Ni…) 
on food or pharmaceutical products, atmospheric 
pollution by fine particles…), where austenitic stainless 
steels are commonly chosen for their relative ease of 
manufacture, high strength and stiffness, and excellent 
corrosion resistance. Unfortunately, these materials are 
also known for their poor resistance to galling [1].  

A commonly used standardized test procedure for 
obtaining the relative ranking of galling resistance of 
material couples is the ASTM G-98 button-on-block test 
[2]. In this method, a constant compressive load is 
maintaining between two flat specimens. One 
cylindrical specimen with a flat end, called the button 
(or pin), is slowly rotated for one revolution on the other 
flat specimen held fixed, called the block. Galling is 
determined by unassisted visual inspection. A new 
galling test method, denoted ASTM G196-08, has been 
recently adopted as a new standard for galling 
measurement [3].  

For a large part of works in the literature on the 
galling of stainless steels, conclusions relating on the 
influence of different factors on the severity of galling 
are limited to qualitative observations of the phenomena 
(e.g. impact of the nature of the materials, effect of the 

nature of the lubricant or the surface roughness, 
sensitivity to the type of surface treatment…). Little 
explanation is provided on the correlations between the 
adhesive wear resistance or galling threshold and the 
above-cited factors. 

Due to its multi-physics aspects (thermal, chemical 
and mechanical) the wear process remains difficult to 
understand, as well as to simulate. The main objective 
of the present paper is to attempt to help of 
understanding of galling mechanisms of stainless steels 
using finite element modeling of the ASTM G-98 test.  
 
2. GALLING RESISTANCE TEST – ASTM G98 

BUTTON-ON-BLOCK TEST 
The testing device, consisting of a standard tensile-

compression machine, and specimens of the ASTM G-
98 test are illustrated Figure 1. This galling test, which 
is a button-on-block test, is composed of two flat 
specimens maintained in compression each other while 
one of these specimens is rotated on only one full 
revolution, performed in 6 s in a single step. At the end 
of each test, both specimens are visually inspected. In 
the case where the specimens appear undamaged, the 
procedure is repeated with a higher load on untested 
specimens. Galling occurs if the contacting surfaces 
exhibit torn metal. The threshold galling is determined 
as the average between the highest non-galled test and 
the lowest galled test. 

  

 
Figure 1 (a) Testing device and (b) specimen illustration 

with main dimensions, in reversed position [4].  
 
3. FINITE ELEMENT MODELING 

In a button-on-block system, a cylindrical pin with 
a flat end is sliding against a flat block, as described in 
the above section. The galling simulation is performed 
with the commercial software ABAQUS, for 316L 
stainless steel pairs. The pin and the block consist of the 
same elastic-plastic isotropic material (316L). The value 



Franz et al., 2018 

252 
 

of Young’s modulus is 197 GPa and the Poisson’s ratio 
is 0.3. In this model, the temperature effect is neglected 
because the standardized galling test is considered to be 
quasi-static due to its low rotation velocity (0.33 s-1).  

Since it is necessary to simulate the relative sliding 
motion between the pin and the block, the “finite 
sliding” formulation is chosen as allowing any arbitrary 
separation, rotation and sliding between the contacting 
surfaces.  Furthermore, “surface to surface” contact 
discretization is used because it is well-known this kind 
of discretization improves accuracy of contact stresses. 
The overall finite element mesh is given Figure 2.  

 

 
Figure 2 3D mesh of the ASTM G-98 configuration. 

 
The main object of the purposed numerical 

modeling is first to reproduce the real pressure between 
the contacting surfaces and to determine the thickness of 
plastically affected regions. The pressure distribution 
between the pin and the disc is affected by the choice of 
the friction formulation. Friction modeling involves 
establishing relationship between the tangential contact 
force and the relative sliding speed. It is difficult to take 
into account the friction (adhesion-slip) because of the 
very great diversity of the behaviors. This leads to the 
formulation of several friction models. The first model, 
usually known as Coulomb or Amontons’ laws, assumes 
that the friction force is proportional to the normal 
contact force. The coefficient of proportionality is called 
coefficient of friction and remains constant. These laws 
are not able to take into account the stick-slip 
phenomena. In order to cure this problem, several laws 
with variable coefficient of friction have been proposed. 
They based on the theory provided by Bowden et al. [5] 
and Tabor [6] and widely accepted. The friction 
coefficient can be expressed as the sum of an adhesive 
component, representing the formation and shearing of 
metallic junctions between the surface asperities, and a 
plowing component, depicting the plastic deformation 
of the softer surface by hard asperities. 

 
4. RESULTS AND DISCUSSION 

First, it is necessary to select the contact zone 
mesh sizes allowing reproducing accurately the contact 
pressure distribution between the pin and the block. 
Numerical simulations have been performed with 
different meshing for an elastic cylindrical flat button 
loaded in compression on an elastic block. The obtained 
results have been compared with the normalized contact 

pressure distribution z

mP


 determined analytically [7] as 

a function of the contact radius a and the distance r 
from the centre of the button by: 

2 2
,

2
z

m

a r a
P a r


= − 
−

   (1) 

 For the chosen meshing, the comparison of the 
finite-element results with the analytical ones for the 
variation of normalized contact pressure is plotted 
Figure 3. 

 

 
Figure 3 Normalized contact pressure distribution. 

 
In order to validate the numerical model, the stress 

concentration will be then compared with experimental 
results of ASTM G-98 tests realized on 316L pairs. The 
thickness of plastically affected regions obtained 
numerically will be compared with SEM observations.  
 
5. CONCLUSION 

Quasi-static and sliding dry friction are frictional 
mechanisms studied since several decades but remain an 
open field of research due to the difficulty to correctly 
identify the contribution of numerous factors on the 
initiation and development of wear. The authors of the 
present article hope that the expected results with this 
numerical model will provide an additional contribution 
to the understanding of these complex mechanisms. 
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ABSTRACT – The influence of temperature and counter 
body material on the tribological properties of a-C:H 
coatings deposited on Cronidur 30 steel have been 
investigated in a lubricated ball on disk contact situation. 
The results show, that the wear volumes of the system 
increase exponentially with increasing temperature. Two 
different wear mechanisms seem to have a major 
influence: First, the abrasive action due to material 
hardness (Alumina) causes more wear volume and 
second, the tribo-oxidation when silicon nitride is counter 
material which is acting as a solid lubricant. Due to 
increasing temperature, two different wear regimes have 
been identified. At low temperatures desorption of 
surface species on the a-C:H coating seem to lead to 
higher friction, whereas at higher temperatures graphite 
formation governs friction and wear. The formation of 
silica particles has a distinctive but marginal effect on 
wear. 

1. INTRODUCTION 
Diamond like carbon coatings (DLC) combine a 

variety of very attractive properties like high hardness, 
chemical inertness and low adhesion to most counterpart 
materials. They show therefore a good to excellent 
tribological behavior depending on the loading 
conditions [1]. The properties of the coatings are also 
largely dependent on composition as well as the 
deposition method and conditions [2]. Among all 
operating conditions the temperature regime is one of the 
most influential one because with temperature 
thermochemical and thermodynamic aspects of stability 
come into play. Several papers dealing with influence of 
the ambient temperature on the tribological performance 
of amorphous hydrogen containing carbon (a-C:H) 
coatings have been published [1]. They show that the 
ambient temperature is crucial for the stability of the 
coating when tribologically loaded. Results on oil 
lubricated sliding experiments on DLC coatings are 
much more scarcely published than on those tests 
performed under unlubricated, dry conditions. Since the 
manufactured quality of DLC coatings on various 
substrates especially on steel has reached a relatively 
high level of reliability these coatings are already applied 
or are considered as candidates for heavy duty 
applications within the automotive engine environments 
[1]. It is this kind of application that require reliable data 
of the tribological behavior of materials in an 
environment at higher temperatures. Currently existing 
results of DLC in oil lubricated sliding mostly cover the 
temperature range up to about 80 – 120 °C, since this is 
the temperature range of steady state conditions for 

combustion engines and their related components. 
However, it can be estimated that under heavy load 
asperity contact situations can easily produce 200 °C due 
to flash temperatures. In an earlier paper, we have shown 
that the tribological performance of hard carbon coatings 
under unlubricated conditions is severely decreasing with 
increasing temperature [3]. In this paper, we present 
results on the influence of ambient temperature on the 
tribological performance of DLC but lubricated with a 
high temperature ester oil. 

 
2. METHODOLOGY 

OKS 352 is an ester oil with a maximum operating 
temperature of 250 °C (OKS Spezialschmierstoffe, 
Maisach, Germany). The counterbodies were aluminum 
oxide and silicon nitride. The DLC layer is an a-C:H layer 
(KYB Type A from KYB, Sagamihara, Japan) with a 
chromium intermediate bond layer of about 50 nm 
deposited on steel Cronidur 30 - (X 30 CrMoN 15 1, 
annealing temperature of about 480 °C). The tribological 
tests were carried out with SRV 3 tribometer (Optimol 
Instr., Munich, Germany) in a ball on disk configuration 
and a normal load of 20 N. The test parameters are 
compiled in Table 1. Three independent test series with 
each ball were carried out. 

 
Table 1 Test parameters. 

Parameter Symbol Value 
Stroke Δx 200 µm 
Frequency ν 20 Hz 
Normal Load FN 20 N 
Temperature T RT – 250 °C 
Number of cycles 103·n 50 – 200 
Lubrication  Turbine oil OKS352 

 
3. RESULTS AND DISCUSSION 

This study shows that also under lubricated 
conditions the wear resistance of a-C:H coatings is 
crucially dependent on the environmental temperature 
and also on the counterbody material. Figure 1 shows the 
friction coefficients (COF) as a function of the oil 
temperature. For both counter materials, the friction is 
increasing initially up to about 100 °C and then 
decreasing with further increasing temperature. The 
maximum is in both cases at about 120°C. 

Figure 2 shows that at room temperature the wear 
resistance of the a-C:H coating against α-alumina 
counterbody is about 2.5 times higher than against silicon 
nitride. With increasing temperatures, the ongoing 
softening of the DLC layer leads to a stronger increasing 
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wear volume with α-alumina counterbody since its 
hardness remains high and tribo-oxidation is not existent. 
In the case of silicon nitride as counter material, the wear 
volume is initially higher due to the underlying tribo-
oxidation on silicon nitride counterbody. One possible 
oxidation reaction among others is the following: 
Si3N4 + 5 O2 → 3 SiO2 + 4 NO (1) 

 

 
Figure 1 Coefficient of friction as function of 

temperature for aluminum oxide and silicon nitride. 
 

 
Figure 2 Wear volume as function of temperature for 

silicon nitride and alumina under high temperature ester 
oil OKS 352.   

 

 
Figure 3 Logarithm of system wear rate versus 

reciprocal temperature. 
 
With increasing temperature, however, the wear 

volume increases, too, but not as sharply with 
temperature as in the case of α-alumina. This may be 
explained by, first, the lower hardness of silicon nitride 
(less abrasive) and second, by the increasing content of 
silica as a product of the tribo-oxidation process and its 
influence on wear as a wear modifying constituent of the 

lubricant [4].  
Figure 3 shows the natural logarithm of wear rates 

of the systems as a function of the reciprocal temperature 
for both counter materials. The graphs reveal two 
different temperature ranges in which the relationship of 
the logarithm of wear rate with the reciprocal temperature 
is linear. This means, that the wear of the coating is 
governed by two different Arrhenius like mechanisms 
with different calculated activation energies Ea for the 
wear process (AO for alumina, SN for silicon nitride). 
The graphs reveal also that the transition temperature for 
the different pre-dominant wear mechanisms is about 
120°C (shaded area). This is consistent with the findings 
in Figure 1, where at the same temperature the friction 
coefficient shows a change in character. 

The increasing friction coefficients with increasing 
temperature point at increasing attraction forces within 
the sliding interface which might be due to creation of 
unsaturated so-called dangling bonds. A probable 
mechanism for this could be seen in the increasing 
desorption of adsorbed species like water or even 
hydrogen from the a-C:H surface with increasing 
temperature. Above the transition temperature of 120°C 
wear resistance of a-C:H coating may decrease due to 
instability of the carbon network and the generation of 
graphite which leads to higher wear of the a-C:H coating 
[5]. The coefficients of friction however, are decreasing 
with increasing temperature. This might be caused by 
beneficial influence of the formed graphite.  

 
4.  CONCLUSION 

Coefficient of friction increases up to a transition 
area of 120 °C then decreases. Arrhenius type analysis of 
wear coefficients reveals two distinct areas of wear with 
different mechanisms. Influence of counter material due 
to tribo-oxidation of silicon nitride. 
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ABSTRACT – Galling mechanisms have been 
investigated in several stainless steels following ASTM 
G98 test method. Galled samples have been studied by 
both surface and in depth analysis. This characterization 
leads to the determination of new galling categories. 
 
1. INTRODUCTION 

Galling is a severe case of adhesive wear; it goes 
with the appearance of undesirable surface 
modifications leading to the deterioration of materials in 
contact. It is problematic in a wide range of industrial 
applications, e.g. medical instruments, sheet metal 
forming or nuclear plants. Stainless steels are widely 
used in these industries due to their relative ease of 
manufacture, high strength and stiffness and excellent 
corrosion resistance. However, it has been found to be 
quite susceptible to galling.  

Several studies can be found on comparing galling 
thresholds for different grades [1], determining new 
galling test methods [2] or giving a more precise galling 
threshold determination [3]. However, very few studies 
focus on explaining galling mechanisms and even fewer 
works on linking these mechanisms with material 
properties. In this paper, we use surface and 
microstructure characterization in order to better 
understand galling mechanisms in different stainless 
steel grades. This characterization is then completed by 
TEM observations to understand the relation with 
microstructure at nanoscale. 

 
2. EXEPERIMENTAL DETAILS 

We herein focus on three stainless steel grades, 
namely 316L, widely used in industrial applications, 
AISI660 and a galling resistant grade, Nitronic60® (UNS 
S21800). Samples are tested in unlubricated and 
untreated condition, with initial turned surface having 
Sa = 0.3 µm. Material properties of these grades are 
summed up in Table 1. 

Galling threshold is estimated by ASTM G98 
normalized test with no consideration of galling 
frequency, as could be studied by other authors [4]. This 
threshold is solely used to propose a ranking of galling 
resistance for selected grades. Samples are characterized 
post mortem via surface (3D profilometry) and sub-
surface investigations, considering mainly SEM, EBSD, 
nanoindentation and TEM observations. 3D 
profilometry is used and Johansson's Rktot parameter 
[5] is adapted into Sktot to give an approximation of the 
depth of wear. EBSD investigations is mainly focused 

on first neighbor Kernel Average Misorientation (KAM) 
measurements and microstructure evolution. Ultimately, 
TEM observations are made at 150 µm depth from free 
surface.  

 
Table 1 Mechanical properties of selected materials. 

 
 

3. RESULTS AND DISCUSSION 
Both AISI 316L and AISI 660 present after galling 

test a very low galling threshold, less than 11 MPa and 
are therefore usually considered in the literature as 
having equivalent galling resistance. As opposite, 
Nitronic60®, shows a significantly higher galling 
threshold (219 MPa). Macroscopic observations reveal 
for 316L a highly deformed surface, with adhesion 
marks hidden by smearing. AISI660, however, is 
characterized by a surface with almost no smearing and 
a high amount of adhesion bands. Finally, galling in 
Nitronic60® appears in the form of localized initiation 
sites with very few surface modifications as long as 
contact pressure is close to galling threshold. 

 

 
Figure 1 Surface observations close to galling 

threshold. 
 

Sktot parameter is used to study surface state for 
different configurations, showing very distinct surface 
evolution in function of selected stainless-steel grade.  
Resulting ranking are then confronted to sub-surface 
evolution using KAM calculations. KAM is used in 
order to determine the depth until which microstructure 
is significantly different from the core. This leads to the 
emergence of a d parameter designing the depth until 
which microstructure is strongly affected. In order not to 
consider the impact of pressure, previously defined d 
and Sktot parameters are normalized by contact pressure 
at which measurements are done.  
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Figure 2 Microstructure observation after galling test at 

350 MPa for a- 316L, b- AISI660 and c- Nitronic60. 
  

Normalized d parameter is in good agreement with 
normalized Sktot parameter, as shown in Figure 3, 
indicating that surface state and sub-surface 
microstructure follow equivalent evolution after galling 
apparition. 

 

 
Figure 3 Normalized values for d (red) and Sktot 

(blue). 
 

It is possible to observe three distinct features 
associated with each presented stainless steel grades. 
Complementary TEM observations have been 
performed in order to investigate sub-structure for these 
stainless steels. Unique features can be found for each 
grade. AISI 316L exhibits randomly distributed 
dislocations with almost no reorganization. In the case 
of AISI660, galling's main effect is the formation of 
recrystallization twins. To finish with, Nitronic60® 
forms a nanostructure, in the form of nanograins of 
about 60 nm. These unique features, combined with d 
and Sktot values lead to the creation of novel galling 

categories. We herein name these categories after 
macroscopic features:  

(a) Severe galling (316L), going with strong 
surface and microstructure deterioration.  

(b) Moderate galling (AISI660), characterized by 
intermediate modifications. 

(c) Tolerant galling (Nitronic60®), being the least 
destructive galling category. 

