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FORWARD

Writing a forward for the RTC 2011 Proceedings is indeed a pleasure. Followed by the first successful event
‘National Tribology Conference 2009’ was held in University of Malaya, Kuala Lumpur, the society has taken
a committed step further for a ‘Regional Tribology Conference’ (RTC 2011) as a result of the current needs
and challenges in the field of tribology.

We have received more than 75 abstracts and the Technical Committee selected 65 papers out of all
submitted abstracts, with seven main streams or themes such as friction and lubrication, surface engineering
and machining, materials for tribology, bearing technology, engineering wear and tribocorrosion, tribology in
manufacturing and bio- and nanotribology. This shows that tribology is indeed an important engineering
discipline and field.This proceeding contains good quality papers contributed by the researchers from both
local and overseas universities/organizations/institutions.

The success of this proceedings can be attributed to the commitment and unrelenting efforts of many
such as Assoc Prof. Dr Mariyam, Assoc Prof. DrJaharahAbdGhani, Assoc Prof. Dr Saidur Rahman,Assoc
Prof. Dr Salmiah and Dr. R. J. Talib.I would like to take this opportunity to thank all authors, conference
organizing committee and others who have contributed to the success of this conference.

Finally, I would like to thank sincerely to the chief editor of International Journal of Mechanical and
Materials Engineering (a Scopus listed journal) and also assoc chief editor of Engineering e-Transaction for
kindly agreeing to accept high quality refereed papers.

Assoc. Prof. Dr. Md. Abdul Maleque
Chairman of Technical Committee
Regional Tribology Conference 2011 (RTC 2011)
Email: myrtc2011@gmail.com
Website:www.mytribos.org/rtc2011
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INVESTIGATION OF VISCOSITY OF R123-TIO2 NANOREFRIGERANT  
 

I.M. Mahbubul*, R. Saidur and M.A. Amalina 
 

Department of Mechanical Engineering 
University of Malaya 

50603, Kuala Lumpur, Malaysia  
E-mail: mahbub_ipe@yahoo.com 

 
ABSTRACT 
 
Nanorefrigerants are one kind of nanofluids. It is the 
mixture of nanoparticle with refrigerants. It has better 
heat transfer performance than traditional refrigerants. 
Recently, some researches have been done about 
nanorefrigerants. Most of them are related to thermal 
conductivity of these fluids. Viscosity also deserves as 
much attention as thermal conductivity. Pumping 
power and pressure drop depends on viscosity. In this 
paper, the volumetric effects over viscosity of R123-
TiO2 have been theoretically studied. Based on the 
analysis it is found that viscosity augmented 
accordingly with the increase of nanoparticle volume 
concentrations. Extreme percentage of nanoparticle 
can create clogging on the refrigeration system. 
Therefore, low volume concentrations of 
nanorefrigerant are suggested for better performance of 
a refrigeration system.  
 
Keywords: Viscosity, Nanorefrigerant, Volume 
concentration.  

 
1. INTRODUCTION 
 
Nanofluids are new dimensional thermo fluids that 
have emerged after the pioneering work by (Choi, 
1995). Nanofluid is a solid-liquid mixture which 
consists of a nanoparticles and a base liquid. 
Nanoparticles are metal (Cu, Ni, Al, etc.), oxides 
(Al2O3, TiO2, CuO, SiO2, Fe2O3, Fe3O4, BaTiO3, etc.) 
and some other compounds (AlN, SiC, CaCO3, CNT, 
TNT, etc.) and base fluids are (Water, ethylene glycol, 
propylene glycol, engine oil, refrigerant, etc.). Due to 
very small sizes and large specific surface areas of the 
nanoparticles, nanofluids have superior properties like 
high thermal conductivity, minimal clogging in flow 
passages, long-term stability, and homogeneity 
(Chandrasekar et al., 2010). The nanorefrigerant is one 
kind of nanofluid, and its host fluid is refrigerant 
(Wang et al., 2005). Conventional thermo fluids like: 
ethylene glycol, water, oil and refrigerant have poor 
heat transfer properties. However, these have vast 
application in power generation, chemical processes, 
heating and cooling processes, transportation, 
electronics, automotive and other micro-sized 
applications.  So, re-processing of these thermo fluids 
for good heat transfer properties is very essential.  
 

Refrigerants are widely used in all types of 
the refrigeration system. Huge amount of energy is 
used by this equipment. Nanorefrigerants are potential 
to enhance heat transfer rate. It can make heat 
exchanger of air conditioning and refrigeration 
equipment more compact. This, consequently, will 
reduce energy consumption in these sectors. It also can 
reduce emissions, global warming potential and 
greenhouse-gas effect. However, for accurate and 
reliable performance (i.e. heat transfer, energy and 
lubricity) investigation, determination of fundamental 
properties such as thermal conductivity, viscosity, 
density, surface tensions and heat capacity of 
nanorefrigerant with varied concentrations needs to be 
carried out. There are some literatures on the pool 
boiling, nucleate boiling, and convective heat transfer, 
energy performance, lubricity, material compatibility 
of nanorefrigerant. Table 1 shows a list of literatures 
about the investigations of nanorefrigerants. 
 

Table 1 List of literature about nanorefrgerants 
 

Investigat
or 

Nanofl
uid 

Investigation 

Shengshan 
and Lin 
(2007) 

R134a -
TiO2 

Energy savings 7.43% 

Park and 
Jung 
(2007) 

(R123, 
R134a)- 
CNT’s 

Heat transfer coefficient 
enhancement up to 36.6% 

Bi et al. 
(2008) 

Mineral 
Oil -
TiO2 

26.1% less energy 
consumption 

Trisaksri 
and 
Wongwise
s (2009) 

R141b -
TiO2 

Nucleate pool boiling heat 
transfer deteriorated with 
increasing particle 
concentrations 

Peng et al. 
(2009) 

R113-
CuO 

Maximum enhancement of 
heat transfer coefficient, 
29.7% 

Kedzierski 
et al. 
(2007) 

R134a -
CuO 

Enhancement of heat 
transfer coefficient between 
50% and 275% for 0.5% 
nanolubricant 

Peng et al. 
(2010) 

Diamon
d 

Nucleate pool boiling heat 
transfer coefficient 
increased by 63.4% 

Bi et al. 
(2011) 

TiO2 9.6% less energy used 

mailto:mahbub_ipe@yahoo.com
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Some researches have been done about the 

thermal conductivity of nanorefrigerants (Jiang et al., 
2009). Furthermore, some review papers (Saidur et al., 
2011) emphasized only about the thermal conductivity 
of nanorefrigerants. So far, our knowledge, no research 
has been performed on the viscosity of 
nanorefrigerants. However, viscosity seems to be a 
significant property, and it should be taken into 
consideration for heat transfer performance studies of a 
nanofluid (Eastman et al., 2004, Mahbubul et al., 
2011). 
 

The objective of this paper is to investigate 
the viscosity of a refrigerant based nanofluid for 
different volume concentrations. In the subsequent 
sections theoretical models (including conventional 
model of viscosity for suspensions) and correlations 
for volume concentration's effect over viscosity and 
experimental results concerning volume fraction 
effects on viscosity, have been described 
consecutively. 
 
2. METHODOLOGY 
 
Viscosity describes the internal resistance of a fluid to 
flow and it is an important property for all thermal 
applications involving fluids (Nguyen et al., 2007). 
The pumping power is related with the viscosity of a 
fluid. In laminar flow, the pressure drop is directly 
proportional to the viscosity. Furthermore, convective 
heat transfer coefficient is influenced by viscosity. . 
First, (Masuda et al., 1993) measured the viscosity of 
some water-based nanofluids for Al2O3, SiO2 and 
TiO2. Then (Pak and Cho, 1998) presented some 
additional data for Al2O3/water nanofluid. Some 
parameters like, temperature, particle size & shape, 
and volume concentrations have shown to have a great 
effect over viscosity of nanofluid.  
 

In this paper, viscosity of R123-TiO2 has been 
investigated for 1–5 volumes %. The reasons for 
choosing TiO2 nanoparticles are that (i) TiO2 is 
currently regarded as a safe material for human being 
and animals, (ii) TiO2 nanoparticles are produced in 
large industrial scale, and (iii) metal oxides such as 
TiO2 are chemically more stable than their metallic 
counterparts (Chen et al., 2007a). The reasons of 
choosing refrigerant R123 is:  it is a low-pressure fluid, 
and this air conditioner refrigerant is considered 
partially halogenated as they consist of methane or 
ethane in combination with chlorine and fluorine. They 
are shorter lifespan and are less destructive to the 
ozone layer compared to CFCs. 
(http://www.airconditioning-systems.com/air-
conditioner-refrigerant.html). The viscosity of pure 
R123 refrigerant has been taken from (Lemmon et al., 
2002) for 27oC. 
 

There are some existing theoretical formulae 
to estimate the particle suspension viscosities. Among 

them, equation suggested by (Einstein, 1906) could be 
labeled the pioneer one and most of the other 
derivations have been basically established from this 
relation. His assumptions are based on linear viscous 
fluid containing to dilute, suspended, spherical 
particles and low particle volume fractions (       . 
The suggested formula is as follows:  
 

                  (1) 
   

Here,      is the viscosity of suspension;     is 
the viscosity of base fluid, and   is the volume fraction 
of particle in base fluid.  
 
 Brinkman (1952) extended Einstein’s formula 
to be used with moderate particle concentrations, as 
follows: 

                   (2) 
 

 Peng et al. (2009) suggested Brinkman 
equation to calculate the viscosity of refrigerant based 
nanofluid. And we have applied this Eq. (2) to get 
experimental data about viscosity of nanorefrigerant. 
 
 Krieger (1959) derived a semi-empirical 
relation for the shear viscosity covering the full range 
of particle volume fraction: 
 

        (        ) 
[ ]   (3) 

 
Where    is the maximum particle packing 

fraction, which varies from 0.495 to 0.54 under 
quiescent conditions, and is approximately 0.605 at 
high shear rates. 
 

This equation has been modified by (Chen et 
al., 2007b) and termed Modified Krieger and 
Dougherty equation as:  

        (         )       (4) 
 

               (5) 
 

Where,    and a, are the radii of aggregates 
and primary particles, respectively. D is the fractal 
index having a typical value of 1.8 for nanofluids. 
 
 Frankel and Acrivos (1967) presented a 
correlation: 
 

        
 
 
[       

 
 

        
 
 
]  (6)           

 
Where,    is the maximum particle volume 

fraction as determined experimentally. 
 
 Lundgren (1972) proposed the following 
equation under the form of a Taylor series in  : 
 

                  
 
          (7) 
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Considering the effect due to the Brownian 

motion of particles on the bulk stress of an 
approximately isotropic suspension of rigid and 
spherical particles; (Batchelor, 1977) proposed the 
following formula in 1977: 
 

                       (8) 
 

It is clear from the above two relations that, if 
second or higher orders of   are ignored, then these 
formulas will be the same as Einstein’s formula. 
 

There are some correlations available for the 
temperature and/or particle size effect over viscosity of 
nanofluids most of which are not versatile enough.  
 
3. RESULT AND DISCUSSION 
 
The increase of viscosity for TiO2-R113 in respect of 
volume concentrations have been plotted in Figure 1. It 
shows viscosity increases with the increase of volume 
fractions. 
  

 
 

Figure 1 Viscosity increases with the increase of 
particle volume fractions. 

 
Other two experimental works about viscosity 

of nanofluid have compared with this result. 
Duangthongsuk and Wongwises (2009) investigate the 
viscosity of nanofluid for TiO2 with water. They found 
viscosity of nanofluid increases with the increase of 
volume concentrations, but the increment is not fully 
linear. It may have happened because of the 
experimental setup, mixture/stability of nanofluid and 
also particle size, shape or agglomeration.  Chen et al. 
(2007b) studied the viscosity of nanofluid for TiO2 
with Ethylene glycol and found viscosity increases 
with the increase of volume fractions. But in their case, 
the increment is almost linear and increment rate is 

very high. Because in their study, the nanoparticles 
were spherical shape, and large agglomeration had 
occurred. Figure 2 shows a comparison between 
present studies with some other models. The result of 
the present study is almost similar to Batchelor model 
where the result of Einstein's model is quite low, 
especially for the high-volume percentage. And up to 
two volumes % all the three results are nearly same. 
However, Einstein's model is suggested for the low-
volume  fraction like, less than 2 %.  

 

 
 

Figure 2 Comparison between experimental results 
with other model. 

 
4. CONCLUSION 

 
In this study, attempt has been made to investigate the 
viscosity of nanorefrigerants as TiO2 with R123. 
Through this study, it is found that volume fractions 
have significant effects over viscosity of nanofluids. 
Results indicate that viscosity increases with the 
increase of the particle volume fractions. 
 

At the moment, scientists used mathematical 
relationship/model (thermal conductivity, viscosity, 
density, surface tensions and specific heat) of other 
fluids and applying in nanorefrigerant. As different 
fluids have different fundamental properties, the model 
used may not a correct one. It is expected that if 
experimental values of nanorefrigerant are obtained, it 
would be more appropriate for better analysis of heat 
transfer, energy performance, and lubricity and so on. 
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ABSTRACT 
 
Friction and wear characteristics of material in 
an automotive brake system play important role 
for efficient and safe brake performance. 
Commercial brake friction materials normally 
contain mainly alumina (Al2O3) and other 
ingredients. In this investigation, five groups of 
locally developed semi-metallic composite 
friction materials were studied for friction and 
wear. Abrasive material named aluminium 
oxide which existed in ZMF formulation was 
taken out. It was replaced by consistent different 
weight percentages of boron, i.e., 0.6%, 1.0%, 
1.5% and 2.0% and then mixed into the ZMF 
formulation. The friction tests were performed 
using the friction material test machine called 
CHASE machine. The results demonstrated that 
the formulation using boron mixed brake pads 
produced higher normal and hot friction 
coefficient at GG class value than those of the 
commercial brake pad samples. All friction 
coefficients of boron samples increased at the 
beginning of braking stages until 20 braking 
applications. It appeared that an overall friction 
coefficient value declined with the increase in 
drum temperature. However, the reduction of 
friction coefficient for all boron mixed brake 
pads was much more constant and stable as 
compared to the commercial brake pad. 
 
Keywords: Boron, Brake Pad, Friction, Wear.  

 
1. INTRODUCTION 
 
The friction material in an automotive brake 
system plays an important role for effective and 
safe brake performance. A single material has 
never been sufficient to solve performance 
related issues such as friction force and wear 
resistance. Researchers attempted to investigate 
various materials in the brake systems to 
continuously improve its performance therefore 
increase its safety.  

(Ipek, 2005) in his study compared the wear 
behaviors of Aluminum-Boron-Carbide (10 
wt% B4C, 15 wt% B4C and 20 wt% B4C) 
particles with Aluminum-Silicon-Carbide (20 
wt% SiC) metal matrix composites and 
concluded that Silicon Carbide particle has 
more effect on wear resistance for Aluminum 
alloy than Boron Carbide due to its good 
adherence to the Aluminum alloy matrix.  
(Shorowordi et al., 2006) expanded Ipek’s work 
by investigating the tribo-surface characteristics 
of two Aluminum Metal Matrix Composites 
(Al-MMC) of compositions Al-13 vol% Boron 
Carbide and Al-13 vol% Silicone Carbide 
sliding against commercial Phenolic brake pad 
under dry conditions. They found that the wear 
rate of both composites increased with the 
increase of contact pressure which then was 
accompanied by the increase of Aluminum 
metal matrix composites tribo-surfaces.  
 

Other investigations on the effect of 
the inclusion of various materials to improve 
several performance measures such as friction 
force and wear resistance include the works of 
(Yi and Yan, 2006) on the effect of Calcined 
Petroleum Coke (CPC) and Hexagonal Boron 
Nitride (h-BN) as the friction modifiers to 
improve the friction and wear properties of 
Phenolic resin based friction composites, 
(Sarikaya et al., 2007) on the wear behavior of 
Aluminum-Silicone-Boron Carbide composite 
coatings with 0-25 wt% Boron Carbide particles 
for diesel engine motors, (Lu et al., 2007) on the 
effect of Boron content and wear parameters on 
dry sliding of nano-composite Titanium-Boron-
Nitrogen thin films and (Tang et al., 2008) on 
the performance of Aluminum matrix reinforced 
with 5wt% and 10wt% Boron Carbide particles. 
(Talib et al., 2003) conducted a series of friction 
tests on semi-metallic friction materials to 
examine the morphological changes of the wear 
surface and subsurface using scanning electron 
microscopy.  
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Commercial brake friction materials 

contain mainly Alumina (Al2O3) and other 
ingredients. The ingredients contained binders, 
reinforcing fibers, solid lubricants, abrasives, 
fillers, additives and metal powders. The current 
research attempts to examine the mechanical 
and thermal properties of Boron mixed brake 
pads by comparing them with the commercial 
brake pads. Finally, the best formulation among 
all can be determined based on the characteristic 
performance of the candidate formulations. 
 
2. METHODOLOGY 
 
Five groups of locally developed semi-metallic 
composite friction materials were studied for 
friction, wear, surface roughness, hardness, 
porosity and specific gravity. A semi-metallic 
commercial brake pad (named ZMF) was used 
as a benchmark. The commercial formulations 
developed locally were represented by ZMF 
series. Abrasive material named Aluminum 
Oxide which existed in ZMF formulation was 
taken out. It was replaced by consistent different 
weight percentage of Boron, i.e. 0.6 %, 1.0 %, 
1.5 % and 2.0 % and then mixed into the ZMF 
formulation.  
 

In addition, other ingredients measured 
in their weight percentage were added 
proportionally. Grouping was made based on 
these variations. The five groups were referred 
to as ZMF, ZMF+B0.6%, ZMF+B1.0%, 
ZMF+B1.5% and ZMF+B2.0%. The 
formulations were disclosed in the weight 
percentage and not in actual weight value to 
protect the confidentiality of the formulations. 
These compositions were divided into several 
subcomponents named as abrasives, additives, 
metal powder, reinforcing fiber, lubricants, 
fillers and binders. 
 

Brake pad samples were cut using 
grinder machine to the sizes of 26 mm x 26 mm 
x 7 mm. Sand paper with the size of 120, 180 
and 320 grit were employed to clean the friction 
material test machine drum heater. The dust was 
removed from the drum heater using the acetone 
with a clean paper. The weight and thickness of 
brake pad samples were taken before and after 
the friction test. In order to obtain average 
thickness value, three measurements were taken 
at different locations on the brake pad samples. 
The variations of the thickness were minimized 
by two ways. First the surface of brake pad 
samples were ground with a sand paper size 320 
grit after the cutting process and secondly the 
brake pad samples were run in conditioning 

sequence for 20 minutes during the friction 
testing. 
 

Five groups of brake pad samples 
named ZMF, ZMF+B0.6%, ZMF+B1.0%, 
ZMF+B1.5 % and ZMF+B2.0% were prepared. 
The preparation process includes formulation 
mixing, cold press, hot press, heat treatment, 
spray paint, grinder and inspection. All the 
process specifications were thoroughly 
controlled during the sample preparation to 
ensure the consistency of samples. A typical 
sample is shown in Figure 1.  

 
The samples were cut for each 

formulation group and reshaped as square using 
grinding machine. The samples were prepared 
according to the size required for porosity, 
hardness, specific gravity, friction, wear and 
surface roughness test. A total of 25 pieces 
brake pad samples were prepared individually to 
study their porosity, hardness and specific 
gravity. Meanwhile a total of 20 pieces locally 
brake pad samples were used to examine their 
friction and wear behavior. Finally a total of 15 
pieces brake pad samples were used to 
investigate their surface roughness condition. 
 

 
Figure 1: A typical sample used throughout the 
experiments. 
 

The researchers undertook physical 
tests (porosity, hardness and specific gravity) 
prior to friction and wear test to control the 
consistency of samples and thus providing the 
desired results. The friction and wear tests were 
performed using the Friction Material Test 
machine (called CHASE). CHASE employed a 
pearlitic gray cast iron disc (diameter of 180 
mm, thickness 38 mm) and a brake lining test 
sample with dimensions of 26 mm x 26 mm x 7 
mm. The test samples were mounted on the load 
arm and 150 psi pressure was pressed against 
the flat surface of the rotating disc. The rotating 
cast iron disc moved with a constant sliding 
speed of 417 rpm. 
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3. RESULTS AND DISCUSSION 
 
3.1 Overview of the Comparison Test Results 
 
Shown in Table 1 are the comparison test results 
of Boron mixed and commercial brake pads. 
The normal/hot friction coefficient and 
thickness loss test results were summarized 
from average four samples of Boron and 
commercial brake pad formulation individually. 
Similar samples were used to measure surface 
roughness value. Meanwhile, the hardness, 
porosity and specific gravity test results were 
summarized as the average value for each five 
samples of Boron and commercial brake pad 
formulations respectively.  
 

Table 1: Summary of Overall Test Results 
 

PARAMETERS 
(AVERAGED) 

ZMF 
REG. 

ZMF + 
B0.6 % 

ZMF + 
B1.0 % 

ZMF + 
B1.5 % 

ZMF + 
B2.0% 

NORMAL/ HOT 
FRICTION 

COEFFICIENT, µ 

0.43/ 
0.41 
FF 

0.48/ 
0.50 
GG 

0.51/ 
0.53 
GG 

0.49/ 
0.50 
GG 

0.50/ 
0.52 
GG 

THICKNESS 
LOSS, % 5.65 5.84 4.80 4.41 5.17 

HARDNESS, 
HRS 41.77 45.34 50.21 50.45 59.83 

POROSITY, % 15 16 17 16 18 
SPECIFIC 

GRAVITY, SG 2.03 1.97 1.99 2.06 2.05 

SURFACE 
ROUGHNESS, RA 3.03 2.04 2.70 2.87 2.97 

 
 

The results shown that the formulations 
using Boron mixed brake pads produced higher 
normal and hot friction coefficient at GG class, 
higher hardness and porosity values than those 
of the commercial brake pad samples. The 
thickness loss for 1.0%, 1.5% and 2.0% Boron 
mixed formulations were smaller than the 
commercial brake pad formulations with an 
exception of the thickness loss for 0.6% Boron 
mixed. However, in terms of the specific 
gravity, there was no significant difference 
between Boron and commercial brake pad 
samples. Finally, average surface roughness for 
Boron samples were lower than the commercial 
brake pad samples but increased with the 
increase in Boron contents.  
 
3.2 Initial Baseline Condition 
 
Shown in Figure 2 are the samples run for first 
baseline condition. The load was applied to the 
drum for 10 seconds and released for 20 
seconds for 20 applications with friction 
readings taken at every fifth application. The 
temperatures range from 82oC-101oC during the 
testing procedure. All the friction coefficients of 
Boron samples increased at the beginning of 

braking stages until 20 braking applications, 
where there were direct contacts of the brake 
pads and rotor surfaces without tribo-films. It 
was also associated with the increase of the real 
area of contact during sliding stage. Among the 
Boron mixed brake pads sample ZMF+B2.0% 
showed the highest trend while ZMF+B0.6% 
was the lowest.  
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Figure 2: Plots of Friction Coefficients (initial 
baseline) against Application for commercial 

and Boron mixed brake pads 
 

It can be observed that the friction 
coefficient of commercial (ZMF) sample 
became low after the fifth application and 
eventually constant after 15 applications. Heat 
generated during braking caused the surface 
temperature to increase with braking time which 
resulting the creating of tribo-films. For the 
commercial brake pad, tribo-films which were 
in the forms of Carbon started to form at the 
fifth application. The increase of tribo-films was 
accompanied by a decrease in friction 
coefficient at the fifth application onwards. The 
similar finding was reported by (Shorowordi et 
al., 2006) in their studies on the tribo-surface 
characteristics of Aluminum metal matrix 
composites (Al-MMC). They have suggested 
that since Carbon in the transfer layer of Al-
MMC was in the form of Graphite, the increase 
in the Carbon content of the transfer layer 
resulted in a decrease in the coefficient of 
friction of Aluminum metal matrix composites 
(Al-MMC). 
 
3.3 Friction Coefficients as a Function of Disc 
Temperature during the First Fade 
Condition 
 
When the friction coefficient decreases during 
braking due to the friction heat, the situation is 
referred to as fade and it is caused by thermal 
decomposition of ingredients in the brake lining. 
The current study examined the changes of 
friction coefficient at temperatures of 101oC to 
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287oC. Shown in Figure 3 are the changes of the 
friction coefficient as a function of disc 
temperature during the first fade condition for 
all samples. The load was applied continuously 
for 10 minutes or until the temperature reached 
287ºC. The coefficient of friction was recorded 
with each increase in the temperature. Friction 
readings were taken at average of 23°C 
intervals.  
 

It appeared that an overall friction 
coefficient value declined with the increase in 
drum temperature. However the reduction of 
friction coefficient for all Boron mixed brake 
pads was much more constant and stable as 
compared to the commercial brake pad. As 
reported elsewhere in this report, significant 
reduction of the friction coefficient of the 
commercial brake pads declined from 0.44 to 
0.34, starting at a temperature of 204oC to 
287oC. This situation was resulted from the 
softening of the Alumina fibers at the friction 
interface during sliding. (Jang et al., 2004) also 
reported that friction coefficient of friction 
material containing Alumina fibers was 
lowering at approximately 200oC, resulted from 
the softening of Alumina at elevated 
temperatures. They also found that the flash 
temperature at the friction interface was much 
higher than the measured surface temperature 
and that the friction coefficient dropped due to 
localized melting of the Alumina fibers.  

 
Other researchers who reported the 

similar findings are (Chapman et al., 1999). 
They documented that Alumina reinforced with 
Silicone Carbide used for brake rotors began to 
fade at high temperatures as the Alumina 
softens and Silicone Carbide particles were 
pulled from the matrix. 
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Figure 3: Plots of Friction Coefficient (first 

fade) against Temperature for commercial and 
Boron mixed brake pads 

 
It can be observed that at the temperature of 

204oC, the average reductions of Friction 
Coefficient for all Boron mixed brake pads were 
only minimal, reduced only by 0.02 (from 0.50 
to 0.48). High thermal conductivity is believed 
to contribute to the stability of Boron mixed 
brake pads and fade resistance in high 
temperature. It is shown that the thermal 
conductivity value for Boron material is 0.27 
W/(mm K) and Alumina is 0.22 W/(mm K). 
(Chapman et al., 1999), in their study on the 
effect of Aluminum-Boron-Carbide for 
automotive brake pad application using Friction 
Assessment and Screening Test (FAST) 
machine reported the similar findings and 
provided the same explanation. Aluminum-
Boron-Carbide showed no evidence of fade with 
temperature increases since the material has 
high toughness and thermal conductivity 
relative to other ceramics. 
 
3.4 Final Baseline Condition 
 
Shown in Figure 4 are the friction coefficients 
during the final baseline condition. The load 
was applied to the drum for 10 seconds and 
released for 20 seconds for 20 applications, with 
a drum temperature of 104°C to 82°C. The 
friction coefficient for all samples showed a 
trend similar to the initial baseline condition. 
All Boron and commercial samples experienced 
increases in friction coefficient at the beginning 
of the braking stages until 20 braking 
applications. As explained in the initial baseline 
stage, friction coefficient increased when direct 
contacts of the ingredients in the lining and 
rotor surfaces occur at the friction interface 
without tribo-films. It was also associated with 
the increase of the real area of contact during 
sliding stages. 
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Figure 4: Plots of Friction Coefficient (Final 

Baseline) against Application for Commercial 
and Boron mixed brake pads 
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3.5 Hardness 
 
Shown in Figure 5 are results of the hardness 
Boron mixed and commercial brake pads. The 
hardness values for all Boron mixed brake pads 
were significantly higher than those of the 
commercial brake pad. The results could be 
explained by the mechanical properties value of 
both materials. 
 

 
Figure 5: Plots of Hardness (HRS) for 

Commercial and Boron Mixed Brake Pads 
 

The value of hardness for Boron 
material was 0.3 Mohs higher than Alumina 
material. Thus, the hardness value of the Boron 
mixed brake pads increased with the increase in 
Boron content. ZMF+B2.0% had the highest 
hardness value while ZMF+B0.6% had the 
lowest.  This is similar to (Sarikaya et al., 
2007)’s findings in their experiments on the 
wear behavior of AlSi/B4C composite coatings 
with 0-25wt% Boron Carbide (B4C) particles 
for diesel engine motors. The obtained results 
pointed out that an increase of Boron Carbide 
particles in AlSi coatings caused the rising of 
the microhardness values. AlSi/25wt% B4C 
coating had the highest microhardness value 
while AlSi coatings had the lowest one.  
 

The wear resistance of materials has 
often been correlated with hardness and plays an 
important role in the wear tests. (Shorowordi et 
al., 2006) explained that the higher hardness of 
Boron Carbide particles than that of Silicone 
Carbide contributed to the lower wear rate of 
Aluminum Boron Carbide. Based on the 
summary of hardness and thickness loss value 
listed in the Table 1, it was shown that the 
thickness loss among Boron mixed brake pads 
decrease with the increase in hardness value. 
Significant correlations were demonstrated by 
ZMF+B0.6%, ZMF+B1.0% and ZMF+B1.5%. 
However, ZMF+B2.0% showed an unexpected 
result where it was supposed to produce the 
lowest thickness loss resulted from the highest 
hardness value. This variation was possibly 

caused by the effect of Steel fiber in the Boron 
mixed brake pads compositions. For the friction 
coefficient value, Table 1 shows that the friction 
coefficient increased with the increase in 
hardness value caused by an abrasive action 
against the counter disk.  (Cho et al., 2005) 
provided similar explanation pertaining to 
hardness of Phenolic resin, Magnesium Oxide 
and cashew which were all increased with the 
increase in the coefficient of friction. 
 
 
4. CONCLUSION 

 
Investigated in this study is the effect of Boron 
on the friction characteristics and material 
properties. Friction characteristics such as 
friction coefficient, fade, wear resistance and 
material properties such as hardness, porosity 
and specific gravity were measured using 
various equipments provided by SIRIM 
AMREC. Observed from the study, it is 
possible to modify a specific tribological 
property of a brake friction material by 
changing the amount of Boron in a systematic 
manner while expecting possible changes in 
other tribological properties.  
 

The hardness values for Boron mixed 
brake pads were significantly higher than the 
commercial brake pad samples. The increase in 
Boron content accelerated with the hardness 
value of Boron mixed brake pads. It was found 
that thickness loss decreased with the increment 
of hardness value. The significant correlation 
appears for ZMF+B1.5% where it has the least 
thickness loss.  
 

Friction coefficient also accelerated 
with the hardness value. Boron mixed brake pad 
formulation ZMF+B1.5% is considered to be 
the best formulation among all for its excellent 
performance. In addition to high friction 
coefficient value, it also produced the least 
thickness loss, high hardness and constant 
porosity and specific gravity value. 
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ABSTRACT 
 
This study presents stress relaxation 
characteristics of selected viscoelastic herbs 
which are Andrographis paniculata, 
Orthosiphon stamineus, and Eurycoma 
longifolia Jack. These herbs can be found in the 
Asia region and have been reported on having 
several therapeutics properties. The herbs 
powders were compressed into tablets, which is 
convenient for consumption and packaging. A 
uniaxial die of 13mm in diameter was used 
using a universal testing machine with pressures 
ranging from 15 to 30 MPa and the compression 
speeds between 3mm/min and 6mm/min. The 
stress relaxation characteristics and related 
parameters were compared. The Eurycoma l. 
Jack showed plastic deformation, however the 
value of the asymptotic residual modulus 
indicate that the deformation was insignificant 
to form a coherent tablet. Binder is suggested to 
be added to the compression process. Thus, 
these properties are essential to understand 
storage and transportation of herbal tablets. 
 
Keywords: stress relaxation, herbs, tablets, 
viscoelastic, compression.  
 

 
1. INTRODUCTION 
 
Tablet is a convenient form of drug delivery and 
nowadays it has been widely used for delivery 
of herbal supplements. There are varieties of 
shapes and forms of tablets such as coated 
compressed hard tablets, controlled release 
tablets, chewable tablets and others. Tablets can 
provide accurate dosage of active ingredients; 
enhance the flavour and mask the bitter and 
unpleasant taste, particularly for the herbal 
supplement.  
 
  The processing of a tablet is similar to 
the processing of other powdery compacts, and 
it is divided into four different steps: die filling, 
compression, decompression, and ejection. 
There are several models available that can be 
used to evaluate compression mechanism. In 
this study, Heckel model is used. This model 

relates the relative density of the tablet during 
compression to the pressure (Heckel, 1961) as 
shown in equation (1): 

                       
AkP

f
� 

U1
1ln                 (1) 

where ρf is the relative density of the powder 
bed at compression pressure P. k and A are 
Heckel’s constants. 
 

An important aspect of producing 
coherent tablets is during the decompression 
(Figure 1) where the plunger is removed from 
the upper punch to allow relaxation to occur; 
whereby the forces decreases while the strain of 
the powder remains constant and when the force 
is removed the powder will partially return to its 
original shape. This is due to the viscous and 
elastic behaviour of soft polymeric material, or 
known as viscoelastic behaviour. A linear 
relationship to describe the stress relaxation data 
was written by Peleg and Moreyra (1979) as:  
   

 rtkkrt
rtFoF

oF
21)(

� 
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                (2) 

 
where Fo is the initial decompression force and 
F(tr) is the decompression (decaying) force after 
the unloading time tr. The constant k1 and k2 are 
the constant characteristics of the actual shape 
of the recorded curve, where 1/k1 represents the 
initial relaxation rate and 1/ k2 represents the 
asymptotic rate of the equation (Peleg and 
Moreyra, 1979).  
 

Peleg et al. (1982) introduced the 
calculation of an asymptotic residual modulus, 
also known as a relaxation modulus Ea: 
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where Ao is the cross-sectional area of the 
powder and H is the strain. The asymptotic 
residual modulus Ea may be used to present the 
degree of solidification component that is being 
contributed by the stress, which does not 
dissipate through flow or structural 
rearrangement (Peleg et al., 1982). For a 
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viscoelastic powder, the increase in the 
temperature and moisture content may decrease 
the value of the asymptotic residual modulus 
(Hammerle and Mohsenin, 1970; Kim and 
Okos, 1999). 

 
Nowadays, it is becoming a trend to 

consume herbs amongst the community. To 
ensure a regular supply, the herbs should be able 
to be stored longer. One of the solution is to 

form the herbs into tablets. Further study on 
compression of tablets (Yusof et. al., 2011; 
Yusof et. al, 2010) is essential and to date there 
has been no reported work on decompression of 
herbal tablets. Therefore, in this study 
decompression and stress relaxation of selected 
viscoeleastic herbal tablets namely A. 
paniculata, O. stamineus, and Eurycoma l. Jack 
were carried out. 

 
 

 
Figure 1 Decompression of a tablet 

 
 
Table 1: The Material Properties of A. paniculata, O. stamineus, and Eurycoma l. Jack. 
 
Material properties A. paniculata O. stamineus Eurycoma l. Jack 
Bulk density (kg/m3) 498 525 574 
Tapped density (kg/m3) 588 625 666 
True density (kg/m3) 1552.9 1590.2 1490.1 
Hausner Ratio (Hausner, 1967) 1.18 1.19 1.16 
Carr Index (%) (Carr, 1965) 10.5 15.8 13.6 
Moisture content (%) 6.07 5.03 8.57 
Mean particle size (µm)-D50 130.4 37.4 174.7 
 
 

 

 

 
Figure 2 SEM images at 100 times magnifications. 

a) A. paniculata, b) O. stamineus, and c) 
Eurycoma l. Jack. 

a 

b 

c 
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2. METHODOLOGY 
 
2.1 Materials Properties 
 
A. paniculata, O. stamineus, and Eurycoma l. 
Jack were freeze-dried extract powders, and 
supplied by Phytes Biotek Sdn. Bhd. The 
material properties are shown in Table 1. A 
laser particle size analyser (Mastersizer 2000, 
Malvern Instruments Ltd., UK) was used to 
measure the mean particle size of the herbal 
powders.  The density measurement is a very 
important means to characterize the 
compression process, particularly for a material 
in the form of a powder. The densities can be 

divided into bulk density, tapped density, and 
true density. Based upon the bulk density and 
the tapped density measurements, the Carr 
Index (Carr, 1965) and the Hausner Ratio 
(Hausner, 1967) were calculated to determine 
the degree of powder flow. The moisture 
content was measured using a conventional 
oven method, whereby the sample was dried 
until a constant weight was achieved. The 
powder morphology was obtained from a 
Scanning Electron Microscope (SEM) (Philips 
XL30 Environmental SEM, Virginia) and 
Figure 2 shows the SEM images of the herbal 
powders used. 

 

 
Figure 3  Heckel’s plot versus compaction pressure.  

 
 
Table 2 The Heckel model  

Materials Speed (mm/min) k 1/ k A R2 
O. stamineus 3mm/s 3 0.0065 153.8 0.9233 0.9552 
O. stamineus 6mm/s  6 0.0049 204.1 0.9826 0.9945 
A. paniculata 3mm/s 3 0.0069 144.9 0.9826 0.9655 
A. paniculata 6mm/s  6 0.0089 112.4 0.9536 0.9290 
Eurycoma l. Jack 3mm/s 3 0.0083 120.5 0.3420 0.9936 
Eurycoma l. Jack 6mm/s 6 0.0096 104.2 0.3243 0.9929 

 
 
Table 3 Stress relaxation parameters  

Materials Speed (mm/min)  k1 1/ k1 k2 1/ k2 R2 Ea/MPa 
O. stamineus  3  3.88 0.26 1.79 0.56 0.979 11±1 
O. stamineus  6  3.83 0.26 2.85 0.35 0.899 13±2 
A. paniculata  3  4.69 0.21 1.85 0.54 0.929 19±2 
A. paniculata  6  3.14 0.32 1.74 0.57 0.824 20±4 
Eurycoma l. Jack  3  0.27 3.73 0.13 7.63 0.982 90±5 
Eurycoma l. Jack  6  0.27 3.75 0.19 5.21 0.945 102±7 
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2.2 Uniaxial Die Compaction   
The tablets were prepared using a 13-mm-diameter 
cylindrical stainless steel uniaxial die (Runnig Sdn. 
Bhd, Selangor). The powder (0.5 ± 0.01g) was poured 
into the die using a plastic funnel to facilitate the flow 
of the powder. Then, the die was tapped for about 20 
times to form a homogenous density distribution within 
the powder. Upon compression, a universal testing 
machine (Instron 5566, USA) was used for tabletting, 
with pressures ranging from 7.5 to 75 MPa, and at a 
constant crosshead speed of 3 and 6 mm/min. The data 
were recorded by a computer connected to the machine 
in the form of force-displacement curves. Upon 
decompression and ejection, the thicknesses of the 
tablets were measured using a digital vernier caliper 
and the volumes of the tabletted powder were obtained. 
 