These galling categories are of great use for 
industrial applications since they provide a good 
estimation of the way galling propagation may appear 
and therefore samples' lifespan predictions can be 
enhanced. 

 
4. CONCLUSION 

Use of normalized Sktot and d parameters, coupled 
with TEM investigations leads to the determination of 
three distinct galling categories, namely severe 
catastrophic, moderate galling and tolerant galling, 
corresponding to different galling behaviors.    
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ABSTRACT – In this study, we have observed the real 
contact area formed in the sliding interface between a 
rubber hemisphere and an optically transparent PMMA 
substrate with a model roughness. Through experiments 
using a newly developed tribotester, we found that the 
total value of the real contact area depends on the 
sliding velocity, V; more specifically, the total value of 
the real contact area, Areal, decreases as V is increased. 
 
1. INTRODUCTION 

In order to understand the mechanism of friction in 
soft materials such as rubber and gels, several studies 
have been performed in different fields. As is well 
known, the frictional force, F, acting on a piece of 
rubber consists of two different components, viz., the 
adhesion frictional force (Fad) and the hysteresis 
frictional force (Fhy) [1]. According to the adhesion 
theory of friction, Fad can be expressed as Fad = τAreal, 
where τ and Areal are the shear strength and total real 
contact area, respectively. Thus, F = Fad + Fhy = τAreal + 
Fhy. Additionally, Fhy also depends on Areal; Fhy increases 
with an increase in Areal since the bulk deformation 
region that determines the extent of energy dissipation 
during the sliding motion, increases with an increase in 
Areal. Thus, in order to understand the mechanism of 
friction in rubber, a direct measurement of Areal is the 
most effective approach. 

In this study, we have quantified Areal using a 
newly developed tribotester that can measure Areal 
between a rubber hemispherical slider and a polymethyl 
methacrylate (PMMA) substrate with a model 
roughness. Based on the experimental results, the 
sliding velocity (V) dependence of Areal under rough 
contact conditions was investigated. 
 
2. EXPERIMENTAL DETAILS 

Figure 1 shows representations of the front and 
side views of the experimental setup. Using this setup, 
one can directly observe the contact interface between a 
rubber hemisphere and a PMMA substrate using a total 
internal reflection optical system. The light beam in this 
system is represented as blue arrows in the side view of 
Figure 1. In the regions of real contact, the light beam is 
reflected at the interface between the rubber and PMMA 
surfaces with partial absorption. In contrast, in the 
noncontact regions, the light beam is fully reflected 

following the conditions of total internal reflection. 
Thus, the spatial distribution of the real contact area 
formed within an apparent contact area can be extracted 
from the intensity profile of the reflected light that is 
captured using a charge-coupled device camera. 

Some typical results obtained in this study with 
different normal loads, Fz, are also shown in Figure 1. It 
is evident that Areal gradually increases with an increase 
in Fz. In this study, all experiments were performed at 
room temperature under dry (no lubricant). 

Figure 2 shows the dimensions of the rubber and 
PMMA specimens. The PMMA surface has a model 
roughness, with a radius of curvature of the asperities, R 
= 0.5 mm, and the pitch between them, P = 0.7 mm. 

 

 
Figure 1 Schematic representation of the experimental 

setup, i.e., front and side views of apparatus, along with 
some typical results. Blue lines depicted in the side view 
mean the light beams of the reflective optical system. In 
typical results, real contact reasons are clearly seen as 

black area. 
 

 
Figure 2 Dimensions of rubber hemisphere specimen 

and PMMA substrate with surface roughness. 

  



Maegawa et al., 2018 

258 
 

 
Figure 3 Typical experimental results: snapshots of the 

contact regions under different values of velocities from 
0 mm/s to 10 mm/s. 

 

 
Figure 4 Effect of sliding velocity on real contact ratio, 
and the illustrations of contact geometries at relatively 

low and high velocity conditions. 
 

3. RESULTS AND DISCUSSION 
Figure 3 shows snapshots of the contact region for 

different values of V. Keeping in mind that the dark 
regions correspond to Areal, it is evident that Areal 
decreases with an increase in V. 

The dependence of Areal on V, as observed in this 
study, is summarized in Figure 4, with the y-axis 
showing the normalized contact area Areal/A0, where A0 is 
the value of Areal when V = 0. Figure 4 also shows 
schematic representations illustrating the difference 
between macroscopic deformations at the contact 
region for relatively small and large V.  In the 
illustration, the upper hemicycles correspond to the 
single asperity of the PMMA substrate shown in Figure 
2, and the lower deformed part means the surface of 
rubber specimen. As illustrated in Figure 4, for a 
relatively small V, a symmetrical contact, with the same 
extent of deformation at the leading and trailing edges, 
is formed. In contrast, for a large V, an asymmetrical 
contact, with a large deformation at the trailing edge 
caused by the hysteresis effect of the bulk rubber, is 
formed. This is the primary reason for determining the V 
dependence of Areal. We note here that, as already 
reported in [3], the V dependence of Areal is also 
observed in the case of contact between rubber and a 
flat substrate.   
 
4. SUMMARY 

An in situ observation of real contact area was 
demonstrated using a newly developed tribotester that 
has a sliding interface with a rubber hemisphere and a 
PMMA rough surface. Our experiments focusing on the 
sliding velocity (i.e., V) dependence of real contact area 
revealed that Areal decreases with an increase in V due to 
the asymmetry mode of contact deformation.  
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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 coefficient of friction responds 
sensitively to changes in the moisture content. Analyses 
of transfer films by Raman spectroscopy showed that 
carbon film became thin and homogeneous when the 
water content was small, and it was confirmed that the 
carbon film became thick and inhomogeneous when the 
moisture content is large. It is suggested that the carbon 
film on the surface was activated by moisture in the 
atmosphere. 
 
1. INTRODUCTION 

PTFE has self-lubricating property. Its composite 
materials are widely used as sealings. It was previously 
reported that the carbon film self-forms and exhibits low 
friction when friction test was carried out using PTFE 
filled with carbon fibers and metal [1]. Besides, Friction 
characteristics are affected by atmospheric gas and 
moisture content [2]. However, it is not clear the 
mechanism of self-forming carbon film. If we can clarify 
the process of carbon film formation, we will be able to 
obtain additional clues to lower friction. This study aimed 
to explore the process of PTFE filled with carbon fibers 
forming carbon film on the sliding surfaces. We 
evaluated the effect of moisture content using a pin on 
disk friction tester, Raman spectroscopic analysis. 
 
2. MATERIAL AND METHOD 

Experiments were conducted in high purity 
hydrogen gas using a pin-on-disk type tribometer 
installed in an environmental control chamber equipped 
with a scroll vacuum pump, a turbo molecular vacuum 
pump and gas filters. In this apparatus, it is possible to 
perform a sliding test while controlling the moisture 
content at the ppm level in a high purity gas atmosphere. 

PTFE filled with 20 vol. % PAN-based carbon fiber 
was used for the pin specimen. The steel disk made of 
SUS440C(JIS). The disk surface was polished to a 
surface roughness Ra = 0.05μm. 

Experimental conditions are shown in Table.1. In 
this study, experiments were conducted to change the 
water content during the friction test. After attaching the 
specimen, the inside of the chamber was evacuated to 
5.0×10-4Pa, gas was introduced using a filter, and the 

moisture content of the hydrogen was set to about 0.7 
ppm. After the friction test was started and the friction 
coefficient became stable, the gas flow path was switched 
from the gas filter to the humidifier, and the moisture 
content of the atmosphere was changed to about 60 ppm. 

 

 
Figure 1 Experimental apparatus. 

 
Table 1 Experimental conditions. 

Atmosphere H2 
Contact pressure 1MPa 
Sliding speed 2m/s 
Sliding distance 40000m 
Moisture content 0.7ppm-60ppm 
Sliding distance 40000m 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows the friction test results. After the 
start of the friction test, the coefficient of friction sharply 
decreased, showing stable low friction of about 0.043 
after 3000m. After increasing the moisture content of the 
surrounding atmosphere, the coefficient of friction also 
increased sharply almost at the same time. After passing 
1000 m, introduction of humidified hydrogen was 
stopped, but the friction coefficient remained high. 

In order to consider the factors that show such 
friction behavior, the test under the same conditions was 
repeated. Comparison was made using a microscopic 
Raman spectroscopic analyser on a specimen at 10000 
times point showing low friction and a specimen 
immediately after increasing moisture content. Fig.3 
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shows images of optical microscope. It was confirmed 
that a carbon film was formed on the pin and the disk 
surface. On the pin surface, it was confirmed that the 
carbon film was uniformly formed when the moisture 
content was small, whereas the formation of the carbon 
film was inhomogeneous by increasing the water content. 

Figure 2 Friction coefficient with sliding distance. 

Pin                                     Pin 

          Disk                                   Disk 
(a)                                   (b) 

Figure 3 Pin and disk surface; (a) Low humidity 
(0.7ppm), (b) High humidity (60ppm). 

 
Next, in order to investigate the formation of the 

carbon film on the pin and disk surface, mapping 
evaluation by Raman was carried out. Lattice points were 
set in arbitrary areas on both surfaces. From the Raman 
spectrum obtained from each point, the area intensity of 
the signal derived from carbon at 1800cm-1-900cm-1 
was calculated and mapped as an index of carbon content. 
It was confirmed that in the pins, the total carbon content 
increased and the region showing a strong peak also 
increased in the high moisture content. From these facts, 
in the case where the amount of water is small, a more 
uniform carbon film was formed and stable low friction 
was shown. On the other hand, as the water content 
increased, the surface of the carbon film was activated, 
and more carbon films were formed, causing 
agglomeration of carbon. It is conceivable that the 
coefficient of friction increased due to cohesion between 
carbons. It is also thought that the behavior showed 
unstable behavior due to irregular detachment of 
agglomerated carbon. Moreover, no clear difference was 
confirmed on the disk. It is considered that it is because 
only a part of the transfer film of the disk was evaluated, 
so it is necessary to increase the number of measurement 
points more. 

(a)          (b) 
Figure 4 Raman mapping of carbon in pin surface; (a) 
Low humidity (0.7ppm), (b) High humidity (60ppm). 

 

(a) 

  (b) 
Figure 5 Raman mapping of carbon in disk surface; (a) 
Low humidity (0.7ppm), (b) High humidity (60ppm). 

 
4. SUMMARY 

We investigated the influence of the change in the 
moisture content in the hydrogen atmosphere on the 
friction characteristics of carbon fiber filled PTFE. As a 
result, when the moisture content in the gas was small, it 
showed a low and stable coefficient of friction, and as the 
moisture content increased, the friction coefficient 
rapidly increased. There is a difference in the amount and 
shape of the carbon film formed on the surface depending 
on the amount of moisture, which suggests that this 
affects the difference in friction coefficient. In the future, 
in order to analyse the mechanism more in detail about 
the difference in the formation of carbon film due to the 
difference in moisture content, it is necessary to analyse 
using XPS or FT-IR. 
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ABSTRACT – Inconel 718 is an aerospace material 
that is difficult to cut due to its high generated cutting 
temperature. This study is using dry and liquid carbon 
dioxide as a coolant to cut inconel 718. The cutting tool 
used is coated tungsten carbide. Parameter used in this 
experiment are Vc=70 and 110 m/min, f=0.075 mm/rev 
and ap=0.1 mm. Results show that the cryogenic 
machining reduces the wear progression of the nose 
wear. The main wear criteria is catastrophic fracture at 
highest speed. Cryogenic machining reduced the 
fracture and chip welding on the rake face of the tool.  
 
1. INTRODUCTION 

Inconel 718 is one of the well-known superalloy 
materials that is hard to machine. Pusavec et al. [5] 
stated that the heat generated while cutting this material 
promotes to rapid tool wear which shortens the tool life. 
Thus, as a sustainable solution to solve the heat 
generated issue, cryogenic machining method has been 
introduced.  

Apart from cryogenic machining as a solution to 
improve the machinability of inconel 718, the cutting 
tool also plays a vital factor to improve its 
machinability. Li et al. [3] found that coated tungsten 
carbide could deliver performance to machine such 
material along with its economic price. Currently, the 
use of coated tungsten carbide has been given attention 
to cut inconel 718 through cryogenic machining as 
previous studies [1,4]. However, much studies focusing 
on the use of liquid nitrogen (LN2) instead of liquid 
carbon dioxide (CO2) as the cryogen for cutting this 
material. Moreover, the study of the wear mechanism 
for the coated tungsten carbide is still insufficient. 

Therefore, this study will be focusing on the wear 
mechanisms of the coated tungsten carbide under high -
speed machining of inconel 718 using cryogenic (CO2) 
and dry condition. 
  
2. METHODOLOGY 

This experiment is conducted under turning 
process of bar an inconel 718 workpiece with dimension 
of Ø100mm x 150 mm length using CNC machine, 
HURCO TM8i. The measured average hardness of the 
aged inconel 718 grade AMS5663 is 44.8 HRC. The 
cutting tool is a PVD TiAlN coated tungsten carbide, 
CNGG120408FS grade KC5010 from Kennametal and 
inserted into a tool holder, DCLNR2525M12 from 
Sandvik. 

   

The liquid carbon dioxide is delivered to the 
cutting area directly from the highly compressed tank at 
a pressure of 57 bar. The carbon dioxide initially in 
liquid phase inside the tank but as it released to the 
atmospheric environment, it will change phase to dry 
ice. Katja Busch et al. [2] stated that this phase change 
refers to the Joule-Thomson effect and the theoretical 
temperature of the dry ice that could be achieved is as 
low as -78.5ᵒC. The dry ice delivered to the cutting area 
by using a single nozzle, which is positioned at the flank 
face of the cutting tool as in Figure 1. 
 

 
Figure 1 Position of the nozzle. 

 
The machining parameter used in this experiment 

is shown in Table 1. The same parameter used for both 
cryogenic and dry condition. 
 

Table 1 Machining parameter. 
Parameter Value 
Cutting speed, VC (m/min) 70,110 
Feedrate, f(mm/rev) 0.075 
Depth of cut, ap (mm) 0.1 

 
3. RESULTS AND DISCUSSION 
3.1 Wear progression 

Comparison of the wear progression between the 
cryogenic and dry condition shown in Figure 2. From 
the comparison, it shows that the increase in cutting 
speed will fasten the wear of the cutting tool under 
cryogenic and dry condition. However, with the 
cryogenic condition, it slows down the progression until 
the cutting tool achieved fracture. The wear criterion 
found in this study is catastrophic fracture under 
cryogenic and dry at highest speed, 110 m/min. 

20 mm 

Work Piece 

Cutting Tool 

Nozzle 
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Figure 2 Wear progression under cryogenic and dry 
condition at Vc = 70 and 110 m/min with constant 

f=0.075 mm/rev and ap=0.1 mm. 
 
3.2 Wear mechanism 

The cutting tool that has achieved fracture were 
observed under scanning electron vision. Figure 3 and 
Figure 4 shows the mechanism of fracture at the edge of 
the cutting tool. The fractures experienced by the cutting 
tool under dry condition are gross compared to the 
cryogenic condition. Moreover, at Figures 3(a), 4(a) and 
4(b) show that the material fully adhered to the nose 
wear region. The built-up edge formed under the dry 
condition on Figure 3(a). 
 

 
Figure 3 Wear mechanism at Vc=70 m/min for (a) dry 

and (b) cryogenic from nose view. 
 

 
Figure 4 Wear mechanism at Vc=110 m/min for (a) dry 

and (b) cryogenic from nose view. 
 

Figure 5 and Figure 6 shows the view from the 
cutting tool edge angle. The chip welded at the rake face 
of the tool under cryogenic and dry condition. It can be 
observed that the chip welded under dry condition from 
figure 5a and 6a are worst than under cryogenic 
condition from figure 5b and 6b. The built-up layer 
(BUL) also formed at the fractured edge of the tool 
under a cryogenic condition at Vc=70 m/min. Apart 
from that, the adhesion layer formed at the rake face as 
in figure 5b and 6a. The effect of cutting speed on dry 
condition does not show much difference.  

However, the effect of cutting speed under 
cryogenic condition shows more adhesion on the nose 

face at Vc=110 m/min. The built-up layer formed at the 
fractured edge at Vc=70 m/min.  
  

 
Figure 5 Wear mechanism at Vc=70 m/min for (a) dry 

and (b) cryogenic from tool edge view. 
 

 
Figure 6 Wear mechanism at Vc=110 m/min for (a) dry 

and (b) cryogenic from tool edge view. 
 
4. CONCLUSION 

For the conclusion, cryogenic machining improves 
the wear progression and achieve longer cutting time 
compared to dry. The increase in cutting speed 
significantly increases the nose wear progression under 
both conditions. The main wear criterion for this study 
is catastrophic fracture. In terms of wear mechanism, 
cryogenic machining reduced the fracture of the cutting 
edge as compared to a dry condition. Moreover, it is 
significantly reduced the welding of the chip on the rake 
face of the cutting tool. 
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ABSTRACT - L16(45)orthogonal experiment method 
was adopted to operate YG8 cemented carbide with 
deep cryogenic treatment (DCT) to improve its wear 
resistance. The optimal process and significant sequence 
of DCT process factors(cryogenic temperature、
cryogenic speed 、cryogenic time、tempering 
temperature、 tempering times) were obtained by range 
analysis. The study shows that the maximum increase of 
wear resistance is about 9.9% after DCT. The main 
reason is the increase of ηphase (Co6W6C) and ε -Co 
(HCP) contents. 
 