 
3. RESULT AND DISCUSSION 
 
Figure 3 shows the Heckel plots (from equation 1) of 
the herbs compressed at 0.5 g with compression speeds 
of 3 and 6 mm/min. A. paniculata and O. stamineus 
both show high slopes compared to Eurycoma l. Jack. 
Further analysis on the value of the constant A shows 
that Eurycoma l. Jack has value of 0.32-0.34 compared 
to A. paniculata and O. stamineus both have values 
between 0.92-0.98 (Table 2). The constant A indicates 
die filling and particle rearrangement before 
deformation and bonding of particles during 
compression (Zhang et al., 2003). Whereas the constant 
k indicate plastic deformation occurred at low 
pressures (Adapa et al., 2005). The value of constant k 
for Eurycoma l. Jack is within 0.0083-0.0096, and A. 
paniculata and O. stamineus both have the values of 
0.0049-0.0065 and 0.0069-0.0089, respectively. In 
other words, both A. paniculata and O. stamineus can 
deformed easily, perhaps by fragmentation as can be 
observed from SEM images in Figure 2. However, for 
Eurycoma l. Jack even though the constant A value was 
low but the k value was highest which may indicate 
that plastic deformation occur. The SEM images of 
Eurycoma l. Jack also shows its fibrous structure that 
could be able to form plastic junction upon 
compression. This trend is comparable to those of 
Yusof et al., (2011), which used similar herbs at the 
compression speed was 5mm/min. This findings is 
further supported with the values of stress relaxation 
constants that were calculated from equation 2 as given 
in Table 3. The high value of k1 can be related to low-
decay rate indicating pronounced elastic recovery 
(Bhattacharya et al., 2006).  
 

Therefore upon compression and 
decompression, A. paniculata and O. stamineus both 
particles are postulated to be able to return to its 
original structure. The k2 value was used to calculate 
the value of asymptotic residual modulus from 
equation (3). High values of asymptotic residual 
modulus, Ea inferred that the material possess elastic 
properties, whereby the ability to form plastic junctions 
decreases (Yusof et al., 2009). The value of Ea 

contradicts with the earlier discussion on plastic 
deformation. It was postulated that Eurycoma l. Jack 
posses plastic deformation; however, the high Ea value 
does not reflect that.  High value of Ea can be related to 
the ability of the powder to store elastic strain. 
Therefore, the deformation of Eurycoma l. Jack was 
not significant. This can be related to the value of HR 
and CI, for all of the powders used was categorised as 
medium flow. It can be postulated that the powders 
were having inter-particle friction (Jenike, 1959) that 
may have reduced the ability of the powder to undergo 
internal rearrangement. Thus, it caused less structural 
changes, like those suggested by Yusof et al., 2009. 
The Ea has been discussed to represent index of solidity 
that consists of components of stress that do not 
dissipate subject to flow or structural reorientation 
(Peleg et al., 1982).  
 

Furthermore, the intrinsic property of the 
various bioactive compound contents could have 
contributed to the characteristics of powder upon 
compression and decompression processes. It has been 
reported the Eurycoma l. Jack consists of eurycomanol, 
eurycomanone, eurycomalactone, and other chemicals 
such as alkaloids, qaassinoids, and saponins 
(Sambandan et. al., 2001). The O. stamineus had 
various types of active ingredients such as potassium, 
flavanoid, soponons and sinensetins (Jaganath and Ng, 
2000). The A. paniculata has andrograpanin (Liu et. al, 
2008) and andrograpolide (Prathanturarug et al., 2007).  

In this study, it is also worthy to mention that 
for the effect of compression speed did not 
significantly affected the compression properties. 
Theoretically, lower speeds allow more bonding to 
occur, particles will be packing better (Ching et al., 
2005) and form a strong and coherent tablet. 

 
 
4. CONCLUSION 
 
The Heckel model was used to evaluate the 
compression behaviours of viscoelastic herbs namely 
A. paniculata, O. stamineus and Eurycoma l. Jack. It 
was found that A. paniculata and O. stamineus allows 
deformation to occur. It was postulated that 
fragmentation caused the deformation. The Eurycoma 
l. Jack tablets showed plastic deformation, the stress 
relaxation constant k1 and k2 support the findings. 
Unfortunately, the Ea value of was high which 
contradicts to the findings earlier. It is important to 
mention that the plastic deformation for Eurycoma l. 
Jack may be insignificant to contribute for formation of 
coherent tablets. It is suggested that binder such as 
microcrystalline cellulose is added to assist plastic 
deformation to occur. In this study, it was also 
observed that there were insignificant effect on 
compression speed, perhaps for further investigation, it 
is suggested that to test on a wider range of speeds.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
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NOMENCLATURE 
A  Heckel’s constant 
Ao  cross sectional area of the powder m2 
Ea   asymptotic residual modulus Pa 
Fo  initial decompression force N 
F(tr)  decompression (decaying) force after the 
unloading time N 
k  Heckel’s constant 
k1  constant characteristics of unloading curve s 
k2  constant characteristics of unloading curve s 
P   compression pressure Pa 
tr.  unloading time s 
H  strain 
ρf               relative density of the powder bed 
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ABSTRACT 
 
A compressed natural gas with direct injection 
system (CNGDI) engine with high compression 
ratio generates extremely high temperature and 
pressure which lead to high thermal stresses. 
With less proper heat transfer, the piston crown 
materials fail to withstand high temperature and 
operate effectively. By applying a surface 
thermal insulation such as ceramic based yttria 
partially stabilised zirconia (YPSZ), heat 
transfer to the piston might be reduced and lead 
to in-cylinder heat loss reduction, so that a 
higher thermal efficiency of an engine can also 
be achieved.  Hence, in this research, YPSZ 
coating was utilised to differentiate between the 
uncoated, tin coated, and bonding material 
NiCrAl coated pistons in terms of the ability to 
reduce thermal stresses to the piston. Peak 
values of pressure and temperature of CNGDI 
engine were selected. A detailed finite element 
analysis (FEA) was carried out to determine the 
location of stress localisation via profiles 
distribution of stress. In short, it was observed 
that stresses were mainly concentrated at the 
area of piston crown where above the pin holes 
and the edge areas of the exhaust valve 
clearance. Several samples of AC8A aluminium 
alloys which represented the piston crowns were 
coated with bonding element of NiCrAl and 
YPSZ as the topcoat by using a plasma spraying 
technique. The coating surfaces of samples were 
assessed on their micro structure and thermal 
shock test. The results showed that the 
durability of the YPSZ coating could withstand 
the tests. The thermal shock test exhibited a 
temperature difference between the YPSZ 
coated, NiCrAl coated, tin coated and uncoated 
piston crowns, in which the YPSZ coated piston 
crowns, were found to be greater than the other 
piston crowns. 
 
Keywords: Compressed natural gas direct 
injection, hotspot, thermal barrier coating, 
finite element analysis, plasma spraying 
 

1. INTRODUCTION 
 
Natural gas which consists of methane (CH4) 
with high research octane number (RON) has 
been used nowadays as a promising alternative 
fuel to partially support the petrol usage. Higher 
RON that allows combustion at higher 
compression ratio may affect the durability of 
engine parts such as piston due to the exposure 
of high temperature and pressure. A research on 
damage mechanisms showed that different 
origins might have occurred which mainly 
involved wear, temperature, and fatigue. 
Thermal and mechanical fatigue played an 
important role that creates damages to the 
engine parts even at room temperature (Silva, 
2006).  
 

A computational fluid dynamic (CFD) 
analysis and an experiment on single cylinder 
engine test bed of combustion process in a 
compressed natural gas direct injection 
(CNGDI) engine with compression ratio 14:1 
have been conducted by Abdullah et al. (2006), 
concluding that a proper heat transfer 
mechanism was needed to avoid engine 
malfunction. Heat concentration or hotspots on 
any area of piston crown created thermal 
stresses that may affect the piston material 
durability in a period of time due to the 
unevenly-distributed heat on the piston crown 
surface. Solutions like surface coating are 
required to exhibit excellent quality and 
durability of piston throughout its service life. 
Usually, aluminium piston for automotive 
vehicles need conventional tin (Sn), Ni-SiC or 
iron plating to prevent from micro-welding with 
piston rings and to get enough wear durability 
against friction with cylinder bore (Funatani, 
2000). Ceramic insulation namely Thermal 
Barrier Coating (TBC) for the engine parts was 
widely investigated with ability in reducing an 
in-cylinder heat loss which can increased the 
thermal efficiency, thermal fatigue protection of 
underlying metal surfaces, and reduced 
emission since 1980 (Miller, 1997; Chan & 
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Khor, 2000). Initially, TBC was used to 
simulate adiabatic diesel engine and gas turbine 
by reducing the heat transfer to the engine parts 
mainly the piston and turbine blade. Most 
researchers had analysed the effect of using 
TBC coating on piston crown of diesel engine 
experimentally and/or computationally and 
found the surface temperature of the coated 
piston was higher indicating lower thermal 
conductivity (Sarikaya et al., 2005; Tricoire, 
2009). Thus, this paper studied about the ability 
of TBC to protect a piston crown in CNGDI 
combustion surrounding from thermal stress 
damage.  

 
2. Finite Element Analysis 
 

 
 

Figure 1 Meshed solid 3D model of CNGDI 
homogenous piston. 

 
The FEA simulation of the piston crown for 
CNGDI engine has been carried out by using a 
set of combustion pressure profile of the engine 
speed ranging from 1000 to 5400 rpm to 
determine the stress localisation on the piston 
crown. Simulations were conducted for four 
types of piston crowns namely the uncoated, tin 
coated, bonding material NiCrAl coated, and 
ceramic based YPSZ coated piston crowns. The 
structural analysis was carried out to obtain 
stress distributions value. A solid three-
dimensional model of homogenous CNGDI 
piston was developed by using Catia V5 which 
has about 75.97 mm in diameter and 44.5 mm in 
height as shown in Figure 1. To simulate the tin 
coated and NiCrAl coated piston crowns, an 
additional layer of 0.15 mm thickness was 
added on top of the piston crown. The layer was 
assumed as the coating geometry. For the YPSZ 
coated piston crown, two additional solid 
geometry layers of 0.15 mm and 0.35 mm were 
added on top of the piston crown (Hejwowski 
et. al., 2002). Both layers were considered as 
NiCrAl bonding material and YPSZ 
respectively. The FEA was performed using 
MSC.Patran as pre and post-processor, and 
MD.Nastran as solver. Two geometries and 
above were defined with surface to surface 

contact. The properties of the materials are 
shown in Table 1 (Hejwowski et al., 2002; 
Buyukkaya, 2008). Table 2 shows the loading 
profile for FEA (Kurniawan et al., 2007).  
 

Table 1 Material properties 
Material AC8A Tin NiCrAl YPSZ 

Young 
Modulus 
[GPa] 

90 50 90 11.25 

Poisson’s 
Ratio 0.3 0.36 0.27 0.25 

Specific Heat 
[J/kgK] 960 227 764 620 

Density 
[kg/m3] 2700 7280 7870 5650 

Thermal 
Conductivity 
[W/mK] 

155 66.8 6.1 1.4 

Thermal 
Expansion 
×10-6 [1/K] 

21 22 12 10.9 

 
Table 2 Loading profiles and boundary 

conditions for finite element analysis (FEA)  
Engine 
Speeds 
(rpm) 

Peak Cylinder 
Pressure 
(MPa) 

Piston Pin 
Holes 

1000 5.23 0, 0, 0 
2000 5.80 0, 0, 0 
3000 6.54 0, 0, 0 
4000 6.93 0, 0, 0 
5000 7.52 0, 0, 0 
5400 8.01 0, 0, 0 

 

 
 

Figure 3 Loads and boundary conditions for 
structural analysis. 

 
In order to analyse the structure of the 

piston, the peak pressures of CNGDI engine 
combustion from each engine speeds were 
considered as BC. The pressure profiles were 
defined on the surfaces of piston crown. The 
elements at the surfaces of piston pin-holes were 
set as zero (�x = �y = �z = 0) and the outer side 
of piston surfaces which were assumed in 
having contact with the cylinder liner was set as 
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zero for the movement in x-axis and y-axis 
(�x = �y = 0), as there were no movement 
except in the z-axis for the vertical movement of 
piston in the cylinder liner. The BCs are shown 
Figure 3. 
 
2.1 Deposition Works 
 
Several samples were coated with several 
conditions of coating using APS technique at 
Advanced Materials Research Centre (AMREC) 
in Kedah.  In this research, the application of 
TBC was restricted to the piston crown since the 
tendency to be damaged by thermal stress 
caused by combustion of CNGDI engine. 
Aluminium alloy JIS AC8A type piston crown 
was used as the piston and its top surface was 
grit-blasted and supersonic-cleaned before 
spraying.  
 
Table 4 Parameters of plasma spraying for bond 

coating and thermal barrier coating  
Parameters NiCrAl YPSZ 

Current (A) 700 700 
Voltage (V) 45 45 
Primary gas 
pressure: 
Argon (psi) 

50 40 

Secondary gas 
pressure: 
Helium (psi) 

50 120 

Carrier gas 
pressure: 
Argon (psi) 

30 30 

Powder feed 
rate (g/min) 20 35 

Gun 
manipulation 
Speed (mm/s) 

200 200 

Stand of 
distance (mm) 100 100 

Number of gun 
pass 2 2 

Preheat (time) 1 1 
 
The Campro piston crown samples had a 

thickness of approximately 2.5 mm and a 
diameter of about 75 mm. However, a CNGDI 
piston crown was used with thickness of 
approximately 11.7 mm and the same diameter 
as other piston crown samples. Powder of 
NiCrAl and YPSZ which have size of 56-106 
and 20 –100 µm were used as bond coating and 
top coating respectively. The bond coat and 
topcoat were sprayed with spray parameters as 
shown in Table 4. Two types of sample that 
were sprayed which were NiCrAl bond coated 
piston crown with thicknesses between 100 to 

150 µm, and piston crown surface coated with 
thicknesses between 100 to 150 µm of bond 
coat NiCrAl, and 300 to 350 µm of YPSZ 
topcoat. 
 
2.2 Physical & Mechanical Tests on Coated 
Piston Crown 
 
Several tests were carried out to determine the 
performance of the TBC application on piston 
crown based on CNGDI engine temperature 
profiles by assessing the microstructure and 
thermal shock tests. Samples of YPSZ coated 
piston crown for micrograph was cut into small 
pieces for necessary quantities using diamond 
blade to prevent coating spalling or cracking. 
Then, the pieces of polished sample were 
mounted in the mixture of epoxy resin and 
epoxide hardener for metallographic 
examination. The mounted samples of YPSZ 
coated were observed for the top surface and 
cross section structure using a scanning electron 
microscope.  
 

 
 
 
Figure 5 Experiment apparatus of thermal shock 

test in horizontal view. 
 

The samples of piston crown were tested 
on thermal shock test to obtain the temperature 
difference between the top surface of the piston 
coating and the backside of the piston. Each 
samples of uncoated, tin coated, NiCrAl bond 
coated, YPSZ coated Campro piston crowns and 
a YPSZ coated CNGDI piston crowns were 
thermal shocked at temperature of 300oC to 
700oC for about 10 s at every 100oC increment. 
However, to control the temperature for desire 
temperature level, the distance of piston crown 
sample, lp was moved little by little until the 
desire temperature is reached. The length of the 
flame torch from the end of nozzle, lf was 
approximately 400 mm while the setting 
distance of the piston crown sample, lp during 
the direct-burning was in between of 250 to 600 
mm from the end of nozzle. According to Figure 
5, the experimental apparatus was set up where 
the flame source was clamped in front of piston 
crown sample to have direct heat to the surface 

lf 
lp 

Digital 
thermocouple 

Flame nozzle 

Table 

Clamp 
Piston 
crown 

O2 

Acetylene 

Steel cylinder 

Flame torch 



Regional Tribology Conference 
Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

19 
 

of piston crown as the flame power was fixed 
during the test to get better temperature control. 
To record the surface temperature of the piston 
crown, the probe of digital thermocouples with 
K-type (chromel-alumel) were installed on the 
top surface and the backside of piston crown. 
The combination of acetylene and oxygen was 
used as flame source for local heating the piston 
sample. The nozzle of the flame was clamped in 
front of a steel cylinder to cover the long flame 
from wind influence, so that the flame could be 
in stable position and could directly heat the 
surface of piston crown sample.  
 
3. RESULT AND DISCUSSION 
 
3.1 Stress Tensor (Von Misses) 
 
According to Figure 6, the pattern of the graph 
showed that the stress tensor values increased 
along with increasing engine speeds for all types 
of piston crown. At the highest engine speed of 
5400 rpm, the calculated maximum stress tensor 
(Von Misses) value of 104 MPa which is the 
lowest compared to others. It was noted at the 
edge of uncoated piston crown near to exhaust 
valve clearances of the piston crown. The yield 
strength of the uncoated piston crown which is 
250 MPa was less than the maximum stress 
value. The maximum stress tensor value for 
YPSZ coated piston crown showed 
approximately 5.8% higher than uncoated piston 
crown. The increment of stress tensor value 
might due to the lower value of elastic modulus 
of YPSZ material which is 11.25 GPa. Figure 7 
show the steady-state stress distributions on 
homogenous CNGDI piston during peak 
pressure at 5400 rpm for uncoated piston 
crowns. The pressure contour for each engine 
speeds were similar as the boundary condition 
for pressure was fixed at the same area of piston 
crown. Two critical stressed areas which should 
be taken into consideration are the areas of the 
piston crown, and at the top side of piston pin 
hole. The areas mentioned were at the piston 
bowl and area near to the piston bowl edge 
where vertically top of piston pin hole. Another 
area which has the maximum stress tensor was 
at the edge of the piston crown near to the 
exhaust valves clearance. It showed that 
pressure from the combustion caused a stress 
concentration on the piston crown that 
contributed to mechanical fatigue (Silva, 2006). 
Moreover, the existence of sharp but small 
edges which gave a higher stress on those places 
might be the cause of piston damage as shown 
in Figure 8, which created a side pothole near 
the exhaust valves area. This pothole is a result 
of running the uncoated piston at 6000 rpm 

which caused the breakdown of the engine 
operation. A localisation of stress in a one-point 
area during continuous period and improper 
cooling may lead to a material fatigue and crack 
initiation.  

 

 
 

Figure 6 Stress distribution versus engine 
speeds for types of piston crown. 

 

 
 

Figure 7 Steady-state stress distributions on 
uncoated CNGDI homogenous piston crown at 

5400 rpm. 
 

 
 

Figure 8 Damaged uncoated CNGDI piston. 
 
3.2 Microstructures 
 
In this research, the coating thickness achieved 
for both plasma sprayed top coat of YPSZ and 
bond coating of NiCrAl were at the range of 

A pothole through 
the piston crown 

underside 

Maximum 
stress 

Critical area 
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from 300 to 350 µm and from 100 to 150 µm 
respectively. The micro-photograph of fracture 
surface of the NiCrAl coated and YPSZ coated 
piston crown samples are shown in Figure 11 
and 12. The structure exhibited the particles of 
both material were deformed on impact during 
plasma spraying process and melted on piston 
crown surface. The structure of the NiCrAl 
bond coating had a bigger dense splat and a few 
of big voids which showed low porosity 
compared to the ceramic based YPSZ coating, 
the structure of the surface showed fine particles 
with a lot of small voids which shows high 
porosity. According to Nitin et al. (2002), to 
alleviate stresses arising from thermal expansion 
mismatch between the YPSZ coating and the 
underlying metal, microstructure features such 
as cracks and porosity contributed to strain 
tolerance.  
 

 

Figure 11 Microstructure of top surface of 
plasma sprayed NiCrAl. 

 
 

Figure 12 Microstructure of top surface of 
plasma sprayed YPSZ. 

 
Figure 13 shows a cross-sectional 

microphotograph of plasma-sprayed YPSZ-
NiCrAl-aluminium alloy. The structure of the 
top layer of YPSZ ceramic layer exhibited a 

high porosity and a numbers of small voids and 
cracks with micro size. High porosity 
characteristic of YPSZ contributed to the 
brittleness of the structure. This might be a 
reason on low thermal conductivity that leads to 
heat transfer reduction. Meanwhile, the NiCrAl 
bond coating were deformed on impact during 
plasma spraying process, and the substrate 
thereby remains non-melted and it was observed 
to form a mechanically bonding or interlock 
adhesion to the aluminium alloy substrate 
(Skopp et al., 2007).  
 

 

Figure 13 Cross-sectional microphotograph of 
plasma-sprayed YPSZ-NiCrAl-aluminium alloy. 

 
3.4 Temperature Difference 
 
Figure 14 represented the temperature 
difference during elevated temperature on top of 
piston crown surface. The YPSZ coated piston 
crowns consisted of the Campro type piston 
crown and the CNGDI type piston crown. Both 
of the YPSZ coated piston recorded the highest 
temperature difference compared to other 
coating types. The function of low thermal 
conductivity of TBC was clearly proved since 
the heat from top surface of piston crown 
having resistance to transfer through coating 
material. The uncoated aluminium alloy piston 
crown had a trend of the lowest temperature 
difference value which was 219.4oC at 700oC, 
and this showed that the increment of 
temperature difference compared to the YPSZ 
coated Campro piston crown which was about 
51%. Obviously, the thickness of the CNGDI 
piston crown was higher than other piston 
crowns. The pattern was not stable which might 
due to the thermal expansion of the piston 
crown. Miller (1997) reported that the greatest 
problem in the burner rig was the difficulties in 
measuring temperature. The thermal stress was 
to be caused by the steady-state temperature 
gradient due to the piston shape and the thermal 
repeated stress was also to be caused by the 
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Micro crack 

YPSZ layer 

NiCrAl layer 

AC8A 
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time-dependent temperature.  
 

 

Figure 14 Temperature difference of piston 
crowns during elevated temperature. 

 
4. CONCLUSION 
 
Finite element analysis exhibited maximum 
stress was localised at the edge of piston crown 
near to exhaust valve clearance and at piston 
pinhole surface. The existence of sharp but 
small edges which gave a higher stress on those 
places might be the cause of piston damage. The 
mechanical test on YPSZ coated piston crown 
proved that the durability may resist high 
temperature environment and thermal stress. 
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ABSTRACT 
 
This paper examines the effectiveness of POME (palm-
oil methyl ester) as lubricant additive in low speed 
milling application. In milling stavax® (modified 420 
stainless steel) with a hardness of 55 HRC under flood 
condition, three distinct stages of tool wear occurred, 
(i) initial wear by delamination, attrition and abrasion, 
followed by (ii) cracking at the substrate and (iii) the 
formation of individual surface fracture at the cracks 
which would then enlarge and coalesce to form a large 
fracture surface.  Compare to the flood lubrication, 
small quantity of mineral oil sprayed in mist form was 
more effective in reducing the coating delamination 
and delaying the occurrence of cracking and fracture. 
The presence of POME enhanced the effectiveness of 
mineral oil in suppressing coating delamination and 
delaying the occurrence of cracking and fracture. The 
mechanism by which the POME in suppressing these 
wear mechanisms could be explained by the results 
obtained in the four-ball tests which showed that the 
presence of its presence as additive in the mineral oil 
reduced the friction coefficient, severity of welding of 
the asperities and wear scar, and increased the critical 
load for welding to occur.   
 
Keywords: machining; lubrication; cutting tools; 
electron microscopy 
 
1. INTRODUCTION 

 
Various studies showed that attrition, chipping, and 
cracking and fracture due to impact between the tool 
and the workpiece were the dominant wear 
mechanisms at low speeds. At high speeds, the tool 
wear was governed by thermal cracking and thermo-
chemical wear such as diffusion and oxidation (Gu et 
al., 1999; Sun et al., 1998; Ghani et al., 2004; Dolinsek 
et al., 2001; Nouari and Molinary, 2005). In milling 
process, the tool is heated during cutting and cooled 
when it leaves the cutting zone. Temperature variation 
can cause periodic expansion and contraction of the 
tools leading to the formation of thermal cracks which 
is also known as comb cracks. Thermal cracks are more 
likely to form at high speeds since the amplitude of the 

temperature variation increases with increasing speed 
(Viera et al., 2001; Bhatia et al., 1980).  
 

In the past, most of the milling tests were 
carried out at the cutting speeds of higher than 100 
m/min using large tools. It had been widely reported 
that the optimum speeds for milling steel were in the 
range of 100-150 m/min. In some cases, milling at 
speeds below the optimum speeds is inevitable. For 
example, if a tool with a diameter (D) of 2 mm is used, 
milling can be performed at speeds (πDN) higher than 
100 m/min only if the machine employs a spindle that 
can be operated at rotational speeds (N) of higher than 
16,000 rpm.  Small solid end-mills are used to produce 
small features such as pockets and slots.  Recent works 
carried out in milling stavax® at low speeds (25 and 50 
m/min), feedrate (4 mm/tooth) and depth of cut (4 mm)  
using solid end-mills with diameter of 2 mm showed 
that the hardness of the steel had significant influence 
on the tool wear (Liew and Ding, 2008; Liew 2010). In 
machining stavax® with a hardness of 35 and 40 HRC, 
the coated tool was predominantly subjected to 
abrasive wear. During machining stavax® with the 
hardness of 55 HRC, several distinct stages of tool 
wear occurred; initial wear by a combination of 
abrasion, delamination and attrition, followed by 
cracking and fracture.  Small quantity of mineral oil 
sprayed in mist form was more effective than the 
conventional flood lubrication in reducing the severity 
of delamination and abrasive wear, and delaying the 
occurrence of cracking, fracture and chipping.  
 

In machining where the contact pressure 
between cutting tool and workpiece is high, the 
lubrication condition is under boundary lubrication 
mode. This conditions call for the use of boundary 
lubricity additive in order to maximize the protection 
against severe tool wear through the formation of a 
boundary lubricating films. This film separates the two 
metal surfaces and thus reduces wear. Ester which 
could be available as natural product (such as palm oil, 
canola oil, lard oil, soybean oil etc) or a functionalized 
molecule (monobasic ester, diester, polyol ester, 
complex ester etc) are examples of lubrication 
additives. Masjuki and Maleque (1997) found that with 
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the addition of 5vol% of palm oil methyl ester (POME) 
in the base-oil lubricant resulted in low wear rate of 
EN31 steel ball bearing. This suggests that POME can 
be used as additive in mineral oil in suppressing tool 
wear in low speed milling application. POME, 
converted from crude palm oil through 
transesterification, has very low sulphur content (0.002 
wt%), and therefore is more environmental friendly. 
This work is the extent of the previous works in which 
the effect of different lubrication conditions (i.e. 
conventional flood, oil-mist and oil-mist with 5 vol% 
of POME) on the wear of TiAlN single-layer carbide 
end-mills in low-speed milling of stavax® is 
investigated. 
 
2. EXPERIMENTAL 

 
2.1 Four-ball wear tests 

 
The tribological behavior of lubricants was examined 
using a four ball test machine, conforms to ASTM 
IP239. Three steel balls were secured and placed in a 
triangular pattern within a bath of the test lubricant. A 
fourth ball was pressed and rotated on the top of the 
three balls at a nominal load between 300 to 1500N at 
1500 rev/min for a duration of 1 minute. G40 steel 
balls with a diameter of 12.7mm were used. The test 
lubricants used in this study were (i) 100 vol% of 
liquid paraffin oil and cyclomethicone, (ii) mixture of 5 
vol% of POME and 95 vol% liquid paraffin oil and 
cyclomethicone, and (iii) emulsified water-based 
coolant of 91 vol% water and 9 vol% SDBL (Shell 
Dormous BL) oil. The weld load i.e. the normal load 
causing the balls to weld was determined for each 
lubrication condition. The coefficient of friction was 
continuously measured throughout the tests. After the 
tests, the diameters of the wear scars were measured.  
 
2.2 Cutting Tests 

 
The machining tests were performed on an Okuma 
CNC milling machine which can be operated up to 
14000 rpm (N). Since the cutting tools used in this 
study have a diameter (D) of 2 mm, the maximum 
speed that (πDN) can be achieved with this tool is 88 
m/min i.e. when the spindle is operated at the 
maximum rotation speed of 14000 rpm. Machining was 
conducted at combinations of cutting speed of 50 
m/min and feed rate of 0.6 mm/tooth in the presence of 
lubricant. Three types of lubricants i.e. (i) a solution 
containing 100 vol% mixture of liquid paraffin oil and 
cyclomethicone sprayed in mist form using compressed 
air at a flow rate and pressure of 0.2 liter/hour and 0.2 
MPa, respectively (ii)  a solution containing 5 vol% of  
POME and 95 vol% mixture of liquid paraffin oil and 
cyclomethicone sprayed in mist form using compressed 
air at a flow rate and pressure of 0.2 liter/hour and 0.2 
MPa, respectively and (iii)  emulsified water-based 
coolant (91 vol% water and 9 vol% SDBL oil) flooded 
over the chip and the tool rake face, were used. The 
depth of cut and width of cut were kept constant at 0.2 

mm and 0.4 mm respectively.  The wear mechanism 
occurring on the cutting tool was monitored up to the 
cutting distance of 24 m. After machining the wear on 
the rake and flank faces (Figure 1) were examined 
using a scanning electron microscope (SEM). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Two-flute end mill. 
 

All experiments were performed with  
workpieces of stavax® (modified AISI 420 stainless 
steel  with composition by wt% 0.38% C, 0.9% Si,  
0.5% Mn, 13.6% Cr, 0.3% V, balance Fe) with a 
hardness of 55 HRC. This alloy is widely used as the 
moulding tool material on account of its high strength, 
corrosion resistance and machinability.  The carbide 
end mills PVD-coated with a single layer TiAlN (5 µm 
thick) had two flutes, a flank width of 200 µm, a 
diameter of 2 mm and a helix angle of 300.  The cutting 
tools were obtained from Sumitomo Electric. 

 
3. RESULT AND DISCUSSION 

 
3.1 Four-ball wear tests 

 
Figure 2 shows the change in the friction 

coefficient with time for different lubrication 
conditions.  A notable feature of the results obtained at 
the nominal loads of 600, 700 and 800 N was the sharp 
increase followed by a rapid drop of the frictional 
coefficient to a low prevailing steady-state value in the 
initial stage of the tests. This reflects the nature of the 
running-in process. During the running-in process, the 
hardness of the material increased until it was able to 
support a lubricant film (Welsh, 1963; Tyfour et al., 
1995). Once this had been achieved, the friction 
coefficient would drop to a low prevailing steady-state 
value. Under oil lubrication, the presence of POME 
resulted in shorter running-in period and lower steady-
state frictional coefficient.  

 
The presence of POME in the mineral oil 

resulted in smoother worn scars. These results are in 
accord with the lower steady-state coefficient measured 
during the tests. The worn surfaces produced in mineral 
oil without POME appeared to be rougher than those 
produced in mineral oil blended with POME and 
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emulsified water-based coolant (Figure 3). SEM 
examination at higher magnification revealed that the 
rough surfaces had numerous amounts of cavities, 
indicating that severe adhesive wear occurred (Figure 
4).   Adhesive wear easily occurs on nascent surfaces 
or surfaces lack of effective lubricant film and this 
phenomenon normally gives rise to high frictional 
force (Wang and Lei, 1996). The incidences of welding 
and rupture of asperities occurred in this wear 
mechanism result in the liberation of small debris and 
the formation of fine cavities on the worn surface. 

 

 
          (a) 

 

 
          (b) 

 

 
      (c) 

 
Figure 2 The change in friction coefficient in mineral 
oil, mineral oil blended with POME and emulsified 

water-based coolant at the nominal loads of (a) 600, (b) 
700, and (c) 800N. 
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(c) 

 
Figure 3 SEM images of the worn surfaces of the steel 

balls produced at 800 N in (a) mineral oil without 
POME, (b) mineral oil blended with 5vol% POME and 
(c) emulsified water-based coolant. The worn surface 
produced in mineral oil without POME appeared to be 

rougher. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Examination of the steel balls tested at 800 N 
in mineral oil without POME at higher magnification 
shows that the worn surface has numerous cavities, 

indicating of adhesive wear. 
 

Under emulsified water-based coolant, the low 
prevailing friction coefficient could be attributed to the 
formation of interfacial layers due to the reaction 
between the additives, oil and water with the worn 
surface. It has been reported that steel can react with 
the small amount of water vapour in air to form iron 
hydroxide and ferri-oxide-hydrates resulting in low 
frictional force and mild wear in the sliding of steel 
(Baets et al., 1998; Goto and Amamoto, 2003). Works 
carried out by Cholakov and Rowe (1992) using a four-
ball tribometer showed that water-based lubricants had 
higher ability to disperse heat and one of the important 
factor that governed the effectiveness of a fluid in 
reducing wear was its ability to disperse heat from the 
contact surfaces. Water-based fluids, because of their 
inherent cooling ability, dissipate heat from the contact 
surfaces at a faster rate.  This in turn causes lesser 

degree of softening of the material, and thus welding of 
asperities and adhesive wear. Therefore, the smooth 
surface and low friction coefficient produced in 
emulsified water based-coolant was not solely due to 
the inhibition of adhesive wear by the formation of 
interfacial films. 

 
The smallest wear scar diameter was obtained in 

emulsified water-based coolant (Table 1) due to the 
combination of the shortest running in period and 
lowest prevailing steady-state wear. Running-in 
process is the stage where large amount of material loss 
occurs (So and Lin, 1999). Under oil lubrication, the 
presence of POME resulted in smaller worn scars and 
higher values of weld load in comparison to the oil 
without POME. Under such high loads when the 
possibility of seizure is high, oil lubricant reduces the 
contact between the two contacting surfaces through 
the formation of a lubrication film. The film formation 
is typically caused by the adsorption of the additive on 
the contacting metal interface through chemical 
reactions. The high chemical affinity at the contact 
surface region is caused by the synergistic effect of a 
very high surface energy and active sites from the 
freshly abraded surfaces (nascent) and flash 
temperature generated from the collision of asperities 
from one surface to the other sliding surface (Hsu and 
Gates, 2005). The protective role of the film is further 
improved with the presence of POME. 
 
Table 1 Weld load and wear scar diameter for different 

lubrication conditions 
 

 
The characteristics of the friction coefficient at a 

lower load of 300 N appeared to be different from 
those obtained at the higher loads.  At 300 N, no drop 
in the coefficient of friction was observed in the 
running-in process and the steady-state friction 
coefficient obtained in oil without POME, oil with 5% 
POME  and emulsified water-based coolant was 
essentially the same (Figure 5). Under this condition, 
hydrodynamic lubrication prevails whereby a 
hydrodynamic lift generated by the liquid pressure of 
the lubricant is great enough to keep the contacting 
surfaces to be separated. Under this lubrication 
condition, the only friction involved in the system was 

Lubrication 
condition 

Weld 
load 
(N) 

Average diameter scar (mm) 
produced at the nominal loads 
of 
300N 600N 700N 800N 

Emulsified 
water-based 
coolant 

1050 0.30 0.59 0.65 0.73 

Mineral Oil 
(without 
POME) 

1200 0.28 1.97 2.30 2.60 

Mineral Oil 
with 5vol% 
POME 

1400 0.29 1.79 2.20 2.30 
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the viscous shear of the lubricant (Avitzur, 1990). The 
coefficient of friction produced in plain mineral oil and 
mineral oil with POME additive were essentially the 
same due to their similar viscosity characteristics. 
 

 
 
Figure 5 The change in friction coefficient in different 

lubrication conditions at nominal load of 300N. 
 
 
3.2 Effect of lubrication on the tool wear 

progression 
 
Figure 6 shows the change in the maximum flank-wear 
width VB with cutting distance in milling stavax® under 
flood and oil mist (with and without POME) 
lubrications. Three distinct stages of tool wear 
occurred. In this initial stage of machining, 
delamination, attrition and abrasion were the dominant 
wear mechanisms. Removal of coating by the 
combination of these wear mechanisms exposed the 
substrate. Cracks were then formed on the carbide 
substrate exposed on the flank face. This was followed 
by the formation of individual surface fracture at the 
cracks which would then enlarge and coalesce to form 
a large fracture surface. These cracks propagated in a 
direction parallel to the cutting edge are often referred 
as mechanical or fatigue cracks. SEM images of the  
worn surfaces showing evidences of delamination 
wear, cracking and fracture can be seen in the works 
published by Liew and Ding (2008) and Liew (2010).  
 