1. INTRODUCTION 

As one of the most widely used materials in the 
manufacturing industry, cemented carbide is industrially 
used in cutting, machining, mining and mining with 
superior mechanical properties such as high hardness, 
toughness, flexural strength, and stable chemical 
property Knives, etc., known as “the teeth of modern 
industry”. However, wear is still a common failure 
mode in cutting applications, especially in high-speed 
cutting. DCT as a simple and effective and pollution-
free way to improve the properties of materials such as 
hardness, toughness and wear resistance, applied to the 
field of machinery manufacturing in the 1970s. Gill et 
al. [1] stated that optimization of the cryogenic 
treatment parameters for tungsten carbide insert that 
material can further enhance the tool life. At present, 
most literatures [2-4] are mainly based on single factor 
analysis. In this paper, the technological factors and 
levels are selected in a wide range, so as to further 
explore the optimal process and significant sequence of 
DCT process factors. 

 
2. METHODOLOGY 

In this paper, YG8 cemented carbide(Ф40x5mm) 
as the research material. Many parameters affect the 
results of DCT process. we arranged DCT treatment by 
conducting the  L16(45)  orthogonal test program 
cryogenic treatment, a total of 17 sets of samples, 0 
sample is set as a comparative sample without any 
treatment (UT), 1-16 sample according to the process 
are shown in Figure 1 and the process design and the 
wear test results are listed in following Table1.  

 
3. RESULTS AND DISCUSSION 

The influence of different factors on the wear 
quality of the sample could be concluded as following: 
There is a conformity relationship between extreme 
values and wear resistance of sample. As shown in 

Table 1, in the process of YG8 cemented carbide wear, 
the factors affecting the wear quality are as follows: 
tempering temperature> cryogenic temperature Speed> 
tempering times> cryogenic time > cryogenic 
temperature. 

According to the comparative analysis of the wear 
results in Table 1, the wear amount of No. 13 process 
sample is the least, which is 9.9% less than that of No. 0 
process sample. The wear resistance mechanism was 
analyzed by comparing the microstructure and phase 
structure of UT sample No. 0 and DCT sample No. 13. 

 

 
Figure 1 Deep cryogenic treatment process. 

 
4. CONCLUSION 

The wear resistance of YG8 cemented carbide 
Increases up 9.9% after deep cryogenic treatment. 
According to the range analysis of orthogonal 
experiment, the significance is tempering temperature> 
cryogenic speed> tempering times> cryogenic time > 
cryogenic temperature. From Figure 2, in DCT process 
experiment, the optimum conditions are shown as 
follows: cryogenic temperature is selected as -196°C, 
cryogenic speed is selected as 5°C/min, cryogenic time 
is selected as 24 hours, tempering temperature is 
selected as 200°C, and tempering times is selected as 1 
time. From Figures 3 to 6, abrasion mechanism is 
mainly abrasive wear, the main wear morphology is the 
falling off of WC particles and deformation、extrusion 
and deformation of adhesive phase、scratch furrow. 
DCT causes the binder cobalt phase shrinkage, which 
leading to more WC particles fall off. Hence DCT 
effectively reduce the "hard point" to improve the wear 
resistance. The increase of η phase (Co6W6C) and ε-
Co（hcp） would lead to the Co phase transformation 
of the face-centered cubic to the hexagonal close-
packed, which are the main reasons for the deep 
cryogenic treatment to improve the wear resistance of 
YG8 cemented carbide. 
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Table 1 The results of L16(45) orthogonal experiment. 

 
 

  

  

 

 

Figure 2 The relation of different DCT factors. 
 
 
 

 

 
Figure 3 3D appearance of the wear scar: (a) UT sample, 

(b) DCT sample. 
 

Figure 4 Abrasion marks SEM: (a) UT sample,  
(b) DCT sample. 

 

 Figure 5 SEM microstructure: (a) UT sample, (b) DCT 
sample. 

 

 
Figure 6 XRD comparison of samples: (a) before and (b) 

after electrolytic corrosion. 
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ABSTRACT - Epoxy, Ultra High Molecular Weight 
Polyethylene (UHMWPE), Molybdenum disulphide 
(MoS2) composite was coated onto a bearing steel. 
Frictional and wear properties were investigated under a 
normal load of 10.5 N and sliding speed of 1m/s against 
a bearing steel ball. The optimized coating composition 
shows improved tribological properties compared to 
pure epoxy and other epoxy-based composites. There is 
71% reduction in the coefficient of friction under dry 
condition (µ reduces from 0.2 to 0.05) and 80% 
reduction with grease. Hardness, and Young’s modulus 
show an increment of 86%, and 43% respectively with 
respect to pure epoxy. The present composite will have 
applications as coating and bulk material in several types 
of bearings. 
 
1. INTRODUCTION 

To enhance the life of machinery and to make 
appliances more capable of preserving material 
resources, conserve energy and boost their safety, there is 
an acute demand to decrease or control friction and wear. 
Polymers present great opportunity as some of them are 
low friction and low wear materials [1,4]. Epoxies are 
highly cross-linked amorphous polymers which results in 
several favourable properties for structural applications, 
such as high modulus and failure strength, and excellent 
performance at elevated temperatures [2]. UHMWPE is 
a thermoplastic. It is a very tough material, nontoxic and 
highly resistant to abrasion. UHMWPE has low water 
absorption, low coefficient of friction against most of the 
materials, self-lubricating and low dielectric constant [3]. 
MoS2 is the inorganic compound composed of 
molybdenum and sulphur. MoS2 is relatively unreactive. 
It is unaffected by dilute acid and oxygen. Due to 
robustness and low friction property, MoS2 is widely 
used as a solid lubricant. After dry tests grease was used 
during the test. This was to investigate the tribological 
performance and stability of the polymeric coatings in 
grease environment. 
 
2. METHODOLOGY  
2.1  Materials and sample preparation 

Epoxy (AralditeAY-103) (dynamic viscosity of 1.2-
1.4 Pa-s) monomer was used as a base material, Amine 
based hardener (HY991) supplied by Huntsman 
International, UHMWPE powder (particle size 40-48 
µm) and MoS2 (particle size < 2 µm) was used to prepare 
the coating of 100-150 µm thickness on bearing steel disc 
of diameter 55 mm and thickness 6 mm. Grease were 
used with MoDTP and ZnDTP additives for conducting 
sliding test of the prepared sample in lubricated 

condition. Before depositing the epoxy based composite 
coatings, the substrate was thoroughly cleaned with 
acetone and dried at room temperature. Air-plasma 
treatment was performed on the substrate to increase the 
bond strength between the composite constituents and the 
steel substrate. The wear life span of the plasma treated 
steel sample coated with UHMWPE film had shown 10 
to 12 times increase when compared to the untreated steel 
samples coated with UHMWPE [5]. Epoxy with 10 wt% 
hardener, 25 wt% UHMWPE powder and 4 wt% MoS2 
powder were mixed properly using ultrasonicator, 
avoiding bubble formation. The prepared composite was 
coated on bearing steel disc through spin coating (The 
centrifugal force helps in spreading of uncured composite 
mixture during spin coating) and spray coating 
techniques followed by room temperature curing for 20 
hrs and 5 hrs thermal curing in an oven at 140̊ C. The 
sample nomenclature is shown in Table 1. 

 
Table 1 Sample nomenclature. 

Sample name Constituents 

E10H25U Epoxy+10wt%hardener+25wt%U
HMWPE 

E10H25U3M Epoxy+10wt%hardener+25wt%U
HMWPE +3 wt% MoS2 

E10H25U3.5
M 

Epoxy+10wt%hardener+25wt%U
HMWPE +3.5 wt% MoS2 

E10H25U4M Epoxy+10wt%hardener+25wt%U
HMWPE +4 wt% MoS2 

E10H25U4M
G 

Epoxy+10wt%hardener+25wt%U
HMWPE +4 wt% MoS2 with grease 

MoDTP  Molybdenum dithiophosphate 
ZnDTP Zinc dithiophosphate 

 
2.2  Surface and material characterization of 

polymer composite 
The worn surfaces of specimen and ball were 

observed by Digital Microscope (Dino-lite, Kontrelek 
Instruments, India) which is a portable type microscope 
with 270-480 X magnification. 3D optical profiler 
(Contour GTK, Bruker, USA) was used to measure the 
wear track depth and roughness of the surface. Surface 
energy along with Water contact angle of E10H25U4M 
was measured by Sessile drop method using Goniometer. 
The modulus of elasticity of the polymer composites was 
measured through Nanoindentation. The hardness of the 
composites was evaluated by Vickers hardness tester. 
 
2.3 Tribological testing 

Wear life and coefficient of friction were measured 
for different coatings using a custom-made Pin-on-disc 
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tribometer. The coated disc rotated on a spindle and a 
bearing steel (SAE 52100) ball was used as the 
counterface. The normal load was applied as dead weight 
by hanging weights at the far end of the cantilever. 
Friction force was recorded using a load cell. 

 
3. RESULTS AND DISCUSSION 
3.1  Hardness and scratch test 

Microhardness was measured using lab fabricated 
hardness tester machine. The indentation was through 
Vickers diamond indenter under a load of 1.041 Kgf for 
12 sec dwell time. The minimum distance between two 
indentations was kept 6mm to avoid stress concentration. 
Average of 5 indentations was calculated. 

Lab fabricated scratch tester machine was used for 
a scratch test, in which high speed steel (HSS) made 
indenter of tip angle 60° was moved across the prepared 
epoxy-based polymer coating until the critical load was 
reached. The critical load is the load where the 
detachment of coating occurs. The scratch test for the 
prepared coating was carried out for varying loads from 
0.22 N to 40 N with the scratch speed of 4mm/s. At low 
load (0.22N), continuous scratch was observed, and 
width of the scratch was less, however, at high load (10 
N and above), the discontinuous scratch was found, and 
the width of the scratch was more than previous one. It 
was observed that coating delaminated from the substrate 
at 40 N loads. The Vickers hardness results as in Figure 
1. 

 

 
Figure 1 Vickers hardness of polymer composites. 

 
3.2 Wear life and coefficient of friction 

Pin on disc tribometer was used to measure friction 
force. Pressure applied for wear test was 0.311 GPa as 
calculated through Hertz contact stress theory. The load 
applied for wear test was 324 g (10.5 N), wear track 
diameter of the specimen was 36 mm, the diameter of ball 
used for conducting wear test was 2.00 mm, the speed of 
disc was kept 530 rpm, i.e., linear sliding velocity of the 
ball was 1.0 m/s. From Figure 2, the prepared coating 
(E10H25U4M) has a minimum coefficient of friction, 
i.e., µ has been reduced by 71% compared to pure epoxy 
in sliding test in dry condition and 80% reduction in 
coefficient of friction through sliding test with grease 
lubricant. Specific wear rate of E10H25U4M is 7.3× 
10−04 in dry sliding test and 3.8× 10−04 with grease 
lubricant. 

 
Figure 2 Coefficient of friction for different polymers. 

 
3.3  Nano indentation 

Nanoindentation is a technique used to gauge the 
Young’s modulus of an object by indentation load 
displacement data obtained while one cycle of loading 
and unloading. Berkovich triangular pyramid indenter (3-
sided indenters) was used to gauge the Young’s modulus 
of the prepared polymer composite coating. The load 
applied was 50mN, loading rate was 2mN/s, holding time 
was 20 secs and unloading rate was 2mN/s. From Figure 
3, Young’s modulus of E10H25U4M is increased by 
43.33 % with respect to epoxy and 330 % with respect to 
UHMWPE   

  

   
Figure 3 Young’s modulus of different polymers. 

 
3.4 Water contact angle and surface energy 

measurement 
Water contact angle and surface Energy was 

measured by using Goniometer sessile drop method. 
Surface energy was calculated by two liquid methods. 
Normal-hexane and water were used to measure the 
surface energy. From Table 2, it can be concluded that the 
contact angle of E10H25U4M is more than 90° showing 
that the prepared coating E10H25U4M has low 
wettability and thus coating can be concluded as a low 
friction material. Surface morphology has been studied 
through SEM and EDS. SEM analysis was carried out on 
the Hitachi back-scattered electrons-based tabletop SEM 
TM3000 (Tokyo, Japan) which was integrated with EDS. 
Wear track and failure behaviour was also analysed by 
the SEM. EDS of the optimized coating was carried out. 
EDS spectrum of different coatings was analysed to 
investigate the chemical elements. 
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Table 2 Contact angle and surface energy of composites. 

Composites 

Contact angle 
with water 
and n-hexane 
in degree 

Surface 
energy in 
mN/m 

Epoxy 83.16, 16.89 24 
E10H25U 85.27, 18.75 25.16 
E10H25U3.5M 103.82, 23.3 18.34 
E10H25U4M 105.29, 27.05 21.08 

 
4. CONCLUSION 

Various confirmatory wear test, hardness test, 
Young’s modulus measurement, Specific wear rate 
calculation, Roughness measurement, friction test, 
wettability test with different thickness of polymer 
coating leads to the following conclusions:  

Epoxy+10 wt% Hardener+25 wt% UHMWPE+ 
4wt% MoS2 (E10H25U4M) has low coefficient of 
friction with life more than 100,000 cycles for minimum 
coating thickness for 100 micrometer to 150 micrometer. 
E10H25U4M has minimum coefficient of friction i-e 
friction has been reduced by 71%, (µ= 0.052) with 
respect to pure epoxy in sliding test in dry condition and 
80%, (µ= 0.04) with respect to epoxy in sliding test with 
grease lubricant. 

Hardness test concludes that, hardness of prepared 
epoxy-based polymer coating (E10H25U4M) is 
increased by 85.9 % with respect to epoxy and 300% with 

respect to UHMWPE. From Scratch test it is concluded 
that the prepared polymer coating has critical load of 40 
N. Young’s modulus of E10H25U4M increased by 
43.3% (4.3 GPa) with respect to epoxy (3 GPa) and 330% 
with respect to UHMWPE (1GPa). 

Mechanism of material transfer is Adhesive   wear 
and abrasive wear. 
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ABSTRACT - The flow-control restrictor influences the 
performance of hydrostatic bearing. Membrane-type 
restrictor can actively vary the flow resistance of the 
restrictor in response to the loading of the bearing. 
Through proper design, theoretically, a bearing system 
with infinite static stiffness may be achieved. This study 
adopted a numerical simulation method to more 
accurately calculate the deformation of membrane. From 
the simulation, the optimal design of restrictor would be 
determined and the restrictor manufactured. In addition, 
the effects of parameters in a membrane-type restrictor 
on the performance of hydrostatic bearing were also 
studied. 
 
1. INTRODUCTION 

Ever-narrowing tolerance and increasing geometric 
shape accuracy requires machine tools with much higher 
precision and accuracy.  The use of hydrostatic bearing in 
machine tools might offer a way to achieve this required 
precision [1]. Bearing is a machine element whose 
function is to support the motion of machine parts and 
reduce the cost due to friction, so low friction is basic 
requirement for bearing.  

There are two types of bearings, contact and non-
contact. Contact bearings have mechanical contact 
between elements, and they include sliding, rolling, and 
flexural bearings. Non-contact bearings include 
externally pressurized and hydrodynamic fluid-film and 
magnetic bearings. In general, non-contact bearing has 
the characteristic of low friction due to no contact [2].  

Each type of bearing has its own operating principle 
and advantages.  In hydrostatic lubricated bearings, one 
of non-contact bearing, there is fluid film between the 
bearing surfaces maintained by a pressure source outside 
the bearing [3].  Due to the film between bearing surfaces, 
the bearing could have the characteristics of low friction 
and almost no wear.  In addition, because the pressurized 
fluid film has high damping characteristics, the crash 
resistant is better than contact bearing.  In addition, the 
lubricant film produces an "averaging" of the roughness 
and other defects. 

The principal requirements of the design of 
hydrostatic bearings are low friction, adequate load 
carrying capacity and high stiffness.  There are several 
methods to improving the stiffness of hydrostatic 
bearings.  The simplest method is to reduce the nominal 
bearing gap, but this might cause the contact between 
bearing surfaces, especially at high load.  Another 
method to increase in stiffness might be achieved by 
using double film bearing.  However, double film 
bearings require extreme manufacturing accuracy [4].  

In hydrostatic bearing system, a supply system 
provides the pressure and flow.  A compensating device, 
namely, restrictor is needed in supply systems to regulate 
the pressure in response to different load.  With different 
types of restrictors, the hydrostatic bearings show 
different performances.  Adopting proper restrictor can 
improve the stiffness of bearing and load carrying 
capacity. 

There are mainly two types of restrictor: passive 
restrictor and active restrictor.  The passive restrictor like 
capillary restrictor and orifice restrictor is commonly 
used in industry because of the low manufacturing costs 
and the easy processing.  However, the flow resistance of 
passive restrictor does not actively respond to different 
load, so the stiffness of the system with passive restrictor 
is relatively low.  In general, active restrictor has better 
compensating ability than that of passive restrictor.  
Common active restrictor are spool valve restrictor and 
membrane-type restrictor.  Spool valve restrictor adjust 
resistance by moving the valve inside.  The resistance of 
membrane-type restrictor is controlled by only deflection 
of the membrane.  The reaction time of spool valve is 
longer than that of membrane-type restrictor.  Therefore, 
the use of membrane-type restrictor can achieve not only 
good compensating ability but also high efficiency. 

Although, the development of membrane-type 
restrictor has been more than fifty years, the analysis 
theory and technology has not been developed fully. 
There is no systematic procedure to design a membrane-
type restrictor. 

Chang [5] proposed a process for designing 
membrane type restrictors.  She analyzed membrane 
deformation and flow fields by finite difference method.  
The effects of parameters in membrane-type restrictor on 
the performance of hydrostatic bearing with a single 
circular pad was studied in her study. The two main 
parameters she studied were: thickness of membrane, and 
assembly clearance.  

The procedure proposed by Chang [5] to design 
membrane-type restrictor is still quite complicated.  In 
this study, it is of interest to find out a way to simplify the 
design process.  Based on the known results of 
simulations and experiments, a simplified design process 
was proposed in this research. 

 
2. METHODOLOGY 

In this study, it is of interest to establish a procedure 
that can simplify the design process of membrane type 
restrictor.  The procedures and contents of this study are 
summarized in Figure 1. In order to optimize the 
operation of the restrictor, the relationship between 
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membrane clearance and recess pressure should be 
revealed first.   A simplified model is adopted to analyze 
the optimal relationship between membrane deflection 
and recess pressure such that an infinite static stiffness 
for bearing can be achieved.  This analysis may provide 
a guide for the optimal design of restrictor.  A simulation 
study is then conducted for the detail design of restrictor.   
In the end, experiments were conducted to verify 
simulation results.  

 

 
Figure 1 Flow chart of the research. 

 
By first deriving the stiffness of an ideal membrane, 

it was concluded that it was hard to find a membrane with 
similar deflection curves. Therefore, it was assumed that 
the deflection of the membrane changes linearly with a 
change in load. The variable, Kr

*, was deemed the non-
dimensional constant membrane stiffness. By running 
simulations on the effects of film thickness and recess 
pressure on different Kr

* values, it was determined that a 
Kr

* value of 1.33 would be ideal for this study as shown 
in Figure 2. 

 

 
Figure 2 Non-dimensional film thickness versus recess 
pressure with three different design constant when the 

non-dimensional membrane stiffness is 1.333. 
 

3. RESULTS AND DISCUSSION 
According to the measured resistance values, when 

the recess pressure increases, the resistance of the 
restrictor decreases, as predicted by the simulation results. 
When the membrane thickness used in restrictor is thicker, 
the differences between experiment results and 

simulations results are more significant. The difference 
between experiment results and simulation results are not 
the same under different recess pressure. When the recess 
pressure is lower, the difference is larger as shown in 
Figure 3. The experiment results resemble the simulation 
results when the resistance clearance x is chosen at 𝑟 =
𝑟𝑟1 rather than 𝑟 = (𝑟𝑟1 + 𝑟𝑟2)/2. 

 

 
Figure 3 Comparison of resistance versus recess 

pressure when xi = 34μm and t = 0.8mm. 
 
4. CONCLUSION 

Based on the optimal design, the ideal performance 
can be reached in an approximate pressure ratio range 
from 0.2 to 0.5. The membrane-type restrictor could be 
design for the single pad bearing according to this 
research. From the stress analysis, the center of 
membrane may suffer from stress concentration. 
Therefore, a material with higher yield strength should be 
chosen for the membrane. Also, the thickness of 
membrane should not be too thin. The thickness of 
membrane and the assembly clearance are the key 
parameters, but the error of process could not be avoided. 
This situation could be solved by regulating the supply 
pressure because the optimal non-dimensional membrane 
stiffness is related to supply pressure. The measured 
resistance values were not the same as those of 
simulation. The machining error of clearance and 
membrane might have caused the differences. In addition, 
temperature would influence the viscosity of oil and this 
would affect the resistance. 
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ABSTRACT – The self-lubricating effect of polymer 
composite cage fabricated by pure PTFE (Teflon), 
composites PTFE + MoS2 + glass fibers, PTFE + bronze 
particles were verified by friction coefficient and wear 
rate. Cage center-of-mass orbits for cryogenic ball 
bearing with different solid lubricant are demonstrated. 
In the case of MoS2 containing composite cage, circular 
orbit is observed. Among the tested materials, the 
composites PTFE with additive MoS2 have shown good 
friction coefficient. 
 
1. INTRODUCTION 

It was experimentally elucidate the mechanism of 
friction wear surface for the sliding and rolling contact 
movement in the cryogenic atmosphere, such as low 
temperature for the equipment and space for the machine 
element. To evaluate the properties of the solid 
lubricating cage, we should minimize the frictional wear 
of the contact surface at a low temperature condition [1]. 
Investigations of wear resistance of polymers with 
additives, using the cryogenic pin-on-disk apparatus has 
been carried out.  Normal load, rotating speed and liquid 
nitrogen flow rate were considered variables in the 
cryogenic wear tests. The friction and the wear 
mechanisms are briefly reviewed. Various polymeric 
materials containing solid lubricants were investigated.   
 
2. EXPERIMENTAL 

The self-lubricating effect of polymer composite 
cage fabricated by pure PTFE (Teflon), composites PTFE 
+ MoS2 + glass fibers, PTFE + bronze particles were 
verified by friction coefficient and wear rate. Disc of 
PTFE composite with MoS2 and bronze were tested 
against metal round pin with axial and radial load of 3kN 
and liquid nitrogen flow of 80g/second. Liquid nitrogen 
was flowed through the gap between balls and the cage 
clearance. Rotating speeds were changed up to 
10,000rpm.  In all tests, debris and flakes of worn 
materials were verified to define the wear mechanism [2].  
Wear resistance of polymers and composites is its strong 
dependence on the environmental relative humidity and 
normal load [3].  In this experiment, the ball bearing cage 
composition change in the cryogenic atmosphere were 
also investigated to analyze the effect of bearing friction 
and wear. Weight loss and the cage centroid movement 
were measured to analyse the cage stability. 

3.   RESULTS AND DISCUSSION 
Solid lubricant MoS2 and bronze particles mixed 

with polymer precursor powder are shown in Figure 1. 
Fabricated cage and assembled ball bearing (Figure 2) is 
tested in cryogenic atmosphere. As shown in Figure 3, 
polymer composite cage with MoS2 solid lubricant shows 
stable torque variation due to the rigid cage pocket shape. 
Lower torque and higher cage stability in PTFE-Bronze 
composite cage than PTFE-glass fiber-MoS2 composite 
cage were shown.  Figure 4 shows that the wear loss and 
mass transport from cage to race way are changed by the 
adhesion of the lubricant. High weight change and no 
mass transfer of PTFE/bronze were observed. Good mass 
transfer of PTFE affect the solid lubricant roles in the ball 
bearing rotation. MoS2 and PTFE materials easily adhere 
to the raceway surface. Cage center-of-mass orbits for 
cryogenic ball bearing with different solid lubricant are 
demonstrated as shown in Figure 5. Unstable cage 
centroid movement in PTFE cage even though good mass 
transfer is due to the cage instability caused by the 
irregular wear. Relatively stable cage centroid movement 
in PTFE/glass fiber/MoS2 due to the improvement of 
cage strength by fibers. 

 

 
Figure 1 Microstructures of composite powders. 

 

 
Figure 2 Composite cages and assembled ball bearing. 
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Figure 3 Torque changes with various composite solid 

lubricants. 
 

 
Figure 4 Wear loss of various composite. 

 
4. SUMMARY 

In the case of MoS2 containing composite cage, 
circular orbit is observed. Among the tested materials, the 
composites PTFE with additive MoS2 have shown good 
friction coefficient. 

 

 
Figure 5 Cage center-of-mass orbits for cryogenic ball 

bearing with different solid lubricant. 
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ABSTRACT – A numerical model based on finite 
element method has been developed for the study of 
elastohydrodynamic lubrication (EHL) under zero 
entrainment velocity conditions. A slip length model is 
adopted to describe the boundary slippage effect at the 
solid-lubricant interface. Comparison of the numerical 
and experimental results shows that slip length model 
could be used for the prediction of EHL under zero 
entrainment velocity conditions.   
 
1. INTRODUCTION 

Lubrication of the retainerless rolling element 
bearings could hardly be formed due to the zero 
entrainment velocity (ZEV) condition at the contact of 
the neighboring rolling elements [1]. The current practice 
relies on boundary lubrication. Early studies, e.g. [2], 
proved that EHL can be generated at ZEV contacts by the 
thermal wedge mechanism [3]. However, the bearing 
needs to run at relatively high speeds to facilitate the 
thermal effect. For cases of slow or moderate speeds, the 
concept of boundary slippage has been proposed to deal 
with such a problem. Fig. 1 shows the interferograms of 
EHL contact between a steel ball and an oleophobic-
treated glass disc running at ZEV conditions. The 
formation of effective EHL films at ZEV, as illustrated in 
Fig. 1, was attributed to the difference in the two solid 
boundaries: steel (oleophilic) and treated-glass disc 
(oleophobic) such that the lubricant slips on the 
oleophobic glass surface but not the steel surface [1]. 
Numerical explanation of such experimental results is 
called for to theoretically understand the film formation 
mechanism under ZEV conditions. A numerical model is 
implemented by finite element method (FEM) for EHL 
simulation under ZEV conditions. 

 

  
(a) (b) 

Figure 1 Interference images under ZEV conditions: 
(a) ±150 mm/s; (b) ±100 mm/s. (Lubricant: PAO 100, 

Load: 0.38 GPa). 
 

2.  SIMULATION MODEL 
A slip length model [4] is used to characterize the 

boundary slippage behavior at the solid-lubricant 
interface. Equation 1 is the derived Reynolds equation for 
describing the boundary slippage induced lubrication 
scheme under ZEV conditions.  
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the Couette flow rate corrector, and Bi (i = x, y) is the 
dimensionless slip length. Equation 1 is coupled with 
elastic deformation of the contacting solids to build a 
fully coupled EHL model. FEM, also referred to as full 
system approach [5], is used to solve the model in a fully 
coupled manner. A penalty term is added to the modified 
Reynolds equation to avoid the occurrence of negative 
pressure. Stabilization techniques, such as Galerkin least 
square [6] and isotropic diffusion [7], are used to stabilize 
the pressure and film thickness distribution.    
 
3. RESULTS AND DISCUSSION 

To prove the effectiveness of the newly developed 
FEM EHL model, simulated results under pure rolling 
with non-slip boundary conditions are compared with 
those calculated using the conventional multigrid (MG) 
method.  

Figure 2 illustrates the film thickness calculated at 
various velocities by the current FEM EHL method and 
MG technique. The good correlation of the two, as shown 
in Figure 2, proves that the current FEM model is valid 
to be used in the following ZEV EHL simulations.  

Figure 3 presents a typical film thickness 
distribution under ZEV condition.  A horseshoe shape 
film contour indicates that EHL has been formed under 
such a working condition. 
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Figure 2 EHL at pure rolling conditions: Comparison 

between FEM and MG. 
 

 
Figure 3 Film thickness distribution under ZEV 
condition. (Load: 0.36 GPa, Velocity: ±0.5 m/s). 
 
Figure 4 is the comparison of the experimental 

results and simulations under different slip lengths. It 
could be seen that when the slip length reaches about 0.05, 
the simulation results could match with experimental 
results well. However, the prediction of minimum film 
thickness deviates from the experimental results which 
may be due to the absence of the consideration of thermal 
effects. 

 

 
Figure 4 Simulation results and experimental results. 

on the film profile. 

4.   SUMMARY 
A fully coupled FEM model for the prediction of 

EHL under ZEV conditions has been developed, and it is 
verified by good correlation of its results and those 
obtained under the same conditions using the 
conventional multigrid technique. The fully coupled 
FEM model is used in boundary slippage induced ZEV 
EHL. Solution of a modified Reynolds equation has 
predicted the occurrence of EHL under ZEV conditions. 
Different slip lengths have been evaluated. Based on the 
comparison of experimental results, the slip length is 
about 0.05 for the specified experimental conditions. 
 
NOMENCLATURE 

  Dimensionless density 0 =  

  Dimensionless viscosity 0 =  
H Dimensionless film thickness H=h/(a2/R) 
a Half Hertzian contact width 
R Radius of  the ball in point contact 
P Dimensionless pressure P=p/ph 
ph Hertzian pressure 
Bi,j 

 
Dimensionless slip length (i = 1, 2, j = x, y), 
Bi,j = bi,j/(a2/R) 

bi,j 
 

Slip length on surface i with the direction of j 
(i = 1, 2, j = x, y) 
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ABSTRACT – The effects of kinematic sliding of 
Hertzian contacts are studied from three different 
standpoints. i) by analysing the combination of sliding 
speed and contact pressure giving rise to seizure, i.e. high 
instantaneous contact temperatures leading to film 
collapse, ii) by assessing the possible effects of sliding to 
surface traction and fatigue, iii) by discussing other 
possible effects of sliding in heavily loaded lubricated 
contacts as the concurrent damage mechanism caused by 
wear and rolling contact fatigue. It is found that only the 
first and the third mechanisms might have a direct 
relationship between high sliding and reduced rolling 
bearing life. 
 
1. INTRODUCTION 

Czischos and Kirschke [1], conducted experiments 
in sliding contacts lubricated with different oils and at 
different temperatures to map load and sliding speed 
conditions of contact failure. They reported diagrams of 
critical failure triplets (load, sliding velocity and oil bulk 
temperature). In every case before failure they observed 
a sudden increase in friction. For that characteristic point 
they introduced the term of “transition points of failure”. 
Later this type of diagrams was described, in the 
technical literature, as “transition diagrams”. A 
schematics of transition diagram of contact failure by 
seizure is shown in Figure 1. Because of this sharp and 
significant increase of friction, Czischos and Kirschke 
concluded that a lubricant film failure must have 
occurred producing a sudden increase of adhesive wear 
in the contact, i.e. seizure. 
 

 
Figure 1 Schematics of a transition diagram of contact 

failure by seizure. 
 

Another aspect of micro-slip and its possible effect 
on fatigue is as follows.  High sliding in an EHL contact 
with rough surfaces would tend to increase asperity 

fatigue due to the increase of load micro-cycles [2,3] 
(asperity micro-cycles). This is caused by the higher 
relative velocity of one surface respect to the other. 
However, this effect might also increase mild wear that 
would remove the outer fatigued layers of material, thus 
reducing damage accumulation and/or reducing the 
asperity heights. Therefore, this mechanism does not 
show a clear cause-effect relationship between sliding 
and fatigue if wear is considered. 

Once discussed the general elastohydrodynamic 
contact situation respect to sliding, it is worth to focus on 
rolling bearings. All rolling bearings have some degree 
of sliding, either in the raceway contacts or in the flange-
roller end contacts. This is why it is important to 
understand the true role of sliding in these mechanical 
components, especially nowadays where higher 
efficiency and environmental trends push mechanical 
components to work under tougher operating conditions, 
with higher speeds, higher temperatures and loads, and 
thinner lubricating films. 

The objective of the present paper is to discuss 
several aspects of sliding occurring in EHL contacts of 
rolling bearings. This to assess the true dimension of 
possible detrimental effects of sliding on the fatigue life 
and general performance of rolling bearings. Hopefully, 
this will clarify some of the misconceptions existing in 
this area among engineers and researchers. 
 
2. ROLLING BEARINGS SEIZURE RISK  

Seizure failures in rolling bearings can be difficult 
to distinguish from micropitting, specially because, it is 
believed, that when the bearing operates close to the 
transition point, the transition from fatigue to seizure can 
be gradual. The high temperatures in the contact will 
reduce the fatigue strength of the material first, but if the 
application moves to even higher sliding conditions or 
higher load then at some point, the film thickness fails, 
and the failure becomes immediate and catastrophic. 
Often it is possible to see some coloration on the raceway 
due to the presence of oxygen and high temperatures. 
 
2.1 Modelling of seizure in rolling bearings 

The flow chart shown in Figure 2 depicts the model 
used to account for seizure risk which includes kinematic 
starvation. Besides this, a series of experimental cases 
tested in-house are plotted in a “transition diagram” 
similar to Figure 1. The results are depicted in Figure 3 
showing nominal (static) maximum Hertzian contact 
pressure versus rolling speed (measured as a 
multiplication of the mean bearing diameter 𝑑𝑚 in [mm] 
and the rotational speed 𝑛 measured in [rpm]). 
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Figure 2 Flow chart depicting the model used to assess 

the risk of seizure in rolling bearings. 
 

From Figure 3 it can be seen that hybrid bearings 
clearly have advantage over steel-steel bearings, the 
reasons very likely being that, on one hand at high speeds 
the centrifugal contact forces generated by the ceramic 
balls are well below the forces generated by the steel-
steel balls. On the other hand, hybrid contact tribology is 
more benign than steel-steel tribology [4].  
 

 
Figure 3 Maximum Hertzian pressure versus speed in 
the cases of experimental ball bearings with signs of 
raceway overheating. Superimposed sketched lines 

indicating the possible location of the onset of seizure 
failures for steel-steel and hybrid bearings. 