 
Oil-mist lubrication was more effective in 

delaying the occurrence of cracking and fracture. The 
effectiveness of water-based and oil-based lubricants in 
reducing the frictional forces and wear depends on the 
frictional condition. In high-speed machining, the high 
temperature generated is the primary concern because 
it causes excessive adhesive wear and softening of the 
material leading to high wear. Under such 
circumstances, water-based lubricants are likely to 

perform better as they are better coolants than oil-based 
lubricants. However, in low-speed machining where 
the heat gave beneficial effects (i.e. reducing the 
hardness of the work material, and hence the cutting 
force and the severity of abrasion) and mechanical 
wear (such as abrasion, delamination, cracking and 
fracture) occurred, the use of lubricant with higher 
viscosity and lower cooling ability such as oil-based 
lubricant resulted in lower wear rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 The change in dominant wear mechanism and 
the flank wear under flood and oil-mist (with and 
without POME) lubrications. The alphabets indicate 
the operating wear mechanism. a:abrasion and attrition, 
c:cracking, f:fracture. Coating delamination took place 
in all cutting conditions. 
 

It was found that the presence of POME in the 
oil-mist lubricant further delayed the occurrence of 
cracking and fracture. This could be a direct result of a  
reduction in the cutting forces and the degree of 
welding of asperities brought about by the POME (as 
demonstrated in the four-ball tests) which in turn 
reduced (i) the severity of the impact of the tool on the 
work material and  (ii) the removal rate of the coating 
in the initial stage of machining, giving the tool 
substrate greater suppression of fatigue crack initiation 
(Toudt et al., 2000; Lackner et al., 2006; Hogmark et 
al., 2000; Liew, 2010). 

 
4. CONCLUSION 
 
In four-ball tests, the wear of the steel balls were 
governed by both the running in process and steady 
state wear. Small amount of POME in the mineral oil 
resulted in shorter running-in period, lower steady-state 
friction coefficient and degree of adhesion, and higher 
weld load. However, the effects were not seen at low 
nominal loads. 
 

The presence of POME in the oil-mist lubricant 
further delayed the occurrence of cracking and fracture. 
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This could be due to a reduction in the cutting forces 
and lesser degree of welding of asperities brought 
about by the POME which in turn reduced (i) the 
severity of the impact of the tool on the work material 
and (ii) the removal rate of the coating in the initial 
stage of machining, giving the tool substrate greater 
suppression of fatigue crack initiation. 
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ABSTRACT 
 
This paper reports the pressure behaviour of 
20W-50 motor oil in a 1.5 liter, 4-cylinder spark 
ignition gasoline engine. The oil pressure 
changes were recorded under a steady state 
operating condition with an increased speed in 
which both volume and temperature of the oil 
remained unchanged throughout the experiment. 
In another case, the pressure changes of the oil 
were also measured under a transient state 
operating condition in which the temperature of 
the oil was increased as the engine was heating 
up. The engine was left running at a wide-open 
throttle and a constant speed ranging from 1500 
to 5000 rpm with 500 rpm increment. In 
addition, a constant temperature with each 10°C 
increment from 50°C to 80°C was also set to the 
oil. In general, the pressure of the oil was found 
to be decreasing at both increased engine speed 
and oil temperature. It was found that the 
viscosity of the oil began to decrease from 157.7 
cSt to a minimum of 17.3 cSt as the oil 
temperature increased towards 100 oC. As the 
engine speed rose above 3000 rpm, the flow 
circulation of the lubricant became faster and 
less compressed, resulting a decrease in the 
pressure value from a peak of 5.57 bar. 
However, the pressure drop of the oil during 
operation did not reduce the engine’s 
performance. The physical properties of the oil 
such as the viscosity and density were 
temperature dependent which started to lower 
the engine oil pressure for all sets of speed when 
the operating temperature reached above 60 oC 
making the temperature below 60oC; a 
preferable operating temperature. Moreover, 
these properties were also influenced by the 
engine’s oil path and flow rate. The findings in 
this work are useful for the operation of 
actuating mechanisms in the engine involving 
pressured lubricant in relation to the gear 
shifter, automated locking system and variable 
valve timing. 
 

Keywords: Lubricant pressure, Oil viscosity, 
Fluidity, Engine lubricant 
 
1. INTRODUCTION 
 
Viscosity of a liquid is a measure of the fluid 
resistance to flow when acted upon an external 
force such as a pressure differential or gravity. 
Viscosity is a general property of all fluids, 
which includes both liquids and gases. For a 
given mass of a liquid, smaller sized droplets 
(lower viscosity) yield greater total surface area 
than the larger droplets, possessing lower static 
pressure (Sylvain, 2008). As the basic concept 
of viscosity is the same for liquids and gases, 
changes in the temperature affect the viscosity 
of liquids and gases differently. In this paper, an 
investigation of the effects of temperature and 
engine speed on the viscosity and pressure of 
the engine’s oil was carried out in order to 
determine the pressure behaviour of the 
engine’s oil during operation. 
 

Temperature dependence of liquid 
viscosity is a phenomenon by which the 
viscosity tends to decrease as the temperature 
increases. As the temperature of the liquid 
increases the viscosity decreases. In liquids, the 
cohesive forces between the molecules 
predominates the molecular momentum transfer 
between the molecules, mainly because the 
molecules are closely packed. It is this reason 
that liquids have lesser volume than gases. The 
cohesive forces are maximum in solids so the 
molecules are even more closely packed in 
them. When the liquid is heated the cohesive 
forces between the molecules reduce thus the 
forces of attraction between them reduce, which 
eventually reduces the viscosity of the liquids 
(Bansal, 2005). 
 

In engines, the lubricating oil is heated 
to very high temperatures due to combustion of 
the fuel; hence it is vital to know whether the 
viscosity of the lubricating oil will be sufficient 
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to lubricate the moving parts at those high 
temperatures. A standard water cooled engine 
should operate with a cooling system 
temperature between 80°C and 90°C. 
Considering that the oil operating temperature 
should be 10°C to 15°C above the coolant 
temperature, and then the oil operating 
temperature should be within 90°C to 105°C 
(John, 2008). 

 
This paper explains the behaviour of 

the oil pressure during engine operation with 
various speed and temperature setup. Although 
the pressure drop in the engine oil may not 
affect the engine performance, it is still vital in 
the study of the actuating mechanism in the 
engine which involved the pressurized lubricant 
in relation to the gear shifter, automated locking 
system and variable valve timing including the 
optimization of the operating temperature and 
speed (Clenci, 2002). 
 
2. METHODOLOGY 
 
2.1 Experimental Setup 
 
A 1.5 litre, single overhead camshaft (SOHC) 
multipoint fuel injection (MPI) gasoline engine 
(Mitsubishi 4G15) was used in this experiment. 
The schematic diagram of the experimental 
setup is shown in Figure 1. An eddy current 
dynamometer and a CP Engineering Cadet V12 
engine control software were used to program 
the engine test as well as to record the engine 
performance. The engine was let running at a 
steady state condition with a wide-open throttle 
(WOT) at a speed ranging from 1500 to 5000 
rpm with 500 rpm increment. A pressure sensor 
(Kistler type 6125B) was installed on to one of 
the engine cylinder and another pressure sensor 
was installed on to the oil filter adapter to 
measure the lubricant oil pressure and the 
pressure data was sent to Dewetron DEWE5000 
combustion analyzer (How, 2009). 
 

 
 

Figure 1 Schematic diagram of the experimental 
setup 

2.2 Lubrication oil map and analysis 
 
Lubrication oil map of an engine is shown in 
Figure 2, whereby a pressure sensor is placed to 
the oil filter adapter to monitor the pressure 
change in the lubricant. The pressure sensor 
located at the oil sump was used as a reference 
and the pressure differences between both 
outputs were recorded (Ahmad, 2010). The test 
was carried out by allowing the engine oil to 
cool down at each speed. Pressures were 
recorded for each temperature increment at a 
constant speed. This step was repeated for each 
speed ranging from 1500 rpm to 5000 rpm. 
 

 
 

Figure 2 Engine oil map 
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2.3 Properties of the Engine oil 
 
The oil used in this experiment was SAE 20W-
50; a conventional multigrade engine oil, 
formulated with high quality mineral oils with 
selected additives. This particular grade was 
selected due to its suitability and precision for 
this engine compared to the others. Table 1 
shows the data sheet of the SAE 20W-50 
lubrication oil used in this experiment. 
 

Table 1 SAE 20W-50 Properties 
 

Properties Method(s) Value 
Density @ 15C 
(Kg/m3) ASTM D4052 884 

Viscosity, Kinematic 
40°C (mm /s) ASTM D445 157.71 

Viscosity, Kinematic 
100°C (mm /s) ASTM D445 17.3 

Viscosity Index ASTM D2270 120 
Pour Point (°C) ASTM D97 -27 
Zinc (% wt) ASTM D4951 0.08 
Calcium (% wt) ASTM D4951 0.13 
 
Flash Point, PMCC 
(°C) 

 
ASTM D93 

 
200 

Total Base Number, 
TBN (mg KOH/g) ASTM D2896 5.0 

 
3. RESULTS AND DISCUSSION 
 
Tests were conducted to determine the change 
in the engine oil pressure at a different level of 
temperature and speed. 
 
3.1 Pressure behaviour with increased speed 
at various temperatures 
 
As indicated in Figure 3, the engine oil 
pressures increased as the engine speed was 
increased from 1500 rpm to 3000 rpm and 
began to drop until the speed reached 5000 rpm. 
At 50°C, the engine oil possessed the highest 
engine’s oil pressure in overall compared to 
other temperature. For each temperature, the 
trend of the oil pressure was found similar to 
each other. The highest pressure was found at 
3000 rpm with 60°C and 5.57 bar. For every set 
of oil temperature ranging from 50°C to 80°C, 
the peak pressure dropped beyond 3000 rpm. In 
low engine speed, the oil pump refreshes the oil 
in the annular space faster than the bearing 
leakage expels it to the sump and caused higher 
oil pressure. Higher engine speeds caused the 
pump to ran faster and pushed more oil through 
the engine and because of the variances in high 
temperature (oil thinning) and engine speed 
upon cold engine start up, that leakage from the 

bearings is higher than the pump’s delivery rate 
causing a drop in oil pressure value (Bob, 
2008). 
 
 

 
 

Figure 3 Lubricant pressures as a function of 
speed 

 
3.2 Pressure behaviour in an increased 
temperature at various engine speed 
 
Figure 4 illustrates the change in the engine oil 
change for every set of speed with increasing 
temperature. As shown in Figure 4, the oil 
pressure decreased as the temperature was 
increased from 50°C to 80°C at every set of 
speed. The trends were different from each 
engine speed where some of the lubricant 
pressures begun to drop at higher temperatures 
and some dropped at lower temperatures with 
steeper slope. It was found that the most stable 
speed was at 2000 rpm which experienced only 
a slight drop of pressure from an increased 
temperature. The pressure drop phenomenon 
occurred as the temperature increased, with 
decreasing viscosity thus lowering the pressure, 
as proven in Figure 3 and 4. In Figure 4, every 
set of engine speed had steeper engine oil 
pressure slopes as the temperature risen beyond 
60°C making 50°C to 60°C a preferable 
operation temperature range. 
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Figure 4 Lubricant pressures as a function of the 

lubricant temperature 
 
3.3 Viscosity and pressure drop correlations 
 
Figure 5 shows the viscosity and the oil pressure 
had dropped as the operating temperature rose. 
The viscosity of the oil dropped significantly 
from 157.7 to 17.3cSt. However, the pressure 
fluctuation for each set of speed varies where at 
a speed above 4500 rpm, the oil experienced 
higher drop rate regardless of the temperature 
rose of the same oil. The oil pressure began to 
drop when the oil temperature reached 50oC for 
almost all set of speed except for 2000 rpm and 
3000 rpm. 2000 and 3000 rpm speed for 
instance, the pressure continued to rise beyond 
50oC until it began to drop when it reached 60oC 
of oil temperature with a peak of 5.3402 bar and 
5.5736 bar respectively even though the 
viscosity of oil dropped. Normally, the oil 
pressure increased with increasing engine speed 
until it reached a certain point in which the 
pressure was released to prevent leaking of the 
seals (Larry, 2006). However, the pressure of 
engine oil was strongly dependent on the flow 
and the viscosity of the lubricant.  
 
 

 
 

Figure 5 Lubricant kinematic viscosity and 
lubricant pressure as a function of lubricant 

temperature 

 
Maintaining operating temperature as low as 
possible in high engine speed is crucial to 
prevent the oil pressure drop. In terms of the oil 
pressure dependent mechanism, a linear 
increase in an engine oil pressure with 
increasing speed was needed so that a hydraulic 
actuation can be preset on the engine control 
unit for precise timing (Clenci, 2002). 

 
4. CONCLUSION 
 
This study had demonstrated that the engine oil 
pressure was strongly dependent on the 
operating temperature of the oil and the engine 
speed. The following remarks can be also drawn 
from this study: 
1. The engine oil pressure increased as the 

engine sped up with a maximum of 5.57 bar 
at 3000 rpm and 60°C of oil temperature. 

2. The kinematic viscosity of an engine oil 
reduced as low as 17.3 cSt at a normal 
operating oil temperature of 100°C. 

3. For all sets of speed, the engine oil pressure 
began to drop as the oil temperature 
reached 60°C making the preferable 
operating temperature range; 50°C to 60°C. 

4. The temperature rise began to affect the 
pressure loss above 3000 rpm and greatly 
affected the pressure loss of the engine oil 
that operated above 4500 rpm of engine 
speed. 

5. An adequate cooling system for lubrication 
oil can ensure the linearity of the pressure 
rise and drop for increasing engine speed. 
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ABSTRACT 
 
The research presented in this paper is focused on 
the effect of Epoxidised natural rubber (ENR) 
vulcanization on friction–wear properties of semi-
metallic friction composites (SMFC). The friction 
materials was formulated with the following 
constituents(vol%): steel wool(32%) as main fiber 
reinforcement, graphite(7%) as a lubricant, ENR-
alumina nanoparticles composites 
(ENRAN)(47%) as a friction modifier and 
benzoxazine resin(14%) as a binder. Non-
vulcanized samples were produced as acontrol. 
The vulcanization of ENR affected the properties 
of the SMFC and a reduction in friction 
coefficient (µ), hardness as well as porosity and 
also an increase in volume wear rate (w). It could 
be concluded that in both vulcanized and non-
vulcanized samples there isno direct correlation 
between friction coefficient and wear with 
hardness and porosity. 
 
Keywords: Friction Materials, Vulcanization, 
Wear, Friction Coefficient  
 
1. INTRODUCTION 
 
Automotive friction materials are complex 
composite materials. Earlier researches showed 
that the friction coefficient and wear 
characteristics of friction materials depend on a 
number of different factors such as operating 
variables, material characteristics, surface 
geometry, type, design and environment (Filip et 
al., 1995 and Talib et al., 2001). The four main 
components of a brake pad,are the reinforcing 
fibres, binders, fillers and frictional additives 
(Chan and Stachowiak, 2001). 
 

Fillers, while not as critical as other 
components such as reinforcing fibres, play an 

important role in modifying certain characteristics 
of brake friction material. Actual choice of fillers 
depends on the particular components in the 
friction material as well as the type of inorganic 
fillers (Eriksson et al., 2002). Rubber is an 
example of commonly used organic fillers. 
Rubbers were usually incorporated into brake 
pads for the purpose ofreducing brake noises due 
to their superior viscoelastic characteristics 
(Kamioka et al.,1995). 
 

Historically, the term vulcanization 
referred to the process of heating rubber, sulfur, 
and white lead. By terminology, the crosslinking 
process of rubber is often called vulcanization 
when it involves the utilization of sulfur or sulfur 
compounds. Crosslinking is a process of forming 
a three dimensional network structure from a 
linear polymer by a chemical or physical method 
(Akiba and Hashim, 1997).  
 

This studY, focused on the effect of 
ENR vulcanization on friction–wear properties of 
semi-metallic friction composites (SMFC). The 
friction materials were formulated with the 
following constituents(vol%): steel wool(32%) as 
a mainfibre reinforcement, graphite(7%) as a 
lubricant, ENRAN(47%) as a friction modifier 
and benzoxazine resin(14%) as a binder. 
 
2. EXPERIMENTAL METHOD 
 
2.1 Rubber Recipe 
 
The composition used in this study is shown in 
Table 1.  
 
2.2 Cure Characterizationand Compounding 
 
Compounding was performed in a Haake internal 
mixer working at 90ºC and a rotor speed of 60 
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rpm for 6 min. Firstly, ENR was masticated for 1 
min before all ingredients except curative agents 
were added and mixed for another 5 min. Finally,  
 

Table 1 Formulation of the mixes 
Ingredient Loading (phr) a 

ENR 50 100 
Sulfur 1.6 

Zinc oxide 2.0 
Stearic acid 1.5 

CBSb 1.9 
TMTDc 0.9 
6PPD d 2.0 

Alumina 10 
 
aParts per hundred rubber 
bN-cyclohexylbenthiazylsulphenamide 
cTetramethylthiuram disulfide 
dN-(1,3-Dimethylbutyl)-N'-phenyl-p-
phenylenediamine 
 
 
curative agents were added into a two-roll mill. 
From this stock, non-vulcanized samples were cut 
to allow testing of curing characteristics with a 
rheometer at 150ºC. Sheets were vulcanized using 
a semi efficient vulcanization (EV) system in a 

hot press at 150ºC at the respective cure times 
(t90), which were derived from rheometer tests. 
 
2.3 Testing 
 
For the porosity tests were cut from the brake pad 
to a dimension of 25mm×25mm×5mm according 
to JIS D 4418: 1996 using Tech-Lab Digital 
Heating Circulator HC 20. The surface was 
polished smoothly without abrasive powder on its 
surface. Then the test samples were left in a 
desiccators at 90 ºC for 8 hours and finally cooled 
for 12 hours to room temperature in desiccators. 
 

Test samples for friction and wear test 
were cut from the brake pad backing plate with 
dimension of 25mm×25mm×6mm according to 
MS 474 PART10:2003 using LINK CHASE 
machine. The samples were glued to the braking 
plate and then attached to brake clipper on brake 
drum. The friction tests were carried out by 
pressing test samples against rotating brake drum. 
Each sample was subjected to friction and wear 
test according to the test program as shown in 
Table2.In addition, The test for hardness was 
carried out using the Shore type D 
Zwick/RoellDurometer according to ASTM 
D2240. 

 
Table2 Friction and Wear Test Program 

Test sequence Load 
(N) 

Rotating speed 
(rpm) 

Temperature 
(ºC) Remarks 

Conditioning 440 312 < 95 Continuous braking 20 
minutes 

Initial measurement 667 0 88-99 Take indicator reading at 
667 N 

Baseline run 667 417  Intermittent braking 10 s 
ON, 20 s OFF 

1st fade run 647 417 82-288 Continuous and heater ON 

1st recovery run 647 417 288-82 Continuous and cooling 
ON 

2nd measurement 667 417  Repeat initial measurement 

Wear run 667 417 193-204 Intermittent braking 10 s 
ON, 20 s OFF 

3rd wear measurement 667 0  Repeat initial measurement 
2nd fade run 667 417 82-343 Continuous and heater ON 

2nd recovery run 667 417 343-82 Continuous and cooling 
ON 

Baseline re-run 667 417  Intermittent braking 10 s 
ON, 20 s OFF 

Final measurement 667 0  Repeat initial measurement 
 
The weight of the pads for each sample was taken 
before and after the each test, and the wear was 
determined with the mass method following the 
standard of TSE 555 (1992) and calculated using 
the following equation: 
 
  w = (1/2πR) × (1/fm n) × ((m1-m2)/ρ))            (1)                                

Where w is the wear rate (cm3/Nm), R is the 
distance between the centre of specimen and the 
centre of the rotating disk, m1 and m2 are the 
average weight of specimen before and after the 
test (g), ρ is the density of the brake lining 
(g/cm3), and fm is the average friction force (N). 
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Table3 Test Results 

Sample Porosity 
(%) 

Hardness 
(Shore D) 

Friction Coefficient Wear Rate 
(cm3/Nm) Cold Class Hot Class 

Non-vulcanized 7.92 79.6 0.45 G 0.32 E 1.35 
Vulcanized 4.19 76.6 0.41 F 0.29 E 1.73 

 
3. RESULTS AND DISCUSSION 
 
In this study, the following tests have been 
performed; (i) porosity, (ii) hardness, and (iii) 
friction tests. The test results are as shown in 
Table 3. It was observed that vulcanized samples 
for semi-metallic brake pad have less porosity, 
friction coefficient and lower hardness as 
compared with non-vulcanized pad.  
 
3.1 Vulcanization Against Porosity, Hardness, 
Friction And Wear 
 
Coran(1978) illustrated the major effects of 
vulcanization by the idealization. He noted that 
the static modulus increases with vulcanization to 
a greater extent than the dynamic modulus. The 
dynamic modulus is a composite of viscous and 
elastic responses, whereas the static modulus is a 
measure of the elastic component alone. 
Vulcanization, then, causes a shift from viscous 
or plastic behaviour to elasticity. So theoretically, 
vulcanized samples will result in lower friction 
coefficient and higher hardness due to forming a 
three dimensional network structure from a linear 
polymer. But this is not the case with friction 
materials. 
 
3.2Hardness against Friction and Wear 
 
Hardness is a measure of material resistance to 
plastic deformation. From hardness results, 
vulcanized sample was softer than the non-
vulcanizedsample with a reading of 76.6 and 79.6 
respectively. In general, hard metal has lower 
frictional resistance and lower wear rate than 
softer metal, but this is not the case with friction 
materials. Friction material is not homogenous 
material;When the indenter hits on the metallic 
component the hardness is higher; otherwise 
when it hits on polymeric component the hardness 
is lower. From Table 3, it could be concluded that 
there is no direct correlation between friction 
coefficient and wear with hardness of the 
vulcanized friction materials.  
 
3.3 Porosity against Friction and Wear 
 
Porosity is the percentage of pore volume with the 
bulk total volume. Theoretically, lower porosity 
will result in higher friction coefficient and wear 

rate due to higher contact areas between the 
matching surfaces. But in friction materials, this  
 
theory does not apply. From the result shown in 
Table3, it could be concluded that there is no 
correlation between friction coefficient and wear 
with hardness of the vulcanized friction materials. 
 
4. CONCLUSIONS 
 
The conclusions based on the tests result are as 
follows:  
(i) The vulcanization of ENR affected the 
properties of the SMFE and a reduction in friction 
coefficient (µ), hardness as well as porosity and 
also an increase in volume wear rate (w). 
(ii) Hardness, porosity and vulcanization of 
friction materials cannot be simply related to the 
friction and wear. 
(iii) Mechanical properties of friction materials 
depend on type and weight percentage element in 
the composition, manufacturing process 
parameters, design and geometry of friction 
mechanism. 
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ABSTRACT 

There are some of major factors that 
The effect of lubricant viscosity to the piston  
slap of piston assembly is studied using a single 
cylinder 126cc piston assembly in non-firing 
condition. The crankshaft of the piston assembly 
is driven by an AC motor with the maximum 
speed of 3000rpm. A miniature tri-axial 
accelerometer is mounted on the piston crown to 
capture the impact acceleration of the piston on 
the cylinder liner in perpendicular direction. 
Three different grade of lubricants are used 
namely general purpose oil, engine oil and 
grease. The oil-film thickness between the 
piston skirt and cylinder liner varied with the 
engine operating speed and oil viscosity which 
formed three different lubrication regimes. The 
damping effect of the oil film increases with oil 
film thickness which will influence the piston 
slap. In boundary lubrication regime at engine 
operating speed of 100rpm, the piston skirt is in 
contact with the cylinder liner and the effect of 
the viscosity of lubricant to impact acceleration 
is  insignificant  whereas  at  hydrodynamic 
lubrication regime, the impact acceleration is 
reduced as the oil film thickness increases with 
higher lubricant viscosity. 

 
Keywords: viscosity, lubricating oil, piston slap, 
impact acceleration, lubrication regime 

 
1. INTRODUCTION 

 
Piston slap is a common phenomena in 

internal combustion engine which is caused by 
the perpendicular impact of the piston to 
cylinder liner. The clearance between the piston 
and cylinder liner allows the piston to perform 
secondary motion of rotational motion along 
wrist  pin  axis  and  the  lateral  motion 
perpendicular to the reciprocating direction 
(Flores, Ambrósio et al. 2008). Piston slap is 
one of the major sources to radiate noise and 
induced continuous perpendicular impact to the 
engine block vibration (Geng and Chen 2005). 

caused piston slap in internal combustion engine 
such as clearance between piston and cylinder 
liner (Cho, Ahn et al. 2002), piston skirt profile 
(Koizumi, Tsujiuchi et al. 2002), crank shaft 
offset, piston pin offset, center of gravity offset 
(Haddad and Tjan 1995), ring face profile, 
surface roughness, engine oil quality (Elamin, 
Gu et al. 2010) and etc. 
 

A numerical model has been developed 
to study piston slap by taking into accounts the 
influence of cylinder lubrication (Gerges and 
DE 2002) and the results showed the impact 
force increases with the engine operating speed 
at constant oil film thickness and damping 
factor of oil film proportional to oil viscosity 
and inversely proportional to the power of three 
of oil film thickness. The model also showed 
that gas bubbles entrapped in the oil film play a 
significant influence to piston slap. 
 

An experimental analysis of piston 
secondary motion and piston slap of small 
utility two-stroke engine was carried out (Tan 
and Ripin 2010). The results showed that the 
piston slap occurred at the dead centers during 
the rapid change of tilt angle of piston 
secondary motion. The analysis showed that the 
piston slap acceleration increases with the 
engine speed. 
 

The lubrication regime of the piston 
assembly varies with the viscosity of the 
lubricant used in the piston assembly and the 
engine operating speed. In this paper, the 
influence of oil viscosity to the perpendicular 
impact acceleration of piston slap is carried out 
from low engine speed of 100rpm to 3000rpm 
with the impact acceleration of the piston 
captured at different location of the engine 
stroke with different lubrication regime.
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2. METHODOLOGY 
 

2.1 Fabrication of experimental rig 

 
 
 
 
 
 
 
 
accelerometer  is  recorded  by  the  data 
acquisition system for duration of 30 seconds 
for every speed with the sampling rate of 1ms. 

 
Piston slap measurement is carried out on a 
126cc four-stroke motorcycle engine block. The 
experimental rig is designed and constructed as 
shown in Figure 1 below. The measurement is 
carried out under non-firing condition and the 
crankshaft of the piston assembly driven by an 
AC motor with variable speed controller via a 
pulley system with the ratio of 2:1. The 
geometric properties of the piston assembly are 
shown in Table 1. 

 
 
 
 
 

Figure 2 Tri-axial accelerometer mounted to 
piston crown 

 
2.3 Lubricants Tested 

 
Three different types of lubricant are used in 
this study. The viscosity of the lubricant varied 
from low viscosity general purpose oil, engine 
oil  and  solid  grease.  Different  lubricant 
viscosities are used in order to clarify the effect 
of lubricant viscosity on the impact acceleration 
of the piston slap. The specification of the 
lubricants is shown in Table 2. The surfaces of 
the piston skirt and cylinder liner are cleaned by 
acetone to ensure that there is no oil residual 
remains and the lubricant is supplied to the 

Figure 1 Experimental setup of piston slap 
measurement 

 
Table 1 Geometric specifications of piston 

assembly 
Description             Specification 

Displacement               126 cc 
Stroke                  50 mm 
Bore                   57 mm 

piston assembly in excess quantity in ambient 
temperature. The piston assembly is driven by 
the motor at low speed of 100rpm for five 
minute after the lubricant is supplied so that the 
lubricants are dispersed and distributed evenly 
in all surfaces of the piston skirt and cylinder 
liner before the data is recorded. 
 

Table 2 Specifications of lubricant 
2 Compression rings 

Ring 1 Oil control ring 
 

2.2 Impact acceleration measurement 
 

The perpendicular impact acceleration of piston 
to cylinder liner is captured by a Dytran 
3023M20  miniature tri-axial accelerometer 
which is mounted on the piston crown as shown 
in Figure 2 below. The z-axis of the 
accelerometer is located in the upright direction 

 
 
Specifications 
 
 

Viscosity 
index 

Kinematic 
viscosity 
@ 40oC 

@ 100oC 

 
General 
purpose 

oil 
 

85 

 
21 

 
4.2 

 
SAE 

5W-30 
engine 

lubricant 

141 

 
74 

 
11.2 

 
 
Grease 
 
 

- 

 
- 

 
15.5 

which perpendicular to the piston reciprocating 
direction. The sensitivity of the accelerometer in 
z-axis is 10.5mV/g and connected to the imc 
device data acquisition system. The data of the
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3. RESULT AND DISCUSSION 
 

3.1 Impact acceleration of engine oil 
 

The piston slap of SAE 5W-30 engine oil is 
used as the reference results of the measurement 
of the effect of lubricant viscosity to the impact 
acceleration of piston slap. Figure 3 below 
shows the impact acceleration of piston slap 
against engine operating speed from 100rpm to 
3000rpm. At low engine operating speed of 
100rpm, the impact acceleration of piston slap 
recorded 8.55 m/s2 of impact acceleration and 
increases to 17.5m/s2 as the engine speed 
increases to 500rpm. As the engine operating 
speed increases to 800rpm and 1000rpm, the 
impact acceleration increases to 36m/s2 and 
45.6m/s2 respectively. The impact acceleration 
of piston slap further increases to 82.7m/s2 and 
131.2m/s2 at engine operating speed of 1500rpm 

 
 
 
 
 
 
 
 
become more obvious. The impact acceleration 
of engine oil shows 36m/s2 and the impact 
acceleration of general purpose oil showed 
16.1%  higher  at  41.8m/s2  and  impact 
acceleration of grease showed 36.6% lower at 
22.8m/s2. At 1000rpm, the impact acceleration 
of general purpose oil, engine oil and grease 
recorded at 51.5m/s2, 45.6 m/s2 and 39.9 m/s2 

respectively. 

 
60 

 
50 

 
40 

 
30 

 
20 

 
10 

and 2000rpm. As the engine operating speed 
increases to 2500rpm and 3000rpm, the impact 
acceleration of the piston slap surge to 
232.3m/s2 and 248m/s2. 

0 
 
 
0     200    400    600    800 

Engine operating speed, rpm 
General purpose oil      Engine oil 

 
 
1000 

 
Grease 

Figure 4 Impact acceleration at engine operating 
300 
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speed 100rpm to 1000rpm 
 
3.3 Comparison of impact acceleration of 
different lubricant 
 
Figure 5 shows the impact acceleration of piston 
slap at engine operating speed from 100rpm to 
3000rpm. The lowest viscosity index of general 
purpose  oil  shows  the   highest  impact 
acceleration of piston slap and at an average of 

0 
 
 
0 

 
 
500 

 
 
1000 1500 2000 2500 3000 

33% higher than impact acceleration of engine 
oil from engine speed of 1500rpm to 3000rpm. 
The impact acceleration of piston slap of 

Engine operating speed, rpm 
Figure 3 Impact acceleration of piston slap of 

engine oil. 
 

3.2 Effect of lubricant viscosity at low engine 
operating speed 

 
Figure 4 shows the impact acceleration of three 
different oil viscosities supplied to the piston 
assembly at engine operating speed of 100rpm 
to 1000rpm. At 100rpm, the impact acceleration 
of three different lubricants show the similar 
impact acceleration of 8.55m/s2. At 500rpm, 
there are some slight different of impact 
acceleration of different lubricant viscosity. The 
impact acceleration of general purpose oil is 
20m/s2 whereas engine oil and grease recorded 
17.5m/s2 and 17.1m/s2 respectively. At engine 
operating speed of 800rpm, the difference in the 
impact acceleration for the three lubricants 

general purpose oil increases from 118.6m/s2 to 
171m/s2 as the engine operating speed increases 
from 1500rpm to  2000rpm.  The  impact 
acceleration surge to 277m/s2 and 346m/s2 as 
the engine operating speed further increases 
from 2500rpm to 3000rpm. 
 

The highest viscosity of grease showed 
the lowest impact acceleration of piston slap 
throughout the entire engine operating speed. 
The impact acceleration of grease showed 
71.3m/s2 and 108.4m/s2 at engine operating 
speed of 1500rpm and 2000rpm. The impact 
acceleration rise abruptly to 208.2m/s2 and 
216m/s2 as the engine operating at 2500rpm and 
3000rpm. The impact acceleration of grease 
decreases at an average of 13.6% lower than the 
impact acceleration recorded by engine oil from 
the engine operating speed of 1500rpm to 
3000rpm.
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The impact acceleration of piston slap 
of general purpose oil showed increasing with 
the engine speed due to the low viscosity and 
insufficient pressure to develop maximum oil 
film thickness in fully hydrodynamic regime 
compared to higher lubricant viscosity of engine 
oil and grease. 

 
4. CONCLUSIONS 

100 
 
 

0 

a. The effect of the lubricant viscosity to 
impact acceleration of piston slap is 
not significant at low engine operating 

0 500  1000 1500 2000 2500 
Engine operating speed, rpm 

3000 speed which the dead centers exhibit 
boundary lubrication regime. 

General purpose oil Engine oil Grease b. Higher lubricant viscosity produce 

Figure 5 Impact acceleration of different 
lubricant viscosity. 

 
3.4 Discussion 

significantly lower impact acceleration 
of the piston due to the higher oil 
pressure generated to form oil film 
between the contact surfaces in lower 

 
At low engine speed of 100rpm, the lubrication 
behavior of piston rings under present of piston 
secondary motion at dead centers exhibited 
boundary lubrication regime (Tan and Ripin 
2011). The effect of lubricant viscosity to 

 
c. 

engine operating speed. 
For low oil viscosity of general 
purpose oil, the maximum impact 
acceleration was 350m/s2 at 3000rpm. 

impact acceleration of the piston slap at 
boundary lubrication regime was insignificant 
due to the insufficient pressure for the oil film to 
develop and caused direct contact between the 
surfaces of piston skirt and cylinder liner. As the 
engine operating speed increases to 500rpm, 
lubrication regime of higher viscosity lubricant 
of engine oil and grease shifted to mixed 
lubrication regime by thin oil film developed in 
between the contact surfaces and recorded 
slightly different of 2.3% in impact acceleration 
whereas the low viscosity of general purpose oil 
was unable to developed oil film between the 
contact surfaces due to inadequate pressure of 
oil film and recorded higher impact acceleration. 
Grease showed much lower impact acceleration 
at 36.6% than the engine oil due to the higher 
viscosity and sufficient oil film pressure to 
achieved fully hydrodynamic lubrication at 
engine operating speed of 800rpm. 

 
As  the  engine  operates  beyond 

1000rpm, the difference between the impact 
acceleration of engine oil and grease showed 
almost constant difference of 13.6%. This 
phenomena reveals that both of the lubricant in 
between the contact surfaces obtained the 
maximum   oil   film   thickness   in   fully 
hydrodynamic lubrication and grease recorded 
low impact acceleration due to the higher 
damping factor of oil film than SAE 5W-30 
engine lubricant. 
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ABSTRACT  
 
Friction is the force resisting the relative motion of 
solid surfaces, fluid layers, or material elements 
sliding against each other. Nowadays, vegetable oil 
as the base oil is being promoted for the industrial 
use. Vegetable oil has the potential to substitute the 
conventional mineral oil based lubricating oil due to 
the high stearic acid. In this research, the friction 
behavior of Jatropha oil and Paraffin mineral oil 
were studied using four-ball wear tester. The tests 
were conducted using a variation of the standard 
ASTM D 4172 condition B to monitor the friction 
characteristics of both lubricants. The results 
showed that Jatropha oil had lower friction 
compared to the Paraffin mineral oil. 
  
Keywords: Jatropha oil, Paraffin mineral oil, friction, 
fourball 
 
1. INTRODUCTION 
  
Tribology is a multi-discipline field of knowledge. In 
order to study the changes occurring in bulk material 
such as load, speed and temperature, the researchers 
are required to understand the material surface 
moving relative to one another (Waleska et al., 
2005). Lubricant plays major roles in any mechanical 
moving parts. Friction is the force resisting the 
relative motion of solid surfaces, fluid layers, or 
material elements sliding against each other. Friction 
is categorized into five types; dry friction, fluid 
friction, lubricated friction, skin friction and internal 

friction. Dry friction resists relative lateral motion of 
two solid surfaces in contact. It is subdivided into 
static friction between non-moving surfaces, and 
kinetic friction between moving surfaces. Fluid 
friction describes the friction between layers within a 
viscous fluid that are moving relative to each other. 
Lubricated friction is a case of fluid friction where a 
fluid separates two solid surfaces. A component of 
drag, the force resisting the motion of a solid body 
through a fluid and the force resisting motion 
between the elements making up a solid material 
while it undergoes deformation are known as skin 
friction and internal friction respectively (Ferdinand, 
1996, Meriam, 2002, Ruina et al., 2002, Hibbeler, 
2007, Sautas et al., 2008).   
 

 Lubrication is critical for minimizing the 
wear in mechanical systems that operate for extended 
time. Lubricant is used not only for lubrication but 
also for other several roles in industrial applications. 
Hence, many researchers try to develop new and 
better lubricants which meet the demand of current 
machinery purpose. Developing the lubricants that 
could be used in engineering systems without 
replenishment is very important for increasing the 
functional lifetime of mechanical components 
(Michael Lovell et al, 2006). 

 
The use of petro and synthetic base oil is 

overwhelming in lubricant industry, which 
undesirably causing the major damages to the 
environment. Hence, the worldwide trend of 
promoting vegetable oil as the base oil in industries 

mailto:citiong2@live.utm.my
mailto:syahruls@fkm.utm.my
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is increasing as a result of the increasing awareness 
and concern about health and environmental damage 
caused by the mineral oil based lubricants (Jayadas, 
2007). Consequently, Biodegradable oils are 
becoming an important alternative to conventional 
lubricants as a result of awareness towards ecological 
pollution and its detrimental effect to our lives (Kalin 
et al., 2006). The other reason of promoting 
vegetable oil as the base oil in industries is because 
they have better intrinsic boundary lubricant 
properties due to the presence of long chains of fatty 
acids in their composition. In addition, the polar ester 
groups in vegetable oil are able to adhere to metal 
surface and therefore possess good lubricating ability 
(Randles et al., 1992). 

 
Jatropha oil is one of the vegetable oils 

produced from the seeds of the Jatropha curcas, a 
plant that grows in marginal lands and common 
lands. Jatropha oil cannot be used for nutritional 
purposes without the detoxification process, resulting 
it to be used as biodiesel in automotive industries 
instead. Vegetable oil for the use in the industrial 
sector is not a new idea. They were used in 
construction of monuments in Ancient Egypt 
(Nosonovsky, 2000). In the early times, Jatropha oil 
was used as a mineral diesel substitute during the 
Second World War in Madagascar (Agarwal, 2007).  

Paraffin mineral oil was selected to be tested 
as mineral-based oil in this experiment.  Friction test 
were carried out by using four ball tribotester. In this 
research, Jatropha oil was evaluated on its friction 
characteristics as lubricant in four ball tester and the 
results were compared with paraffin mineral oil 
mutually. The experiments were carried out 
according to the ASTM D-4172 type B condition 
which the duration time for the test was one hour 
(3600sec) under the temperature of 75 degrees 
Celsius. The evaluation was focused on the friction 
torque of the lubricant and the coefficient of friction. 
From the experiment, we could assume that the 
reduction of the friction constraint of vegetable oils 
is better than commercial engine oils due to the long 
chains of fatty acid in the vegetable oil. 

 
2. EXPERIMENT  
 
2.1 Experiment Apparatus 
 
The four ball wear machine, which was firstly 
described by Boerlage, has acquired the status of an 
established institution in the fundamental 
investigation of lubricants characteristics especially 
for the wear test and extreme pressure of the test 
lubricants (Boerlage, 1933). Figure 1 shows the 

schematic of the alignment for four ball tribotester. 
The main components of this tribotester are the ball 
pot, collect, locknut adaptor and standard steel balls. 
This instrument uses four balls; three at the bottom 
and one on top. The bottom three balls are clamped 
together with the ball lock ring inside the ball pot 
and the balls are held firmly in a ball pot containing 
the lubricant under test and pressed against the top 
ball. The top ball is connected with the spindle 
through the collect and driven by the drive motor. 
The temperature of the test lubricant was measured 
by the thermocouple and it was controlled by the 
electric heater. The test lubricants were compared 
based on the friction torque of the lubricant and the 
coefficient of friction of the lubricant. 
 
2.2 Test Lubricants 
 

The lubricating ability of the Jatropha oil was 
evaluated and compared with the additive- free 
paraffin mineral oil mutually. Jatropha oil (without 
additives) as the test lubricant is one of the vegetable 
oils produced from the seeds of the Jatropha curcas, 
a plant that grows in marginal lands and common 
lands. The Jatropha seeds contain viscous oil that 
can be used for the manufacture of candle and soap, 
even in cosmetics industry. This latter use has 
important implications for meeting the demand for 
rural energy services and practically substitutes the 
fossil fuels to counter the greenhouse gases 
accumulating the atmosphere (Emil Akbar, 2009). 
The Jatropha oil has a specific density of 934.5 
kg/m3 and a kinematic viscosity of 60.30 cSt at the 
temperature of 15 and 40°C, respectively. In 
addition, paraffin mineral oil which is categorized in 
Hydrocracked group was used as the base oil in this 
research. The kinematic viscosity of Paraffin 
mineral oil at 40°C is 92.55cSt.The performances of 
the test lubricants in this experiment were compared 
and analyzed with the paraffin mineral oil. 
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         Figure 1 Schematic of four balls wear tester 
2.3 Material 
 
The test bearing balls used in this experiment are 
chrome alloy steel (AISI E-52100) which each 
having the diameter of 12.7mm. The bearing balls 
hardness is 64-66Hrc with grade 25 of extra polish 
(EP). New four bearing balls were used for each 
new test. Acetone was used to clean the bearing 
balls and they were wiped using a fresh lint free 
industrial wipe. 
 
2.4 Friction 
 
Beam type load cell of 20kg was used in evaluating 
the frictional torque. It was fitted at a distance of 
80mm from the center of the spindle. The frictional 
force was measured based on the load applied and 
the frictional torque was transformed by multiplying 
the distance between where the contact surfaces of 
four balls and center of rotating ball (3.67mm). The 
friction force measured indicated the effectiveness 
of the transmission media or lubricant onto moving 
surfaces.  Therefore, in term of lubrication, less 
friction is desirable to contribute a higher efficiency 
of transmission. 
 
2.5 Experiment Procedure 
 
In this research, the four ball tribotester was used. 
The wear tests were carried out under the ASTM 
method D-4172 condition B under the applied load 
of 392.4N (40kg) at a spindle speed of 1200 
revolution per minute (rpm) for a duration of one 
hour. The experiments were conducted under the 
temperature of 75 degrees Celsius. The evaluation 
was done based on the average diameter of the 
circular scar formed on the three stationary balls in 
the wear test. Before starting the experiment, all the 
apparatus including the steel balls had to be cleaned 
with acetone. One of the balls was inserted into the 
collect and the tapper at the motor spindle. Then, the 
four ball machine was set up to the desired spindle 
speed. After that, the steel balls were lock into the 
ball pot with the ball ring. The balls were locked 
using the lock nut and tightened with the force of 68 
Nm using the torque wrench. 10ml of the test 
lubricant was immersed into the ball pot. The ball 
pot was placed onto the non-friction disc. A heater 
was connected to the ball pot assembly to generate 
the desired temperature. Before the authors applied 
the load onto the wear tester, the load arm was made 
sure to be at the balancing position to prevent any 
errors to occur. The required load was applied onto 
the load pan at the end of the load arm. 

 
3.  RESULT AND DISCUSSION 
 
3.1 Friction Torque 
 
A 20-kg beam type load cell was used to measure 
the frictional torque as per described in the four balls 
tester machine manual. The load cell was fitted at a 
distance 80 mm from the center of spindle. The 
applied force was measured as the frictional force 
and converted to frictional torque by multiplying the 
frictional force by 0.8, and the maximum value of 
the measured frictional torque was 14 Nm. The data 
acquisition systems showed the output result of 
friction torque during the experiment. The 
corresponding friction torque for the Jatropha oil 
and Paraffin mineral oil is presented in Figure 2. 
The notation JO and PMO represent the Jatropha oil 
and Paraffin mineral oil respectively. From Figure 2, 
we can observe that at the initial time of test, both 
graph increased rapidly with time before they 
entered the steady state. The friction torque of both 
lubricants became constant after the test ran for 
around ten minutes (600s). This behavior represents 
that the material surface had worn enough to adjust 
themselves and the lubricant could support the given 
load. However, PMO showed a sudden increase of 
friction torque at the end of the experiment which 
indicated that the lubricant film formed had led to 
failure.  Jatropha oil showed a lower friction torque 
compared to the Paraffin mineral oil. The friction 
torque for the Jatropha oil and Paraffin mineral oil 
were 0.09Nm and 0.15Nm respectively. The lower 
of friction torque of Jatropha oil was because of the 
presence of long chains of fatty acid in Jatropha oil, 
reducing the friction constraint (Abdulduadir, 2008). 
 
3.2 Coefficient of Friction 
 
The influence of coefficient of friction is very 
important for the development of lubricants. The 
coefficient of friction plays a major role in the 
determination of transmission efficiencies via 
moving components. Less resistant contributes to 
higher efficiency. Therefore, in terms of lubricant, 
less coefficient of friction is desirable. Figure 3 
illustrates the coefficient of friction for Jatropha oil 
and Paraffin mineral oil using four ball tribotester. 
In Figure 3, Jatropha oil is represented as JO and 
Paraffin mineral oil is represented as PMO. The 
experiments had been conduct according to the 
method ASTM D-4172 B. From Figure 3, Jatropha 
oil shows lower coefficient of friction compared to 
Paraffin mineral oil. The coefficient of friction for 
Jatropha oil and Paraffin mineral oil were 0.04837 
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and 0.09026 respectively. The Jatropha oil has given 
rise to very low coefficient of friction compared to 
the Paraffin mineral oil due to the fatty acid 
constituents (Zeman, 1995). 
 

 
 
Figure 2 Friction torque of Jatropha oil and Paraffin 

mineral oil 
 

 
 

Figure 3 Coefficient of friction of Jatropha oil and 
Paraffin mineral oil 

 
 
4. CONCLUSION  

 
The friction characteristics of the Jatropha oil had 
been evaluated using the four ball tribotester 
machine. All the results were compared mutually 
with the Paraffin mineral oil. The experimental and 
analytical results could be summarized as follows. 
For the reduction in friction, Jatropha oil showed a 
better result compared to the Paraffin mineral oil. 
Jatropha oil also showed significantly lower 
coefficient of friction and frictional torque compared 
to the Paraffin mineral oil. This behavior was 
credited to the long chains of fatty acid in the 
Jatropha oil. 
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ABSTRACT 
 
This paper presents the experimental results of 
normal lubricant, additive added lubricant and 
waste vegetable oil (WVO) contaminated 
lubricants to evaluate friction and wear 
characteristics. The test was conducted using a 
four-ball tribotester with standard test method 
IP-239. The balls used in four-ball tribotester 
were based on carbon-chromium steel ball 
bearings. The data presented to evaluate friction 
and wear characteristics are coefficient of 
friction (μ), wear scar diameter (WSD), flash 
temperature parameter (FTP), viscosity index 
(VI) and total acid number (TAN). Each test 
was conducted for five different loads from 50 
kg to 90 kg (with 10 kg intervals) to observe the 
variation of above parameters. The lubricant 
was contaminated with WVO from 1% to 5%. 
The normal lubricant (as sample A) was used 
for comparison purposes. The test results show 
that WVO contaminated lubricants with suitable 
anti-wear additive have influences in reducing 
wear and friction coefficient. The objective of 
this investigation is to develop a new lubricant 
based on waste palm oil (such as WVO). The 
promising results have been presented with 
discussions. 
 
Keywords: WVO, WSD, Four-ball tribotester  
 
1. INTRODUCTION 
 
There is a close relationship between 
development of lubricant (lubricant 
formulation), engine materials and fuel. The 
conventional mineral oil based lubricant was 
developed for fossil fuel (e.g. for gasoline and 
diesel fuels) which is not suitable for biodiesel 
fuelled engine as it degrades lube oil quality and 
increases engine wear rate (Masjuki et al., 
1997). This happens due to mixing of fuel with 
lubricant through the piston-cylinder friction 
zone. In this investigation, waste palm oil (as 
WVO) contaminated lubricant has been 
developed as a biodegradable lubricant to be 

used for biodiesel fuelled engines. Based on 
four ball tribotesting results, WVO 
contaminated  lubricant with the presence of 
suitable anti-wear additive shows promising 
result as compared to conventional lubricant. 
This is mainly due to better thermal and 
oxidative properties of WVO, which consist 
long chain saturated fatty acids that leads to 
inferior cold flow behavior (Zeman, et al., 
1995). The results of this investigation have 
given an indication for formulation of a new 
lubricant. 
 
2. METHODOLOGY 
 
2.1 Equipment 
 
Four-ball tribotester machine was used 
according to IP-239 standard test method. This 
machine is simple to use for testing friction and 
wear of lubricating oils. Three balls are located 
in a cup below a fourth ball which is connected 
to a rotating shaft via a chuck, as shown in 
Figure 1. Different loads are applied to the balls 
by weights on load lever. The frictional torque 
exerted on the three lower balls can be 
measured by a calibrated arm, which is 
connected to the spring of a friction recording 
device. The extension of the spring in resisting 
the frictional torque is transmitted through a link 
mechanism, to a pen which records its travel on 
a drum at 1 revolution in 60-75s. 
 

 
Figure 1 Comparison between experimental 

results and predicted results. 
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2.2 Ball materials 
 
The tested ball’s material was carbon-chromium 
steel (SKF), 12.7mm in diameter with a surface 
roughness of 0.1μm C.L.A. The chemical 
composition of ball material was obtained by 
Energy Dispersion X-Ray Spectrometer (EDS) 
and shown in Table 1. Before starting a test, all 
the balls were cleaned using spirit alcohol and 
dried with dry air. The four-ball tribotester 
machine was operated without any load for a 
period of 15 min, all the approximate parts of 
the machine were cleaned by solvent, dried with 
a  clean soft lint-free cloth or clean dry air. 
 
Table 1 Chemical composition of ball material 
Element C Si Cr Mn Fe 
wt. % 10.20 0.45 1.46 0.42 87.21 

 
2.3 Lubricant samples 
 
Three samples were explicitly prepared as 
follows: (1) Sample A - normal lubricant of 
SAE40 grade. It can stated that sample A is the 
reference lubricant, (2) Sample B - consists of 
sample A with 0.5% Amine phosphate additive, 
and (3) Sample C - consists of sample A with 
0.5% Octylated/butylated diphenylamine 
additive. It can be stated that sample B and 
sample C are prepared with two different types 
of anti-wear additives. Sample D and sample E 
can be referred to as base lubricants with respect 
to contaminated lubricant by WVO, from 1% to 
5%. Details of lubricant compositions are shown 
in Table 2. The properties of anti-wear additives 
are shown in Table 3. 
 

Table 2 Lubricant sample compositions 
Samples  Lubricant compositions 
A Normal lubricant as SAE 40 grade  
B Sample A  with 0.5% Amine 

phosphate additive  
C Sample A with 0.5%  

Octylated/butylated diphenylamine 
additive 

D Sample B with 1% to 5% waste 
palm oil (WVO) with base lubricant 

E Sample C with 1% to 5% waste 
palm oil (WVO) with base lubricant 

 
 
 
 
 
 
 
 
 

 
Table 3 Properties of anti-wear additives 

Chemical 
description 

Amine 
phosphate 

Octylated/bu
tylated 

diphenylami
ne 

Treat 
level/range 

0.1 – 1.0% 0.3 – 1.0% 

Viscosity at 
40°C 

220 
(mm2/s) 

280  
(mm2/s) 

Melting point <10°C <10°C 
Density at 
20°C (g/m3) 

0.92 0.98 

Phosphorus  4.8% - 
Nitrogen  2.7% 4.5% 
Flash point 135°C 185°C 
Solubility 
limits at 5°C 
(wt. %) 
x Mineral 

oil 
x Ester 
x water 

 
 
 

3 
 

>5 
<0.01 

 
 
 

5 
 

5 
<0.01 

 
2.4 Test procedure 
 
At the beginning of the experiment, lubricant 
sample is placed on the erected plate where 
three balls are held in position into a cup (at the 
end of the motor spindle) with the clamping ring 
and assembly secured by tightening the locknut. 
The fourth ball is then fitted on the upper balls 
chuck. Mounting disks are placed between the 
thrust bearing and the cup. The desired loads are 
then placed on the load lever to be tested at. 
 
2.5 Friction evaluation 
 
The coefficient of friction is calculated by 
multiplication of the mean friction torque and 
spring constant (Ducom, 2008). The frictional 
torque on the lower balls may be expressed as; 

3
6
W r

T
P u u

 �
rW

T
u

 
3

6P  (1) 

Where,  μ = coefficient of friction 
T = frictional torque in kg/mm 
W = applied load in kg 
r = distance from the center of the 
contact surfaces on the lower balls to 
the axis of rotation, which is 3.67mm 

 
2.6 Wear test 
 
The test run was carried out at loads (50, 60, 70, 
80 and 90 in kg) and at 1500 rev min-1 with test 
duration of 60 minutes. The wear scar diameter 
(WSD) is measured and analyzed by “ducom 
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software” with installed image acquisition 
system. 
 
2.7 Flash Temperature Parameter (FTP) 
 
The FTP indicates the potential for lubricant 
film to breakdown. High value of FTP indicates 
high performance of the lubricant. For 
conditions existing in the four-ball test, the 
following formula is used (IP-239, 1986). 
 

d
WFTP 4.1                     (2) 

Where, W = load in kg 
 d = mean wear scar diameter in mm 
 
2.8 Total acid number analysis 
 
The total acid number is a measure for the total 
amount of both weak and strong organic acids 
present in the lubricant and is expressed in 
mgKOH/g, i.e., the amount in milligrams of 
potassium hydroxide required to neutralize one 
gram of lubricating oil. 
 
2.9 Kinematics viscosity analysis 
 
The ISL Automatic HOUILLON Viscometer is 
used to measure the viscosity of the lubricating 
oil using ASTM Method D-455 at 40°C. Before 
measuring the viscosity of the lube oil, the 
viscometer tubes are calibrated by standard 
sample lube oil. The lube oil is warmed to the 
desired temperature and allowed to flow 
through the calibrated region to be measured. 
The lube oil’s viscosity (in cSt) is the flow time 
(in second) multiplied by the apparatus constant. 
 
3. RESULTS AND DISCUSSION 
 
All the samples preparation and test are 
conducted at Engine Tribology Laboratory, 
Department of Mechanical Engineering, 
University of Malaya. All the test results can be 
discussed as follow: 
 
3.1 Coefficient of Friction (COF) analysis 
 
The COF versus applied loads on four-ball 
tester is shown in Figure 2. Sample A is the 
reference lubricant of SAE40 grade. Samples B 
and C are the anti-wear additive added 
lubricants with sample A. Figure 2 shows how 
the different types of anti-wear additive affects 
COF. It is found that sample C increases COF 
from 0.08 to 0.24 for increasing loads from 50 
kg to 90 kg. However, the sample B shows 
lower COF than reference lubricant A. It is 
evident that the additive (0.5% 

Octylated/butylated diphenylamine based 
additive) in sample C has an adverse effect on 
COF with reference lubricant A. The lowest 
COF was found from sample B followed by 
sample A and sample C. Hence, Amine 
phosphate additive is effective in reducing 
friction and is consistent throughout the load 
range. 

Figure 2 COF (μ) vs loads for samples A, B and 
C. 

Figure 3 COF (μ) vs percentage (%) of palm oil 
in samples D and E at constant 70 kg load. 

 
Figure 3 shows comparison of COF (μ) for 
sample A, D and E at 70kg applied load. The 
medium load of 70 kg was chosen for 
comparison purposes. Sample E which consists 
of octylated/butylated diphenylamine as anti-
wear agent and palm oil shows adverse result. 
The COF for Sample E is found within 0.14 to 
0.15 and   samples A and D are found within 
0.04 to 0.06 only. This indicates that, 
octylated/butylated diphenylamine is not a 
suitable anti-wear additive to reduce friction. 
Although its detailed chemical structure is 
unknown, changes in its physical properties 
such as viscosity can be observed (Bowman et 
al., 1996). Furthermore, the best performance is 
obtained when the percentage of WVO is 4%. 
Above 4%, the COF increases. 
 
3.2 Wear Scar Diameter (WSD) analysis 
 
Figure 4 shows WSD for samples A, B and C 
and Figure 5 shows WSD for samples D and E. 
Referring to Figure 4, it is found that sample C 
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produces higher level WSD followed by 
samples A and B. Sample B shows the best 
performance (a reduction of 20% of WSD as 
compared to sample A) which means that amine 
phosphate is effective in palm oil contaminated 
lubricant. It can be explained that the friction 
and wear resistance mechanism of anti-wear 
additive in palm oil contaminated lubricant 
causes from complex chemical transformation 
on the metal surface. The amine phosphate has 
the general structure represented (below) by: R 
= mostly aliphatic groups (2-ethylhexyl, hexyl 
and n-octyl); amines have tert-alkyl group with 
10–24 carbon atoms (Bowman et al., 1996).   

 

  
 

 
Figure 4 WSD vs loads for samples A, B and C. 

 

 
Figure 5 WSD vs percentage (%) of palm oil in 

samples D and E at constant 70 kg load. 
 

Figure 5 shows that sample D reduces WSD 
with maximum at 4% WVO. The breakdown of 
WVO (waste palm oil) molecule during tribo-
chemical process results in the formation of 
fatty acids which can react with the phosphorus 
containing group from amine phosphate. This 
substance functions as effective friction 
modifiers and anti-wear agent in the presence of 
WVO. The long hydrocarbon chain of the fatty 
acid provide an excellent molecular barrier 
while, the polar group coordinate with iron to 
form a protective film on the metal surface. 

Above 4% WVO content, the film thickness 
might be broken due to increasing palm oil 
percentage.  
 
Sample C (Figure 4) shows the WSD between 
0.70 - 0.80 mm, which is 50% higher than 
sample B. This can be caused by the high 
friction in contact surfaces as a result of 
octylated/butylated diphenylamine additive. It 
can be realized that the octylated/butylated 
diphenylamine additive works as anti-oxidant 
rather than anti-wear agent when added with 
WVO (waste palm oil) contaminated lubricant. 
This additive and the palm oil neutralize each 
other at high temperature that causes adverse 
effect on the metal surface. A similar 
phenomenon was also reported by Maleque et 
al. (2000) and Adhvaryu et al. (2004). 
 
3.3 Flash Temperature Parameter (FTP) 
analysis 
 
From Figures 6 and 7, it can be said that amine 
phosphate based lubricant (samples B and D) 
show higher level of FTP value, which means 
higher lubricant stability. Meanwhile, samples C 
and E show lower FTP value that indicate 
easiness for lubricant film to breakdown. 
However, above 4% WVO (waste palm oil) 
contaminated lubricant, the FTP value drops as 
shown in Figure 7. 
 

 
Figure 6 FTP vs loads for sample A, B and C. 

 

 
Figure 7 FTP vs percentage (%) of palm oil in 

samples D and E at constant 70 kg load. 
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3.4 Total Acid Number (TAN) analysis 
 
The TAN test results are shown in Figures 8 and 
9. From to Figure 8, the lowest TAN value is 
found from sample B (1.60 mgKOH/g) followed 
by sample A (1.70 mgKOH/g) and sample C 
(2.30 mgKOH/g). Sample E produced higher 
level of TAN compared to sample D, as shown 
in Figure 9. It is evident that the 
octylated/butylated diphenylamine additive is 
not suitable in both the normal lubricant (sample 
A) and WVO (waste palm oil) contaminated 
lubricant (sample E). This is mainly due to the 
chemical properties of octylated/butylated 
diphenylamine additive that does not suit with 
samples A and E. In addition, the amine 
phosphate anti-wear (sample D) additive does 
shows slightly higher TAN value (Figure 9) as 
compared to normal lubricant (sample A) when 
the percentage of WVO is increased. This is 
mainly due to the high fatty acid in WVO.  
However, the TAN value may also increase due 
to several causes such as (i) effect of oxygen in 
WVO, (ii) at higher temperature, the fatty acid 
molecules or other organic acids can be 
decomposed during operation. 
 

 
Figure 8 TAN vs loads for samples A, B and C. 

 

 
Figure 9 TAN vs. percentage (%) of palm oil in 

samples D and E at constant 70 kg load. 
 

3.5 Viscosity Index (VI) analysis 
 
Viscosity is the property used for identification 
of individual grades of lube oil and for 
monitoring the changes occurring in the lube oil 

while in service. Higher viscosity indicates that 
the lubricant is being deteriorated by either 
oxidation or contamination, while a decrease 
usually indicates dilution by lower viscosity oil 
or by fuel (Maleque et al., 2000). Figures 10 and 
11 show viscosity at 40 ºC. From Figure 10, it 
can be seen that amine phosphate (sample B) 
increases viscosity. However, viscosity 
decreases with the same additive and palm oil 
(Figure 11), as compared to sample A. 
However, this change is within the useful range 
of lubricant. Sample D shows viscosity decrease 
from 120 cSt to 100 cSt as WVO content is 
increased from 1% to 5%, indicating suitability 
for machinery operations. Normally at 40 ºC, 
the lower limit of engine oil should be 80 cSt 
and below this value indicates that the oil has 
degraded in quality. The applicable range of 
engine oil/lubricating oil at 40 ºC and 100 ºC 
are 80 cSt to 150 cSt and 12 cSt to 20 cSt, 
respectively.  Samples C and E show higher 
decreasing trend as compared to samples B and 
D. Hence, sample C and E will increase 
component’s wear through degrading oil 
quality. 
 

 
Figure 10 Viscosity (at 40 ºC) vs loads for 

samples A, B and C. 
 

 
Figure 11 Viscosity (at 40 ºC) vs percentage 

(%) of palm oil in samples D and E at constant 
70 kg load. 

 
4. CONCLUSION 

 
The following conclusions may be drawn from 
the present study: 
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1.  Amine phosphate as anti-wear additive 
shows better result with normal lubricant (SAE 
grade 40), whereby it reduces COF, reduces 
WSD, increases FTP, reduces TAN value, and 
increases viscosity, as compared to 
octylated/butylated diphenylamine  additive.. 
2.  Combination of amine phosphate, normal 
lubricant and palm oil (up to 4%) show better 
results, whereby it reduces COF, reduces WSD, 
increases FTP, reduces TAN value, and reduces 
viscosity within the operating range,  as 
compared to octylated/butylated diphenylamine  
additive. 
 
Hence, it can be stated that waste palm oil can 
be used as lubricant substitute (maximum 4%) 
with normal lubricant and amine phosphate 
additive. However, palm oil based lubricant still 
shows higher TAN value, which will be further 
investigated. 
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Abstract 
Jatropha oil has been known as alternative substitute for 
diesel fuel but its potential use as lubricant is not much 
known yet. Chemically modified jatropha oil (CMJO) 
has been successfully synthesized through modification 
process of hydrocarbon chain at the triglycerides 
structure. This study is meant to investigate tribological 
characteristics of CMJO as potential renewable lubricant 
additives. Tribological characteristics of the oil were 
acquired by using pin on disk test configuration. The 
contact material was 60 HRC steel disc and 34 HRC steel 
pin. Paraffin oil and 2.5% and 20% CMJO in paraffin oil 
were used as test oil. The test was conducted by step load 
method within the range of 100 – 500 N for each 6 
minutes at 120 rpm rotational speed. It was found that 
addition of chemically modified jatropha oil shows good 
effect in improving boundary friction but no significant 
effect to wear preventive was found. 
Keywords – Friction, wear, pin on disk, lubricant, 
jatropha 
 

1. BACKGROUND 
Lubricant base stocks are mainly derived from mineral or 
petrochemical oils. However, the reduction of petroleum 
reserves and environmental issues has encouraged efforts 
to find alternative source. Plant oil has already used as 
lubricant since long ago.  Several studies showed the 
benefit of using this oil due to its renewable source, 
biodegradability and environmentally safe compare to 
mineral oil (Rudnick et a.l, 2006; Hwang et al., 2003; 
Wu, et al., 2000; Lea, 2002). It is believed that in the 
future the environmental aspects of the lubricant will take 
precedence over performance (Gschwender et al., 2001).  

The key to the use of plant oil-based lubricants is that 
they cannot be used in every application. There is simply 
not enough plant oil produced globally on an annual 
basis. The entire production of plant oil does not go into 
lubricant application. Therefore, it is useful to consider 
the application of plant oils in lubricant applications 
where the properties and performance are best matched 
(Rudnick et al., 2006).   

The long fatty acid chain and presence of polar groups in 
the natural plant oil structure makes it possible to be used 
as both boundary and hydrodynamic lubricants (Fox et 
al., 2004; Erhan et al., 2006). However, their double 
carbon bonds in unsaturated fatty acid affects their low 
temperature behavior, poor oxidative stability, and other 
tribochemical degrading process, makes their application 
limited (Rudnick et al., 2006).  

In order to deal with the disadvantage of plant oils 
usage as lubricant, several methods has been developed 
by researchers (Erhan et al., 2006; Adhvaryu et al, 2004; 
Sharma et al., 2006; Akbar et al., 2008; Wagner et al., 
2001). These methods are generally works on modifying 
carboxyl group of fatty acid and the fatty acid chain 
contained in plants oil. According to Gawrilow 
(Gawrilow, 2003), high stability and low pour point 
natural plant oil can be produced by converting all the 
fatty acid into monounsaturated fatty acid. In addition, 
monounsaturated fatty acid provides optimum oxidative 
stability and lower temperature properties. 
Jatropha C. is a typical tropical and subtropical plants 
which grown as non-cultivated and non-edible wild 
species. It consists of high content of unsaturated fatty 
acid similar to other plant oil (Table.1). Jatropha oil (JO) 
has been known as alternative resource for bio-diesel 
fuel. However, its function as lubricant oil is not much 
known yet although this oil has potential to be used as a 
non-edible vegetable oil feedstock due to its high oil 
content (61–64%) (Akbar et al., 2008). Lubis et al. 
(Lubis et al., 2011), found that in its native form this oil 
has comparable anti wear performance compared to 
mineral oil. Other research found that modification of 
jatropha oil fatty acid could improve viscosity index and 
thermal-oxidative resistance of this oil (Gunam Resul et 
al. 2008).   
 
2. OBJECTIVES 
This study is meant to investigate tribological 
characteristics of chemically modified jatropha oil 
(CMJO) as renewable lubricant additive. 
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3. MATERIALS AND METHODS  
3.1. Oil Sample 
CMJO sample was obtained via fatty acid chemical 
modification method introduced by (Adhvaryu et al, 
2004), which used epoxidized vegetable oil to be 
converted to esterified vegetable oil. Crude jatropha oil 
(CJO) was obtained from local market in Malaysia and 
then epoxidized following method published elsewhere 
(Goud et al., 2007). The CMJO sample then dissolved in 
paraffin oil with concentration of 2.5% and 20% v/v to 
examine its effect in reducing friction and wear.  

 
Table 1. Fatty acid content of several plant oils  

(Lawate et al.,1997, Akbar et al., 2008) 
Fatty acids Jatropha 

(%) 
Palm oil 

(%) 
Soybean 

(%) 
Oleic acid (C18:1) 44.7 39.3 23.2 

Linoleic acid (C18:2) 32.8 10 53.7 

Palmitic acid (C16:0) 14.2 44.4 10.6 

Stearic acid (C18:0) 7 4.1 4 

Palmitoleic acid (C16:1) 0.7 0.2 0.1 

Other fatty acids 0.6 2 8 

 
3.2. Oil Structural Analysis 
Fourier transform infrared spectroscopy (FTIR) was 
applied to examine structural modification effect to the 
fatty acid structure. A Shimadzu FTIR-8400S analyzer 
was employed within scanning range of 600  – 4000 cm-1. 
 
3.3. Analysis of Friction and Wear 
Friction and wear characteristic of the oil samples was 
observed by DUCOM Multispecimen Tester TR-701 
with pin on disk test configuration. Schematic illustration 
of the test configuration is shown in   Figure 1. AISI 
52100 steel with diameter of 50 mm and hardness of 60 
HRC was used as disc material. Steel pin with hardness 
of 34 HRC and diameter of 6 mm was used and wear 
track diameter was set as 30 mm. The experiment was 
conducted by applying step up load within range of 100 – 
500 N at 120 rpm sliding speed. Sliding time was six 
minutes for each load and a break-in period with load of 
50 N was set for 6 minutes as well. The initial 
temperature was set at 30°C. A plunger was placed to 
measure vertical displacement (wear) of the tribosystem. 
This plunger movement as wear rate was sensed by a 
linear voltage resistance transducer as the plunger lifted 
up or down. Thus, compound wear the system can be 
observed directly. A thermometer located below disc 
specimen to measured disc temperature changes during 
tribological testing. During the experiment, data were 
calculated by the instrument and displayed in real time 
by WINDUCOM 2006-v4 software, the supplied 
Windows-based data acquisition software program, and 
data acquisition was acquired by National Instrument 
PCI 6221. 
 
 

 
4. RESULTS AND DISCUSSION 
4.1. FTIR characterization  
Infra-red spectra of jatropha oil before and after 
structural modification are shown in Figure 2. All oil 
have same peaks at 2926 and 2855 cm-1, which represent 
methylene asymmetric stretching,     1743 cm-1 
(triglycerides stretch), 1465 cm-1 (CH2 bending 
vibration), 1377 cm-1 (CH3 symmetrical bending 
vibration), and 724 cm-1 (CH2 rocking vibration). Peak at 
820-843 cm-1 indicates epoxy ring vibration in 
epoxidized jatropha oil sample (EJO). Additional peaks 
at 1242, 1160, and ~ 1100 are due to stretching vibration 
of the C-O groups in ester (Sharma et al., 2006, Pretsch, 
2009).  Similar result also obtained by Sharma et.al 
which was using epoxidized soybean oil as raw materials 
(Sharma et.al, 2006). From the result, chemically 
modified jatropha oil is concluded successfully obtained 
from epoxidized jatropha oil.  

 
4.2. Tribological characteristics 
Frictional characteristics of the oil samples are shown in 
Figure 3. Friction coefficient (µ) of pin on disk sample 
lubricated with 100% paraffin oil was increased with 
increasing load (Figure 3a). The oil film was only 
capable to sustain load only at break-in period (50 N 
load) then broke when the load doubled to 100 N, 
reached steady state and increased again after load 
increased to 200 N. After load increased to 300 N, the 
friction was decreased and showing indication of steady 
state friction. The condition is maintained even at higher 
loads. By addition of CMJO, load carrying capacity was 
significantly improved. The fluid film was started to 
break at 200 N for 2.5% addition and at 300N for 20% 
addition.  
 

 
Figure 1. Schematic illustration of pin on disc test 

configuration 
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Figure 2. Infrared Spectra of Jatropha Oil and CMJO 

 
Compound wear of the pin on disk are shown in Figure 
4. In Figure 4a, the wear tends to move in negative 
direction on break-in period up to load of 400 N. This 
characteristic also found in friction lubricated with 20% 
CMJO.  On the other hand similar characteristic was not 
found in friction with 2.5% CMJO. The wear was tend to 
be steady and low in positive displacement and became 
high when load increased to 400 – 500 N. These results 
were possibly due to effect of running in process and 
how the oil entrance between pin and disk during sliding. 
This result also possibly caused by adhesive wear 
mechanism predominantly taken place during the 
beginning of sliding process, which form a typical layer 
on disc surface and then broke up when the load 
increased. After the film were breaking up, the metal 
surfaces were brought in direct contact caused cold 
welded junction taken place and forming wear debris, 
which initiated abrasion on the surface.  
The main function of a lubricant is to reduce friction, 
wear, and surface damage by preventing solid-solid 
contact as much as possible. Lubricant must reduce 
formation of any strong metallic junctions that would 
lead to adhesive wear in lubricated system. A Liquid 
lubricant also must capable to reduce wear debris 
formation and remove heat from contacting surfaces. 
Removal of heat could reduce operating temperature 
which resulting in the formation of thicker oil films 
and/or a lower demand on the lubricant additives (Rowe, 
1983). Interaction between saturated hydrocarbon, i.e 
paraffin oil, and metal or metal oxide is principally by 
forming weak van der Walls interaction leading to a 
relatively low adsorbate-substrate binding energy 
(Persson, 2000). Addition of CMJO to paraffin oil was 
clearly improved its boundary lubrication properties. 
This due to polar head consisting in the CMJO is binds 
relatively stronger to metal surface forming a dense film 
so no fluidization or shear melting of the film will occur 
during sliding (Persson, 2000). Under heavier load this 
boundary film is possibly completely removed from 
asperity contact region and the metal oxide broken 

leading to direct contact between the metal surface and 
formed cold welded junction. The cold welded junction 
initiated formation of wear debris which usually able to 
increasing the friction and wear by three body abrasion 
process. 
 

5. CONCLUSIONS 
Chemically modified jatropha oil has successfully been 
obtained by structural modification method. Addition of 
chemically modified jatropha oil shows good effect in 
improving boundary friction but no significant effect to 
wear preventive characteristic found. 
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Figure 3. Friction characteristics graph; (a) 100% 
paraffin oil, (b) 2.5% CMJO, and (c) 20% CMJO 
 

 

 
(a) 

 
 (b) 

 
(c) 

Figure 4. Compound wear graph; (a) 100% paraffin oil, 
(b) 2.5% v/v CMJO, and (c) 20% CMJO. 
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A ABSTRACT 
 
This paper presents the experimental results 
from an evaluation of the wear prevention 
characteristics of a jatropha oil-based 
trimethylolpropane (TMP) ester using a four-
ball machine (ASTM D4172). The load, speed 
and lubricant sample temperature were set at 40 
kgf (393 N), 1200 rpm and 75 °C, respectively. 
Under these test conditions, the wear and 
friction characteristics of different TMP samples 
were measured and compared. The TMP ester 
was produced from jatropha; it is biodegradable 
and has high lubricity properties such as a 
higher flash point temperature and viscosity 
index (VI). It has an affinity to surface at 
asperity, hence reduces wear between sliding 
contacts. The results presented in this 
investigation include the viscosity index (VI), 
density, total acid number (TAN), total base 
number (TBN), wear scar diameter (WSD), 
coefficient of friction (COF), a wear micrograph 
using scanning electron microscopy (SEM) and 
the surface roughness of ball wear. It was found 
that at certain blends of TMP in the lubricant 
decreased WSD and COF. Sample TMP10 
(10% TMP and 90% original lubricant) showed 
the lowest wear and COF, as confirmed by SEM 
results. The results of this investigation will be 
used to develop new and efficient lubricants for 
automotive engines.   
 
Keywords: Automotive engines, sliding wear, 
liquid impact erosion, rolling friction, TMP. 
 

 
1. INTRODUCTION 
 
There has been enormous interest in the use of 
oils from renewable sources such as animal fats 
and vegetable oils (Rhee,1996; Waara et 
al.,2001; Sharma et al.,2009). In addition to a 
continuous supply, the biodegradability of bio 
lubricants, the uncertainty of the crude oil 
supply and its price give bio lubricants more 

advantages over mineral base oils. However, 
vegetable oil in its natural form has limited 
usage due to its poor oxidation stability (Erhan 
et al.,2006) and behaviour at low temperatures 
(Adhvaryu et al.,2002). Therefore, many 
investigations have been undertaken in order to 
improve the working range and applicability of 
biodegradable lubricants (Yunus et al., 2003; 
Quinchia et al., 2009; Shah et al., 2010).  
 