 
3. OTHER EFFECTS ON FATIGUE FROM 

SLIDING 
3.1 Surface tractions 

Depending on the applied stress criterion (Tresca or 
von Mises) and on the contact configuration (line or 
point) Johnson [5] predicts that a contact with a Coulomb 
friction coefficient of 𝜇 ≈ 0.3 the yield point will move 
from the subsurface to the surface. In fatigue, it means 
that high friction coefficients will tend to move the zone 
of failure from subsurface to the surface. Of course, this 
is very relative since the failure point depends also on 
many aspects (e.g. roughness, inclusions, manufacturing, 
etc.). A friction coefficient on the surface also increases 

the stresses at the subsurface according to [5]. 
Many authors have shown that in a lubricated 

contact, even under boundary lubricating conditions the 
friction coefficient [2] does not usually go higher than say 
𝜇𝑏𝑙 = 𝜇 =0.11, this value will hardly modify the 
subsurface stresses. 

 
3.2  Combined wear-fatigue effect 

Finally, sliding brings the possibility of having wear 
in the contacts of rolling bearings. In general sliding is 
non-uniform, this in abrasive environments produces 
non-uniform wear, which in turn, will modify the original 
raceway profiles. This modification might produce stress 
concentrations on the surface followed by surface 
distress and eventually spalling due to fatigue. This 
process can be modelled. 
 
4. SUMMARY 

The following conclusions can be drawn: 
a) From the modelling and analysis of 

experimental cases it is found that the 
combination of high speeds (i.e. high sliding 
speeds) with high contact pressures seems 
indeed possible the shift the failure mode of the 
rolling contact from fatigue to seizure. This is 
mainly due to thermal effects in the lubricant 
film. 

b) Abrasive wear and rolling contact fatigue in 
combination with sliding can be an important 
element that might reduce the life of a rolling 
bearing. This requires the presence of abrasive 
particles or very poor lubrication conditions.  
Non-uNon-uniform distribution within the 
Hertzian contact also contributes to the 
development of stress risers that can eventually 
shorten the fatigue life expectancy of the 
bearing.  
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ABSTRACT – In this work, a novel machine tool 
spindle supported with water-lubricated ceramic 
hydrostatic bearings is presented. A special “whole-wrap” 
structure was used to enhance the reliability of the 
bearing. Silicon carbide was used to build the hydrostatic 
bearing and sleeve; the aqueous solution of glycerol was 
used as the water-based lubricant. The spindle was tested 
for different speed (up to 10,000 rpm). The results show 
that the water-based lubricant could reduce the 
temperature rise significantly (up to 66%) compared to 
ISO VG 2 oil. And the ceramic bearings show excellent 
reliability and wear resistance in water-based lubricant. 
 
1. INTRODUCTION 

Owing to the load carrying ability and accuracy, 
hydrostatic spindles are widely used in machine tools. 
However, due to the severe temperature rise of 
lubricating oil, the speed of hydrostatic spindle is limited. 
Water, a low viscosity lubricant, has gained attention to 
replace oil in high speed applications[1,2]. Under water 
lubrication, ceramics showed excellent tribological 
properties, such as low friction coefficient (<0.01), high 
corrosion resistance and low critical sliding speed to 
achieve hydrodynamic lubrication [3-6]. Therefore, the 
combination of water and ceramic demonstrates promise 
in replacing the oil/metal system in hydrostatic bearings.  

In 1998, the concept of “porous ceramic water 
hydrostatic bearings” was presented by Corbett[7]. The 
performance of a single water-lubricated porous-ceramic 
hydrostatic journal bearing was tested [8]. The thermal 
characteristics of water-lubricated ceramic hydrostatic 
hydrodynamic hybrid bearings were investigated by Lu 
et al. [9]. At present, water lubricated ceramic bearings 
have attracted more attention in the field of high-
performance machine tools [10]. However, the above 
investigations were conducted on single journal bearing 
in test benches.  

 In this paper, a full hydrostatic spindle unit was 
presented which was built with ceramic journal bearings 
and ceramic thrust bearings. Be aware that the shaft 
sleeves were ceramics also. The structure of the spindle 
was introduced, and its performance was tested in water-
based lubricant. 
 
2. STRUCTURE AND MANUFACTURING 

To protect the ceramic bearings, a “Whole-wrap” 
structure design criteria was proposed. Figure 1 shows 
the structure diagram of the spindle unit. Silicon carbide 
was used to build the hydrostatic bearings (part 1, part 7 

and part 8) and the shaft sleeves (part 3 and part 6). 
Except for the friction surfaces, other surfaces of ceramic 
were covered by metal for avoiding fatigue failure.  

 

 
Figure 1 Structure diagram of the spindle unit. 
 
The manufacturing process of the ceramic bearing 

spindle includes the following steps: (1) sintering the 
ceramic bearing and sleeve; (2) machining the inner 
surface of the ceramic sleeve and the outer surface of the 
ceramic bearing; (3) grinding the assembled shaft; (4) to 
complete the assembly of the spindle. Figure 2 is the 
picture of the spindle shaft; the dark parts are built from 
the silicon carbide material. Figure 3 is the picture of 
ceramic hydrostatic journal bearing. 

 

 
Figure 2 Spindle shaft with ceramic sleeve. 

 

 
Figure 3 Ceramic hydrostatic journal bearing. 
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3. PROTOTYPE TEST RESULTS 
To investigate the temperature, rise of the ceramic 

bearing under water lubrication condition, the aqueous 
solution of glycerol (5 vol. % and 10 vol. %) was used as 
the water-based lubricant. The temperature of bearing 
inlet and outlet was tested to calculate the temperature 
rise of the lubricant. The temperature rise of the spindle 
was tested for different speed from 1,000 rpm to 10,000 
rpm. The results of water-based lubricant were compared 
with the results of ISO VG 2 oil. Figure 4 shows 
temperature rise in different speed of water-based 
lubricant and ISO VG 2 oil. Compared to ISO VG 2 oil, 
the water-based lubricant could reduce the temperature 
rise significantly (up to 66%). 

 

 
Figure 4 Temperature rise in water-based lubricant and 

oil. 
 
To investigate the reliability of the ceramic bearings 

and sleeves, the extreme vibration experiment was 
conducted without dynamic balance. Figure 5 shows the 
photos of the ceramic sleeve after ten minutes extreme 
experiment. On the surface of the ceramic sleeve, no wear 
trace could be found. The ceramic sleeves and bearings 
show excellent reliability and wear resistance in water-
based lubricant. 

 

 
Figure 5 Ceramic sleeve surface after extreme condition 

experiment. 
 

4. SUMMARY 
In this paper, a machine tool spindle unit supported 

by water-lubricated ceramic hydrostatic bearings is 
introduced. Silicon carbide was used to build the 
hydrostatic bearings and the shaft sleeves. To our 
knowledge, this is the first full ceramic hydrostatic 

spindle prototype. The aqueous solution of glycerol was 
used as lubricant. Experimental investigation was carried 
out on the spindle prototype for different rotation speed 
(from 1,000 rpm to 10,000 rpm). Compared to ISO VG 2 
oil, the water-based lubricant could reduce the 
temperature rise significantly (up to 66%). The ceramic 
spindle showed excellent reliability and wear resistance 
in water-based lubricant. 
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ABSTRACT – This paper deals with determination of 
the load/stress at which plastic deformation occurs 
according to Palmgren. A series of indentation tests 
have been performed on ~4μm Ra mirror-like finished 
52100 steel plates with a ½” diameter Silicon Nitride 
ball. At each of the 15 different loads applied on plates 
of 8 different hardnesses, 6 different responses were 
measured. Results indicate that the onset of plastic 
deformation is dependent on the hardness of the plate 
and increases with increase in plate hardness. The static 
load capacity of the ball bearing appears to be 6-35% 
higher than that specified in ANSI/AFBMA standard. 
 
1. INTRODUCTION 

Arvid Palmgren [1] demonstrated that permanent 
deformations in ball bearings have little effect on the 
operation of the bearing if the magnitude of deformation 
at any given contact point is limited to a maximum of 
0.0001 times the diameter of the rolling ball. 
Subsequently, Palmgren [1] defined the Static Load 
Capacity as that load (stress) applied to a bearing that 
results in an indentation (visible Brinell mark) that is 
greater than 0.0001D. This work was further expanded 
by Harris [2] and presented in ANSI/AFBMA Standard 
9 [3] Load Ratings and Fatigue Life for Ball Bearings. 
In this standard for non-rotating ball bearings, static 
load capacity based on Palmgren is defined as the load 
resulting in a permanent deformation that corresponds 
to a calculated contact stress of 609 ksi. Palmgren's data 
was based on indentation tests carried out in the 1940s, 
and the results were dependent on the measurement 
devices available then. In light of major advances in 
surface measuring devices such as scanning White Light 
Interferometer (WLI) coupled with extremely powerful 
image enhancement software such as MountainsMap®, 
it is now feasible to measure indentation diameters in 
the range of ¼ of mm with an accuracy of a 1/100th of 
Pm. The motivation for this research is derived from the 
work of Palmgren. 
 
2. EXPERIMENTAL METHODOLOGY 

Materials: A 2” diameter, 36” long Bearing-
Quality E52100 alloy steel bar annealed to 24 HRC, 
was cut to 3/8” thickness. After de-burring the edges on 
a belt sander, the discs were Blanchard ground to 
improve parallelism. Subsequently, each sample was 
stamped on OD with a unique identifier. 

 
 

Heat Treatment: The goal of HT was to obtain 
sample disks with 8 different hardnesses ranging from 
54 to 68 HRC. First, all samples were quenched 
hardened to 68 HRC and then tempered in inert gas 
media for 1.5 hours of soak time to obtained different 
hardness samples. Hardness of each sample was 
measured 6 times after tempering, and a bank of 24 disk 
samples with hardness ranging from 54 to 68 HRC was 
established with average hardness with minimum 
standard deviation. 

Surface Preparation: The goal was to obtain 
mirror-like finish on the samples with an estimated 4µm 
Ra surface finish, so that indentations could be easily 
measured using WLI.  Samples were iteratively polished 
in Struers® Abrapol-20 Polisher using MD-Piano discs 
of grit sizes 80, 220, 600 for 5 minutes each, and 1200 
for 10 minutes. Finally, the discs were polished in 6µm 
and 3µm diamond suspensions to obtain mirror-like 
finish shown in Figure 1.  

 

 
Figure 1 Mirror-like polishing steps. 

 

Test Procedure: Using a ½” diameter Silicon 
Nitride ball a series of 15 indentations were made by 
applying 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 200, 
300, 400, and 500 lbf on mirror like finished plates of 
hardness 54, 56, 58, 60, 62, 64, 66, and 68 HRC. For 
each indentation, depth, diameter, perimeter, projected 
area, cavity area, and volume were measured by WLI 
and its image enhanced by MountainsMap® software. A 
typical example of the enhanced image of the 
indentation is shown in Figure 2. 

 

 
Figure 2 Series of indentations and one enlarged view. 

 
 

Post MD-Piano 80 Post 3µm Solution MD-Piano 80 Disc Struers Abrapol-20 
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3. RESULTS AND DISCUSSION 
For each indentation, six responses were measured 

and plotted against plate hardness and Hertz stress, but 
for the sake of brevity, only indentation depth and 
volume are shown in Figures 3-4, and 5-6 respectively.  

 

 
Figure 3 Indentation depths versus hardness. 

 

 
Figure 4 Indentation volumes versus hardness. 

 

 
Figure 5 Indentation depths vs. Hertz stress. 

 

 
Figure 6 Indentation volumes vs. Hertz stress. 
 
Examination of Figures 3 and 4 indicates that as 

hardness of the plate increases the indentation depth and 
volume decreases especially at loads above 100 lbf. 
However, at loads below 100 lbf, depth and volume not 
only remain constant but their magnitudes are extremely 

small. A similar trend can also be found in Figures 5 and 
6 when indentation depth and volume are plotted 
against Hertz stress. However, a very interesting 
observation can be made when the ratios of indentation 
depth for the softest plate to hardest plate are plotted 
against the applied Hertz stress. As can be seen from 
Figure 7, this ratio remains less than one for all hardness 
values when the applied stress is less than 600 ksi. But 
once the applied stress is greater than 600 ksi, this ratio 
jumps to ~2.6 and remains constant irrespective of the 
plate hardness. This result is in line with the value of 
609 ksi for onset of plastic deformation given in 
ANSI/AFBMA Std. 9 [3]. However, results of the 
current investigation shown in Figure 8 indicate that 
onset of plastic deformation is dependent on the plate 
hardness and lowest value for onset of plastic 
deformation is in the range of ~650 ksi for the softest 
plate of 54 HRC, and ~820 ksi for the hardest plate of 
68 HRC. 

 

 
Figure 7 Indentation volumes vs. Hertz stress. 

 

 
Figure 8 Hertz stress at onset of plastic deformation. 

 
4. CONCLUSIONS 

The stress at which plastic deformation occurs is 
dependent on plate hardness, and increases with 
increase in plate hardness. The onset of plastic 
deformation as defined by Palmgren for ball and plate 
has a lower limit of 640 ksi for a plate of 54 HRC and 
gradually increases to 820 ksi for a plate of 68 HRC. 
This is 6-35% higher than Palmgren’s stress limit for 
plastic deformation listed in ANSI/AFBMA standard. 
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ABSTRACT – Operation state monitoring of high-
speed rolling bearing is of great importance, especially 
the friction-thermal feature of bearing rotation 
components, such as cage temperature and slip ratio 
monitoring. Based on the temperature-sensitive and 
photosensitivity properties of quantum dots, a non-
contact monitoring technology for high speed bearing 
rotating components was proposed. Temperature of 
bearing cage and inner ring was captured 
simultaneously by QDs with different wavelength, 
temperature and rotation information of bearing cage 
was got based on spectral and reflected light pulse 
frequency analysis. The work provides necessary means 
for the analysis of thermal-friction mechanism of high 
speed bearing. 
 
1. INTRODUCTION 

Rolling bearing is the core supporting component 
in rotating machinery and the operation state of bearing 
rotating components (such as cage and inner ring) are 
the key factor affecting the service performance of 
whole supporting unit. It is challenging to monitor the 
operation state of bearing rotating components due to 
the limited space inside bearing cavity and the high-
speed rotation of bearing. Conventional contact 
monitoring technologies are hard to use in monitoring 
cage operating state. Infrared temperature measurement 
and other conventional non-contact temperature 
measurement methods also face the influence of the 
bearing sealing structure and various working 
circumstance. At the same time, the high-speed rotation 
condition leads to a significant decrease in the accuracy 
of infrared temperature measurement. Many researchers 
conducted the operation monitoring of high speed 
bearing by micro sensor technology. However, the use 
of micro-sensing changes the structure and rotation 
feature of bearing cage/inner ring due to the presence of 
attachment structures such as coils, which seriously 
affects the bearing rotation speed and makes it difficult 
to perform high speed monitoring [1-4].  

Based on the quantum dots sensor, we propose a 
method for simultaneously monitoring bearing rotating 
components’ temperature and rotational speed during 
operation state. Based on the temperature-sensitive and 
photosensitivity properties of quantum dots, a non-
contact monitoring technology for high speed bearing 
rotating components was proposed. Temperature of 
bearing cage and inner ring was captured 
simultaneously by QDs with different wavelength, 

temperature and rotation information of bearing cage 
was got based on spectral and reflected light pulse 
frequency analysis. The work provides necessary means 
for the analysis of thermal-friction mechanism of high 
speed bearing. 

 
2. QUANTUM DOTS SENSOR FABRICATION 

AND CALIBRATION 
Colloidal solutions of CdTe QDs and CdSe/ZnS 

QDs were prepared according to method given by many 
references. By controlling refluxing time, QDs with 
desired size and color can be obtained. QDs sensors 
were fabricated by the Layer-by-Layer Electrostatic 
Self-Assembly technique. 

Temperature calibration experiment was conducted 
to study the thermal properties of QDs sensor with 
different wavelength. During the heating process, the 
spectrum curves of 553.2 nm (CdSe/ZnS) and 625.4nm 
(CdTe) QDs at different temperature were analyzed. The 
result showed that the response of emission spectrum 
peak wavelength is linear with the temperature changes. 
The following equations give the expression of the 
fitting relation:  
W = 545.74862 + 0.21337 T                                        (1) 
W = 618.45939 + 0.10469 T                                        (2) 
Where T is the temperature, W is the emission spectrum 
peak wavelength. The temperature sensitivity is 0.213 
nm/℃ and 0.105 nm/℃.  

Based on the above work, the sensitivity of QDs 
sensor is accurate enough for bearing thermal 
monitoring in real work condition. Besides, since the 
wavelength of the two types of QDs sensor is much 
different, it can be used to monitor bearing cage and 
inner ring temperature simultaneously, only by one 
spectrometer. For cage rotation speed monitoring, the 
reflected light pulse frequency of quantum dots was 
utilized, so there is no need to calibration the 
photosensitivity properties of CdTe QDs and CdSe/ZnS 
QDs sensor. 