The trimethylolpropane (TMP) ester is produced 
from a jatropha methyl ester through 
transesterification. Transesterification 
eliminates the hydrogen molecule on the beta 
carbon position of the jatropha substrate, thus 
improving the oxidative and thermal stability of 
the new TMP ester; a property seldom found in 
vegetable oils (Gunstone et al.,1994). In 
addition to this, TMP esters have good friction-
reducing properties and acceptable anti-wear 
properties (Randles, 1999). However, in 
contrast, (Rieglert and Kassfeldt, 1997) found 
that a “conventional” mineral oil offered 3 to6 
times fewer wear than a rapeseed oil/synthetic 
blend or a pure synthetic ester under boundary 
lubrication conditions. 
 
Wear studies under lubricated conditions can be 
understood following the three important 
aspects: (i) the friction surfaces are in contact at 
surface micro asperities, (ii) the hydrodynamic 
effects of lubricating oil or the rheological 
characteristics of bulk do not significantly 
influence surface wear, and (iii) interactions in 
the contact between friction surfaces and 
between friction surfaces and the lubricant 
(including additives) dominate tribological 
characteristics (Hsu et al., 2002). 
 
This paper describes wear and friction 
mechanisms under hydrodynamic lubrication 
conditions, also known as wear prevention test 
characteristics, when TMP was used as an 
alternative lubricant. 
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2. METHODOLOGY 
 
2.1 Lubricant sample preparation 

 
For this investigation, jatropha TMP esters were 
supplied by Universiti Putra Malaysia and 
mixed with SAE 40 engine oil manufactured by 
a known company. These TMP esters were 
synthesized by the transesterification of methyl 
esters prepared from palm oils and TMP. The 
TMP was selected due to its lower melting point 
compared to other polyols. A 200 g volume of 
jatropha methyl ester and a known amount of 
TMP was placed into a 500 ml three-neck 
reactor and constantly agitated by a magnetic 
stirrer. The weight of TMP was determined 
based on the required molar ratio and the 
calculated mean molecular weight of the 
jatropha methyl esters (JOME). The mixture 
was then heated to reaction temperature, and the 
catalyst was added. A vacuum was gradually 
applied to the system until the desired pressure 
was reached. This pressure was maintained until 
the reaction reached completion. 
 
Both jatropha oil-based TMP esters were 
blended with SAE 40 using a stirrer at 110 rpm 
and heated to 100 °C. The blended lubricants 
consisted of 5%, 10%, 15%, 20% and 100% 
jatropha TMP esters (volume basis) with SAE 
40 (shown in detail in Table 1). The standard 
that used to measure these properties are listed 
in Table 2 along with their accuracy levels of 
the equipment. 
 
Table 1: Percentages of the jatropha oil-based 
TMP ester and SAE 40 in each sample 
 

Sample TMP ester 
(%) 

SAE 40 
(%) 

TMP0 0 100 

TMP10 10 90 

TMP20 20 80 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 2: List of the pieces of test equipment 
used and their accuracy levels 
 

Test 
parameters 

ASTM 
standard 

Accuracy 
level 

(Equipme
nt) 

Density (g/cc) ASTM D2270 ± 0.001 

Viscosity 
index and 

viscosity (cSt) 
ASTM D445 ± 0.01 

TAN/TBN 
(mg KOH/g) 

ASTM 
D664/D2896 ± 0.01 

Flash point 
(°C) ATM D93 ± 1 

Pour  point 
(°C) ATM D97 ±  1 

Briness 
hardness tester 

- ± 0.5 

Four-ball 
machine 

Hydrodynamic 
test - 

 
 
2.2 Wear and friction testing machine 
 
The four-ball wear tester is the predominant 
wear tester used by the oil industry to study 
lubricant chemistry. It has been widely used to 
study the lubricating properties of oils and the 
chemical interactions at wear contacts (Hsu and 
Klaus, 1978).  
 
The four-ball wear tester consists of three balls 
held stationary in a ball pot plus a fourth ball 
held in a rotating spindle. The balls are 1.27 cm 
(0.5 in) in diameter. Loads are applied by way 
of a spinning ball, which presses into the centre 
of the triangular formation of the three 
stationary balls. The load may be selected 
within the range of 1 to 180 kgf, while the 
rotation speed may be chosen from 60 to 3000 
r/min. The temperature of the sample chamber 
can be controlled by means of a heater attached 
to the ball pot. With the balls in place, the ball 
pot has sufficient capacity for 10 ml of 
lubricant. The primary measurement made with 
a four-ball machine is wear. The wear produced 
on the three stationary balls is measured under a 
calibrated optical microscope and reported as 
the scar (WSD) or calculated volume. The wear 
volumes are usually calculated on the 



60 
 

assumption that the wear occurs only on the 
stationary balls. The missing metal is assumed 
to come from spherical segment of the 
stationary balls that correspond to the net 
volume occupied by the rotating spherical ball 
that fits into scar wear (I-Ming,1962). Studies 
have shown that the measured wear volume and 
the calculated wear volume can differ greatly 
depending on the location of wear (Willermet et 
al., 1983).  
 
2.3 Friction materials 
 
The four-ball machine described by Weller and 
Perez, 2001 and Masjuki and Maleque, 1997 
was used to determine the friction and wear 
characteristics of the test fluids. The balls used 
in this study were steel balls, AISI 52-100, 12.7 
mm in diameter, with 64-66Rc hardness. These 
balls were thoroughly cleaned with toluene 
before each experiment. The sample volume 
required for each test was approximately 10 ml. 
The test conditions were 60 min with an 
operating temperature of 75 °C ± 2 °C, and 
1200 rpm.  
 
2.4 Wear prevention test 
 
A wear prevention test (hydrodynamic 
lubrication) was performed using the four-ball 
test machine. The test method used was ASTM 
D4172/D2266, which describes three hard steel 
balls in a locked position. A fourth ball was 
rotated against the three stationary balls, 
producing a wear scar on each of the three balls, 
from which an average wear scar diameter was 
obtained. This test was run under light to 
medium loads. Normally, seizure or welding 
does not occur. Hydrodynamic lubrication 
normally exists in engine bearings and piston 
rings. In hydrodynamic lubrication, the fluid 
completely isolates the friction surfaces [h>>R], 
and the internal fluid friction (dynamic 
viscosity) alone determines the tribological 
characteristics such as wear and friction.  
 
3. RESULT AND DISCUSSION 
 
All of the tests and data analyses for the 
different lubricants were performed in the 
tribology laboratory, Department of Mechanical 
Engineering, University of Malaya. The data 
were used to evaluate the differences between 
these lubricants and to serve as a basis for 
comparing the blended fuels with jatropha oil-
based TMP esters. The percentage of palm TMP 
ester and SAE 40 in each sample is shown in 
Table 1. All of the lubricant properties are listed 
in Table 3. 

 
Table 3: Properties of the different percentages 
of the TMP ester in SAE 40 

 TMP0 TMP10 TMP20 

Kinematic 
viscosity at 
100 °C 
(cSt) 

15.53 12.476 11.389 

Kinematic 
Viscosity at 
40 °C (cSt) 

107.41 82.544 68.708 

Viscosity 
index 

154 148 160 

Density at 
15 °C 
(g/cm3) 

0.871 0.8759 0.8794 

TAN(mg 
KOH/g) 

1.02 0.78 0.58 

TBN (mg 
KOH/g) 

8.23 6.81 5.51 

Flash point 
(°C) 220 235 251 

Pour point 
(°C) -35 -33 -28 

 
The study of wear properties was based on the 
average wear scar diameter (WSD) formed on 
the stationary balls. The scars were measured 
using an optical microscope. The coefficient of 
friction (COF) was calculated from the equation 
described by Weller and Perez, 2001 and 
Masjuki and Maleque, 1997. The wear 
properties of test samples were schematically 
compared with the commercial SAE 40 
lubricant.  
 
The wear scar diameter results for the different 
percentages of jatropha oil-based TMP ester in 
SAE 40 are shown in Figure 1. It was found that 
the maximum improvement in WSD was found 
for TMP10, around 43% TMP compared to 
commercial SAE 40. This finding was similar to 
the findings reported by Yunus et al., 2004, who 
found a jatropha oil-based TMP ester to have a 
better WSD compared to commercial hydraulic 
fluid. In addition, Masjuki et al., 1999 also 
found that palm-based lubricating oil had a 
better wear performance compared to mineral 
oil. However at TMP 20 and TMP 100, WSD 
increased with increasing TMP ester.  
Fernández Rico et al., 2002 reported that the 
addition of a synthetic ester (TMP) to a low 

Sample 

Properties 
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viscosity polyalphaolefin acted as a wear 
reducer. This was because the decreased 
kinematic viscosity and increased flash point 
with increasing amounts of TMP in SAE 40 
improved the WSD. According to Havet et al., 
2001 the length of the fatty acid chains tends to 
increase the adsorbed film thickness, therefore 
increasing the surface area protected. In addition 
to this, an increase in the number of ester groups 
leads to greater binding of the molecules and 
therefore a greater resistance to shear forces.  
 

 
Figure 1: Wear scar diameters (WSD) and CoF 

for different percentages of the jatropha oil-
based TMP esters in SAE 40 

 
The values of COF for the various lubricant 
samples are shown in Figure 1; TMP10 and 
showed the lowest levels of COF. This was 
mainly due to a reduced kinematic viscosity 
compared to the SAE 40 lubricant. The low 
kinematic viscosity reduced the intermolecular 
shear forces that are helpful in effective load 
transfer. For TMP 100, even the WSD is larger, 
COF is lower. It is believe due to the continuous 
removal of metallic soap film that is formed as a 
result of the reaction of the oil with the metallic 
surface during sliding (Bowden and Tabor, 
2001). The metallic film is continuously 
reformed by further chemical reaction. Since the 
metallic soaps are of low shear strength, the 
coefficients of friction will be low. 
 
The optical photomicrographs of the area 
around the wear scar and the worn surfaces of 
the ball specimens for the different percentages 
of the TMP esters are shown in Figure 2. It can 
be seen that different wear mechanisms 
occurred in samples SAE 40, TMP 0 and 
TMP15, and TMP 20 such as adhesive, erosive 
and corrosives wear. This means that the 
lubricant film frequently broke down because 
the proper film strength was not established. 
However, the TMP 5 and TMP 10 samples 
showed better surfaces where surface wear only 
occurred due to friction between the sliding 
components (Liu et al.,1992) 
 

 
(a) 

 

 
(b) 

 
(c) 

Figure 2 Micrographs of different percentages 
of the jatropha oil-based TMP ester in SAE 40. 

(a) TMP0, (b)TMP10, (c) TMP20 
 

4. CONCLUSION 
 
For the tests performed on a four-ball wear 
machine using different percentages of a TMP 
ester in SAE 40, the following conclusions were 
drawn: 
 
Wear and friction were influenced by the 
intermolecular behaviour of different TMP 
percentages in the original lubricant SAE 40. 
From the SEM test results (Figure 2), it was 
found that erosive/corrosive wear happened due 
to lubricant film breakdown in some of the 
samples such as TMP0 and TMP20. This was 
because erosive/corrosive matter is related to 
intermolecular lubricant film formations. This 
effect was not found in sample TMP10. The 
wear in sample TMP10 was due to the sliding 
friction between lubricant-ball surfaces, 
meaning that it had a better film formation 
compared to the other samples. From physical 
observations of the worn surfaces of the 
specimens, it can be suggested that TMP10 
acted as an excellent anti-wear lubricant.  In 
addition, a study of the micrographs showed 
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that the wear scar surfaces in TMP10 appeared 
to be much smoother, thus resulting in less 
material transfer.  
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ABSTRACT 
 
Hard particles effect on the frictional 
characteristics and particle embedment present 
during hard braking were investigated. Silica 
sands grit of the size between 180 to 355 µm 
were used during the experiments. The results 
were compared to the results obtained without 
the grit particles present in order to determine 
the change in friction coefficient, the fluctuation 
of frictional oscillation amplitude, and the 
percentage of particle embedment. Different 
sliding speeds were applied and presence of 
hard particle is found to significantly affect the 
friction coefficient and standard deviation of 
friction oscillation amplitude values. The 
friction coefficient and standard deviation 
values of friction oscillation amplitude increase 
with particle embedment due to the rapid 
changes of the effective contact area and the 
abrasion mode operating in the gap interface. 
 
Keywords: Hard braking, hard particles, 
frictional characteristics, silica sand, particle 
embedment 

 
1. INTRODUCTION 
 
The friction behavior during braking is not a 
fully understood problem. This is due to the 
nature of the brake contact surfaces which is 
hidden and buried during the braking operation. 
The requirement for the coefficient of friction 
(CoF) is that it should be relatively high and 
most importantly to be stable, i.e. it should 
remain stable irrespective of temperature, 
humidity, age of the pads, degree of wear and 
corrosion, the presence of dirt and water spray 
from the road (Eriksson et al., 2002). Thus, 
brake frictional materials are designed to 
provide stable frictional performance over a 
wide range of vehicle operating conditions and 
also to exhibit acceptable durability. The 

operation of automotive disc brake can be 
linked to the presence of hard particle derived 
from the environment (Polak and Grzybek, 
2005). The open design and position of the disc 
brake close to the road can influence the 
tribological characteristics of the friction 
interface due to operating factors. Factors such 
as humidity and the presence of hard particles in 
the air can influence the tribological processes 
and indirectly affect the braking effectiveness.  
 
     The abrasion at the friction interface is 
generally caused by the abrasive and hard 
particles that are included in the composition of 
the brake pad. These particles are used to 
control the level of friction force and to remove 
friction films forming at the sliding interface 
(Handa and Kato, 1996; Jang and Kim, 2000). 
When the brake is applied, the contact between 
cast iron disc and soft polymer matrix of brake 
pad produce wear particles. The wear particles 
move homogeneously through the contact zone 
until the abrasive particle adheres to the disc 
surface and get into the contact zone 
(Ostermeyer and Miller, 2006). However, 
particle from environment also may contribute 
to the abrasion process at the brake interface 
where both modes of abrasive wear, i.e. two and 
three body, can be present. The external hard 
particles tend to embed into the pad material 
while some particles together with other 
contaminants may form a lubricating film but 
eventually they are expelled from the contact. 
The issue of brake wear debris ejection to the 
environment has also received much attention 
by the brake companies and environmental 
research community (Kukutschova et al., 2009) 
  
     In this work, effect of silica sand grits sizes 
between 180-355 µm on the frictional 
characteristics and particle embedment were 
studied. The experiments were carried out on 
vertically oriented brake test rig at different 
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speeds and contact pressures in order to 
compare the changes in CoF, the fluctuation of 
frictional force and to evaluate the particle 
embedment. Analysis of the fluctuation 
amplitude of friction coefficient was carried out 
to find the relationship between particle 
embedment, sliding speed and applied load. 
 
2. METHODOLOGY 
 
2.1 Test Rig 
 
The schematic diagram of the test rig is shown 
in Figure 1. The test rig consists of a 1 h.p., 
three-phase, variable speed induction motor 
(from Baldor) driving a grey cast iron disc 
mounted vertically on the shaft. Vertical 
mounting of the disc allow for close simulation 
of the orientation of frictional contact 
encountered during the real brake operation 
compared to the horizontal pin-on-disc 
laboratory brake tribotesting. Delta Electronics 
high performance VF-D series AC motor drive 
is used to control the speed of the induction 
motor. For better deflection resistance and 
inertia effect, a flange and flywheel are mounted 
next to the disc brake. Thrust-washer is used to 
absorb any applied force to the motor. Brake 
pad is attached to a solid cylinder steel and 
applied to the rotating disc at the 3 o’clock 
position.  
 
Force is applied to the pad specimen using a 
mechanical weight loading system. A lever arm 
is used to apply the required force to the pad via 
the solid cylinder steel. Full bridge strain gauges 
are fitted to the lever arm and inner side of the 
end shaft support to record the instantaneous 
normal force and friction force at the brake 
interface. A small hopper is fitted at the end 
shaft support to hold the hard particles. A hard 
particle feeder tube is attached to the hopper to 
direct the hard particles to the brake gap. 

 
 

Figure 1 Schematic diagram of the test rig. 
2.2 Material and Testing procedures 

A square-faced pad specimen (12.7×12.7 mm2) 
was used in all the experiments with a flat pad 
on a rotating disc contact geometry. Total 
thickness of the pad including the backing plate, 
is approximately 9 mm. The microstructure of 
the pad material being in the mixture of shiny 
metallic constituents of steel fiber and barium 
sulphate and non-metallic particles of silicon 
oxide within a polymeric binder of phenolic 
resin was analyzed using optical microscope. 
The grey cast iron disc material contains of 
graphite flakes which suggest a typical cast 
dendritic microstructure (Osterle et al., 2001).  
 
A series of hard braking tests conducted at four 
different sliding speeds of 4 m/s, 8 m/s, 10 m/s 
and 12 m/s at a constant pressure of 1.0 MPa. 
Analysis of the particle embedment was 
conducted using SEM and optical microscopy. 
The experimental data was collected using the 
Agilent U2300A Series USB multifunction data 
acquisition system. Parameters such as sliding 
speed, pad normal force, friction force, and 
instantaneous friction coefficient were recorded 
for each test. A data sampling rate of 120 Hz 
was used during all the experiments. Test data 
was then analyzed and displayed using 
MATLAB. The details of the test conducted are 
shown in Table 1. 
 

Table 1 Hard braking detail testing 
 

 

Hard braking 
(Without 

hard 
particles) 

Hard braking 
(With 180-355 

um hard 
particles) 

Pressure 
(MPa) 1 1 

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

Frequency 3x with 10s 
gap 

3x with 10s 
gap 

 
 
3. RESULT AND DISCUSSION 
 
3.1 Effect of Hard Braking on Friction 
Coefficient (CoF) and its Oscillation 
Amplitude 
 
Hard braking test is applied to fully stop the disc 
while maintaining the same level of friction 
force. Fig. 2 shows the CoF and standard 
deviation (SD) values with and without the 
external hard particles during hard braking. CoF 
values tend to lower with the presence of hard 
particles especially at medium and high speeds. 
The formation, growth and disintegration in 
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effective contact area are the main factors 
affecting the changes in CoF values. Disc 
sliding speed is assumed to influence the rolling 
and mixing process between the grit particles 
and wear debris in the brake gap which 
determine how rapid the changes of effective 
contact area. SD value of friction oscillation 
amplitude is an indication of braking stability. 
This parameter is important to determine the 
stability of the brake operation as stability is 
associated with the braking performance. SD 
values of friction oscillation amplitude are more 
stable with hard particles present. Initially, high 
SD values were recorded for both cases at low 
speeds due to slow mixing of wear debris and 
more changes of effective contact area. 
 

 

 
 
Figure 2 The average CoF and SD values with 

and without external hard particles. 
 
Hard particles are assumed to reduce the 
effective contact area as they themselves 
become the main contact plateau when they 
enter the sliding contact as schematically 
illustrated in Figure 3. The CoF values change 
as the contact plateaus that form the effective 
contact area change. Increase in effective 
contact area results in a higher friction force and 
this also depends on the compositions of the 
brake pad and the sliding conditions (Osterle 
and Urban, 2004; Eriksson et al., 2001). The 
proposed mechanism of the effects of grit 
particles on braking is schematically illustrated 
in Figure 4. External grit particles result in an 

increase of hard materials present at the 
interface and modify the contact interaction by 
changing the effective contact area. Some of the 
particles embed into the pad surface and 
contribute to the two-body abrasion of the disc. 
The grit embedment also occurs at the areas 
where compacted wear debris are accumulated. 
The compacted wear debris provides relatively 
soft platform to assist the grit particles 
embedment. 
 

 

Figure 3 How presence of hard particles 
changes the effective contact areas. 

 

 
 
Figure 4 The brake frictional interaction model 

at the pad contact surfaces during braking. 
 
 
3.2 Correlation of Particle Embedment with 
CoF and SD values. 
 
Study of the relationship between particle 
embedment (PE) and coefficient of friction 
(CoF) for hard braking case was conducted. 
Hard braking test is different from drag tests 
because the disc rotor speed is continuously 
decreased until full stop [4]. Figure 5 shows the 
PE, CoF, and SD values for hard braking case as 
a function of speed. With contact pressure of 1.0 
MPa, as the speed increases, particle 
embedment also increases. The high applied 
pressure is assumed to cause fragmentation and 
embedment of some hard particle grits 
especially at higher speed. Fragmented particles 
are not only smaller but also their shape is more 
angular. Angular shape particle tend to get 
embedded more easily. It was found that 
particle shape might be a key factor determining 
the level of grit embedment into a surface 
(Stachowiak and Stachowiak, 2001).  

 

    Disc 
    Disc 

    Pad specimen 

    Pad specimen 

    Hard particles 

    Hard particles 
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Figure 5 PE, CoF, and SD values for hard 

braking case as a function of speed. 
 

At higher speeds rolling and mixing of grits 
with wear particles proceeded at a faster rate. 
This was in turn affecting the grit embedment. 
Fully embedded grit particles of the size of 50 –
150 um were observed with for all the cases. 
Figure 6 shows the fully embedded particle 
observed during the test using SEM in 
secondary electron mode at 15kV.  Increase in 
PE results in small increase in CoF. 
Fragmentation of grit particles increases the 
numbers of particles that can role and mix in the 
contact gap and thus changing the effective 
contact area in the sliding contact. Higher PE 
also results in more hard to hard material 
contact and this resulted in the small increase of 
average CoF. 
  

 
 

Figure 6 Full embedded particles observed with 
SE mode for stop test of 1MPa and 8 m/s. 

 
The relationship of particle embedment (PE) 
and Standard Deviation (SD) of friction 
oscillation amplitude was investigated. It was 
found that the SD values are low at small 
percentage of PE and as the particle embedment 
increases with speed, the SD values also tend to 
increase. However, at the same percentage of 
1.5% PE, a small SD value of 0.02 was recorded 
at 8 m/s while a higher SD value of 0.041 at 10 
m/s. This result suggests that the difference in 

sliding speed may influence the SD value more 
than the PE value. Although, there might be 
some correlation between the PE and SD of 
friction amplitude fluctuation but factors such as 
compaction of wear debris, generation of 
friction film and speed might exert their own 
influences. The SD values changes with PE 
might also occur due to the changing of the 
frequency of the wear debris and fragmented 
particles interaction with embedded particles in 
the gap. More embedded particles do not 
necessary mean high SD values of friction 
amplitude since fully embedded particles may 
result in more stable contact for better braking 
stability.  

 
 

4. CONCLUSIONS 
 

The hard particles effect on frictional 
characteristics and particle embedment of 
braking system was investigated using a 
specially developed brake test rig with silica 
sand grits of 180 to 355 µm. The change of 
friction coefficient, the fluctuation of frictional 
force and the particle embedment were analyzed 
during the hard braking application. From the 
experiments conducted the following 
conclusions can be made:  
 
x The CoF values were highly dependent on 

the presence of hard particles. The values of 
CoF decrease due to the active role of hard 
particle in reducing the effective contact 
area.  

x High initial SD values of friction oscillation 
are associated with low sliding speed as the 
hard particles enter the sliding interfaces 
and cause abrupt changes of the contact 
plateau, i.e. effective contact area. The hard 
particles act as the primary contact plateau 
and carry most of the load and also they roll 
and abrade both surfaces i.e. the pad and 
the disc.  

x Reduced SD values of fiction oscillation at 
higher speeds are related to contact plateau 
and effective contact area that started to 
stabilize as more wear debris were 
generated with some remaining in the gap 
to form secondary contact plateau. The 
secondary contact plateau formed the 
friction film to lessen the fluctuation of the 
frictional force and thus reduced and 
stabilized SD values. 

x Small increase in CoF values with increase 
of PE is due to increase in effective contact 
area as more hard to hard material (grit and 
disc) contact is taking place. 

      100 μm 
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Fragmentations of hard particles increase 
the numbers of hard particles that role and 
mix with wear debris between the pad and 
disc and thus the effective contact area of 
the sliding contact.  

x SD values increase with increase of PE due 
to the changes of contact frequency of the 
hard particle and wear debris with 
embedded particles in the gap interface.  
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Abstract 

Titanium Aluminum Nitride (TiAlN)-coated cutting tool inserts were subjected to turning of carbon steel at two cutting 
speeds (75 mm/min and 120 mm/min), whereas depth of cut and feed rate is kept constant at  0.5 mm and 0.06 mm/rev, 
respectively. The objective of this work is to investigate; (i) the microstructural changes on the flank of the insert, and 
(ii) effect of cutting speed on the machining performance of the coated insert. Microstructural examinations revealed the 
following phenomenon during turning process; (i) two-way transfer of material on worn surfaces of the insert and 
workpiece, (ii) formation of mechanically alloying transferred material, (iii) plastic flow of coated material, and (iv) 
abrasion wear mechanism. Test results also show that the flank wear reduced as the cutting speed increased due to good 
oxidation resistance properties of TiAlN coating layer at high temperatures generated during turning process 

Keywords:  TiAlN-coated insert, turning, wear, performance, SEM 
 
  
1. Introduction 
 
Hard coating is used to increase microhardness, wear 
resistant, corrosion resistant, tool life properties of 
engineering components. Hard coating can be applied 
to cutting tool, mold and dies, machine elements, 
automotive parts, and electrical components. The 
commercial coatings of TiN, TiCN, TiAlN, Al2O3 are 
frequently used in tools industry for machining and 
drilling of metals [1–3]. Previous study by earlier 
researchers showed that an increase in tool life may be 
due to increase in hardness [4], greater bonding energy 
of the coating elements [5], and lower friction 
coefficient [6]. 

In case of TiAlN coating, Munz et al. (1986) and 
Leyendecker et al. (1991) (reported the improvement in 
the cutting performance is due to the oxidation 
resistance of TiAlN properties at higher temperature (7, 
8). High wear resistance even at high temperatures is 
the outstanding property of TiAlN (7), a characteristic 
that makes this coating appropriate to cut abrasive work 
piece material such as cast iron, aluminium silicon 
alloys and composite materials at high speeds. 

 The generations of thermal fatigue crack on the 
substrate are due to the phenomena of thermal cycling 
coupled with thermal shock during machining [9]. During 
machining process, wear mechanism also take place, 

depending on the machining parameters setting, coating 
materials employed, and type of work piece used. In their 
study on failure mechanisms of TiAlN-coated insert, 
Khrais and Lin identified that the micro-wear 
mechanisms in operation during machining of AISI 
4140 steel were edge chipping, microabrasion, micro-
fatigue, micro-thermal, and micro-attrition [10]. This 
work will discuss the wear mechanism operated on the 
tool insert during turning process and the effect of 
cutting speed on the performance of the tool insert. 
 
2. Method 
 
The investigations were carried out on the tool inserts 
made from the TiAlN coated on the tungsten carbide 
substrate. Cutting tests were carried out on a CNC 
milling machine model EXCEL SL 360/600I with 
cutting fluid of metal cut emulsion (SELSO). Cutting 
ability of the TiAlN coated insert was conducted at two 
cutting speed (75 mm/min and 120 mm/min), while 
feed rate of 0.06 mm/rev, and depth of cut 0.5 mm were 
kept constant (Table 1). The tests were conducted on 
100 mm diameter and 140 mm long medium carbon 
steel rod (1.25 % C, 0.23% Si, 0.12% Mn, 0.24 %, 
5.39% Cr, 0.47 % Mo, 0.93 % V, 0.011% W, 0.075% P 
and balance Fe) with hardness of 38 HRC. Figure 1 and 
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Figure 2 show the microstructure of the workpiece and  
TiAlN coating film deposited on WC substrate, 
respectively. 
 
After subjected to turning test, the cutting edges of the 
inserts were examined using a field emission scanning 
electron microscope (FESEM) model LEO 1525 
equipped with energy dispersive X-ray (EDX). FESEM 
operated at 15 kV, using secondary electrons mode. 
Sample for microstructural investigation were 
ultrasonically cleaned for 30 minutes.  

 
Table 1: Machining parameters 

 
Depth of cut 

(mm) 
Feed Rate 
(mm/rev) 

Cutting Speed 
(mm/min) 

0.5 0.06 75 
0.5 0.06 120 

 

 
Figure 1. Microstructure of work piece 
 

 
Figure 2. TiAlN coating  
 
 
 
 

3. Results and Discussion 

Wear mechanism 
 
Heat accumulated during turning process causes high 
surface temperature on both the cutting tool insert and 
work piece due friction between the two mating 
surfaces. High temperature generated on the cutting 
edge formed build-up edge (Figure 3), composed of 
elements shown in Table 1.EDX result revealed that the 
build-up edge mail composed of Fe which is a material 
transferred from the work piece. As the turning process 
progressed, the adhesion of TiAlN coating with the 
tungsten carbide substrate will weaken and finally the 
coating layer was disposed from the substrate material 
exposing the substrate material as shown in Figure 4.   
 

 
Figure 3. Build-up edge 
 
Table 1. Composition of build-up edge 

Element Weight% Atomic% 

C K 7.86 28.40 
Fe K 92.14 71.60 
Totals 100 100 

 

 

Build-up edge 

TiAlN  

WC  
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Figure 4. SEM image of cutting insert after disposal of 
TiAlN coating layer  
 
Figure 5 shows  the worn surface of insert flank on 
which the left side is the tungsten carbide substrate 
which has been abraded during machining, the middle 
part is the area in the process of exposing tungsten 
carbide surface, and the right side is a TiAlN coating. 
EDX analysis on the middle part shows that this area 
composed of magnesium and aluminum. Magnesium is 
probably came from the work piece material, whereas 
the aluminum is from the coating film. This is 
intermediate layer where the coating film is going to be 
disposed and finally will compose will be exposing the 
tungsten carbide as substrate material as the machining 
process progresses.  
 

 
 

 
Figure 5. SEM image of worn surface and EDX 
spectrum 
 
Figure 6 shows the worn surface of exposed WC.  It 
was observed that the worn WC surface has been 
abraded by the harder peak asperities, (most probably 
metal carbide) on the work piece material. This process is 
a manifestation of abrasion wear mechanism. The 

mechanism of edge chipping was also observed of the 
TiAlN-coated insert as shown in Figure 7. The cutting 
tool insert was finally unable to machine the workpiece 
due to catastrophic failure as shown in Figure 8. It 
appears from this figure that there is a good bonding 
between the TiAlN film with the WC substrate.    
 

 
Figure 6. abrasion wear 
 

 
Figure 7. Edge chipping 
 

WC 
TiAlN 
coating Edge chipping 

 a 
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Figure 8. SEM image of the catastrophic failure on the 
cutting edge  
 
 
Figure 9 and Table 2 point out that the transfer layers 
generated on the worn surface contain both materials 
from tungsten carbide substrate material, TiAlN coating 
layer and work piece. EDX results illustrate that all the 
four spot of analyses composed oxygen and carbon. 
Carbon most probably came from the workpiece material, 
WC substrate as well as from the absorbed carbon in the 
SEM chamber or exposed to atmosphere. The present 
of oxygen was probably due to residual oxygen in the 
chamber and formation of oxide layer. Figure 9a shows 
that this spot composed of only W, Fe and Ti, elements 
that of high melting point. This indicates that the 
temperature is quite high which resulting in evaporating 
of the lower melting temperature elements such 
phosphorous aluminium and manganese. W is the 
substrate material, Fe is the one being transferred from 
work piece and Ti is the coating film. This implies that 
there are materials transfer from the work piece as 
observed elsewhere (3, 11).   
Figure 9b shows that the coating film still protecting 
the work piece. However, it was noticed that the Al is 
not observed at this point which could be due to the 
high temperature at this contact point during turning 
process. During turning process the surface temperature 
increased due to friction between the mating surfaces. 
High surface temperature can soften the contact region 
and the transfer layer may behave like a fluid and result 
in the plastic flow of transfer layer as shown in Figure 
9c. At this spot it was also noticed the presence of Fe. 
Figure 9d illustrates this spot as TiAlN coating layer 
which composed high weigth percentage of Ti. Worn 
surface of the coated insert shows that the iron and carbon 
from work piece material have been mixed with titanium 
from the coated insert. This is due to process of 
mechanical alloying on transfer layers, a phenomenon 

observed by other researchers such as Chen et al and 
Talib et al. [3, 11]. This is a symptom of adhesion 
mechanism. 
 
Table 2. Composition of spectrum spot 

Element Weight % 
Spot 28 Spot 30 Spot 31 Spot 33 

CK 12.40 8.17 14.20 3.39 
OK 4.26 5.37 36.21 7.11 
NK - 5.25 - - 
AlK - - 35.55  
TiK 2.13 81.21 8.84 86.42 
FeL 28.48 - 5.21 3.08 
WM 52.73 - - - 
Total 100 100 100 100 

 
 
 
 

 

 

 

 a 

 c 

 b 

Fe, Mn, C WC 

TiAlN 



 
 
 

Regional Tribology Conference 
Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

73 
 

 
Figure 9. SEM image of insert worm surface showing 
location of EDX spot; (a) edge chipping, (b) worm 
surface, (c) plastic flow of material, (d) coating layer 
Turning test 
 
Failure test results showed that the flank wear of 
machining at lower speed (75 mm/min) is almost two 
times higher than the machining at higher speed (120 
mm/min) (Table 3). Thus, it is concluded that TiAlN 
coated cutting tool insert is generally good for high 
speed machining. During turning process, the surface 
temperature of the cutting insert increases due to the 
friction between the two contact surfaces. The  
temperature increases much higher as the cutting speed 
increased. The flank wear reduced as the cutting speed 
increased due to good oxidation resistance properties of 
TiAlN coating layer at high temperatures. This can be 
seen at spot 3, where the oxygen weight percentage is 
the highest due to the formation of aluminum oxide 
layer.  
 
Table 2. Test results 
 
Cutting Speed 

(mm/min) 
Cutting Time 

(min) 
Flank Wear, VB 

(mm) 
75 30 0.48 
75 60 0.89 

120 60 0.32 
 
CONCLUSIONS 
 
In this work, the effect of cutting speeds on flank wear and 
wear mechanism of TiAlN-coated when turning of low 
carbon steel under lubrication have been studied. It found 
that the flank wear reduced as the cutting speed increased 
due to good oxidation resistance properties of TiAlN 
coating layer at high temperatures. Microstructural 
examination revealed that there are the two-way transfers 
of material on worn surfaces of the insert and work piece, 
followed with formation of mechanically alloying of 
transferred materials. As the temperature increased during 
turning, the phenomenon known as plastic plow of melted    
material was observed on the flank of the cutting insert. 

Micro-structural changes on the worn flank surface of 
cutting insert revealed that the wear mechanisms operated 
during turning process include edge chipping, adhesion and 
abrasion. The wear mechanisms operated during braking 
are rather complex with no single mechanism was found to 
be operating fully.   
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ABSTRACT 
 
SS440C martensitic stainless steel is one of the 
most widely studied engineering materials for 
its tribological properties. It is capable of 
attaining the best mechanical properties such as 
high strength and hardness among the others 
martensitic grades. Unfortunately, the corrosion 
resistance of this SS440C steel is the lowest 
among the stainless group. In this study, 
SS440C steel was coated with ZrO2 by 
electrolytic deposition in ZrO(NO3)2 aqueous 
solution. After annealing, the ZrO2 coated 
specimens were characterized by X-ray 
diffraction (XRD). Furthermore, increasing the 
annealing temperature for ZrO2 coated sample 
resulted in decreasing hardness properties. 
 
Keywords: SS440C, electrolytic coating, X-ray 
diffraction. 

 
1. INTRODUCTION 
 
SS440C steel been extensively used in 
automotive applications such as ball bearing, 
valve components, races and many other 
automotive components (Salleh et al., 2009). 
This martensitic steel is chosen primarily for 
mechanical strength. Unfortunately, their 
corrosion resistance is lower than the other 
grades of stainless steel (Salleh et al., 2009). 
The high carbon content steel such as SS440C 
steels are usually heat-treated during the 
manufacturing process.  The steel is quenched 
quickly to freeze the grain structure in a 
particular configuration. Under a microscope, 
the grain structure has a needle-like appearance. 
This makes the steel very hard but too brittle 
(Landolt 2003). Tempering the steel allows 
some of the martensite crystals to rearrange 
themselves into other grain structures which are 
not as hard or brittle. By carefully controlling 
the heat treatment and quenching process, the 

hardness and tensile strength of the steel can be 
fine tuned to attain the desired properties. 
 
Valve is one of the components that is exposed 
to constant wear, abrasion, corrosion and 
erosion processes, but mostly by abrasion. Wear 
is excessive when the valve system no longer 
has the ability to seal the combustion chamber 
resulting in loss of compression, power, fuel 
efficiency and engine performance. Therefore a 
number of exterior modification technologies 
are used to overcome these problems (Kwok et 
al., 2003). Ceramic coatings can provide 
improved corrosion and wear resistance to 
underlying substrate steels. Many studies on 
electrolytic deposition of ceramic coatings have 
been performed (Yen et al., 2006). However, it 
is generally very difficult to preserve their 
hardness and other mechanical properties.  
 
ZrO2 is a kind of ceramic and extremely 
refractory material. Recently, electrolytic ZrO2 
coatings on metal have been verified to improve 
the corrosion resistance (Hsu et al., 2006).  It 
offers chemical and corrosion inertness to 
temperatures well above the melting point of 
alumina. The material also has low thermal 
conductivity. It is electrically conductive above 
600°C. In the present study, the characterization 
and mechanical properties of electrolytic ZrO2 
layer coating on SS440C martensitic stainless 
steel has been carried out.  
 