 
3. EXPERIMENTAL PRINCIPLE 

For bearing cage rotation speed and temperature 
monitoring, as shown in Figure 1, the QDs sensor was 
mounted to the end face of the cage with a thermal 
conductive silicone and the laser was irradiated on the 
end face of the cage through an optical fiber. The 
reflected light has two optical paths, the first optical 
path was connected to the photoelectric converter and 
the second optical path was connected to the 
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spectrometer. Once the QDs sensor passes through the 
laser irradiation area when the cage rotates at certain 
speed, the reflected light can be captured by an optical 
encoder, which converts the optical pulse signal into a 
voltage signal. Via an oscilloscope, the frequency of the 
voltage signal can be displayed, thus the cage rotational 
speed information is obtained. By a spectrometer, the 
spectral signal of reflected light was analyzed and the 
temperature of the cage according to the characteristic 
parameters of the spectral curve is achieved. Thereby 
the simultaneous monitoring of cage temperature-
rotational speed of high speed rolling bearing was 
realized. 
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1-CdTe QDs, 2- CdSe/ZnS QDs, 3-Laser light, 4-Reflected light, 

5-Laser, 6-Photoelectric Converter, 7-Oscilloscope, 
8-Spectrometer, 9-Computer 

Figure 1 Simultaneous monitoring principle. 
 
For bearing cage and inner ring temperature 

monitoring, by using the same excitation light source 
and different quantum dots, multi-points detection 
can be conducted. The 553.2 nm CdTe QDs sensor and 
625.4 nm CdSe/ZnS QDs sensor were prepared 
respectively. The fluorescence superposition of the two 
quantum dot sensors does not exceed the peak values of 
the two spectrums, whose peaks appear simultaneously 
on the display interface of the single channel 
spectrometer. 
 
4. EXPERIMENTAL MONITORING OF 

BEARING OPERATION STATE 
As shown in Figure 2, a simultaneous monitoring 

system was set up to measure bearing rotating 
components temperature and rotational speed. The 
monitoring system test bench was built on a rigid 
platform and the spindle was driven by an electric 
spindle with a maximum rotational speed of 
18000r/min. A 7008C angular contact ball bearing was 
installed with air-oil lubrication. CdSe/ZnS QDs sensor 
with 625.4 nm wavelength was mounted to the cage by 
an epoxy adhesive. CdTe QDs sensor with 553.2 nm 
was mounted on the end face of inner ring. For cage 
rotation speed and temperature simultaneous monitoring, 
one end of the fiber was connected to a laser to provide 
the light source; the other end was connected to the 

spectrometer for temperature measurement and an 
optical encoder for speed measurement. For cage and 
inner ring temperature simultaneous monitoring, two 
optic fibers with fluorescent probes were used to 
conduct the excitation light and collect the fluorescence 
in a spectrometer. 
 

 
Figure 2 Monitoring system during the experiment. 

 
5. SUMMARY 

By temperature-sensitive and photosensitivity 
properties of quantum dots, the operation state of 
bearing rotating components were experimentally 
studied, and the main conclusions are as follow: 
(a) A non-contact monitoring technology for high 

speed bearing rotating components was proposed,  
(b) The rotation speed and temperature of bearing 

cage can be monitored simultaneously, 
(c) The temperature of bearing cage and inner ring can 

be monitored simultaneously. 
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ABSTRACT – In order to investigate the effect of the 
free end surfaces of finite-length elastic space on 
internal stresses and von-Mises stress, the equivalent 
stress method was presented which can effectively solve 
the free-edge problems and consider multi-direction 
stresses simultaneously. The results obtained by the 
present method are basically the same as the results of 
FEM analysis which represent the equivalent stress 
method is reliable. 
 
1. INTRODUCTION 

The contact problem of finite-length elastic space 
has been an interesting research topic since last century. 
In the early work of Hertz, a major assumption is made 
in modeling the contact bodies as equal length or 
infinite length. As Johnson [1] mentioned, although the 
contact stresses over the majority of the length of the 
cylinder are predicted accurately by Hertz theory, 
significant deviations occur close to the ends. The free 
boundaries of the ends have a significant influence. 
Wang et al.[2] applied the equivalent inclusion method 
to handle problems of two joined quarter spaces, which 
were treated as a class of special cases of two joined 
quarter spaces by setting Young’s modulus of one of the 
materials to zero. Zhang et al [3,4] followed the Zhang’s 
work [5] and extended the overlapping method and 
matrix formulation to finite-length elastic space 
problem. However, the shear stresses on two free end 
surfaces still exist.  

Up to now, the solution of fully satisfying two free 
end surfaces for finite-length elastic space problems has 
not been provided. In this paper, Guo et al [6] recently 
presented an explicit matrix algorithmic for solving 
three-dimension wedge problems. The methodology is 
based on the concept of overlapping two half-spaces 
formed by the surfaces of a wedge and all calculations 
are based on half-space equivalent loads. In this paper, 
based on this idea, a new equivalent stress method will 
be presented to solve the finite-length elastic space 
problems. Using this method, the normal stress and 
shear stress can be considered simultaneously, and the 
planes of finite-length elastic space also can be loaded 
simultaneously. 
 
2. THE GENERAL MODEL 

In the finite-length elastic space, three distributed 
pressures P , 1P  and 2P are loaded at z = 0 plane. In 
order to meet the boundary conditions of two free end 
surfaces, it can be equivalent to nine distributed 
pressures 1xxP , 1xyP , 1xzP , zzP , zxP , zyP , 2xxP , 2xyP , 2xzP , 

which loaded at three different half spaces respectively, 
as shown in Figure 1. If these nine distributed pressures 
can satisfy the following nine equations simultaneously, 
the boundary conditions of two free end surfaces can be 
fully met. It should be noted that here the contact area is 
assumed to be far from the free surfaces #3 and #4. 
Thus, the effect of free surfaces in y direction can be 
neglected. 
 

 
Figure 1 The solution of finite-length elastic space. 
 

Surface #1: 
'1 1 1 0xx xx xxP P P − − =   (1) 
'1 1 1 0xy xy xyP P P − − =   (2) 
'1 1 1 0xz xz xzP P P − − =   (3) 

Where '1xxP , '1xyP , '1xzP  are the internal stresses in 

surface #1 produced by the zzP , zxP , zyP . 1xxP  , 1xyP  , 1xzP 

are the internal stresses in surface #1 produced by the 
2xxP , 2xyP , 2xzP . 

 
Surface #2: 

'2 + 2 + 2 0xx xx xxP P P  =   (4) 
'2 + 2 + 2 0xy xy xyP P P  =   (5) 
'2 + 2 + 2 0xz xz xzP P P  =   (6) 

where '2xxP , '2xyP , '2xzP are the internal stresses in surface 

#2 produced by the zzP , zxP , zyP . 2xxP  , 2xyP  , 2xzP  are the 
internal stresses in surface #2 produced by the 1xxP ,

1xyP , 1xzP . 

 
Surface z = 0: 

' '1 2zz zz zzP P P P− − =   (7) 
' '

11 2zx zx zxP P P P− − =   (8) 
' '

21 2zy zy zyP P P P− − =   (9) 
where '1zzP , '1zyP , '1zxP  are the internal stresses in surface 

z = 0 which produced by 1xxP , 1xyP , 1xzP , and '2zzP , '2zyP ,
'2zxP are the internal stresses in surface z = 0 which 

produced by 2xxP , 2xyP , 2xzP . 
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The equations (1~9) form the system of linear 
equations which has nine unknown distributed 
pressures. This system of linear equations can be solved 
by Gaussian elimination with backward substitution or 
iterative method. By Gaussian elimination method, the 
final analytical expressions can be obtained. However, 
sometimes these expressions of unknown variable are so 
complex that many computers cannot store matrices of 
such size, making computer manipulation impossible. 
Iterative method provides the possibility for solving this 
system. Here, Jacobi iterative method is applied. 
 
3. RESULTS AND DISCUSSION 

The results of finite-length elastic space from the 
proposed method are compared with FEM results. The 
commercial software package ABAQUS v6.13 was used 
to contact three-dimensional finite element analysis. An 
ideal line contact pressure distribution is applied to the 
top surface (z = 0) of the finite-length elastic space of 
Figure 2. The detailed expression is shown in equation 
10, where p0 is the maximum Hertzian pressure and a is 
the contact half width. The material properties of finite-
length elastic space are elastic modulus 206000 MPa 
and Poisson ratio 0.3. The solution domain includes 
(10a, 5a, and 5a). 

 

 
Figure 2 The model of finite-length elastic space. 
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Figure 3 compares the results of the normal 

stresses distribution and von-Mises stresses by the 
equivalent stress method and FEM analysis method. It 
can be found that the magnitude and trend obtained by 
two methods are basically the same. The difference 
mainly exists near the edge of the contact area which 
may be caused by the density of the mesh. 

 
4. SUMMARY 

The equivalent stress method was introduced to 
solve the finite-length elastic space problems in this 
paper. The results obtained by the present method are 
compared with the results of FEM analysis. The results 
are basically the same which represents the equivalent 
stress method is reliable. In addition, this method can be 
further extended to solve the contact problem and any 
free-edge problem. 

 
 

 
(a) Contours of σxx in the (x,z)-plane. 

 

 
(b) Contours of σyy in the (x,z)-plane. 

 

 
(c) Contours of σzz in the (x,z)-plane. 

  

 
(d) Contours of von-Mises stress in the (x,z)-plane. 

Figure 3 Comparison of results obtained by the present 
method (left) and FEM analysis (right). 
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ABSTRACT – In order to improve the frictional 
properties, a self-oil-circulating structure, termed a 3D 
capillary structure, has been proposed. The 3D capillary 
structure was manufactured by metal 3D printer, because 
of its complex micro-structure. The bronze was focused 
as sliding material. In this study, the oil lubricant 
supplying function and frictional properties of the 3D 
capillary structured specimen made of bronze were 
investigated. Experimental results showed that the 3D 
capillary structured specimen made of bronze had the oil 
supplying function and lower frictional property than that 
made of stainless steel. 
 
1. INTRODUCTION 

In mechanical parts, it is important to supply an oil 
lubricant to the sliding surface, because oil starvation 
causes seizure and eventually a machine failure. Surface 
texturing is a technique micro-grooves and micro-
dimples [1]. It has been reported that surface texturing 
improves frictional properties by maintaining lubricant 
on the sliding surface and trapping wear debris [1]. On 
the other hand, the effect of conventional surface 
texturing is limited under sever conditions [2]. Therefore, 
the novel tribo-surface is required to improve frictional 
properties under severe conditions. 

In order to improve the frictional properties, a self-
oil-circulating structure, termed a 3D capillary structure, 
has been proposed. It can collect excessive lubricant from 
sliding surface and supply it again into sliding interface 
by utilizing capillary phenomenon. The 3D capillary 
structure was manufactured by metal 3D printer, because 
of its complex micro-structure. The 3D capillary 
structured specimen made of stainless steel had oil 
supplying function and excellent tribological properties. 
However, the material used in a metal 3D printer is 
limited, and it is difficult to manufacture the specimen 
made of the material with good frictional property. 

In this study, bronze is focused as sliding material, 
and the 3D capillary structured specimen was 
manufactured by bronze.  The oil supplying function and 
frictional properties of the 3D capillary structured surface 
were investigated. 

 
2. METHODOLOGY 
2.1 Capillary phenomenon 

Capillary phenomenon is a phenomenon in which 
the height of the liquid surface in a tube becomes higher 
owing to surface tension. The height of the liquid column 
h is given by 

gr
h


 cos2

=  (1) 

Where γ is the liquid surface tension, θ is the contact 
angle, ρ is the density of the liquid, g is the gravitational 
acceleration, and r is the radius of the tube. From 
Equation (1), it is possible to supply oil lubricant to the 
sliding surface by reducing radius of the tube. 

 
2.2 Test specimen 

The test specimen was manufactured by a metal 3D 
printer (ProX DMP 200, 3D Systems, USA). The 
material used for manufacturing was a phosphor bronze 
powder with an average particle diameter of 31 μm and 
the chemical composition is shown in Table 1. Figure 1 
shows the schematic of 3D capillary structured specimen. 
The 3D capillary structure has an oil reservoir and three 
small paths of 0.4 mm in diameter which are connected 
under the sliding surface. To increase the load capacity, 
the two dimples of 0.4 mm in diameter were given 
between the small paths. The depth of small paths was 
6.9 mm, and that of dimples was 0.1 mm. 

 
Table 1 Chemical compositions of bronze powder. 

Alloying 
element Cu Sn P O 
wt [%] BAL 10.1 0.01 0.02 

 

 
Figure 1 A schematic of the 3D capillary structured 

specimen. 
 
2.3 The oil supplying function 

A sliding test was conducted to confirm whether the 
3D capillary structure could effectively supply the oil 
lubricant. A Bowden-Leben-type cylinder-on-plate 
friction tester was used. The cylinder ( 6 mm × 8 mm 
length) was made of AISI 52100. As 300 µL of engine oil 
(Mobil 1, SAE 0W-20) was injected into the oil reservoir, 
a sliding test was initiated with a no oil lubricant on the 
surface. The behavior of the oil lubricant supplied to the 

(b) Cross section (a) Overview

Oil reservoir

Small paths

Flow of oil lubricant
Dimples
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sliding surface was observed by a video camera. 
 
2.4 Friction tests 

Friction tests were conducted using a cylinder-on-
plate sliding tester (SRV 4, Optimol, GE). The cylinder 
( 6 mm × 8 mm length) was made of AISI 52100. The 
friction test conditions are given in Table 1. A sliding test 
was initiated after 300 µL of Mobil 1 was injected into 
the oil reservoir and 50 µL of Mobil 1 was dropped on 
the surface. To compare the frictional property of a 3D 
capillary structured specimen made of bronze, a non-
textured specimen made of bronze and a 3D capillary 
structured specimen made of stainless steel were 
manufactured.  

 
Table 1 Test friction test conditions. 

Load [N] 5 
Temperature [oC] 80 
Stroke [mm] 1.0 
Frequency [Hz] 10 

 
3. RESULTS AND DISCUSSION 
3.1 The oil supplying function 

Figure 2 shows images of oil lubricant behavior on 
the sliding surface. Before the sliding test, a meniscus 
was not formed for Mobil 1 on the surface. However, a 
meniscus was observed for Mobil 1 between the cylinder 
and the surface as the sliding test started and the cylinder 
touched the path. The meniscus was maintained between 
the cylinder and the surface during the sliding experiment. 
Therefore, Mobil 1 was supplied to the entire surface by 
a capillary structure. The experimental results suggested 
that the 3D capillary structured specimen made of bronze 
could effectively supply the oil lubricant. 

 

 
Figure 2 Oil lubricant behavior on the sliding surface. 

 
3.1 Friction tests 

Figure 4 shows frictional behaviour of each 
specimen. The friction coefficient of the non-textured 
specimen made of bronze, the 3D capillary structured 

specimen made of stainless steel, and the 3D capillary 
structured specimen made of bronze was 0.10, 0.07, and 
0.02 respectively. From the result of friction test, the 
friction coefficient for the 3D capillary structured 
specimen made of bronze was lower than that of non-
textured specimen made of bronze and the 3D capillary 
structured specimen. It was considered that the 3D 
capillary structure had better frictional property than non-
textured specimen and the frictional property of the 
bronze was better than that of stainless steel.  

 

 
Figure 3 Friction coefficient behavior. 

 
4. CONCLUSIONS 

A 3D capillary structured surface was manufactured 
by metal 3D printer, and its oil supplying function and 
frictional properties were investigated. The main 
conclusions drawn are as follows: 

(a) The 3D capillary structured specimen made of 
bronze could effectively supply the oil lubricant. 

(b) The friction coefficient for the 3D capillary 
structured specimen made of bronze showed 
lowest of all specimens. 
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ABSTRACT – The influence of the surface profile of 
Co-Cr-Mo alloy on the wear behaviour of ultra-high 
molecular weight polyethylene was investigated. The 
surface profile of alloy was designed to control not only 
the volume of wear of polyethylene but also the size of 
the wear debris. The processed surface recorded the 
lower wear rate of polyethylene in comparison with a 
conventional surface. The diameter of the polyethylene 
wear particles from the processed surface was larger 
than that using a conventional surface. The results 
illustrate the possibility of controlling the major factors 
in the long-term osteolysis and loosening of artificial 
joints. 
 
1. INTRODUCTION 

In a polymer-on-hard artificial joint, the bearing 
parts are typically composed of ultra-high molecular 
weight polyethylene and alloy with good corrosion 
resistance, or polyethylene and a ceramic material. The 
wear debris generated from the polyethylene part is 
considered a major factor in the long-term osteolysis 
and loosening of an artificial joint because the presence 
of this debris stimulates macrophage activity, thereby 
promoting the production of cytokines. Many 
researchers have reported that the volume and 
morphological features of this debris constitute critical 
factors in macrophage activation [1]. Some studies have 
indicated that small sized debris (<1.0 μm) is the most 
biologically active [2]. 

To control not only the volume of wear but also the 
size of the wear debris of the polyethylene, a well-
argued surface profile of alloy or ceramic is required; 
the surface roughness and waviness curve of the surface 
must be strictly controlled [3]. 

In this study, the influence of the surface profile of 
Co-28Cr-6Mo alloy on the wear behaviour of ultra-high 
molecular weight polyethylene was investigated using 
pin-on-disc wear testing. 
 
2. MATERIALS AND METHODS 

Figure 1 shows a pin-on-disc wear tester capable 
of multidirectional motion, which is suitable for the 
tribological testing of artificial joint biomaterials. A pin 
was fabricated from polyethylene (GUR1050), and the 
hard counterface material used is a Co-28Cr-6Mo alloy 
disc (ASTM F75). The 9.0 mm diameter pin was 
pressed against the disc with a contact pressure of 7.0 
MPa. The centre of the wear track on the disc had a 

diameter of 10.0 mm, and a sliding speed of 16.9 mm/s 
was used. Fetal calf serum was used as the lubricating 
liquid. The total protein concentration (30.0 g/L) in the 
lubricating liquid was adjusted by adding distilled water, 
which also contained 0.3 wt.% sodium azide. The 
lubrication liquid was replaced every 5.0×103 m of 
sliding distance. 

Figure 2 shows a schematic of the micro slurry-jet 
erosion used for processing the surface profile of a Co-
Cr-Mo alloy (Palmeso Co., Ltd., Japan). Micro slurry-
jet erosion is a wet-blasting technique that uses alumina 
particles as the abrasive media, along with compressed 
air and water. A surface profile is obtained by adjusting 
the feed speed and feed pitch of the nozzle. A polished 
surface, obtained using a conventional lapping method, 
is used as a conventional surface. 

 

 
Figure 1 Schematic of pin-on-disc method used for wear 

testing. 
 

 
Figure 2 Schematic of micro slurry-jet erosion as a 

precision surface-machining technique for a Co-Cr-Mo 
alloy disc. 

 
The processed surface of alloy was visualized 

using a three-dimensional optical surface profiler 
(NewView 7000, Zygo Co., USA). Three parameters for 
the surface profile were determined (Figure 3). 
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Figure 3 Parameter definitions for surface profile of Co-

Cr-Mo alloy disc. 
 

3. RESULTS AND DISCUSSION 
Figure 4 shows the surface profiles of the Co-Cr-

Mo alloy discs used for the wear tests. The surface 
roughness (Ra) with micro slurry-jet processing 
(surfaces A–C) was lower than that of conventional 
lapping processing (conventional surface), which 
reached a nanometre-scale roughness. Surfaces A and B 
had the same surface profile pattern, but the depth of 
surface A was deeper than that of surface B. Surfaces B 
and C had the same depth, but the pitch of surface C 
was three-times wider than that of surface B.   

 

 
Figure 4 Surface profiles of Co-Cr-Mo alloy discs used 

for wear tests. 
 

Figure 5 shows the specific wear rate of the 
polyethylene. Surface C recoded the highest wear rate, 
whereas the lowest wear rate was recoded using surface 
B. A gradual decrease in wear rates was observed for all 
the surfaces. 

Although various types of wear debris formed 
under each surface profile, there were only modest 
differences between the different debris formed under 
different conditions. The percentage of particles of less 
than 1.0 μm for surfaces A-C was lower than that for a 
conventional surface. In particular, surface B decreased 
the percentage of particles of less than 1.0 μm in size 
and increased the percentage of particles of larger than 
10 μm. 

The surface roughness (Ra, fig.3) should be lower 
because this will lead to a shift in wear mode, from 
abrasive to adhesive wear, and hence to a reduction in 
the wear of the polyethyelene. However, under this 
condition, the size of polyethylene wear is thought to be 
smaller. To enlarge the debris size of the polyethylene, 

the promotion of a polyethylene film transferred onto 
the alloy surface is proposed, which does not occur in 
vivo. By adopting a concave part, any lubricating liquid 
or adsorbed layer on the Co-Cr- Mo alloy is wiped off 
or moved to the concave part through the rubbing 
motion of the Co-Cr-Mo alloy and polyethylene. The 
direct contact at the convex part results in a semi-dry 
condition, and hence transfer of the polyethylene film 
onto the Co-Cr-Mo alloy is promoted [4]. The 
accumulated film is occasionally peeled away into the 
lubricating liquid, owing to the liquid present in the 
concave part and the shear force between the two 
surfaces. The peeled film constitutes a type of 
polyethylene debris, which is larger than that generated 
through adhesive wear. 

 

 
Figure 5 Specific wear rate of the as-pinned specimens 

with ultra-high molecular weight. 
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ABSTRACT – In order to improve the mechanical 
properties of sintered machine parts, it is essential to 
obtain high dense green compacts through sufficient 
understanding of raw steel powder's characteristics. In 
this study, we evaluated flowability and friction 
characteristics of steel powders experimentally, and the 
powder yield locus method enabled collection of data 
corresponding to the actual powder behavior in the 
mold. Furthermore, we applied these data to our own 
discrete element method code and evaluated the 
accuracy of powder simulation. 
 
1. INTRODUCTION 

The sintered metal process is a manufacturing 
method that can produce complicated shaped machine 
parts in large quantities at low costs. Replacement of 
cast steel parts with sintered steel ones is progressing, 
mainly for automobile engines. In recent years, in order 
to reduce the production costs, sintered parts with 
higher strength or with more complicated fine shapes 
are desired [1-2]. For that purpose, it is required to 
achieve densification, reduction of pore size, and 
uniform filling to the mold. So far, application of 2P2S 
(double pressing/ double sintering) process, Hot 
Isostatic Pressing (HIP), or Spark Plasma Sintering 
(SPS), etc have been studied [3-5]. However, these 
processes cannot utilize the advantages of sintered metal 
processes such as low manufacturing costs and near-net-
shape manufacturing. In addition, sintered steel shows 
much less densification during sintering than ceramics. 

It is therefore necessary to understand the powder 
characteristics of raw steel powders in detail, especially 
flowability and friction characteristics. Conventionally, 
steel powders for sintered metals have been evaluated 
with flowability and angle of repose by using a funnel. 
But with these indexes it is difficult to understand the 
powder characteristics sufficiently, because there are 
cases that some highly adhesive powders cannot flow 
out from a funnel, or that clear numerical difference 
cannot be seen.  

In this study, in order to produce a homogeneous 
and dense green compact with small pores by 1P1S 
process, which can take full advantages of sintered 
metal, we evaluated the flowability and friction 
characteristics of raw steel powders in detail. 
 
 

2. METHODOLOGY 
2.1 Samples 

Two types of steel powders (Sample A and B) were 
prepared. Raw material of both samples is Fe-Ni-Mo 
steel powder with maximum particle size of 200 Pm. 
Sample A is without additives, and B is with additives. 
The additives are graphite powder (D50 = 10 Pm) as the 
carbon solid solution source, and amide wax-based solid 
lubricant powder (D50 = 2 Pm) for decreasing the inter-
particle friction or friction between particles and mold. 
The additives were mixed for 30 minutes in a V blender 
and uniformly dispersed. 

 
2.2 Evaluation methods 

Powder characteristics were evaluated by two 
methods as follows. One is a conventional method for 
measuring flowability and apparent density using a 
flowmeter with a funnel, as standardized by JIS Z 2502 
and 2504 (Figure 1). The evaluation indexes in this 
method were flowability and apparent density. They 
were evaluated by the required time and the filling 
fraction to the cup when a predetermined amount of 
powder falls by its own weight from the funnel. 

The other is a method using a powder yield locus 
(PYL), which is used in the field of powder engineering 
(Figure 2). The evaluation indexes in this method were 
flowability (uniaxial collapse stress), inter-particle 
friction (internal friction angle), and friction between 
particles and mold (wall friction angle). They were 
measured from the torque when the mobile cell was 
rotated while the fixed cell was pushed with various 
normal loads against the powder layer filled with its 
own weight. The smaller these indexes are, the better 
the powder characteristics are.  
 

 
Figure 1 Schematic of funnel method. 
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Figure 2 Schematic of PYL method. 

 
3. RESULTS AND DISCUSSION 

In the funnel method, sample B with additives was 
worse in flowability and apparent density was higher, as 
shown in Table 1. Practically, however, additives, 
especially lubricants, are essential for reducing the inter-
particle and particle-mold friction during compaction 
process. That is, the results via this method don’t reflect 
the actual powder behavior in the manufacturing 
process. 

 
Table 1 Powder properties by funnel method. 

Sample A B 
Flowability, s/50 g 33.5 39.5 
Apparent density, g/cm3 3.0 3.2 

 
In the PYL method, the sample A without additives 

showed better flowability under low normal loading, but 
the flowability reversed under high normal loading 
(Figure 3). The low normal loading is a condition close 
to the self-weight fall of the funnel method, which is 
consistent with the results shown in Table 1. The high 
normal loading is a condition close to when the particles 
are compacted and rearranged in the mold. The results, 
the sample B with the additive has better flowability and 
friction characteristics, match the real powder properties 
in the manufacturing process. 

 Furthermore, with this method, indexes of inter-
particle friction, and friction between particles and 
mold, which cannot be measured by the funnel method, 
could also be measured (Figure 4). Sample B with 
additives showed lower friction in both indexes under 
all normal loadings. These results also match the 
powder behavior in the manufacturing process. 
 

 
Figure 3 Flowability by PYL method. 

 
Figure 4 Inter-particle and particle-mold frictions 

by PYL method. 
 

We applied these results to the discrete element 
method code, which we created using FDPS 
(Framework for Developing Particle Simulator). FDPS 
is designed to reduce the calculation load at the time of 
region division and interaction calculation by 
constructing a tree structure [6]. In the conference 
presentation, we will also show examples of powder 
simulation by this code. 
 
4. CONCLUSION 

The powder properties of the steel powders were 
evaluated by both the conventional method using a 
funnel and the powder engineering method using PYL. 
By using the PYL method, it was possible to evaluate 
even highly adhesive powder which cannot be evaluated 
by the funnel method. The PYL method made it possible 
to evaluate the characteristics reflecting the actual 
powder behaviour in the manufacturing process. 
Applying the powder characteristics obtained in this 
study to the powder simulation will improve simulation 
accuracy. 
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ABSTRACT – An ultraviolet-induced fluorescence 
method was used to measure the contact area between a 
cylindrical rubber wheel and flat glass. The experiment 
was carried out using pyranine as the fluorescence dye, 
and three variants of load in static and dynamic 
conditions. The contact area was captured by high-speed 
camera and analyzed using s software. Results showed 
that the contact area became wider as the applied load 
increased from 39.2 to 117.6 N in the static condition; in 
the dynamic condition, however, the contact area 
decreased as speed increased from 22.5 to 90 mm/s.     
 
1. INTRODUCTION 

Over the last several decades, the study of thin film 
thickness in elastohydrodynamic lubrication (EHL) has 
become the focus of many researchers. In 1996, a group 
study presented an experimental technique that could 
provide very high-resolution thickness measurement in 
the horizontal and vertical directions at around 1.4 µm 
and 0.5 nm respectively [1]. This technique was called 
relative optical interference intensity (ROII). In addition 
to ROII, other techniques have been used to measure thin 
film thickness. One called the fluorescence technique, 
was introduced in the 1970s by Ford et al. [2 - 3]. This 
technique was the first to apply fluorescence in tribology. 
The advantage of the fluorescence technique is that it can 
measure the actual amount of lubricant that exists 
between two surfaces. Thus, this observation approach is 
well suited to investigating the contact area between a 
rubber wheel and flat surface. 

The purpose of this study is to identify the contact 
area (in this case contact width) between a rubber wheel 
and flat glass using a fluorescence technique, 
specifically, the ultraviolet-induced fluorescence method. 
As fluorescence dye, water-soluble dye pyranine with 
density of 3200 mg/l, was used in this experiment.      
      
2. METHODOLOGY 
2.1 Experimental apparatus 

The contact area for the fluorescence image was 
produced using a rubber wheel on a surface of flat glass 
covered by fluorescence fluid. The rubber wheel was 
shaped in the form of a cylinder, with a diameter and 
width of around 80 mm and 32 mm, respectively; the flat 
glass was a square, 100mm in length and 5mm thick. In 
this apparatus, the contact area was observed with a 
digital high-speed camera (HAS-U2; DITECT, Ltd, 
Japan) with 18 different effective image sizes and a 

maximum frame rate of 7500 frames per second (fps). 
The camera was located beneath the flat surface, where 
the distance of camera and observed contact area could 
be changed as desired. The fluorescence excitation was 
provided by an ultraviolet (UV) light, which produced a 
367nm maximum wavelength high-power UV light.  

       
2.2 Experimental method 

The contact condition was captured with the high-
speed camera under static and dynamic conditions. In the 
static condition, the rubber wheel was pressed by 3 
different applied loads. Meanwhile, in the dynamic 
condition, the loaded rubber wheel moved on the flat 
fluorescence -liquid-covered glass at 3 different speeds. 
The experimental conditions are listed in Table 1. 
Pyranine is a chemical compound (C16H7Na3O10S3) that 
is often used for optical analysis in bioscience and 
medical science. The captured images were then 
analyzed with software using a grayscale to differentiate 
the contact area and its surrounding.   

 
Table 1 Experimental conditions 

No Contact 
condition 

Moving speed 
(mm/s) 

Applied 
load (N) 

S1 Static - 39.2 
S2 Static - 78.4 
S3 Static - 117.6 
D1 Dynamic 22.5 78.4 
D2 Dynamic 45 78.4 
D3 Dynamic 90 78.4 
D4 Dynamic 180 78.4 

 
3. RESULTS AND DISCUSSION 
3.1 Contact area due to load 

Figure 1 shows the contact area between the 
cylindrical rubber wheel and flat glass covered by 
fluorescence liquid at three selected applied loads in the 
static condition. The point 0 mm on the x-axis indicates 
the central position of the contact area, while the y-axis 
signifies the value intensity of the fluorescence image in 
the range of 0 (min) to 254 (max). This figure proves that 
the present method can clearly differentiate the contact 
area from the surrounding area without contact. It can be 
seen that the contact area became wider as the applied 
load increased. The contact width increased by 3.4 mm 
(from 6.2 to 9.6 mm) as the applied load increased from 
39.2 to 117.6 N. A low amount of fluorescence was 
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observed inside the contact area, which was assumed to 
be due to noise or dirt.     

Figure 2 compares the contact area obtained using 
the present method and the Hertz theory for parallel 
cylindrical rubber wheel and flat glass (equation 1). It can 
be seen that the contact width measured using the 
fluorescence method was more than a 95% match for the 
Hertz theory calculated-contact width.     

According to the Hertz theory, contact area for 
cylindrical materials can be calculated using the 
following equation, 

𝑎 =  2√4𝑊𝑅
𝜋𝐸∗  (1) 

where,  
a   = contact width  

 W = applied load per unit width 
 R  = relative radius of curvature 
 E* = reduced modulus 
 

 
Figure 1 Contact width due to loads. 

 

 
Figure 2 Contact width comparison. 

 
3.2 Contact area due to rotating speed 

Figures 3 and 4 show the effect of rotating speed on 
the contact area between a rubber wheel loaded with 78.4 
N and a flat glass. It is evident that rotating speed affects 
the contact area, with the contact area becoming 
significantly smaller in the first 3 speed variants (from 
22.5 to 90 mm/s), and then subsequently becoming 
slightly smaller. Looking at the rubber contact 
deformation in Fig. 3, there appears to be some 
fluorescence liquid between the rubber wheel and flat 
glass when the wheel moved at high speed. It seems that 
there is a complete separation by a thin layer of 
fluorescence liquid between the wheel and flat glass at 
higher speeds. Myant at al. [4] found a similar contact 
area tendency in an experiment using a hemisphere 
elastomer on glass disk at 5 different speeds, ranging 
from 2.19 to 579 mm/s.     

 
Figure 3 Contact width due to moving speeds. 
 

 
Figure 4 Contact width reduction due to moving speed. 

 
4. CONCLUSION 

An ultraviolet-induced fluorescence method using a 
pyranine dye of 3200 mg/l was used to observe the 
contact area between a cylindrical rubber wheel and flat 
glass. We found that the contact area became wider as the 
applied load increased under static condition. In the 
moving condition, however, the contact area between the 
loaded rubber wheel and flat glass was reduced as 
moving speed increased.  
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ABSTRACT – The paper presents a method of the 
correlated selection of a substrate material, coating, and 
gear oil, by using simple (model) specimens. The final 
aim is to increase the life of planetary gears of mining 
conveyors. The paper regards the first phase of the 
experiment. The second phase - abrasion and scuffing 
tests - is described in another paper by the authors 
submitted to the ASIATRIB2018 Conference: “The 
correlated selection of a thin coating and gear oil to 
increase the resistance of 18CrNiMo7-6 gears to abrasion 
and scuffing. Part 2.” 
 
1. INTRODUCTION 

Chain and belt conveyors working in coal and 
open pit mines are exposed to very harsh conditions, 
limiting the life of gears. 

One of the ways to increase the life of gears in 
mining conveyors is the deposition of thin coatings on 
gear teeth, as stated in the previous study [1]. In another 
study, one can find information on the successful 
application of coatings to reduce the tendency of gears to 
abrasion and scuffing [2]. As the study [3] shows, it is 
also important to select a proper oil to lubricate the coated 
parts. However, another form of dangerous wear - pitting 
- may be accelerated when the coating is used [4,5]. 

The paper presents a method of the correlated 
selection of a substrate material, coating, and gear oil to 
increase the resistance to pitting of rolling samples at 
high loading. 
 
2. METHODOLOGY 
2.1 Test method 

A modified four-ball pitting tester was used, where 
the top ball was replaced with a cone, because the cone 
can be made of any engineering material, while the 
choice of the material for the bearing ball is limited. The 
tested tribosystem is shown in Figure 1. 