2. METHODOLOGY 

2.1 Sample Preparation & Identification 

SS440C was cut into sheet 30 x 10 x 2mm. All 
samples were polished to a mirror finish then 
degreased by detergent cleaned in deionized 
water and dried. Chemical composition of the 
SS440C material used in this work was shown 
in Table 1. Figure 1 shows the equilibrium 
phase diagram of Fe-18wt%Cr-0.75wt%Mo-
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1.0wt%C alloy calculated using Thermo_calc 
software. Thermo-Calc is a software package 
used to perform thermodynamic and phase 
diagram calculations for multi-component 
systems of practical importance. Calculations 
are based on thermodynamic databases 
produced by expert evaluation of experimental 
data using the CALPHAD method.  

 
Table 1 The chemical composition of SS440C 

steel (all in wt.%) 
 

C Si Mn Cr Mo 
1.0 1.0 1.0 17.0 0.75 

 

 
 

Figure 1 The equilibrium phase diagram of 
SSSS440C 

 

 
 

Figure 2 Weight percent (wt%) as a function of 
heating temperature of SS440C steel 

 
Figure 2 shows the effect of temperatures to the 
SS440C steel phases, calculated using JMat_Pro 
software. JMatPro is a cross-platform 
programme which calculates a wide range of 

materials properties and is particularly aimed at 
multi-components alloys used in industrial 
practice. The figure shows the phase 
transformation of austenite, ferrite and two 
types of carbides, M7C3 and M23C6.   

2.2 Electrolytic Coating & Annealing 

The electrolytic ZrO2 layer coating was 
deposited on SS440C in 0.03125 M ZrO(NO3)2 
aqueous solution. Current had been applied 
using power supply and voltage had been 
controlled manually at -1.2V for 700s. The 
sample was responded as a cathode, graphite bar 
as anode and saturated Ag/AgCl was the 
reference electrode. The coated specimen were 
then dried in air and annealed for 3 h at 300, 
350, 400, 450, 500 and 550oC. 

2.3 Characterization 

After annealing, the ZrO2 coated samples were 
characterized by optical microscope and X-ray 
diffraction (XRD). Hardness of each samples 
were tested using Rockwell Hardness tester.  
 
3. RESULT AND DISCUSSION 
 
3.1 Microstructural Analysis 
 
Figure 3 shows the ZrO2 coated sample 
microstructure. It is essential to maintain the 
same coating thickness along the coated sample. 
From the figure, it can be seen that thickness of 
the sample was approximately 0.7µm. Besides, 
M7C3 carbides were clearly precipitated along 
the grain boundaries. 
 

 
 

Figure 3 The optical microstructure of ZrO2 
coated sample 

 
The phases present in as-received, coated and 
annealed sample indentified by using XRD 
spectra shown in Figure 4. It can be seen that 
ZrO2 phases present in SS440C coated and 

1 micron 



Regional Tribology Conference  
Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

76 
 

annealed sample. Other than that, it can be 
observed that ZrO2 was obviously formed at 
400oC annealed sample compared to the as-
coated sample. This means that oxygen diffuse 
in ZrO2 and the oxidation of SS440C are 
apparent at 400oC temperature. Some studies 
had concluded that (Yen et al., 2006) , structure 
of ZrO2 is dependent on the annealing time and 
temperature.  
 

 
 

Figure 4 XRD result of as-received, as-coated 
and annealed sample 

 
3.2 Hardness 
 
Rockwell Hardness of annealed coated samples 
was present at Figure 5. Several of annealing 
temperatures were done towards the ZrO2 coated 
samples. Minor loads of 10 kgf were applied to 
the samples. At the lower temperature such as 
300oC and 400oC annealed samples shows the 
decrease in hardness value. This is due to the 
temper softening effect of alloying elements in 
SS440C steel.  
 

 
 

Figure 2 Hardness properties at different 
annealing temperature 

 
Although at 450oC annealed sample, the 
hardness value increase until 60.4 HRc.  It 
shows that the secondary hardening effect 
occurred to the sample even though the sample 
was coated. Some had been found the same 
effect to their samples at this temperature 
(Chang et al., 2004). However, increasing the 
annealing temperature for ZrO2 coated sample 
resulted in decreasing hardness properties. This 
is might due to the additional oxygen diffuse in 
SS440C steel. 

 
4. CONCLUSION 

 
SS440C martensitic steel has a very high 
mechanical strength. Unfortunately, their 
corrosion resistance is lower than the other 
grades of stainless steel. Ceramic coatings such 
as ZrO2 can improve corrosion and wear 
resistance to substrate steels. ZrO2 was 
obviously formed at 400oC annealed sample 
compared to the as-coated sample. This is 
because of the diffusion process in ZrO2. 450oC 
annealed sample still shows the secondary 
hardening effect even though the sample had 
been coated by ZrO2.  
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Abstract 
Machining is one of the most important processes in 
producing automotive components such as difficult to 
cut cast iron grade FCD700.  Trying to improve the 
machining technique, for the benefit of humanity and 
the environment, is a continuous process. This paper 
presents an environmentally-friendly method of turning 
FCD700 cast iron using a carbide tool without coolant. 
The turning process was carried out in three types of 
dry conditions, i.e. without air, in chilled air and in 
normal air. The turning parameters studied were 
cutting speed (100-300 m/min), feed rate (0.1-0.4 
mm/rev), and depth of cut (0.2-2.0 mm). Results show 
that the average surface roughness (Ra) was greatly 
affected by the feed rate, while the effect of depth of 
cut was negligible. A low Ra value was produced at a 
high cutting speed, especially at a medium air 
temperature of 10 deg C.  The Ra obtained deteriorated 
with cooler chilled air at -2 deg C, when compared to 
cutting in an environment without air. A high feed rate 
produced a coarser surface finish at the beginning of 
the cut, but as the tools wore out the machined surface 
topography remained similar, regardless of the value of 
the feed rate used. 
 
Keywords: dry turning, FCD700 cast iron, carbide 
tool, surface roughness, surface topography 
 
 
1. INTRODUCTION 
Generally, machinability is defined as a combination of 
optimum machining parameters such as low cutting 
force, high metal removal rate, good surface integrity, 
accurate and consistent workpiece geometry 
characteristics, low wear rate, and acceptable chip 
formation [1]. Cast iron usually refers to grey cast iron 
which is widely used in automotive industries. Due to 
its availability and low cost, it remains competitive 
with the newly developed and advanced materials in 
this industry. Casting of grey cast iron has relatively 
few shrinkage cavities and little porosity [2]. 
Generally, white cast iron is hard and brittle, and so 

difficult to machine [3]. In addition the casting process 
is never perfect, especially when dealing with large 
components [3]. 

Goodrich [4] suggested that the machining 
problems of cast iron are not necessarily foundry-
related. Problems encountered were drilling, milling, 
turning and other machining processes. Most of the 
problems were due to changes in the microstructure 
formation during the machining process itself. As an 
example, during a high pressure drilling operation, the 
matrix structure of the cast iron was actually being 
changed due to stress transformation of the high 
carbon-retained austenite in the matrix into martensite 
[5]. This transformation produces much greater wear, 
and machining-resistant matrix martensite. 

Surface roughness and dimensional accuracy play 
an important role in the performance of a machined 
component. In actual machining processes however, 
the quality of the workpiece (either roughness or 
dimension) is greatly influenced by the cutting 
conditions, tool geometry, tool material, machining 
process, chip formation, workpiece material, tool wear 
and vibration during cutting [2]. Since tool wear 
influences the surface roughness and vibration, the 
propagation of wear also influences the value of 
surface roughness and cutting tool vibration. 

This paper examines the effects of a dry cutting 
environment and turning parameters on a machined 
surface when turning ductile cast iron FCD700 using a 
coated carbide tool. 
 
2. EXPERIMENTAL WORK 
The machining trials were carried out on a Colchester 
model Tornado 600 CNC turning machine in a dry 
environment. The FCD700 (JIS) grade ductile cast iron 
with spherical graphite and ferrite was prepared in a 
D100mm x 160mm round bar. The Brinell hardness 
and tensile strength were in the range of 241 HB and 
845MPa respectively with elongation of 6%. Table 1 
shows the composition of cast iron grade FCD700 used 
in the experiment. 
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An AC700G grade coated Al2O3 carbide cutting 
insert was used in these experiments. The technique of 
CVD coating used for the insert is suitable for 
machining ductile grey cast iron [5].   Table 2 shows 
the mechanical properties of the coated carbide insert 
AC700G.  
 

 
Table 1 Composition of cast iron grade FCD700 [6] 
Element percentage (%) 

C Si Mn P S Cu Mo Mg 

3.32 2.68 0.46 0.028 0.018 0.85 - 0.09 
 
Table 2 Geometry and coating of coated carbide insert 
Nose radius 
 rε 

Clearance angle  
  E 

Rake angle  
  D Coating material 

0.8 3o -5o Al2O3 + TiCN 
 
For the purpose of a detailed study of the effects of 
different turning parameters, especially the effect of the 
cutting environment on the surface roughness of the 
machined part, ten machining tests were selected from 
the previous experiment [7-9] as shown in Table 3. 
Table 3    Turning parameters used in the experiment 

Cutting 
speed 
(m/min) 

Feed rate 
(mm/rev) 

depth of 
cut 
(DOC) 
(mm) 

Dry condition 
(deg C) 

120 0.15 0.8 without air 
120 0.15 1 without air 
120 0.4 1.6 without air 
120 0.4 0.6 without air 
120 0.3 1.2 without air 
100 0.15 0.2 -2 
300 0.3 2 -2 
300 0.3 2 without air 
200 0.15 0.5 25 (normal air) 
300 0.15 0.8 10 

Surface roughness was measured using a Mahr 
perthometer portable roughness tester, and the surface 
topography was captured using a Leica confocal 
microscope.  
 
3. RESULTS AND DISSCUSSION 
Machined Surface 
The surface roughness measured at the beginning of 
the cut for various turning conditions is shown in Table 
5. The table clearly shows that low Ra values are 
obtained at a low feed rate of 0.15 mm/rev, such as in 
experiments 1and 2 in dry cutting conditions without 
air. But when chilled air and normal air are applied at 
the same feed rate, the Ra tends to increase, as in 
experiments 6, 9 and 10. Therefore, cutting in a chilled 
air environment will adversely affect the machined 
surface produced, and so is not recommended for the 
finishing process. This contradicts previous findings by 

Kamaruzzaman and Dhar [10]. They claimed that 
surface finish is improved, and dimensional deviation 
decreased, with the use of a high pressure coolant. In 
this study the air pressure is considered low, i.e. only 
0.02 MPa. Due to this, the effect of chilled air on the 
machined surface is different to that found by 
Kamaruzzaman and Dhar [10]. 
 
Table 5   The surface roughness measured at the 
beginning of the cut for various turning conditions 
Experim
ent no 

Cutti
ng 
speed
, v 
(m/mi
n) 

Feed 
rate, f 
(mm/r
ev) 

dep
th 
of 
cut, 
DO
C 
(m
m) 

Dry 
conditi
on (deg 
C) 

Surface 
roughn
ess, Ra 
(μm) 

1 
120 0.15 0.8 

without 
air 1.81 

2 
120 0.15 1 

without 
air 1.78 

3 
120 0.4 1.6 

without 
air 6.40 

4 
120 0.4 0.6 

without 
air 6.32 

5 
120 0.3 1.2 

without 
air 3.93 

6 100 0.15 0.2 -2 4.48 
7 300 0.3 2 -2 3.90 
8 

300 0.3 2 
without 
air 2.32 

9 
200 0.15 0.5 

normal 
air 3.01 

10 300 0.15 0.8 10 2.57 
 
Surface Roughness 
Cutting speed vs. surface roughness, at a constant feed 
rate of 0.15 mm/rev and with various depths of cut and 
cutting environments, is shown Fig. 1. A high cutting 
speed is believed to produce a better surface finish, 
especially at the cool temperature of 10 deg C. At the 
much cooler temperature of -2 deg C, even with a 
lower cutting speed and depth of cut, a coarser Ra 
value of 4.48 micron was produced. A similar result 
was obtained by Davim et al. [11] and Gusri et al. [12].  
They found that the surface roughness parameters are 
highly sensitive to both cutting speed and feed rate. 
Varying the depth of cut had the least effect, producing 
no noticeable improvement in surface roughness at 
high cutting speeds, except when operating within the 
built-up edge range [13]. In addition, a decrease in 
depth of cut improves surface roughness when 
operating with a low cutting speed combined with a 
high feed rate. Ghani et al [14] found that the role of 
depth of cut is minimal in obtaining a good surface 
finish. This indicates that in order to achieve good 
surface finish, a high cutting speed and low feed rate 
should always be used. Furthermore, low values of 
surface roughness and cutting force were obtained 
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when the feed rate and depth of cut were kept at low 
values [15]. Increasing the feed rate value also resulted 
in higher cutting force, which requires more power 
consumption to remove the material, and consequently 
generates more heat at the tool edge, which in turn 
promotes tool wear and shortens tool life [15]. 
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Figure 1 Cutting speed vs. surface roughness  
 

Fig. 2 shows surface roughness vs. depth of cut at 
various feed rates. It clearly shows that the Ra 
measured depends mainly on the feed rate and not 
on the depth of cut used in the turning operation. 
Generally speaking, the Ra value doubles when 
feed rate is doubled. Bhattacharyya [16] found 
that surface roughness is primarily dependent on 
the feed rate and the nose radius of the tool. 
According to Korkut et al. [17] feed rate is the 
most important factor controlling the surface 
roughness, and not the depth of cut.   
Furthermore, low values of surface roughness and 
cutting force were obtained when the feed rate 
and depth of cut were kept at low values [15]. A 
low surface roughness value is necessary to 
ensure the part is within the permitted tolerance. 
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Figure 2 Surface roughness vs. depth of cut 
 

Surface Topography 
Böhm et al [18] studied and compared three different 
methods of analysing topographies and roughness on 
machined metal surfaces using an atomic force 
microscope (AFM), a confocal white light microscope, 
and a scattering light system. They found that the 
different methods led to different roughness parameters 
of the same surface. 

Fig 3 and Fig 4 show the machined surface topography 
analysed using a confocal microscope at a cutting 
speed of 120 m/min, feed rate of 0.15 mm/rev and 
depth of cut of 0.8 mm, and then at a cutting speed of 
120 m/min, feed rate of 0.4mm/rev and depth of cut of 
1.6 mm, at various wear lands without any changes to 
air conditions. The machined surface topography 
clearly shows that the machined surface is controlled 
by the feed rate at the beginning of the cut, i.e. when 
the tool is still sharp (in good condition). As the tool 
wears out, i.e. VB = 0.3 mm, the lay of the machined 
surface is adversely affected regardless of the feed rate 
used. This is due to the cutting edge no longer being 
fully in contact with the machined surface, and changes 
in the nose radius. The radius of the nose increases 
unevenly with the progress of wear, and this influences 
the machined topography, as can be seen in Fig 3 and 
Fig 4 when VB reached 0.3 mm. This is similar to the 
findings of Bhattacharyya [16] where the surface 
roughness depends primarily on the feed rate and the 
nose radius of the tool. Jaharah et al [7, 19] found that 
the Ra produced is most significantly affected by the 
feed rate, followed by the cutting speed and depth of 
cut.  
 
 
 
 
 
 
  
 
 
 
 
 
Figure 3 Machined surface topography at a cutting 
speed of 120 m/min, feed rate of 0.15 mm/rev and 
depth of cut of 0.8 mm at various wear land without 
any changes to air conditions. 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 4 Machined surface topography at cutting 
speed of 120 m/min, feed rate of 0.4mm/rev and depth 
of cut of 1.6 mm at various wear lands without any 
changes to air conditions. 

 
 

4. CONCLUSION 
The Ra measured depends mainly on the feed rate and 
not on the depth of cut used in the turning operation. 
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Generally speaking, the Ra value doubles when feed 
rate is doubled. A high cutting speed is believed to 
produce a better surface finish, especially at the cooler 
temperature of 10 deg C. The Ra obtained at a cooler 
air temperature of -2 deg C was lower than when 
cutting in a normal air environment. A high feed rate 
produced a coarser surface finish at the beginning of 
the cut, but as the tools became worn out the machined 
surface topography remained unaffected by the value 
of feed rate used. 
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ABSTRACT 
 
This paper presents the extensive review of 
microtribology especially as encountered in 
microforming. Microforming is one of the most 
frequently used mass production processes by 
replication. Micro injection moulding, micro 
deep drawing, micro casting, and hot embossing 
are the examples of microforming. These 
processes are suitable for near net shape or even 
net shape production. One of the main problems 
encountered in microforming is the scaling 
effect that occurs in the tribological aspects; for 
example, the friction coefficient increases with 
decreasing specimen size. Scaling effects occur 
not only within the process but also throughout 
the forming chain. So, the microforming process 
can be simplified if the tribological problem is 
minimized. In this paper a methodology for the 
investigation and minimization of 
microtribological issues through the control of 
micromachining processes has been proposed. 
 
Keywords: Tribology, microtribology, 
microforming, micromachining. 
 
1. INTRODUCTION 
 
Tribology is applied in almost all the aspects of 
modern technology such as in bearing design 
forming and replication. In metal forming, 
friction increases tool wear and the power 
required to complete the process. This results 
higher cost due to more frequent tool 
replacement, loss of tolerance as tool 
dimensions shift, and higher forces are required 
to shape a piece. A layer of lubricant which 
eliminates surface contact virtually eliminates 
tool wear and decreases driving power by one 
third (Braunovic et al., 2007). 

In micromanufacturing photolithographic 
processes have led to the development of 
microelectromechanical systems (MEMS) for a 
wide range of electronic applications. Surface 
micromachining, bulk micromachining, and 
microforming are the most possible process for 

fabricating such microscale movable 
mechanical elements (Rymuza, 1998). In 
MEMS devices, various forces associated with 
the device scale down with the size. When the 
length of a component decreases from 1 mm to 
1 μm, the area decreases by a factor of a million 
and the volume decreases by a factor of a 
billion. As a result, the resistive forces such as 
friction, viscous drag, and surface tension that 
are proportional to the area decrease a million 
times less. Because of the increase in resistive 
forces and the fact that these devices produce 
relatively low power, tribological concerns 
become more important.  
 
2. TRIBOLOGICAL ISSUE 
 
The tribological issues become critical because 
friction / stiction (static friction), wear, and 
surface contamination that affect device 
performance and, in some cases, can even 
prevent devices from working (Bhushan, 1999; 
Guo et al., 2009). In the following subsections 
microwear and microfriction are discussed in 
details. 
 
2.1 Microwear 
 
The wear rate of different substrate materials 
and coatings have been determined as a function 
of film thickness, type of coating and load 
parameters. The best results (i.e. lowest wear) 
could be obtained by amorphous carbon 
coatings. Using the scratch test it could be 
shown that the wear protective effect of the 
coatings depends on their elasticity. Due to the 
elastic behaviour of the coating the wear 
resistance can partly reach to depths deeper than 
the coatings thickness. For nonrecurring loads, 
like uniquely occurring scratches, a high wear 
resistance can be obtained by the application of 
amorphous carbon (diamond like carbon) 
coatings. Aside from the inherent layer 
parameters, the tribological characteristics of 
micro contacts are also influenced strongly by 
the substrate material (Kuster et al., 2006). 
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2.2 Microfriction 
 
The nanoscratch experiments under single 
asperity contact showed that the coefficient of 
friction depends on the tip radius. Generally, the 
smallest coefficients of friction could be 
obtained with the smallest tip radii. Therefore, a 
further reduction of friction can be obtained by 
a specific structuring of the surface, which 
reduces the contact area. The influence of the 
structure size, the effective contact area, and 
relative humidity was investigated for micro 
structured silicon coated samples. Several 
previous researchers had done the investigations 
using a square matrix of circular dots. The 
spacing of the dots was varied to study the 
influence of the resulting contact area. The 
coefficient of friction was reduced, when the 
contact area decreased. Moreover, an influence 
of the environmental conditions was observed. 
For the relat ve hum d ty up to   50% the 
friction coefficient of a C-layers shows an 
almost constant level, and is slightly increasing 
when the humidity rising over 50% (Kuster et 
al., 2006; Guo et al., 2009). There are two types 
of methods to measure the tribology in 
miniaturization devices. The first one is off-chip 
measuring method and the second one is on-
chip measuring method (Bistac et al., 2004). 
Off-chip measuring method uses the installation 
and clamp of the specimens are performed by 
the device installed on the external equipment to 
test the microtribology (Guo et al., 2009). There 
are three types of off-chip measuring methods 
which are explained below. 
 
Pin-on-disc testing method is constantly used 
in tribology experiments. The device, as shown 
in Figure 1, is mainly composed of a rotary 
stage and the force testing system. Figure 1b 
shows that the pin-on-disk tester is equipped 
with a commercial optical frictional force sensor 
in order to measure the frictional force (Guo et 
al., 2009; Brinksmeier et al., 2010). 
 

 
 

Figure 1 Testing equipment of the pin-on-disc 
measuring method (a) equipment, (b) enlarged 

testing portion (Guo et al., 2009). 

Atomic force microscope testing method is 
one commercial high precision measuring 
equipment to measure microtribology. The 
working principle is shown in Figure 2 which 
uses the weak interaction (Van Der Waals 
Force) between the tip and the surface of the 
specimen to be measured. The sample is tested 
using the tip of the AFM which is fixed on the 
V-shaped micro cantilever is sensitive to micro 
force. Frictional force and normal force will be 
measured by optical measuring system. This 
method is a very useful since the material real 
contacting area reduced. This made the 
influence of ploughing effect to frictional force 
greatly weakened. Besides that, the increment of 
the normal force applied on the contact pair, the 
frictional coefficient is gradually close to that in 
micro condition. Damage of the contacting 
surface is also greatly aggravated 
correspondingly. Although there is a large 
progress in the study of the friction and wear for 
micro devices with AFM, there are some 
difficulties in this method. First, it is only a 
point-surface contact because of the contact 
between the tip and the surface. This is not 
successfully simulating the real contacting 
condition of MEMS devices. Secondly, is 
because the real contacting surfaces of MEMS 
devices are fabricated with MEMS technology. 
It is not totally correct to think the measured 
data can successfully represent the real data of 
MEMS devices. Thirdly, the stiffness of the 
t p’s cant lever may influence the results (Guo 
et al., 2009; Bhushan, 2005) 
 
Special testing method uses the contacting 
surfaces fabricated with MEMS technology to 
simulate the contacting condition. One surface 
of the contact pair is made of unprocessed 
single crystal silicon while the other is single 
crystal silicon chip with top surface is fabricated 
with a series of columns by MEMS technology. 
It also found that the crystallographic direction 
of single crystal silicon had great influence on 
frictional coefficient. It can simulate the real 
 

 
 

Figure 2 Working principle of the atomic force 
microscope (Guo et al., 2009). 
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contact condition of MEMS devices. However, 
dimension of the specimen is so little (several 
micrometer) that it is hard to precisely fix the 
frictional pair. (Guo et al., 2009; Bistac et al., 
2004). Meanwhile, in on-chip measuring 
method two contacting surfaces of the frictional 
pair are fabricated on one chip by MEMS 
technology. This measuring method has the 
advantages of easy fabrication, high resolution 
of micro force, and displacement compared to 
the off-chip measuring method. The contacting 
situation can successfully simulate the real 
contact condition of MEMS devices. So, that is 
why this type of measuring method has become 
important for microtribology. There are two 
types of on-chip measuring methods. 

The plane-plane testing methods based 
on two contacting surfaces are planes during the 
course of the experiment. On the other hand, 
plane-cylinder testing method refers to one 
surface in contacting pair is a plane while the 
other is a semi-cylinder. It focuses on the 
tribology characters on the sidewall contacting 
pairs of MEMS devices. Meanwhile, the plane-
sphere contact testing method is a method which 
have the contacting surfaces formed the contact 
is a plane and hemisphere surface. This type of 
method can measure the static frictional 
coefficient of the contact pair. The line-line 
contact testing method measure the microwear 
characters of the micro-gear or the micro rotary 
axis in MEMS. 

On-chip microfriction testing method 
using the mechanism characters of the bimorph 
material. This structure is actuated by a lateral 
micromotor. In this micromotor, a large curled 
cantilever serves as the fundamental drive 
mechanism. The cantilever is composed of the 
gold-polysilicon bimettalic material which may 
result in high precision sensitivity of the 
temperature (Guo et al., 2009). 
 
3. FABRICATION BY MICROFORMING 
 
Microforming refers to the shaping technologies 
with at least two dimensions under the 
millimetre range, particularly appropriate for 
mass production of metallic parts. Cold forging, 
bending, punching, deep drawing, and extrusion 
are some of the examples of microforming. In 
this field, metal forming takes up quite a special 
position due to its well known advantages of 
high production rates, minimized or zero 
material loss, excellent mechanical properties of 
the final product. Close tolerance makes this 
process suitable for near net shape or even net 
shape production (Allen, 2006). 

Microforming processes, which are 
based on plastic deformation, require a research 

to address issues related to size, shape, 
orientation, and grains of the material to be 
formed. Flow stress, ductility and forming limit, 
forming forces, spring back, and tribology are 
some of the many factors that need further study 
for increasing the performance of microforming 
processes. One of the main problems 
encountered in microforming is the scaling 
effect that occurs in the tribological aspects; for 
example, the friction coefficient increases with 
decreasing specimen size. Scaling effects occur 
not only within the process but also throughout 
the forming chain (Rajukar et al., 2007). 
(i) The material behaviour changes with 

miniaturization. It is caused by the size 
effects that occur when a process is scaled 
down to micro scale. The flow stress, 
anisotropy, ductility, and forming limit of 
materials are influenced by these size 
effects, which has to be considered in 
designing a microforming tools. 

(ii) Fabrication of microtools with less 
tribological issues is main challenge in 
microforming. New manufacturing 
methods are required to develop to 
overcome these difficulties (Engel et al., 
2002; Qin at al., 2010). 

 
3.1 Micro Massive Forming 
 
Micro massive forming has yet wide 
applications as the raw part can easily be 
produced by wire drawing down to diameters of 
several ten micrometers and cutting the wire 
into small cylinders. But the handling of such 
parts in an appropriate time and precision is 
limited to a certain extent. Parts of 0.5 mm in 
diameter and 50 µm in wall thickness were 
produced by micro extrusion. Other 
investigations dealt with size effects, which 
occur if the part is miniaturised to a certain 
point. The existence of open and closed 
lubricant pockets could be proved by a 
measurement of the roughness of the 
macroscopic part after the extrusion. The 
roughness at the border areas was significantly 
less than the roughness of the middle area. It is 
very important to choose a lubricant in forming 
process and clarify the friction coefficient 
(Vollertsen et al., 2006). 
 
3.2 Micro Deep Drawing 
 
There are several parameters, which affect deep 
drawing process. The most important one is the 
friction at the flange and radius of the die. This 
friction is also affected by size-effects when 
transferring the forming technology from macro 
to micro forming. The friction coefficients at the 
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flange and at the die radius were calculated 
from the punch force and the punch stroke of 
the deep drawing process. Instead of blank deep 
drawing strip drawing was applied for this 
investigation, so that the tangential pressure at 
the flange area is avoided, which makes the 
calculation easier (Vollertsen et al., 2006; 
Brinksmeier et al., 2010; Gong et al., 2010). 
Friction between the billet and the die plays an 
important role in metal forming and affects the 
forming energy, forming limit, surface quality, 
tool life, etc. (Gong et al., 2010).  

The degree of the deformation increased 
with the increase of the drawing ratio, which 
results in the increase of the tangential 
compressive stress and wrinkles. Another 
reason is that the width of the deformation area 
increased with the increase of the drawing ratio, 
which results in the decrease of the resistance 
ability of buckling and increase of the wrinkles. 
There were wrinkles in the micro cups in the 
existing studies with drawing ratio of 1.8 and 
2.0 (Vollertsen et al., 2006; Gong et al., 2010). 
 
3.3 Micro Sheet Forming 
 
This process is suitable to manufacture micro 
products because of high production rate, 
minimized material loss and excellent 
mechanical properties. The main problem is the 
friction between die and workpiece which can 
lead to erroneous results. It can be tested using 
the ring compression test which is used as 
calibration and validation. Researchers have 
found a new way to create the modelling 
friction in forming processes by introducing a 
relation  ( )    (   ) where   is amplitude 
and   is period describe an equivalent ellipse 
profile. This enables a new type of model to be 
incorporated into simulation software to give a 
realistic interpretation of friction effect. This 
approach has been determined for dry condition 
(Jeon et al., 2010). 
 

 
 

Figure 3 Laser supported part heating in micro 
deep drawing (Vollertsen et al., 2006). 

 
 

Figure 4 Metal forming (Presz et al., 2006). 
 

The speed dependence of the coefficient 
of friction was examined to search the 
possibility of micro-hydrodynamic lubrication 
mechanism to merge low friction and smooth 
surface finish in metal forming operations. 
Figure 4 (a) and (b) shows the schematic 
diagram of bulk metal forming process and 
sheet metal forming process. 
 
3.4 Laser Microforming 
 
Non-thermal laser microforming is a fairly new 
process, which uses the optical low-threshold 
surface breakdown and results shock waves. 
The laser induced shock wave can be used for 
all micro sheet metal forming processes. The 
mechanism (Figure 5) is that the sheet metal is 
wet by a water film of several millimetres in 
height in order to generate confined plasma and 
then placed on a circular die and clamped by a 
blank holder. In a next step, one short laser 
pulse hits the sheet metal and causes ablation at 
the surface. If enough energy is applied on the 
plasma, a chain reaction of the plasma 
formation will cause a shock wave, which then 
stretch-forms the specimen (Vollertsen et al., 
2006). This process becomes very attractive 
mainly due to very small heat-affected zone, 
enhanced mechanical properties and corrosion 
resistance, and the possibility of forming novel 
surface alloys. 
 

 
 

Figure 5 Non-thermal laser stretch forming 
(Vollertsen et al., 2006). 

a 

b 
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3.5 Injection Molding Process 
 
Injection molding process can be adapted to the 
microscale by employing a variothermal 
process. The steps of the process; the mold 
cavity equipped with a microstructured tool 
(mold insert) is closed, evacuated, and heated 
above the glass transition temperature of the 
polymer; an injection unit heats the polymer and 
presses the viscous polymer into the mold; and 
the polymer (and the tool) is cooled down below 
its glass transition temperature and demolded 
from the tool. In general, cycle times are 
shortest (few minutes) (Schneider et al, 2008). 

Microinjection molding is proving to be 
a very economical procedure for reproducing 
high-quality and complex plastic microparts. 
However, small dimensions and high-aspect 
ratios of components prompt high demands on 
tools and machines as well as on process control 
(Rajukar et al, 2007). 

Microtribological investigations 
showed that tribological knowledge from the 
macro world is not transferable to microsystems 
without substantial restrictions. The friction and 
wear behaviour of self mated Si3N4 ceramic and 
WC-Co hard metal has been characterized in 
laboratory micro tribometers. Experiments 
under unidirectional sliding and rolling 
conditions were carried out in air of 50% 
relative humidity as well as lubricated with 
water. The laboratory tests indicated that WC-
Co as well as Si3N4 is applicable for 
microsystems running in water, due to their high 
wear resistance and low friction coefficient. 
Friction coefficient for sliding and rolling under 
water lubrication was also on a low level and 
almost independent of the applied normal load 
and slip (Kurzenhauser, el al., 2008). 
 
3.6 Hot Embossing 
 
Hot embossing is one of the widely used 
microforming process where a thermoplastic 
film is heated close to certain temperature and a 
microstructured tool (mold insert) in an 
evacuated condition is pressed into the film. The 
mould insert is filled by the plastic material, 
which replicates the microstructures in detail. 
The process is shown in Figure 6. 

During hot embossing, the polymer 
flows a very short way from the foil into the 
microcavity. As a result, very little stress is 
produced in the polymer, and the moulded parts 
are well suited as optical components, such as 
wave guides and lenses. Hot embossing is 
particularly suited for forming plane plates or 
foils. With increasing area, shrinkage of the 
plastic component is become more critical. 

 
 

Figure 6 Selected micro hot embossing steps 
(Worgull, el al., 2006) 

 
A sophisticated execution of the process 

is required to prevent deformation, such as 
overdrawn edges of the components or even 
damage to the mold insert. Microinjection 
moulding and hot embossing enable mass 
reproduction plastic microproducts at low cost 
(Rajukar et al., 2007). 

Microtribology is a main concern in 
demolding process in order to avoid damages of 
the structures. During the demolding process, 
the interaction between the polymer and the 
mold insert leads to some plastic material 
sticking to the tool. It can deform even destroy 
the structures the replicas and may affect the 
wear of mold insert. There are two main sources 
of the demolding forces which are friction force 
whose contact stress is caused by surface 
adhesion and the other is thermal stress due to 
shrinkage between the mould insert and 
polymer. The thermal stress can be directly 
calculated by FEM and the friction force can be 
simulated based on a theoretical analysis. The 
FEM analysis about the friction force caused by 
surface adhesion can be based on adhesive 
friction theory and microtribology about micro 
contact and adhesive phenomena. For 
microstructure, the surface adhesion force is 
greater than the inertia force such as gravity and 
becomes the main interaction force between 
surfaces. The process parameters such as the 
molding and demolding temperature, embossing 
pressure, cooling time, and the polymer material 
behaviour need to be taken into account. So, the 
demolding process plays a key role which is 
related with the quality of polymer replica and 
the lifetime of mould insert (Guo et al., 2007). 
 
4. SUMMARY 
 
Tribology plays a significant role in 
microforming. So, research on the tribology of 
MEMS devices has been important because of 
the size effect. Studies on how to obtain 
minimum microtribology during manufacturing 
process is vital. This review showed that: 
(i) Conventional frictional law is no longer 

possible for the microforming processes 
due to size effect. So, it is a necessary to 
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investigate in new micro tribology theory 
for these micro manufacturing processes. 

(ii) The development of the off-chip and on-
chip measuring methods are the effective 
methods use for tribology measurement.  

(iii) Microwear and microfriction are common 
tribology issues that affects the 
performance and event prevent devices 
from working. 
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ABSTRACT 
 
This paper discusses the fractography observation in 
crack propagations of Al6061 under a fatigue spectrum 
loading. Most of the real components and engineering 
structures are subjected to stress of variable amplitude. 
The load sequences in variable amplitude loading 
condition can have a very significant effect on the 
fatigue crack propagation rate. Fatigue crack 
propagation tests were performed according to ASTM 
E647 standard using a 100 kN servo-hydraulic fatigue 
testing machine. Random loading signals were 
obtained from the engine mount bracket of an 
automobile while driven at almost constant velocity 
onto different surface conditions, i.e. on the residential 
area and highway road. These random loadings were 
converted to constant amplitude loading (CAL), high to 
low and low to high spectrum loadings in order to 
study the effect of loading sequence on the crack 
propagation rates. The fatigue fracture surfaces were 
then analysed using a high magnifying tabletop 
microscope to identify the fracture behaviour under 
particular load sequences. Results showed that the 
fatigue fractography behaviours were influenced 
significantly by the load interaction and the sequence 
effect, which can be related to the crack propagation 
rate of Al6061 under fatigue spectrum loadings. 
 
Keywords: Fatigue, Fractography, Spectrum loading, 
Variable amplitude loading. 

 
1. INTRODUCTION 
 
In the field of metallic or light structures, the failure of 
structural components is difficult to assess, particularly 
under variable loading condition. Furthermore, most of 
the structural components are practically subjected to a 
complex loading that is accompanied by a change in 
the stress amplitude. The prediction of fatigue life of 
the component under variable amplitude loading 
(VAL) conditions is becomes a complex subject 
(Carvalho et al., 2010). A significant acceleration or 
retardation in crack propagation rate can occur as a 
result of these load interactions. An accurate fatigue 
life prediction requires an adequate evaluation of these 
load interaction effects (Borego et al., 2008). 
 

The linear cumulative damage rule, which 
known as Palmgren-Miner’s rule is probably the most 
commonly used method to calculate the amount of 
fatigue damage. On the other hand, Palmgren-Miner’s 

rule takes no account of the load sequence effect, 
which often prolongs the fatigue life under VAL 
conditions (Yamada et al., 2000). By neglecting the 
effect of cycle load interaction in the fatigue life 
calculations under VAL can lead to a complete invalid 
life prediction (Beden et al., 2010).  

 
The most three common fracture mechanisms in 

metal and alloy are ductile fracture, cleavage and 
intergranular fracture. Fractography analysis lead to the 
studies focused on fatigue failure modes and fracture 
mechanisms which relates to the fracture surface 
examination (Tchuindjang et al., 2006). The 
fractography techniques by using a high magnifying 
microscope, including the uses of scanning electron 
microscopy (SEM) are extensively used in the fatigue 
study to identify mode of failures that correlates the 
material behaviours and properties. On the other hand, 
Wei et al. (2001) reported that the random loading 
produced different fracture surface features compared 
to the CAL. Thus, it is needed to investigate further the 
fractography observation under both high to low and 
low to high spectrum loadings in correlating to the 
fatigue crack propagation rate. 
 

The purpose of this paper is to analyse 
fractography behaviour of an aluminium alloy that 
subjected to fatigue spectrum loadings.  For that 
reason, three types of block loading sequences were 
used, i.e. the CAL, high to low and low to high 
spectrum loadings have been designed from the 
original time histories strain signal of the engine mount 
bracket. The fatigue crack propagation tests were 
performed on Al6061 specimens according to an 
ASTM E647 standard. The fractography observations 
were made on all specimens in order to investigate the 
feature of fracture surface. It is expected that the 
fractographies will be explained the crack growth 
behaviour of Al6061 which can be used to determine 
the local crack growth rates under fatigue spectrum 
loadings. 
 