 
  

  
Figure 1 Cone-balls tribosystem. 

 

The tribosystem consists of the three balls (2) that 
are free to rotate in the special race (3) and pressed at 
the required load P against the cone (1). The cone is 
fixed in the chuck, and it rotates at the defined speed n. 
The contact zone of the balls is immersed in the oil. The 
holder of the race (3) is equipped with a heater. The 
initial temperature of the oil was set up at the level of 
70°C. 

The pitting test was performed according to IP 300 
standard (the standard was issued by the UK-based 
Institute of Petroleum). Test conditions were as follows: 
rotational speed 1450 rpm, applied load 3924 N (400 
kgf), run duration until pitting occurs, and the number 
of runs 24. Only those runs were accepted for which 
pitting occurred on the cone. In each run, the time to 
pitting failure occurrence was measured. 

After test completion, the 24 values (failure times) 
were plotted in Weibull coordinates. Then, the fatigue 
life L10 was read off, which expresses the resistance to 
pitting. The value of L10 represents the life at which 
10% of a large number of test balls would be expected 
to have failed. 

 
2.2 Tested materials 

The test cones were made of 18CrNiMo7-6 case 
hardening steel, which is the material intended for the 
gears in mining conveyors. The hardness was 62 HRC 
and roughness was Ra = 0.2 Pm. The balls and race were 
made of 100Cr6 bearing steel. 

Two types of thin, low friction coatings were 
tested: W-DLC and CrN-DLC. The coatings were 
deposited by the Oerlikon Balzers Coating Poland on 
one sample, i.e. on the cones, because, in the planetary 
transmissions of mining conveyors, only planetary 
pinions will be coated, leaving the ring and sun gears 
uncoated. In that way, three material combinations were 
achieved: (W-DLC)-steel, (CrN-DLC)-steel, and steel-
steel for reference. 

The microstructure of the coatings revealed during 
qualitative GDOES analysis is shown in Figures 2 
and 3. 

The W-DLC coating represents an a-C:H:Me group. 
Figure 2 shows that the coating consists of an elemental Cr 
adhesion layer adjacent to the steel substrate, followed by the 
WC layer, and then the WC/C layer, i.e. alternating lamellae 
of WC and a hydrocarbon layer doped with tungsten.  

The CrN-DLC coating is the modification of the 
former one. Figure 3 shows that the coating consists of 
three main layers: CrN at the substrate, WC, and then 
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WC/C.  The CrN layer is very ductile and gives 
excellent support properties in cyclic loaded contacts. 

The basic properties of the W-DLC and CrN-DLC 
coatings are the following, respectively: thickness 1 and 
2 Pm, adhesion in scratch test 90 and 101 N, 
nanohardness 15.5 and 16 GPa, roughness Ra 0.12 and 
0.12 Pm, and roughness Rz 0.92 and 1.07 Pm. 

For lubrication, commercial industrial gear oils 
were used. They were a mineral oil, and two synthetic 
ones, i.e. one with a PAO base and one with a PAG 
base, all with the viscosity grade of VG 320. Such oils 
are used to lubricate gears of mining conveyors. 
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Figure 2 GDOES depth profile of W-DLC coating. 
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Figure 3: GDOES depth profile of CrN-DLC coating. 

 

 
3. RESULTS AND DISCUSSION 
3.1. Selection of the coating 

In the first step, an effect of the coating was tested. 
For this purpose, only the mineral oil was used for 
lubrication. 

The results obtained for the three material 
combinations are presented in Figure 4. 

 

0
10
20
30
40
50
60
70
80
90

100

18CrNiMo7-6 W-DLC CrN-DLC

L1
0 F

at
ig

ue
 L

ife
 [m

in
]

     0

 
Figure 4 L10 Fatigue Lives for the material 

combinations. 
 

As can be observed, when the thin, low friction 
coating is deposited on one sample, the resistance to 
pitting drops significantly. However, the CrN-DLC 
coating shows much higher fatigue life than W-DLC. 
Thus, for further experiments, the CrN-DLC coating 
was suggested. Its basic properties after deposition in 
the next process were the following: thickness 4.2 Pm, 
adhesion in scratch test 151 N, nanohardness 12 GPa, 
roughness Ra 0.09 Pm, and roughness Rz 1.04 Pm. Thus, 
there was a difference in some coating properties 
deposited in two processes. 

 
3.2. Selection of the gear oil 

In the second step, an effect of the gear oil was 
tested for lubrication of the samples with the CrN-DLC 
coating. 

The results obtained for the three gear oils are 
presented in Figure 5. 
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Figure 5 L10 Fatigue Lives for the gear oils; M, PAO, 

PAG - type of the base of the gear oil. 
 

As can be observed, when the thin, low friction 
coating is deposited on one sample, the resistance to 
pitting drops significantly, irrespective of the oil used. 

It is also shown that the mineral and PAG oils 
exhibit similar resistance to pitting. The PAO oil gives 
slightly worse results, but it exhibits a high viscosity 
index, which is desired in the very extreme conditions 
of working of mining conveyors. Thus, for the second 
phase of the experiment (abrasion and scuffing tests), all 
of the oils were suggested. 

 
4. CONCLUSION 

In spite of the lower resistance to pitting given by 
the coatings, the predominant mode of the destruction of 
gears in mining conveyors is abrasive wear. However, 
the results of the first phase of the experiment indicate 
that the CrN-DLC coating seems more preferable from 
the point of view of the resistance to pitting. As 
concerns the gear oils, all of them will be tested in the 
decisive, abrasion and scuffing tests, which are 
presented in another paper by the authors, mentioned in 
Abstract. 
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ABSTRACT – Hard chrome plating is widely used in 
aeronautic industries. However European regulations 
oblige for substitution due to health and environment 
impact. In this way, hard chrome as a reference and 
different alternative coatings are tested under various 
wear conditions: sliding, fretting and cumulated tri-axial 
solicitations with various counterpart materials under 
greased and dry contact at different temperatures. Static 
and dynamic coefficient of friction are determined and 
compared. Advantages and drawback are then identified 
and preferred use is described for each alternative 
coating tested. 
 
1. INTRODUCTION 

Hard chrome plating is widely used in aeronautic 
industries, especially to protect mechanical articulations 
submitted to harsh wear conditions. The hardness of 
chrome plating is a major reason for application but not 
the only one [1]. Such coating is mainly deposited on 
steels, stainless steel and nickel-based alloys in order to 
protect from abrasion and improve sliding wear 
properties. The perfect tribo-compatibility of hard 
chrome with copper alloys generally offers a good and 
long term mechanical behaviour of the interface [2]. 

However, the application process by electrolysis 
produces hexavalent chromium, which is harmful for 
health and environment. REACh European regulation 
obliges for substitution. Investigations were then 
launched to develop alternative solutions to replace hard 
chrome plating. 
 
2. METHODOLOGY 

In addition to hard chrome by electrolytic process 
to be used as a reference, investigated alternatives are 
the following thermal spray coatings: WC-10Co-4Cr by 
high velocity oxy-fuel, Co-17Cr-28Mo-4Si by plasma 
spray, and Mo by plasma spray. 

Performances of these coatings are characterised in 
term of corrosion protection, sliding wear, fretting wear 
and cumulated tri-axial solicitations. Various 
counterparts are considered depending on the 
application: copper alloys, stainless steel and nickel-
based alloys. Different temperatures are investigated, up 
to 600°C. This will allow selecting the best compromise 
depending on the contact conditions and application. 

During sliding wear test, tangential force resistive 
to movement is monitored and continuously measured. 
Figure 1 shows sinusoidal displacement and tangential 
force versus time. Figure 2 shows tangential force 
versus displacement. 

 

 
Figure 1 Sinusoidal displacement and tangential force 

versus time. 
 

 
Figure 2 tangential force versus displacement. 
 
From Figure 2 graph are extracted tangential 

forces at 0 mm and at maximum displacement, and then 
computed into coefficient of friction. Evolution of these 
values during the test can then be plotted and is shown 
in Figure 3 for dynamic motion (1 Hz). 

 

 
Figure 3 evolution of dynamic coefficient of friction. 

 
Static coefficient of friction is also determined at 

very low speed (about 0.5 mm.s-1) for several cycles to 
check for its evolution. It is presented in Figure 4. 
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Figure 4 evolution of static coefficient of friction. 

 
3. RESULTS AND DISCUSSION 
3.1 Hard chrome 

With a hardness of 850 HV0.3, hard chrome 
structure is composed of a network of natural micro-
cracks which allows grease retention (Figure 5). Failure 
mode is a mechanical ageing which produces micro-
crack junctions, leading to major cracks. This results in 
hard chrome abrasive debris into the contact. 

 

 
Figure 5 Hard chrome (electrolytic). 

 
3.2 WC-10Co-4Cr 

With a hardness of 1100 HV0.3, WC-10Co-4Cr 
structure is composed of very hard tungsten carbide and 
open porosities, acting as a cutting tool (Figure 6). 
Surface finish is essential for this coating. Failure mode 
results in a “cheese grater effect” against copper alloys. 
Intensity of abrasive regime depends on surface finish. 
Such a coating is efficient in contact with stainless steel. 

 
3.3 Co-17Cr-28Mo-4Si 

With a hardness of 600 HV0.3, Co-17Cr-28Mo-4Si 
structure is composed of open porosity able to retain 
grease in the contact (Figure 7). Failure mode is 
adhesion of copper counter surface on this coating if 
local lack of grease occurs or burned grease. It is not 
efficient in dry condition. Such a coating is efficient in 
temperature against nickel-based alloys (Inconel 718®). 

 
3.4 Mo 

With a hardness of 450 HV0.3, Mo structure is 
composed of open porosity able to retain grease in the 
contact (Figure 8). Failure mode is not observed in the 
tested configurations. Such a coating provides a good 
tribo-compatibility with copper alloys, there is no risk 
of galling. 

 

 
Figure 6 WC-10Co-4Cr (HVOF). 

 

 
Figure 7 Co-17Cr-28Mo-4Si (plasma spray). 
 

 
Figure 8 Molybdenum (plasma spray). 

 
4. CONCLUSIONS 

Thermal sprayed coatings show interest 
particularly in greased environment, and satisfy most of 
the needs when deposited on stainless steels. Depending 
on the powder composition to be sprayed, cracking 
phenomenon observed on hard chrome such as "ladder 
cracks" can be avoided. 

There is no simple replacement for hard chrome, 
but coating type shall be adapted depending on the 
counter surface: 

(a) WC-10Co-4Cr shows good performance (when 
correctly surface finished) in contact with 
stainless steel. 

(b) Co-17Cr-28Mo-4Si shows good performance 
in contact with nickel-based alloy at elevated 
temperature. 

(c) Mo shows good performance in contact with 
copper alloy. 

 
REFERENCES 
[1] Cartier M. (2000). User guide on surface 

treatments applied to friction problems. Tec & 
Doc. 

[2] Gras R. (2008). Tribology - Principles and 
industrial solutions. Dunod. 



Proceedings of Asia International Conference on Tribology 2018, pp. 298-299, September 2018 

__________ 
© Malaysian Tribology Society 
 

Tribological behaviour of trihexyltetradecyl phosphonium bis  
(2,4,4-trimethylpentyl) phosphinate with ZDDP interaction 

George Koshy1, Bilal Abdul Samad1, Abhinand Suresh1, Mohammed Shameem A.C1, P.M. Anil2,* 

 
1) School of Mechanical Engineering, Vellore Institute of Technology, 632014, India. 

2) Automotive Research Centre, Vellore Institute of Technology, 632014, India. 
 

*Corresponding e-mail: mji_pmanil@yahoo.co.uk 
 

Keywords: Ionic liquids; friction; wear 
 

 
ABSTRACT – Iinvestigations on the potential use of 
ionic liquids (ILs) as additives in lubricants have 
increased in the recent past. Low miscibility of ILs in 
the non-polar oils is a major obstacle in maintaining an 
optimum lubrication performance. This article focuses 
on the use of Trihexyltetradecyl phosphonium bis (2,4,4-
trimethylpentyl) phosphinate as an additive in mineral 
base oil. Wear rate was estimated for different 
concentrations of IL at constant load and temperature. 
Coefficient of friction was found to be least in 3% when 
compared to 5% and 1% by volume concentration. This 
was further validated by the SEM and AFM analysis 
carried out. ZDDP was blended with the IL and the 
additive interaction was also studied.  
 
1. INTRODUCTION 

Piston ring - cylinder surface system undergoes 
through various lubrication regimes. The effectiveness 
of lubrication at the interface depends on the ability of 
the lubricant to sustain the severity of this environment. 
The reduction in the properties of the conventional 
engine oils after prolonged use due to depletion of 
existing additives has inspired many researchers to find 
alternates. In recent years the potential of ionic liquids 
(ILs) as an additive in lubricants to reduce the wear rate 
by resolving additive depletion is being explored. Ionic 
liquids (ILs) are room temperature molten salts that have 
been shown to offer many advantages. Recent studies 
suggest that the addition of Phosphonium ILs as additive 
in the engine oil (after depletion of the already existing 
additive package) improved its friction and wear 
behaviour and ILs effectively contributed to the 
boundary film formation when already present additives 
(such as ZDDP) are substantially depleted in the case of 
used engine oil. The objective was to test the lubricant 
with Trihexyltetradecyl phosphonium bis(2,4,4-
trimethylpentyl) phosphinate as an additive in different 
concentrations and its effect on the wear rate of the metal 
[1,2] 

 
2. METHODOLOGY 

Friction and wear tests were carried out on a 
reciprocating wear test with a ball on flat geometry. The 
samples of AISI 52100 steel of dimension 30×30×10 
were prepared by machining using a wire electrical 
discharge machine followed by surface grinding to 
achieve similar surface roughness values. The test 
solution was prepared by mixing 1%, 3% and 5% of 
Trihexyltetradecyl phosphonium bis(2,4,4-
trimethylpentyl) phosphinate in engine oil. In the 

machine, the upper specimen (ball) reciprocates on the 
lower specimen (flat). The operating parameters load, 
temperature and speed were kept constant at 50N, 100ºC 
and 600 rpm. The stroke length was kept at 15 mm. The 
sample was heated to the desired temperature and at 
steady-state condition the test was allowed to run for a 
time period of 120 min. The experiment was paused at 
specific intervals of 5,10,15,20,30,50,80 and 120 
minutes to analyse the wear scar on the ball specimen. A 
replica method was adopted here. The wear scar 
impressions were taken on aluminium foils of 20 
microns thick. The details of the method are described 
elsewhere [3]. 

 
Table 1 Test parameters. 

Conc. Load 
(N) 

Temperature 
(ºc) 

Duration 
(min) 

1 % 50 100 120 
3 % 50 100 120 
5 % 50 100 120 

 
Impressions on the aluminium foils aluminium 

were later measured under a high precision microscope. 
The diameters were taken in two perpendicular 
dimensions as shown in the Figure 1.  

 

 
Figure 1 Wear scar dimensions on the ball in two 

perpendicular directions. 
 

Average diameter was calculated. Wear rate was 
estimated using the appropriate formulae [4]. The test 
was repeated for each concentration with the same 
parameters to observe similar wear rate spread. 

 
3. RESULTS AND DISCUSSION 

The variation of coefficient of friction with respect 
to time is presented in the Figure 1. It may be observed 
from the Figure 2 that the coefficient of friction of when 
tested with different concentrations were found to 
decrease over a period of time. Sample 2 with a 
concentration of 3% IL in base oil was found to offer 
less coefficient of friction. The behaviour is more 
consistent when compared with other concentrations.   
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Figure 2 Variation of coefficient of friction with respect 

to time for different additive concentrations. 
 

The wear rate of the steel ball was estimated 
considering the wear scar diameters measured at various 
intervals [4].  

Variation of wear rate with respect to time is 
presented in Figure 3. The wear rate was found to be 
lower for 3% solution by volume till 60 minutes and 
later an increase was observed.  

 

 
Figure 3 Variation of wear rate with respect to time for 

different additive concentrations. 
 

Sample with a concentration of 3% IL in base oil 
was found to offer less friction over a longer period, 
when compared with other concentration the coefficient 
of friction remains more consistent. Figure 4 presents 
the results of the AFM and SEM analysis carried out. 
The surface was found to be unaffected during the wear 
process. This may be attributed to the formation of the 
boundary film as seen in the AFM. 

 

 
Figure 4 AFM and SEM images of the sample tested 

with 3 % concentration of IL. 
 

Figures 5 and 6 present the variation of coefficient 
of friction and wear rate when tested with blends of 
engine oil and additive at various concentrations. In 

these also the performance was found to be better with 
3 % IL concentration.  

 

 
Figure 5 Variation of coefficient of friction with respect 

to time for different additive concentration in engine 
oil. 

 

 
Figure 6. Variation of wear rate with respect to time for 

different additive concentrations in engine oil. 
 

4. CONCLUSION 
The results observed from the work carried out 

concludes that addition of Trihexyltetradecyl 
phosphonium bis (2,4,4-trimethylpentyl) phosphinate at 
3% by volume shows least wear rate and coefficient of 
friction compared to 1% and 5% concentration solution. 
SEM and AFM studies conducted validated this 
behaviour. 
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