2. METHODOLOGY 
 
The compact tension (CT) specimen is made of 
aluminium alloy, Al6061. All dimensions were 
conformed to an ASTM E647 standard with width of 
50 mm and the thickness of 12.5 mm. After machining 
process, the specimens were polished using SiC paper 
at the grit scales of 300, 500, 1000 and 1200. It was 
done in order to achieve a good surface finish, and also 

mailto:kamarul1@eng.ukm.my


Regional Tribology Conference  
Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

89 
 

to avoid stress concentration occurrence from the 
irregular surface finish. Experiments were performed 
using a 100 kN servo-hydraulic fatigue testing 
machine, and the test were conducted at the room 
temperature. The specimens were initially pre-cracked 
to the minimum length of 0.1B or h or 1.0 mm, 
whichever is greater (Dreyfuss et al., 2003), and 
growing the pre-crack under a given loading condition. 
B was the thickness of specimen and h was the height 
of pre-crack size. The crack length was measured at the 
front and back surfaces of the specimen by using a 
travelling microscope with 20 X magnification. During 
the test, the average crack length and the corresponding 
number of loading cycles were recorded.  
 

Fractography analysis is important to describe 
the crack propagation behaviour from the appearance 
of a fracture surface. The fractographic observation 
were analysed after each test to describe the crack 
propagation behaviour under both constant and 
spectrum loadings. The specimens were sectioned and 
inspected using a high magnifying tabletop 
microscope, TM-1000 at a voltage of 15 kV. The task 
was accomplished by using the image magnifications 
ranging from 1,000 X to 5,000 X. 

  
On top of that, the variable amplitude time 

histories strain signal was collected from the engine 
mount bracket of 1300 cc automobile. The automobile 
was driven onto the residential area and highway road 
surfaces with almost at a constant velocity of 15-25 
km/hr and 80-90 km/hr, respectively. The VAL was 
captured using a strain gauge that fixed on the top of 
engine mount bracket. The size of strain gauge used in 
this study was 2.0 mm gauge length with 200 : 
resistances. This size was selected as it is suitable to fix 
on the limited space of the bracket. The strain gauge 
was then connected to a fatigue data acquisition system 
to record the time histories strain signals as shown in 
Figure 1. 

 

 
(a) 

 
(b) 

 
Figure 1 Original time histories strain signals collected 
at different road surfaces: (a) residential area road, (b) 
highway road 

Six types of loads were derived from the 
original time histories strain signal in order to study the 
effect of loading sequences on the fatigue crack 
propagation rate. CAL was designed using 
Glyphwork® software represented the residential area 
and highway road loading, respectively. Strain life 
analysis of the original strain signals was performed to 
calculate the fatigue damage and was then compared to 
the designed loading, as shown in Figure 2. The 
designed CAL shall contribute to the same total fatigue 
damage value as the original strain signal.  Similar 
method was used to design the high to low and low to 
high spectrum loadings. All cases of loading used in 
this study were summarised in Table 1 and their load 
spectrums were exhibited in Figure 3. 
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Figure 2 Flow chart of designing the spectrum loadings 
 

Table 1: Types of loading used in the analysis 
 
    No.  Load Case  Description 

   1.      Case 1 CAL for residential area road 
   2.      Case 2 High to low spectrum loading for 
 residential area road 
   3.      Case 3 Low to high spectrum loading for 
  residential area road 
   4.      Case 4 CAL for highway road 
   5.      Case 5 High to low spectrum loading for 
  highway road 
   6.      Case 6 Low to high spectrum loading for 
  highway road 
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                     Case 1                                 Case 2  
 

   
                    Case 3                              Case 4 
 

   
      Case 5                                 Case 6  
 
Figure 3 Spectrum loadings arranged in different block 
sequences  

 
3. RESULT AND DISCUSSION 
 
Figure 4 and 5 shows the trend of normalised crack 
length as a function number of cycles for both 
residential and highway road loadings. The crack 
propagation rate under the CAL (case 1 & 4) was 
found higher than the VAL. From both figures,  a 0.5 
normalised crack length was produced by 120 x 103 

cycles for case 1 compared to 255 x 103 cycles for case 
2 and 370 x 103 cycles for case 3. Meanwhile, a 0.5 
normalised crack length was produced by 370 x 103 

cycles for case  4 compared to 1700 x 103 cycles for 
case 5 and 2600 x 103 cycles for case 6. The load 
interaction in both high to low and low to high 
spectrum loadings were reduced the fatigue crack 
propagation rate. This finding was found agreement 
with Yamada et al. (2003), which suggested the crack 
propagation rate under the VAL was slightly lower 
than the corresponding CAL. It was due to plastic 
deformation that tends to be greater in this region, 
which intensified the crack closure effect which 
consequently reduced the fatigue crack propagation 
rate.  
 
It was further noticed that the crack propagation rate 
under high to low spectrum loadings (case 2 & 5) were 
higher compared to low to high spectrum loadings 
(case 3 & 6). The total crack growth rate was about 30 
% higher in case 2 compared to case 3 and about 35 % 
higher in case 5 compared to case 6, as shown in both 
Figure 4 and 5, respectively. These results may be 
influenced by the magnitude and position of the load 

steps. In both cases, load interaction effect led to crack 
retardation and acceleration throughout the process. 
For low to high spectrum loading, there were some 
patterns of overload at transition cycle from step 1 to 
step 2 and at each of the following steps. The fatigue 
crack propagation would be decreased or arrested after 
experiencing overload one or many times (Huang et al., 
2005). 
 

By comparing the results in Figure 4 and 5, it shows 
that the total numbers of cycles for highway road are 
about 3 to 7 times higher than the residential area road 
loadings, for all load cases. It was indicated that crack 
propagation rates were lower for highway compared to 
residential area road loadings. It was due to smooth 
condition of the highway road surface. On the other 
hand, the condition of residential area road surface was 
found rougher compared to highway road and 
consequently produced higher strain range amplitudes. 
Furthermore, the presence of road bumpers in 
residential area road also causes the engine move up 
and down more rapidly. As a result, the crack 
propagation rate become more accelerates. 

  
Macroscopic observation on fracture surface of 

the specimens can be clearly distinguished by two 
discrete regions. These two distinct regions are shown 
by the optical micrograph in Figure 6. The boundaries 
of these regions were well identified between the 
fatigue fracture region and rapid fracture region. The 
crack propagation direction was perpendicular to the 
loading direction and was indicated from top to bottom 
of the images. Fatigue crack initiated from the notch of 
specimen and propagated parallel on both sides. The 
fatigue fracture region with regular flat surface 
indicated the gradual crack propagation due to fatigue 
while the rapid fracture region with irregular surface 
topography showed the unstable crack propagation and 
characterised by fast crack features. 

 
 

 
Figure 4 A comparison of normalised crack length 
using different loading sequences (residential road) 
 

0.0
1.0
2.0
3.0
4.0
5.0
6.0

L
oa

d 
(k

N
)

Block loading
0.0
1.0
2.0
3.0
4.0
5.0
6.0

L
oa

d 
(k

N
)

Block loading

0.0
1.0
2.0
3.0
4.0
5.0
6.0

L
oa

d 
(k

N
)

Block loading
0.0
1.0
2.0
3.0
4.0
5.0
6.0

Lo
ad

 (k
N

)

Block loading

0.0
1.0
2.0
3.0
4.0
5.0
6.0

Lo
ad

 (k
N

)

Block loading
0.0
1.0
2.0
3.0
4.0
5.0
6.0

Lo
ad

 (k
N

)

Block loading

0.0

0.2

0.4

0.6

0.8

1.0

0 50 100 150 200 250 300 350 400N
or

m
al

ise
d 

cr
ac

k 
le

ng
th

Number of cycles (thousands)

Case 1 Case 2 Case 3



Regional Tribology Conference  
Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

91 
 

 
Figure 5 A comparison of normalised crack length 
using different loading sequences (highway road) 
 

 
  Case 1    Case 2     Case 3    Case 4    Case 5    Case 6 
 
Figure 6 Overview of fracture surface for all cases 

 
Microscopic observation of the fatigue fracture 

region is shown in Figure 7. The images were taken at 
the specimen centre that subjected to the residential 
area road loading. The fractography observations 
indicated significant striations as shown in Figure 7(a) 
- (c). The occurrence of striations on the fracture 
surface confirmed the presence of the fatigue failure. 
Detailed observations of the striations are shown in 
Figure 7(d) - (f). The striations can be observed clearly 
in the CAL with well defined regular local spacing’s. 
However, under high to low and low to high spectrum 
loadings, the striations were found to be irregular with 
repeated deeper grooves. The striation width will be 
depended on the increased of the stress range. Local 
crack propagation rate can be estimated by measuring 
the average of striation spacing’s (Schijve et al., 2004). 
The striation spacing’s over one block of loading (40 
cycles) were marked by `x’, `y’ and `z’ as shown in 
Figure 7(d) - (f). In these cases, the local crack 
propagation rate was equivalence to 1/40 of spacing’s. 
Thus, local crack propagation rate for CAL was 
estimated at 0.525 µm/cycle compared to 0.288 
µm/cycle and 0.250 µm/cycle for high to low and low 
to high spectrum loadings, respectively. The results 
confirmed that crack propagation rate was the highest 
under the CAL and the lowest under low to high 
spectrum loadings. 

 
The micrographs in Figure 8 illustrate the 

features of the rapid fracture regions. The fracture 
surface was covered by uniform and equiaxed dimples. 
Fracture surface under the CAL presented relatively 

smaller size of dimples and consisted of higher number 
of voids compared to the spectrum loadings. The 
presence of equiaxed distribution of voids, indicated a 
predominantly Mode I type of failure (De et al., 2008). 
For the case of spectrum loadings, the size of dimples 
was relatively bigger and slightly elongated. Elongated 
dimples indicated that some fractures were in shear 
state (Jogi et al., 2008), implying higher plasticity 
which is induced during the crack propagations.  
 

    
             (a)            (b) 
 

    
      (c)            (d) 
 

    
      (e)           (f) 
 
Figure 7 Striations on fracture surfaces under fatigue 
spectrum loadings at two magnification levels: (a) 
CAL at 1000 X, (b) High to low loading at 1000 X, (c) 
Low to high loading at 1000 X, (d) CAL at 5000 X, (e) 
High to low loading at 5000 X, (f) Low to high loading 
at 5000 X.  
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(a) 

 

   
       (b)           (c) 
 
Figure 8 Fracture surfaces on rapid fracture areas at 
1000 X magnification:  (a) CAL, (b) High to low and 
(c) Low to high spectrum loading 

 
4. CONCLUSION 

 
This paper discussed the crack propagation rate of 
Al6061 under fatigue spectrum loadings. The crack 
propagation rate of Al6061 was influenced 
significantly with the CAL, high to low and low to 
high spectrum loadings.  Fatigue crack propagation rate 
was found to be the highest under the CAL and the 
lowest under low to high spectrum, for both residential 
area and highway road loading. Besides that, the 
striation spacing’s were found in good agreement with 
the recorded visual crack propagation. The features of 
fracture surfaces exhibited plastic deformation in the 
VAL. Thus, it is very important to take into account the 
load sequence effect, which often prolongs the fatigue 
life under the VAL condition. 
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Abstract 
 
JIS FCD 700 cast iron is a common material used in 
automotive application and machining is an important 
secondary process in the modern automotive components 
production. For this reason, the machinability of JIS FCD 
700 cast iron by using chemical vapour deposition (CVD) 
coated titanium nitride (TiN) carbide cutting insert was 
investigated. The turning tests were carried out with two 
set of cutting parameters and performed under flood 
lubrication condition with two types of lubricants. 
During the cutting process, the wear on the cutting 
inserts were studied and analysed. Chips produced in the 
machining were also collected and analysed. This study 
revealed that, within the cutting parameter under 
investigation, abrasion is the predominant wear 
mechanism, and was followed by attrition, built up edge 
(BUE) and plastic deformation,. The cutting insert was 
subjected to three stages of tool wear, i.e. (i) rapid wear, 
(ii) uniform wear and (iii) drastic wear that led to tool 
failure. Cutting insert had longest tool life when 
performed with 120 m/min of cutting speed, 0.3 mm/rev 
of feed rate and 0.6 mm of depth of cut under 
commercialised emulsified water-based coolant, and had 
shortest tool life when carried out with 220 m/min of 
cutting speed, 0.2 mm/rev of feed rate and 2.0 mm of 
depth of cut under palm oil based MWF 67 coolant.  
 
Keywords: wear mechanism; turning; cast iron 
 
1. INTRODUCTION 
 
The cutting of metal is the major metal shaping process 
in the production of engineering components and 
machining process affected the surface quality and 
dimension accuracy of the products (Bisu et al., 2009; 
Groover, 2007; Juneja & Sekhon, 2003; Kalpakjian, 
1995). In turning, the ease of the process and quality of 
the products were affected by the cutting parameters, tool 
geometry, material of the tool, material of the workpiece, 
tool wear and chatter (Cakir et al., 2007; Luo et al., 2005; 
Senthilkumar et al., 2006; Zhong et al., 2006). Several 
researchers also had reported that suitable combination of 
the geometry of cutting tool, cutting parameter and 
cutting fluid may improved the quality of the machined 
surface, prolong the tool life and enhance the machining 
process (Choudhury & Rao, 1999; Ghani et al., 2002).  

 

A thin layer of hard coating can be deposited on 
the surface of a cutting tool to prolong the tool life (Cakir 
et al., 2007). Physical vapour deposition (PVD) and 
CVD are the most common methods use to produce 
coating layer on a carbide substrate. TiN is a popular 
hard coating in cutting tool application, where it has low 
coefficient of friction, high strength, good wear 
resistance, and high adhesivity to carbide substrate. As a 
result, TiN coating (gold colour) is able to improve the 
tool life of high speed steel and carbide cutting tool in 
high cutting speed and feed rate, where the tool wear is 
significantly lower than uncoated cutting tool 
(Kalpakjian & Schmid, 2006). 

  
In the past, cutting fluid had been widely used in 

the machining process to lubricate the cutting zone 
(Baradie, 1996a, 1996b; Bartz, 2001; Brinksmeier et al., 
1999). Traditionally, copious amount of coolant was 
flooded over the chips and rake face of cutting tool. 
However, dry machining and nearly-dry machining had 
become more attractive to the metal cutting industry in 
the past decades. The lubrication methods such as dry 
machining, chilled air lubrication, and minimum quantity 
lubrication had minimizing the usage of traditional 
coolant where tradition coolant had negative effects to 
the operator’s health and environment (Alves & De 
Oliveira, 2008; Ko et al., 1999; Sreejith & Ngoi, 2000). 
 
 Cast iron is a popular material in engineering 
components production due to its good machinability, 
where it is also a common material used in automotive 
application (Benedicts, 1997; Creese, 1999). In this study, 
the wear progression and wear mechanism of TiN coated 
carbide tool in turning of FCD 700 cast iron was 
investigated in flood cutting condition. 
 
2. METHODOLOGY 
 
In this study the commercialised TiN coated carbide 
insert (DNMG 432 EUX or DNMG 150408N-UX) 
obtained from Sumitomo (Sumitomo, 2009) were used. 
Figure 1 shows the cross-sectional of the insert and 
sequential layers of the coating. The outmost layer of the 
coating was a TiN layer, followed by a layer of Al2O3 
and finally, a layer of TiN/TiCN on the substrate. The 
carbide inserts used were a 55° diamond shape insert 
with 4.76 mm of thickness. The nose radius of the insert 
was 0.8 mm, the inscribe circle and insert hole diameter 
were 12.7 mm and 5.16 mm respectively. The tool holder 
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used was DDJNR 2020K 15. The geometries of the 
carbide insert and tool holders are shown in Figures 2 
and 3 respectively.  

 
Figure 1: cross-sectional of the insert and sequential 
layers of the coating 
 

 
55° diamond shape insert 
Thickness (s) is 4.76 mm 
Inscribe circle (d)  is 12.7 mm 
Nose radius (Re) is 0.8 mm 
Insert hole diameter (d1) is 5.16 mm 

 
Figure 2: The geometry of the tool insert. 
 

 
 
Figure 3: The geometry of the tool holder. 
 
 The workpiece used in this study was JIS 
(Japanese Industrial Standard) FCD 700 cast iron. The 
composition of the workpiece is wt% 3.0-4.6 % C, 1.6-
2.5% Si, 0.2-0.6 % Mn, 0.02-0.05% Mg, 0.0004-0.090 % 
Zr, 0.01-0.06 % Sn and Cu, balance Fe (SOOM, 2008). 
The minimum tensile strength and minimum yield 
strength of this cast iron were both 700 N/mm2 and the 
ductility of the cast iron was 2%. 
 

All machining tests were carried out using 
Colchester 600 Tornado T4 lathe machine in flood 
cutting condition. Two types of lubricant were used, i.e. 
(i) a commercialised emulsified water-based coolant with 

9% concentration of Shell Dormus BL oil (D) and (ii) a 
palm oil based MWF 67 cutting fluid (P). Two set of 
cutting parameter were used; (i) 120 m/min of cutting 
speed, 0.3 mm/rev of feed rate and 0.6 mm of depth of 
cut, and (ii) 220 m/min of cutting speed, 0.2 mm/rev of 
feed rate and 2.0 mm of depth of cut. 
 
 The width of wear on the flank face (VB) was 
measured after every 20 seconds of cutting times. The 
width of wear on the flank face of the insert was 
determined using Mitutoyo Toolmakers Microscope. The 
wear mechanism of the insert was examined under 
scanning electron microscope (SEM) after the flank wear 
was exceeded 0.3 mm. The machining tests will be 
stopped if the tool is subjected to catastrophic failure or 
after the flank wear was exceeded 0.3 mm. The 
determination of the tool life and procedures to carry out 
this study was based on ISO 3685. 
 
3. RESULT AND DISCUSSION 
 
The TiN coated carbide insert experienced the longest 
tool life when turning FCD 700 cast iron using 
emulsified water-based coolant at 120 m/min of cutting 
speed, 0.30 mm/rev of feed rate and 0.6 mm of depth of 
cut. The shortest tool life encountered when turning of 
FCD 700 cast iron using palm oil based MWF 67 coolant 
at 220 m/min of cutting speed, 0.20 mm/rev of feed rate 
and 2.0 mm of depth of cut. The tool life of the TiN 
coated carbide inserts were tabulated in table 1.  
 
Table 1: The tool life of the TiN coated carbide inserts. D 
indicating that the cutting tests were carried out using 
commercialised emulsified water-based coolant with 9% 
concentration of Shell Dormus BL oil and P indicating 
that cutting tests were carried out using palm oil based 
MWF 67 cutting fluid. 
 

 
 
3.1 Progression of Wear 
 
The progression of the wear on cutting insert initiated 
with the delamination of the coating on the tool edge. 
Initially, in the early stage of machining, the layer of TiN 
coating on the tool edge was worn out, and this will lead 
to the formation of carbo-nitride (CN). The carbo-nitride 
will then form a harder layer of TiN/TiCN coating. The 
layer of TiN/TiCN was the last layer of coating and 
removal of this layer of coating would then expose the 
carbide substrate (Venkatesh, 1980). The wear of the 
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cutting insert in turning FCD 700 cast iron can be 
divided into three stages; (i) rapid wear on cutting edge 
at the beginning of the cutting process, (ii) uniform wear 
and (iii) drastically wear leading to failure of the insert, 
as show in Figures 4 and 5. Similar finding had been 
reported by Che Haron et al.( 2001).  
 

 
 
Figure 4: The wear progression in experiments D1 and 
P1.  
 

 
 
Figure 5: The wear progression in experiments D2 and 
P2.  
 

During the machining process, the chips showed 
various different of colours. The colour of the chips is 
very depending on the degree of oxidation, and the 
degree of oxidation is affected by the cutting temperature. 
Heat is generated during cutting process and this 
increased the cutting temperature. The generated heat 
would then transfer into chips produced and increased 
the temperature of the chips. Oxidation would take place 
on the surface of chips when the chips were exposed to 
atmosphere at high temperature, creating a purple-blue 
oxide layer on the chips’ surface (Zhang & Guo, 2009). 
In flood lubrication, the coolant prevented the chips from 
dation in atmosphere (Rahman et al., 2003), thus the 
colours of the chips were silver-black, which are 
consistent with the colour of the workpiece material. All 
chips collected in this study were silver-black as shown 
in Figure 6, which similar with the colour of the 
workpiece material. This showed that surface oxidation 
does not occur on the chips. Therefore, indicating that 
flood lubrication could effectively prevent the oxidation 
on the chips surface. 

 

 
 
Figure 6: Samples of the chips collected, showing its 
shapes and colours. 
 
 It was found that the chips produced in 
experiments D1 and P1 were smaller than chips produced 
in experiments D2 and P2. This was due to lower the 
depth of cut used in experiments D1 and P1 than in 
experiments D2 and P2. In all the experiment conducted, 
the desired full-turn chips were produced. According to 
Nelson & Schneider (2001), the production of this type 
of chip is almost as good as the production of half-turn 
chip.  
 
3.2 Wear Morphology of the cutting tool 
 
Worn out cutting inserts were examined using SEM to 
characterise the wear mechanism occurred on the cutting 
edge after reaching the limits of wear criterion (VB =0.3 
mm) as shown in Figures 7-10. Generally, the formation 
of grooves was observed, and dominant for the caused of 
the wear mechanism on the flank face. Grooves formed 
were due to abrasion wear. During the machining process, 
rubbing of hard particles and work material will abrade 
the cutting tool, and consequently segregate the carbide 
particles from the substrate, which lead the formation of 
grooves (Stephenson & Agapiou, 1996).  Beside abrasion, 
adhesion (attrition), built-up-edge (BUE) and plastic 
deformation had also governed the wear mechanism on 
the insert.   
 

Figures 7 and 8 show the adhesion of the work 
material at the edge of the cutting tool which lead to the 
formation of BUE. BUE was commonly occurred when 
machining ductile material at low cutting speed, and may 
promote edge chipping when it was detached from the 
tool (Stephenson & Agapiou, 1996). During machining, 
small particles would be welded and adhered on the tool 
surface. The detached of these tiny particles from the tool 
surface will remove the carbide particles and responsible 
for cavities formation. The phenomenon of the formation 
of cavities was known as attrition wear (Stephenson & 
Agapiou, 1996). High temperature and high stress were 
generated during the machining process had weakened 
the tool edge and hence led to plastic deformation at the 
tool edge (Ghani et al., 2004). Plastic deformation 
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changed the shape of the cutting tool and thus the 
dimensional accuracy. 
 The thermal stress and abrasive wear caused the 
layers of coating to be cracking and subsequently 
delaminated (Che Haron et al., 2001).  Oxidation and 
diffusion wear would take place at the cutting zone 
where high temperature was generated. This is confirmed 
when numerous amount of ferrous (Fe) and oxygen (O) 
elements were detected on the substrate using EDX 
analysis as shown in Figure 11. The diffusion of the 
ferrous material into substrate and oxidation of the cobalt 
binder had weakened the bonding of the carbide substrate. 
The weakened tool edge caused the edge chipping more 
likely to take place (Stephenson & Agapiou, 1996). 
 

 
 
Figure 7: SEM of the cutting insert used in Test D1 after 
reaching the limits of tool life criterion. 
 

 
 
Figure 8: SEM of the cutting insert used in Test P1 after 
reaching the limits of tool life criterion. 
 

 
 
Figure 9: SEM of the cutting insert used in Test D2 after 
reaching the limits of tool life criterion. 
 

 
 
Figure 10: SEM of the cutting insert used in Test P2 after 
reaching the limits of tool life criterion. 
 
 The commercialised emulsified water-based 
coolant contains sodium sulphonate with 1-5 % of 
concentration (Shell Material Safety Data Sheet, 2006). 
After the removal of coating, the free sulphur particles 
from the sodium sulphonate may induce chemical 
reaction with the cobalt binder of the substrate. The 
chemical reaction between cobalt and sulphur produced 
cobalt sulphite that weakened the bonding of the 
substrate, leading to more pronounce and rapid wear. 
This was proved when sulphur elements had found in the 
substrate when EDX was performed after the cutting test. 
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Figure 11: Spectrum of the EDX analysis of the cutting 
tool used to carry out test P1. 
 
 
4. CONCLUSION 
 
The TiN coated carbide insert wear progression can be 
divided into three stages in the turning of FCD 700 cast 
iron, started with rapid wear, followed with uniform wear 
and finally drastic wear which lead to tool failure. The 
colour of the chips reflected the degree of surface 
oxidation on the chips, and in this study silver-black in 
colour chips were collected, which indicate flood 
lubrication could effectively prevent the chips surface 
form oxidation. It was that the abrasion wear had 
governed the wear mechanism, followed by attrition 
wear, BUE, and plastic deformation. Edge chipping, 
surface fracture, oxidation and diffusion wear had least 
influences on the tool wear. Cutting insert had the 
longest tool life when turning FCD 700 cast iron with 
120 m/min of cutting speed, 0.3 mm/rev of feed rate and 
0.6 mm of depth of cut using commercialised emulsified 
water-based coolant, and had the shortest tool life when 
turning FCD 700 cast iron with 220 m/min of cutting 
speed, 0.2 mm/rev of feed rate and 2.0 mm of depth of 
cut under palm oil based MWF 67 coolant. The 
commercialised emulsified water-based coolant was 
found better in prolong the tool life compare to palm oil 
based MWF 67 coolant. 
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ABSTRACT 
 
To date, plasma sprayed alumina titania have 
been widely used as wear resistance coatings in 
textile, machinery and printing industries. 
Previous studies showed that the coating 
microstructures and properties were strongly 
depended on various parameters such as 
ceramic composition, grain size powders and 
spray parameters, thus, affecting the melting 
degree of the alumina titania during the 
deposition process. This paper discusses the 
effect of Al2O3-13% TiO2 particle size powders 
and the presence of Ni-Al as a bonding layer on 
commercial marine grade mild steels using a 
plasma spray technique. The optimum plasma 
spray parameters were identified for both 
nanoparticle and microparticle powders in order 
the get the best coating properties in term of 
microhardness, surface roughness, coating 
porosity and specific wear rate. It was found 
that microparticle powders exhibited better 
surface roughness than the nanoparticle 
powders. On the other hand, the nanoparticle 
powder coating gave an excellent 
microhardness, with less coating porosity and 
better wears resistance than those of 
microparticle powders, which was likely due to 
the microstructure that consisted of bi-modal 
structures, resulting greater strengthening effect 
on both fully and partially melted regions. By 
sacrificing the surface smoothness, the presence 
of Ni-Al bonding layer on the other hand, was 
able to generate a good quality coating with less 
porosity percentage. 
 
Keywords: Al2O3-13%TiO2, bonding layer, 
plasma spray. 

 
1. INTRODUCTION 
 

Atmospheric plasma spraying is an 
important industrial technique for depositing 
protective coatings to improve component 

performance in wear, corrosion, thermal barrier 
and electrical insulation. Plasma sprayed 
alumina titania has been widely used as wear 
resistance coatings in textile, machinery and 
printing industries (Wang et al, 2007). 
Attractive properties associated with ceramic 
coating have been documented for bulk 
materials. It is also anticipated that if properly 
deposited, ceramic coating could also provide 
improved properties for various applications.  

 
Early researches on these kind of coatings 

were only limited to the microstructure and 
phase transformation studies. The focus was 
more on the mechanical properties and their 
relationship with the microstructures (Tian et 
al., 2009). Previous studies have shown that the 
coating microstructure and properties were 
strongly depended on various parameters such 
as ceramic composition, grain size powder, 
spray parameters and powder manufacturing 
method of the ceramic (Habib et al., 2006; 
Jordan et al., 2001; Zhang et al., 2007) thus, 
giving great influence on its melting degree. 

 
In recent years, nanoparticle powders were 

used in plasma spray. These powders could 
form coatings with both partially and fully 
melted regions. This bi-modal structure could 
provide better mechanical properties 
particularly in wear and crack growth resistance, 
as well as increasing the adhesion strength 
between substrates and coating (Wang et al., 
2009a; Zhang et al., 2008). However the process 
must be carefully controlled in order to retain 
the nanostructure in the final coating. 

 
The aim of this study focuses on the particle 

size of alumina-13%wt titania and the presence 
of a bonding layer on the mechanical properties. 
The effect of the microstructures on the wear 
resistance, the microhardness and the average 
surface roughness were also discussed.  
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2. EXPERIMENTAL PROCEDURE 
 
Two types of Al2O3-13%TiO2 powders were 
used in this study. They were Al2O3-13%TiO2 
microparticles with grain size of 10 to 25 µm 
from HAI Advanced Material and nanoparticles 
powder with the agglomerated size of 20 to 60 
µm obtained from Inframat Advanced 
Materials. The steel substrates with a dimension 
of 50 mm x 30 mm x 4 mm were sectioned in 
accordance to an ASTM A36 type steel. The 
surface of the substrate was sandblasted prior to 
coating. The Al2O3-13%TiO2 powders in this 
study were deposited on the substrates by using 
a SG 100 Plasma Gun from Praxair spray 
systems that was mounted on a programmable 
robot. The spray parameters for the coating 
process were shown in Table 1. 
 

The hardness of the coatings was 
measured using a HMV-2T Vickers 
microhardness tester by applying a 300 g load 
on the cross section of samples for 15 s. The 
readings were taken at 15 different locations for 
an average value.  Abrasive wear test was 
conducted by using a pin on disc tester model 
TR-20LE from Ducom. The samples also 

known as pins with 10.0 mm in diameter, slide 
on 120 grit SiC sand paper under 5 N load in a 
dry condition. The test was conducted for 20 m 
sliding distance. After the test, samples were 
ultrasonically cleaned with ethanol, dried and 
were then measured for weight loss. The surface 
roughness was measured by a SV-C3100 
(Formtracer) from Mitutoyo with the length of 
15mm with a pitch of 0.001 mm and a speed of 
2.0 mm/sec.  
 
3. RESULTS AND DISCUSSION 
 
3.1 Coating Microstructure and Surface 
Morphology 
 
Figure 1 shows the backscattered SEM image of 
Al2O3-13%TiO2 micro and nanoparticles. The 
agglomerated nanoparticles were spherical in 
shape with lengths from 20 to 60 µm while the 
microparticles were irregular with length from 
10 to 25 µm. The difference in the powder 
morphology is due to the different powder 
manufacturing processes (Wang et al., 2007). 
Even though they have different morphologies 
alumina and titania were seen evenly distributed 
as shown in Figure 1. 

 
 

Table 1: Spray parameters for bonding layer and Al2O3-13%TiO2 coating. 
 

Spray parameters Unit Bonding 
layer 

Al2O3-13%TiO2 layer 

   M1 M2 N1 N2 

Plasma power  kW 30 35 35 30 30 
Primary gas pressure Psi 50 100 100 40 40 
Secondary gas pressure Psi 60 60 60 60 60 
Carrier gas pressure Psi 30 40 40 20 20 
Powder feed rate Rpm 1 1 1 3 3 
Coating speed mm/s 250 250 250 250 250 
Layer Cycle 2 10 10 10 10 
Pre-heat Cycle 2 2 2 2 2 
Spray distance mm 100 100 100 100 100 

 
*M1 - Microparticle powder without bonding layer. 

    M2 - Microparticle powder with bonding layer.  
  N1 - Nanoparticle without bonding layer. 
  N2 - Nanoparticle with bonding layer. 
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Figure 1: SEM images of (a) microparticles and 

(b) agglomerated nanoparticles 

The SEM micrographs of coating surfaces were 
shown in Figure 2. It was proven that the Al2O3-
13%TiO2 coatings exhibited splat shapes. The 
structure was formed during the plasma spray, 
whereby the molten droplets hit the substrate at 
a high velocity resulting splat morphology 
(Singh et al., 2011). The splat size of the 
microparticle was found slightly smaller than 
the nanoparticles due to density difference. By 
having small droplet splats, microparticles 
showed an increase in voids and pores due to 
the splat boundaries which appeared dark areas 
as shown in Figure 2 (a). This finding was in a 
good agreement with Dejang et al. (2010) and 
Wang et al. (2009b).  

 
Figure 3(a) and (b) show the cross 

sections of the of micro and nanoparticle 
coatings. The microparticles exhibited greater 
randomly distributed pores within the partially 
melted region. This was most likely due to an 
imperfect contact within partially melted 
ceramic particles or gas entrapment formation 
(Du et al., 2005). In contrast, the nanoparticle 
powders posessed coatings with little pores in 
which the partially melted and fully melted 
regions were alternately piled-up. In some areas 
the two regions were mixed together without 
distinct boundaries as shown in high 
magnification SEM images in Figure 3(c). 

     

 
Figure 2: SEM images of plasma sprayed (a) 
micro particle and (b) nanoparticle powders. 

According to previous studies, the bi-
modal microstructure was formed due to 
selective melting of TiO2 nanoparticles during 
plasma spray (Hassanuddin et al., 2011). With 
low conductivity and high porosity of 
agglomerated nanoparticle powders, the heat 
surface during plasma spray was difficult to 
transfer into the powder’s interior (Wang et al., 
2009a) making the nanoparticle remained inside 
the coating structure. This microstructure gave a 
better coating performance and was consistant 
with several established studies on 
nanostructures coatings produced by the 
nanoparticle powders (Gell et al., 2001; 
Hassanuddin et al., 2011; Jordan et al., 2005; 
Zhang et al., 2008). The decreasing percentage 
of pores contributed by both micro and 
nanoparticle powders were confirmed based on 
image analysis measurement as shown in Table 
2. Coatings from microparticle powders 
exhibited 8.6% of porosity, while nanoparticle 
coatings exhibited 5.0% of porosity. The 
presence of the bonding layer decreased the 
coating porosity as shown in sample M2 and N2 
(Table 2) as a result of better thermal expansion 
between the bonding layer and Al2O3-13%TiO2 
coating. These pores and micro cracks were 
formed due to the tensile residual stress 
(quenching stress) that generated during a rapid 
cooling process of the droplets when spreading 
out over the substrate (Wang et al., 2009b). The 

(a) 

(b) 

(a) 

(b) 
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presence of the bonding layer increased the 
surface roughness of the coating either by using 
microparticle or nanoparticle powders. This was 
due to the particle size of the bonding layer that 
relatively large and produced coarser surface 
(Yilmaz et al., 2009).  
 

 
    

 
 

 
 

Figure 3: SEM images of coatings by using (a) 
microparticle powders (b) nanoparticle powder 

sand (c) high magnification of nanoparticle 
coating.  

 
 
 

Table 2: Percentage of pores, surface roughness 
and microhardness of the coating prepared with 
and without Ni-Al bonding layer. 

 

 %  
Pores Ra  (µm) 

Microhardness 
(HV) 

M1 8.6 3.70 1013.2 

M2 6.3 4.30 1015.9 

N1 5.0 6.83 1054.7 

N2 3.9 7.70 1082.5 

 
3.2 Mechanical Properties of The Coating 
 
The nanoparticle coating with microhardness of 
1054.7 HV gave greater hardness than the 
microparticle coating with 1013.2 HV. The 
presence of the bonding layer increased the 
microhardness value for both coatings as shown 
in Table 2. From previous studies, most 
researchers believed that the microhardness of 
the coatings was strongly influenced by the 
microstructures. The ratio of a bi-modal 
structure could affect this property due to the 
bonding and strengthening effect of the coating 
structures (Song et al., 2008). 
 

Specific wear rate (K’) of coatings 
prepared by using optimum parameters of 
plasma spray showed no significant change in 
the values as shown in Figure 4. This was due to 
the wear behaviour of coatings that was 
influenced by several factors such as 
microhardness, porosity and fracture strength. 
The increase in the microhardness and the 
fracture strength of the coatings could reduced 
the K’ value. On the other hand an increase in 
the porosity could also increase the K’ as 
discussed by Liu et al. (2003).  

 
Fig. 5 shows the coefficient of friction 

(μ) evolution as function of sliding distance. 
The plot can distinguish two regions called 
running-in and stabilization regions which 
related to different wear mechanisms. As the 
roughness of the materials is reduced in the 
running-in period, the friction coefficient 
increases due to increase of the contact surface. 
Then, the value of the coefficient of friction 
stabilizes representing the wear behavior of the 
considered material couple (Guessasma  et al. 
2006). The running and stabilization regions 
were similar when varying each of the samples 
which demonstrate that friction mechanisms 
were the same for all the samples. However, in 
the beginning of the test, the coefficient of 
friction of the microparticle coating was about 

(c) 

(a) 

(b) 
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0.8, whereas the coefficient of friction of 
nanoparticle powders was about 0.7. The value 
was then stabilized as the sliding distance more 
than 0.5 m for nanoparticle coating. While 
microparticles coating was then stabilized after 
sliding distance 2.5 m. This results were 
probably due to coating microstructure and 
porosity level as describe by Bounazef et al. 
(2004). 
 
 

 
Figure 4 Specific wear rates (K’) of optimised 
plasma sprayed coatings.  

 
 

 
 
Figure 5 The coefficient of friction of the 
coating prepared by using the optimum 
parameters of plasma spray. 
 
4. CONCLUSION 

 
The microparticle powder was found to 

produce coatings with small droplet forming 
splats compared to the nanoparticles, thus 
increased the voids or pores of the splat 
boundaries. The cross sections of the coatings 
showed that the microparticles produced higher 
pores with 8.6% compared to the nanoparticle 
coating which only generated 5% pores. The 
presence of bonding layer had reduced the pores 
and voids of both microparticle and nanoparticle 
coatings. Besides that, microparticle coatings 
also gave better surface roughness than the 
nanoparticle coatings. In contrast, the presence 
of the bonding layer exhibited rougher surfaces.  

 
Using the best plasma spray parameters 

on both types of powder coatings showed that 

the agglomerated nanoparticle powders (N1) 
coatings posessed higher microhardness  than 
the microparticle powder (M1) coatings. 
However, the wear rate of the coatings did not 
show any significant difference on all types of 
coatings. The coefficient of friction also 
suggested that friction mechanisms were the 
same for both nanoparticle and microparticle 
coatings.  
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ABSTRACT 
 
In general, drum brake squeal is excited by 
friction induced vibration at the drum-shoe 
interface. The instability of the vibration 
depends on various parameter especially friction 
coefficient. This paper shows the development 
of minimal model of a drum brake squeal under 
binary flutter instability which is caused by the 
velocity independent friction coefficient. The 
vibration of the brake shoes is considered as the 
primary unstable component which  contributed  
to the drum brake system squeal. Experimental 
work is carried out to indentify the value of 
parameters of this model and also verified the 
critical value of unstable vibration for squeal. 
The binary flutter instability occurs when two 
initially separated and different natural 
frequencies of the system coupled at a common 
frequency to produce one unstable mode. The 
coupling of the modes in this model is between 
the first torsion mode and the second torsion 
mode of the leading brake shoe. The effect of 
the friction coefficient, damping coefficient and  
the location of centre of contact pressure are 
investigated. 
 
Keywords: Friction, vibration, binary flutter, 
instability, squeal 
 

 
1. INTRODUCTION 
 
The occurrences of automotive brake noise has 
been studied since the 1920s (Lee, Yoo et al. 
2001) and yet none was able to completely 
eliminate brake noises although large 
improvement has been made. Brake noise is 
annoying to vehicle passengers and greatly 
influence the customers comfort level in the 
vehicle. According to manufacturers of brake 
pad materials, up to 50% of their engineering 
budget was spent on noise, vibration and 
harshness issues (Abendroth and Wernitz 2000). 
 
 
 

 Drum brake squeal is defined as a self-
excited friction induced vibration with 
frequency exceeding 1000Hz. Typically, drum 
brake squeal is excited at low speed and high 
friction condition when the brake shoes are 
pressed against the rotating drum (Hulten 1995). 
The occurrence of the brake squeal is sensitive 
to the change of friction coefficient, speed, 
location of centre of pressure, stiffness, 
damping coefficient and also the geometry of 
brake assembly (Ouyang, Nack et al. 2005).  
  
 Based on the previous studies on 
stability of brake squeal, there are four possible 
mechanisms to excite brake squeal. These are 
binary flutter instability of mode coupling 
(Hoffmann, Fischer et al. 2002; Teoh and Ripin 
2010), negative friction-velocity characteristic 
that cause negative damping (Shin, Brennan et 
al. 2002), sprag-slip (Sinou, Thouverez et al. 
2003) and follower of friction force (Popp, 
Rudolph et al. 2002). Some researchers studied 
the effect on brake squeal with more than one 
mechanism. (Kang, Krousgrill et al. 2009; Teoh 
and Ripin 2011). 
 
 The critical friction coefficient to 
excite binary flutter instability of drum brake 
squeal can also be predicted by using reduced-
order characteristic equation to compute the 
complex eigenvalue of the system (Huang, 
Krousgrill et al. 2009). A drum brake shoe with 
non-uniform cross section is used to study the 
effective method to reduce drum brake squeal 
by partially changing the contact area and the 
shapes of the shoes (Lee, Yoo et al. 2001). The 
results showed that the occurrence of drum 
brake squeal is highly dependence on the 
dynamics characteristics of the drum brake 
system. The slightly modification of the cross-
section area of the brake shoe able to quench the 
drum brake squeal.  
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 Although a lot of publications of the 
analysis drum brake squeal can be found, none 
has verified the model of mode coupling 
mechanism experimentally. In this paper, 
experimentally verified model of the drum 
brake shoe is developed to study the 
characteristic of mode coupling mechanism. 
Besides, the numerical and experimental results 
are compared to provide better association with 
the model of the real drum brake system.  
 
 
2. METHODOLOGY 
 
2.1 Experimental modal analysis 
 
Experimental modal analysis is carried out to 
determine the mode shapes and natural 
frequencies of the brake shoe. Twelve 
accelerometers (Dytran, 3224A2) are installed 
on each brake shoe. The brake shoe is knocked 
using impact hammer (Kistler, 9724A5000) to 
produced input force in order to construct 
frequency response function (FRF) using LMS 
Data acquisition system. Besides, the Operating 
Deflection Shape (ODS) analysis is carried out 
on brake shoe during squealing condition and 
the squeal noise frequency recorded using 
microphone. 
 
 According to the modal analysis results 
shown in Figure 1, the first two natural  modes 
of the brake shoe are the first and second torsion 
mode of the brake shoe with frequency of 
1231Hz and 2420Hz. These modes have the 
damping ratio of 0.52% and 0.67% respectively. 
 

Mode 1 
 

Mode 2 

 
 

 

ωn1=1231 Hz  
ζ=0.52% 

ωn2=2420 Hz  
ζ=0.67% 

 
Figure 1 The first two modes of the brake shoe 

in free-free condition 
 
Spectrum analysis is carried out to investigate 
the excited frequency and mode shape of the 
pair of brake shoes as shown in Figure 2. By 
comparing the squeal frequency in Figure 3(a) 
and the vibration frequency of the leading brake 
shoe in Figure 3(b), the squeal frequency is 

identical with the excited frequency of the 
leading brake shoe. Both have the highest 
amplitude at frequency of 1850Hz. Thus, the 
leading brake shoe is believed to have the 
greatest contribution to the occurrences of brake 
squeal. Based on the ODS result shown in 
Figure 4, the excited mode of leading brake 
shoe during squealing is a torsion mode with the 
frequency of 1850Hz. This mode has the 
frequency between first and second torsion 
mode as in Figure 1. Thus, we suggested that 
the occurrence of drum brake squeal is excited 
by mode coupling between the first and the 
second torsion mode of the leading shoe. 
 
 

 
 
Figure 2 Experiment setup for spectrum analysis 

 
 

 
(a) 

 
(b) 

Figure 3 Fast Fourier Transform (FFT) during 
squealing. (a) Sound Pressure Level of squeal 

(b) Vibration level of leading shoe. 
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Figure 4 ODS of the trailing brake shoe during 
squealing at 1850Hz 

 
2.2 Modeling of drum brake shoe 
 
(a)  

 
 

 
(b) 

 
 

Figure 5 (a) The leading drum brake shoe;  
(b) Model of leading drum brake shoe 

 
The two degree-of freedom model shown in 
Figure 5(b) is modeled based on the leading 

drum brake shoe as shown in Figure 5(a). This 
model consist of rotation about θ1-axis and 
rotation about θ2-axis. The rotation about each 
axis represent first and second torsion mode of 
the drum brake shoe. This model can be easily 
associated with the real drum brake system 
where the relationship between coupling mode 
can be shown and the effect of friction force is 
included in the system. The angle between two 
axis is denoted by α. The moment of inertia for 
each modes are represented as Iθ1 and Iθ2 due to 
the different moment of inertia. Meanwhile, the 
torsion stiffness and damping coefficient of 
each modes are represented as Kr1, Kr2 and Cr1 
Cr2. The contact stiffness of the shoe on the 
rotating drum is denoted by k with sliding 
velocity of VB. The contact force acted on brake 
shoe is denoted by N and the friction force Ff. 
The location of centre of contact pressure is 
denoted by d. 
  
 The equation of motion of the model is 
derived as in Eq. (1-2). Meanwhile, the friction 
force which is acting on the brake shoe is 
derived as in Eq. (3). Transient analysis is 
carried out to investigated the stability of the 
system with different parameters using 
Dormand-Prince method (Dormand and Prince 
1980). The values of torsion spring stiffness, 
torsion damping coefficient, contact stiffness 
sliding velocity and contact force are extracted 
from experiment results. The moment of inertia 
for each axis is generated from Finite Element 
model of brake shoe. Meanwhile, the other 
parameters are subjected to change in order to 
investigate their effect on system stability. 
 
퐼 휃̈ + 퐶 휃̇ − 휃̇ cos 훼  
+퐾 (휃 − 휃 cos훼)  푁푑                                        (1) 

 
퐼 휃 ̈ − 퐶 휃̇ − 휃̇ cos 훼 − 퐾 (휃 − 휃 cos훼) 
+퐶 휃̇ + 퐾 휃  푁푑 cos 훼 − 퐹 (푑 sin 훼)         (2) 
 
Where friction force,  
퐹  휇 × 푁  휇 × 푘푑[sin(휃 − 휃 cos 훼)]            (3) 
 
 
3. RESULT AND DISCUSSION 
 
3.1 Influence of friction coefficient to the 
occurrence of drum brake squeal 
 
The friction coefficient is known to has the most 
influence on mode coupling mechanism. 
Therefore the transient analysis carried out for 
different value of friction coefficient, µ ranged 
from 0 to 0.5, while the location of centre of 
pressure, d remain unchanged at 0.010m.  Since 
the brake squeal is a self-excited friction 
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induced vibration, the growing oscillations on 
the graph rotation-time  represent unstable or 
squealing condition. In the other hand, the 
damped oscillations represent stable or non-
squealing condition.  
 
 Based on time history results as shown 
in Figure 6(a)-(c), the oscillations damped with 
time which represented the stable non-squealing 
condition. The damping rate of these 
oscillations decreases when the friction 
coefficient increases from 0 to 0.40. When the 
friction coefficient is larger than 0.45, the 
system vibration increases with time which 
represented the unstable or squealing condition 
as shown in Figure 6(d). The limit cycle of the 
unstable torsional vibration is 0.26rad when 
friction coefficient, µ is 0.45. This self-excited 
vibration able to overcome the system damping  
and maintain the limit cycle if the condition 
remain unchanged. 
 
 The graph of power spectral density in 
Figure 6(a) shows that the brake shoe have two 
modes during contact and static condition with 
frequency of 1415Hz and 2659Hz respectively. 
These modes represent the first and second 
torsional mode of the brake shoe. The power 
spectral density results in Figure 6(a)-(d) show 
that the two initially separated modes come 
closer to each other when friction coefficient 
increases until they coalesced to produce a 
single high magnitude unstable mode at µ=0.45 
with frequency of 1767Hz. The unstable mode 
has a magnitude 1.0 ×105 time greater than the 
stable mode.  
 
 
 

Time History 
 

Power Spectral Density 

(a) µ=0 (static)  

  
 
(b) µ=0.20 

 

  
 
 
 
 
 

 

(c) µ=0.40 

  
 
(d) µ=0.45 

 

  
 

Figure 6 Time History and Power Spectral 
Density results for different value of friction 

coefficient, µ. 
 
3.2 Influence of location of centre of pressure 
to the occurrence of drum brake squeal 
 
In addition to the friction coefficient, the 
location of centre of pressure also influences the 
mode coupling instability of drum brake squeal. 
Since the brake shoe's lining of the typical 
passenger car is 0.03m in width (0.015m from 
CG), the stability analysis is carried out for 
location of centre of pressure 0 < d < 0.015m 
from CG. The fiction coefficient, µ is set as 0.50 
for this analysis. 
 
 The time result in Figure 7(a) shows 
that the vibration of the brake shoe remain 
stable (damped oscillation) for d=0.005m 
although the friction coefficient is increased 
above it critical value. The power spectral 
density showed the two modes with frequencies 
of 1478Hz and 2550Hz. These frequencies are 
almost identical as the modes 1415Hz and 
2659Hz at static condition (Figure 6(a)). 
Although these modes come closer to each other 
when µ increases to 0.50, but their affect is still 
insufficient to couple them together since they 
are still far away from each other. This result 
indicated that the coupling of torsional modes is 
impossible if the location of centre of contact 
pressure is near to the centre of gravity (CG) of 
the shoe. 
 
 When the location of centre of pressure 
is 0.010m from CG as shown in Figure 7(b), the 
unstable vibration is excited at frequency of 
1767Hz with limit cycle of 0.90rad. This 
frequency is identical to squeal frequency as in 
Figure 6(d) which indicated the unstable 
vibration is excited by mode coupling 
mechanism. However, when the value of d 
increase to 0.015m as in Figure 7(c), the 
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unstable vibration detected with higher limit 
cycle (2.2rad) at frequency of 1760Hz and 
2733Hz. The sudden increase of the limit cycle 
of the unstable vibration is caused by another 
mode which is excited at frequency of 2733Hz 
which is different from the coupled mode of 
1760Hz. Due to the higher torque produced by 
the contact force at d=0.015m, the frictional 
contact produced another unstable mode which 
at the same time is superimposed on the coupled 
mode. Fortunately, the mode 2733Hz is very 
difficult to produce in real condition since the 
contact will have to be only at the edge of the 
lining of the brake shoe. 
 
 

Time History 
 

Power Spectral Density 

(a) d=0.005m  

  
 
(b) d=0.010m 

 

  
 
(c) d=0.015m 

 

  
 

Figure 7 Time History and Power Spectral 
Density results for different location of centre of 

contact pressure at µ=0.50. 
 
 

3.3 Comparison of experiment and 
simulation results. 
 
Table 1 listed the frequencies of mode of the 
experiment and simulation. The first and second 
torsion mode of the brake shoe generated from 
the model in Figure 6(a) is 1415Hz and 2659Hz 
respectively. These modes are 14.9% and 9.9% 
different from the experimental modal analysis. 
The natural frequencies from the model are 
slightly higher than the experiment value, since 
the experimental modal analysis was carried out 
in free-free condition while the model was 
simulated in contact condition. Thus, the gap 

between them is contributed by the contact 
stiffness between the drum and the brake shoe. 
The squeal frequency recorded from both 
methods are different by only 4.5%. Thus, this 
model is proven to have the characteristics of 
actual mechanism of drum brake squeal. 
 
 

Table 1 Comparison of experiment and 
simulation results 

 
 Experiment Simulation Error 

(%) 
 

1st torsion 
mode 

1231 Hz 1415 Hz 14.9 

 
2nd torsion 

mode 
 

2420 Hz 2659 Hz 9.9 

Squeal 
mode 1850 Hz 1767 Hz 4.5 

 
 
4. CONCLUSION 
 

a) The drum brake squeal is modelled after 
the instability of the brake shoe and 
excited by the mode coupling mechanism 
between first torsion mode (1231Hz) and 
the second torsion mode (2420 Hz) of the 
leading brake shoe with frequency of 
1850Hz. 

b) The mode coupling mechanism between  
first and second torsion mode is excited 
when the value of friction coefficient is 
higher than 0.45. This indicated that the 
drum brake squeal is detected only when 
the friction coefficient is higher than 
0.45.  

c) The location of centre of contact pressure 
influence the system stability if it is 
away from centre of gravity of the shoe. 
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NOMENCLATURE 
 
Cr1 Torsional damping coefficient respect to 

θ1-axis, 0.24 kg.m2.s-1.rad-1 

Cr2 Torsional damping coefficient respect to 
θ2-axis, 0.39 kg.m2.s-1.rad-1 

d Location of centre of contact pressure from 
C.G, 0.005m to 0.015m 

Ff Friction force between rotating drum and 
leading brake shoe, N 

I1 Moment of inertia respect to θ1-axis, 
2.00×10-4 kg.m2 

I2 Moment of inertia respect to θ2-axis, 
3.13×10-4 kg.m2 

k Contact stiffness between the rotating 
drum and leading brake shoe, 
2.00×108N.m-1 

Kr1 Torsional stiffness respect to θ1-axis, 
2.50×104 N.m.rad-1 

Kr2 Torsional stiffness respect to θ2-axis, 
5.50×104 N.m.rad-1 

N Contact force acting on leading brake 
shoe, 500 N 

Vb Sliding velocity between leading brake 
shoe and rotating drum, 1.0 m.s-1 

α Angle between θ1-axis and θ2-axis,45° 
θ1 Angular displacement respect to θ1-axis, 

rad 
θ2 Angular displacement respect to θ2-axis, 

rad 
휃̇      Angular velocity respect to θ1-axis, rad.s-1 

휃̇      Angular velocity respect to θ2-axis, rad.s-1 
휃̈   Angular acceleration respect to θ1-axis, 

rad.s-2 

휃̈   Angular acceleration respect to θ2-axis, 
rad.s-2 

µ Coefficient of friction, 0 to 0.50 
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ABSTRACT 
 
Round solid cylindrical-shaped bars 
have great important applications in 
power transmission and cracks normally 
occurred on the surface due to several 
factors such corrosions and material 
defects. Therefore, the failure 
predictions on the cracked components 
have a major safety issue. In this work, 
an elastic-plastic finite element analysis 
is conducted to investigate the failure 
behaviour of cracked round bars under 
tension stress. Different crack aspect 
ratio, a/b and relative crack depth, a/D 
are selected ranging between 0.6 to 1.2 
and 0.1 to 0.3 respectively. Two strain 
hardening exponents, n are used 5 and 
10 in order to simulate higher and lower 
hardening behaviour of the material and 
the material stress/strain are assumed to 
follow the Ramberg-Osgood relation. 
During the loading, the J-integral are 
calculated for several points along the 
crack fronts, x/h. Then, the limit load of 
the components are computed according 
to the reference stress method and it is 
strongly depend on the a/b, a/D, x/h and 
n. Subsequently, the limit load is 
validated whether it is capable to predict 
the J-integral along the crack fronts. 
According to the results, the present 
limit load capable to predict the J-
integral under tension force. However, 
the predictions are limited within 
certain crack geometries. 
 

Keywords: Surface cracks, elastic-
plastic analysis, finite element analysis, 
fracture 

 
1. INTRODUCTION 
 
A shaft is a highly stressed component 
particularly in transmitting power from 
one point to another. The shaft is 
generally designed to reach an infinite 
life that is subjected tension, bending, 
torsion and combinations of such 
loadings. Sometimes, catastrophic 
failure of the components due to the 
formation  of cracks occurred due to 
several factors such as improper design 
(Ismail et al 2011), material defects 
(Luke et al 2011) and corrosion 
(Mahmoud 2007). Finite element 
analysis is generally used to model and 
predict the reliability of the cracked 
component where the initiated cracks 
are modeled as a semi-elliptical shape 
(Lin and Smith, 1999).  
 

Linear-elastic fracture 
mechanics (LEFM) approach has 
successfully used to characterize the 
crack behavior under loadings. 
However, this analysis is constrained by 
significantly assumed plastic 
deformation around the crack tip. 
Therefore, an elastic-plastic fracture 
mechanics (EPFM) is then used instead 
of LEFM in order to characterize these 
cracks. The later analysis is called J-
integral is used as a driving fracture 
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parameter. This is because the influence 
of plastic deformation has already taken 
into the consideration in the J-integral 
analysis (Rice, 1968). Therefore, J-
integral is exclusively used to study the 
component made of ductile materials or 
any component experienced large 
plastic deformation. 
 

In order to analyze the J-integral 
response of the bars under tension 
loadings, ANSYS finite element 
analysis are conducted. The fracture 
parameters along the crack fronts are 
calculated for both stress intensity 
factors (SIF) and J-integral. Lack of J-
integral analysis available (Findley et 
al., 2007) for this type of crack 
geometries, therefore, SIFs are used to 
validate the present model. Then, limit 
load solution will be determined from 
the elastic-plastic FEA using reference 
stress method. According to literature 
survey (Lei, 2008), lack of information 
are available in discussing the J-integral 
and limit load responses for the surface 
cracks in round bars. Finally, the 
developed limit load will be evaluated 
for its capability to predict J-integral 
along the crack front for different crack 
geometries. 
 
2. FINITE ELEMENT 
MODELLING 
 
A circular cross-section of a component 
with a surface crack is shown in Figure 
1 (Toribio et al., 2008). The geometry 
of the crack can be described by the 
dimensionless a/D and a/b, the so-called 
relative crack depth and crack aspect 
ratios, where D, a and b are the 
diameter of the bar, the crack depth and 
the major diameter of the ellipse, 
respectively. Any arbitrary points on the 
crack front can also be normalized as 
x/h, where h is the crack width, and x is 
the arbitrary distance of P from the 
symmetry axis.  The outer diameter of 

the cylinder was 50 mm and the total 
length was 200 mm.  Due to the non-
symmetrical analysis involved, a full 
finite element model was constructed, in 
which the surface crack was situated at 
the centre of the cylinder.   
 

 
Figure 1 Nomenclature of a semi-

elliptical surface crack 
 
A finite element model was developed 
using the ANSYS software with special 
attention given to the crack tip by 
employing 20-node iso-parametric 
quadratic brick elements. The square-
root singularities of stresses and strains 
were modeled by shifting the mid-point 
nodes to the quarter-point locations 
around the crack-tip region. The detail 
of the finite element model is shown in 
Figure 2(a) with the associated singular 
finite elements around the crack tip.  
 

 

 

Figure 2 (a) Symmetrical finite element 
model and  

(a) 
(b) 
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(b) Remotely applied moments 
 
To remotely apply loadings to the 
structural component, a rigid element or 
multi-point constraint (MPC) elements 
was used to connect the nodes at a 
circumferential line at the end of the 
component, to an independent node.  
Figure 2(b) shows a technique for 
constructing the independent node 
connected to the model using rigid 
beam elements. The bending moment, 
My was directly applied to this node, 
whereas the axial force was directly 
applied in the direction-x on the cross-
sectional area of the bar. At the other 
end, the component was constrained 
appropriately in all degrees of freedom. 
To obtain a suitable finite element 
model, it was necessary to compare the 
proposed model with other published 
models (Carpinteri and Vantadori, 
2009; Carpinteri et al., 2006; Toribio et 
al. 2008). In this work SIFs results are 
used for the validation purposes. Since, 
it is hard to find the J-integral results for 
these particular crack geometries.  
Figure 3 shows a comparison of the 
dimensionless SIFs under bending 
moment, FI,b and axial force, FI,a. The 
findings of this study are in good 
agreement with those of previous 
models.   
 

 
Figure 3 Validation of finite element 

model under bending moment 
 

In this present work, both linear 
and non-linear are conducted using 
ANSYS finite element analysis. For the 
linear FEA, modulus of elasticity, E = 
210 MPa and Poisson’s ratio, υ = 0.3 
are used. While for modelling plastic 
behaviour of the component, multilinear 
isotropic hardening (MISO) is used. 
MISO used von Mises criterion 
associated with isotropic hardening with 
a flow rule. The material stress-strain 
followed the Ramberg-Osgood relation 
as this expression   
 

n

o o o

H V VD
H V V

§ ·
 � ¨ ¸

© ¹                                                   
                     
(1) 
where Vo = EHo is a 0.2% of proof 
stress, D is a material constant and n is a 
strain hardening exponent. Two values 
of n are used, 5 and 10 represent the 
higher and lower strain hardening 
material models, respectively.  
 
3. RESULTS AND 
DISCUSSION 
 
3.1 Elastic-Plastic J-integral  
 
Figure 4 shows the linear relationship 
between Jp-FE and Jp-normal for the case of 
crack aspect ratio, a/b = 0.6 and the 
relative crack depth, a/D = 0.2 with a 

An independent node 
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strain hardening exponent, n = 5 under 
tension stress. The slopes of these 
curve-fitted lines are determined and it 
is represented a h-function. 
 

 
Figure 4 Relationship of curve-fitted 

data of Jp-FE and Jp-normal for 
a/b = 0.6, a/D = 0.2 

 

 

 
Figure 5 Effect of x/h on function hI,a 

for, (a) a/b = 0.6 and (b) a/b = 0.8 under 
tension 

 
Figure 5 shows the function-hI,a 

plotted against normalized coordinate, 
x/h for relative crack depth, a/D = 0.1, 
0.2 and 0.3. It is found that this function 
decreased when a/D is increased and the 

maximum values of function-hI,a have 
attained at the deepest crack location 
(x/h = 0.0) and it is also strongly related 
to a/D, x/h and n. No significant 
contribution of a/D ≤ 0.2 (shallow 
cracks) and strain hardening exponent, n 
on the function-hI,a can be observed. 
When the cracks become deeper (a/D t 
0.2), a/D and n have factors played an 
import role in determining the function-
hI,a. Figure 5 also shows that higher 
values of function-hI,a can be obtained 
with deeper cracks. This is related when 
a deeper crack is used lower resistance 
of bar is obtained and therefore higher 
values of J-integral is produced. Findley 
et al. (2007) used global approach to 
analyze J-integral however the analyses 
is limited to a/D = 0.246. 
 
3.2 Limit Load 
 
Normalized limit load, [a can be 
determined using Eq. (2) and plotted 
against normalized load, Va/Vo for 
various locations on the crack front. 
Figure 6 shows the behavior of [a 
obtained using a crack aspect ratio, a/b 
= 0.6 and strain hardening exponent, n = 
5. Due to the typical limit load curves 
have been observed therefore the case 
of a/b = 0.6 is considered in this 
analysis. It is found that the limit load 
curves asymptotically decreased when   
Va/Vo is increased. A case of a/b = 0.6 is 
considered in this analysis due to the 
typical distribution of limit loads can be 
observed.  
 

( , , ) a o
a

r

a a x
b D h L

V V[  
        

(2) 
 

Generally, the limit load can be 
divided into two regions which are 
Va/Vo < 1.0 (lower load level) and 
Va/Vo >1.0 (higher load level). In the 
region Va/Vo <1.0, limit load obtained 

(a) 

(b) 
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from different locations along the crack 
front seem to shift away from each 
other and therefore producing higher 
distribution of limit load in this region. 
This is because under lower load levels, 
elastic J-integral dominated the vicinity 
area around the crack front.  

 
In limit load analyses, Lr is Eq. 

(2) represents the fully plastic 
parameter. Consequently, an elastic J-
integral is reduced as minimum as 
possible in order to avoid its irrelevancy 
in the calculation of limit load. 
Normalized limit loads, [a obtained at 
the outer surface (x/h = 1.0) are isolated 
among other limit loads. This is due to 
the fact, at that location the constraint 
along the crack front is less compared 
with the points situated around the 
deepest cracks (x/h = 0.0). 
 

It is noticed that from Figure 6 
show the result of limit loads obtained 
using n = 5. The bar resistances are 
decreased when the deeper cracks are 
used. These circumstances caused 
higher J-integral along the crack front 
and therefore reducing the limit loads. 
In the same time, the influences of 
plastic J-integral become increased and 
affected the distribution of limit load 
curves where all the curves have closed 
to each others as shown in Figure 6(b). 
An obvious behavior of can be seen if n 
= 10 is used.  
  

 
 

 

 
Figure 6 Effect of Va/Vo on the limit 

load, [a for a/b = 0.6 (a) a/D = 0.1 and 
(b) a/D = 0.2 bagi n = 5 

 
The characteristics of limit loads in 
Figure 6 may be described by 
examining the J/Je pattern along the 
crack front which is can be expressed as 
follows 
  

� �
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(3) 
 
where, J = Je + Jp and it is found that 
the parameter x/h change and others are 
assumed as constant parameters. 
Therefore, J/Je is determined by the 
hI,a/F2

I,a for the various type of crack 
geometries under considerations. The 
behavior of hI,a/F2

I,a are plotted against 
x/h using n = 5. In the region x/h ≤ 0.6, 
the curves of hI,a/F2

I,a are almost 
flattened along the crack front. It is 
indicated that a single limit load can be 
used to estimate J-integral for all a/b 
with a/D ≤ 0.2. However for the region 
x/h > 0.6, there are some reductions of 
limit load as the x/h approach to the 
outer edge before converge at x/h = 1.0.   
  
4. CONCLUSION 
An elastic-plastic and elastic finite 
element analysis has been used to 
investigate fracture behavior of surface 

(a) 

(b) 
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cracks in round bars. These bars were 
subjected to an axial tension stress. J-
integral is used as a fracture parameter 
and it is calculated along the crack front 
for various crack geometries. It is found 
that the J-integral is strongly related to 
a/b, a/D, x/h and n. Then, references 
stress approach is used to determine the 
limit load of the bar. Consequently, the 
limit load were verified for its capability 
to predict the J-integral and it is found 
that the estimations of J-integral using 
the reference stress approach is 
dependent on the a/D where J-integral 
can be predicted almost along the crack 
front except in the vicinity edge area of 
the cracks. 
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ABSTRACT 
 
The machinability of MMCs have been 
extensively focused and investigated by the 
scientific community not only due to their 
superior mechanical properties but also because 
of the potential application in automotive and 
aerospace industries. Since these materials are 
classified as difficult-to-machine material due to 
the hardness and abrasiveness, the selection of 
particles reinforcement’s volume and selection 
of cutting tools are essential in order to obtain 
better surface finish and reduce tool wears. In 
this paper, attention is focussed on the 
experimental study of 5% aluminium nitride 
(AlN) reinforced aluminium MMC 
manufactured via stir casting method and been 
heat treated purposely to increase the 
mechanical properties. Cutting tool insert used 
for this end milling experiment was single layer 
coated carbide. Machining parameters; cutting 
speed, feed rate and cutting time are considered 
and the machining characterization; flank wear 
and surface roughness are examined. 
Furthermore, some solutions to reduce tool 
wears, and obtain better surface finished are 
discussed. 
  
 
Keywords: Metal matrix composite (MMC), 
Aluminium nitride (AlN), tool wear, surface 
roughness   

 
1. INTRODUCTION 
 
Aerospace and automotive industries is going 
through tremendous evolution in introducing 
new generation materials having low density 

and very light weight with high strength, 
hardness and stiffness. Material matrix 
composites (MMCs) are designed to suit the 
requirements. These materials are new 
generation of composite materials which 
combines the tough metallic matrix with a hard 
ceramic. The reinforcement of ceramic material 
in metallic matrix will affect the properties of 
these materials; high in strength, hardness, wear 
resistance and strength to weight ratio are the 
properties that makes these materials as a 
potential in automotive and aerospace industries 
(Kennedy et al., 1997). 

The structure and properties of MMCs 
are affected by the type and properties of the 
matrix, reinforcement, and interface. 
Aluminium, titanium and magnesium are the 
various types of lightweight materials 
commonly used as matrix phase and aluminium 
and its alloys are the most popular. Ceramic 
reinforcements mostly used are silicon carbide 
and aluminium oxide (M. Seeman et al., 2010). 
However, others ceramic are also capable of 
being  used as reinforcement particles such as 
boron nitride and aluminium nitride. Compared 
with other ceramic materials, Aluminium 
Nitride (AlN) is one of the lowest densities, 
high specific modulus, and lowest thermal 
expansion. Its thermal expansion 4.6 x 10-6 
m/ºC was close to Si offer a potential use for 
both monolithic and composites materials 
(Kuramoto et al., 2003).  

MMCs are classified as difficult-to-
machine material. The difficulty in machining 
these materials is one of the major problems that 
are preventing its wide spread in engineering 
application (Cronjager et al., 1992) (Schwartz et 
al., 1997). It is due to the hardness and 
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abrasiveness of the materials. To overcome or 
minimized the problems, attention should be 
given to the volume of particles reinforcement 
and selection of cutting tools in order to obtain 
lower surface roughness and tool wear. 

Among the different forms of tool wear, 
flank wear is the significant measure because it 
affects the dimensional tolerance of workpieces.  
The main wear mechanism of the tools which 
had been investigated by the researchers was 
abrasion wear of the tool face. This is due to the 
reinforcement particles, with the greatest wear 
on the flank face of the tool (W. Pedersen et al., 
2006). Flank wear occurs due to the rubbing of 
the tool along the mechanical surfaces of 
workpiece material, caused by abrasive, 
diffusive, and adhesive wear mechanisms 
(Reddy et al., 2009). 

In machining of MMCs, flank wears of 
cutting tool (VBmax) increases with the 
increase in the cutting speed (M. Seeman et al., 
2010). At lower cutting speed, tool wear is 
reduced, which can be attributed to formation of 
larger size unstable BUE due to high contact 
pressure and friction. The different abrasive 
wear grooves on the flank face can be seen 
while turning Al/SiCp metal matrix composite 
material at low cutting speed (50 m/min). This 
phenomenon happened due to the abrasive 
nature of the hard SiC particle present in the 
workpiece materials. In the meantime, when the 
cutting speed increased to 150 m/min, abrasive 
and adherence of work material on to the flank 
face is seen which is mainly due to the 
generation of high contact pressure and 
temperature between work and tool (Seeman et 
al., 2010). Flank wear also increases with the 
increase of feed (Sornakumar et al., 2010) and 
depth of cut (Schwartz et al., 1997). 

In meantime, surface roughness of 
machined material plays an important role in the 
evaluation of machining accuracy. Many factors 
affect the surface condition and machining 
parameters such as cutting speed, feed rate, and 
depth of cut have a significant influence. When 
machining Al2O3 particle-reinforced aluminium 
alloy composites with different cutting tool, it 
was found that the surface roughness increased 
with increasing volume fraction of particles 
(Sahin et al., 2002). Surface roughness value 
increased with increasing of cutting speed. This 
is due to the generation of narrow grooves on 
the workpiece. With the increasing of cutting 
speed, the cutting temperature increased and 
leads to weaken the binding between the 
particles and alloy matrix. It tended to move 
them rather than cutting or breaking. Therefore, 
the particles are generated grooves on the 
surface of the workpiece when the tool edge 

came in contact with hard and brittle particles 
(Reddy et al., 2008).  

Cutting tools based on polycrystalline 
diamond (PCD) had also been used successfully 
for machining MMCs. PCD showed better wear 
resistance and produced better surface finish 
than carbide or alumina tools (Muthukrishnan et 
al., 2008). With diamond tools, the tool wear is 
very low but the price is very high and the 
shaping of the tool is very limited (Kök et al., 
2010).  

In this paper, attentions are given to the 
machinability of 5% AlN reinforced aluminium 
MMC machined by end milling process and 
using single layer coated of cutting insert. 
Machining characterization is focused in term of 
tool flank wear and surface roughness of 
workpiece material.  
 
2. METHODOLOGY 
 
2.1 Materials 
 
The reinforcement material in the experiments 
was 5 wt% of AlN and was reinforced with 
aluminium silicon (Al-Si) alloy as a matrix. 
Table 1 shows the chemical composition of Al-
Si alloy. This composition was determined by 
Glow Discharge Profiler (Model-Horiba Jobin 
Yyon). The mean size of the reinforcement 
particle was <10 μm and the purity of >98%. 
The machined material was fabricated through 
stir casting method as shown in figure 1. Heat 
treatment was conducted to increase the 
mechanical properties.  
 

Table 1 Chemical composition of Al-Si alloy 
 

Element Wt% 
Fe 0.42 
Si 11.1 
Zn 0.02 
Mg 0.0107 
Cu 0.02 
Ni 0.001 
Sn 0.016 
Co 0.004 
Ti 0.0085 
Cr 0.008 
Al Balance 
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Figure 1 Stir casting process in producing 
machined material 

 
2.2 End Milling Experiment 
 
Machining tests was conducted by using single 
layer of coated carbide (P10); ISO catalogue no:  
ADKT103504PDFRLC milling tool insert (The 
PVD TiB2 coating) on the tool body diameter 
�12mm. The machining experiment was 
conducted in DMC635V eco DMGECOLINE 
vertical milling machine at dry cutting 
conditions. The cutting speed used was 200 and 
250m/min with a various feed rate; 0.2, 0.6, 0.8, 
and 1.0mm/tooth and a constant depth of cut of 
1mm. The flank wear was measured using a 
Three Axis Travelling Microscope. Surface 
roughness of the machined surface was 
observed using Roughness Tester Mpi mahr 
Perthometer. 
 
3. RESULT AND DISCUSSION 
 
3.1 Effect of Machining Parameters on Flank 
Wear (VBmax)  
 
The effect of time on wear has three stages: 
initial, steady-state, and worn-out regions. The 
experiment was done in a constant cutting speed 
(s); 250m/min. In fig. 2, an increase of flank  
wear is observed which only takes 0.5min 
(30sec) to wear when the feed rate (f) fixed to 
f=1.0mm/tooth. For f=0.2mm/tooth, flank wear 
is the least range. It shows a better tool life with 
insert still in a good condition even with the 

machining time exceeding 2.5min. For 
f=0.6mm/tooth and f=0.8mm/tooth, the three 
stages that shows the effect of time on wear can 
be seen clearly. It started with the increasing of 
flank wear until reached 25sec and gone through 
steady state region for a certain period of time. 
When the VBmax is around 0.15mm, it wears 
sharply  after 25sec leaving steady state region.   
 

 
 

Figure 2 Effect of feed rate (f) and machining 
time (t) on flank wear (VBmax)  

 
From the observation, it is clear that the 

flank wear (VBmax) increases with the increase 
in feed rate (f). The increasing of feed rate may 
increase the flank wear due to BUE formed on 
flank face that changes the geometry of the tool 
(Seeman et al., 2010) (Hung NP et al., 1996).    

Fig. 3 indicates the flank wear (VBmax) 
at different cutting speed (s); 200 and 
250m/min. The increase of cutting speed by 
25% is intentionally used to observe the VBmax 
towards machining time. The experiment was 
done in a constant feed rate (f); 0.8mm/min. It is 
clearly shows that the flank wear (VBmax) is 
increases with increase of cutting speed. The 
values of VBmax when machining time exceeds 
0.75min (45sec) are approximately similar for 
cutting speed 200 and 250m/min. But as the 
machining time is increased, the tool wear for 
cutting speed 250m/min unfortunately goes up 
to 0.33mm. In a mean time, for cutting speed 
200m/min, the value of tool wear remains 
within steady-state region even with the 
machining time exceeding 1.5min (90sec).  

 

 
 

Figure 3 Effect of cutting speed (s) and 
machining time (t) on flank wear (VBmax)  
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It can be concluded that as the cutting 
speed is increased, abrasive and adherence of 
work material on to the flank face is seen 
clearly. This phenomenon happens mainly due 
to generation of high contact pressure and 
temperature between work and tool; the main 
wear mechanism of carbide tool is abrasive and 
adhesive wear (El-Gallab et al., 1998) (Seeman 
et al., 2010).  
 
3.2 Effect of Machining Parameters on 
Surface Roughness (Ra) 
 
To study the effect of cutting speed and 
machining time on surface roughness (Ra), the 
experiment was done in a constant feed rate (f) 
0.8mm/tooth and depth of cut 1mm. From fig. 4, 
it shows that as the cutting speed (s) increases, 
the roughness decreases. This is due to the fact 
that the BUE vanishes and chip fracture also 
decreases. (Palanikumar et al., 2007). With the 
increasing of cutting speed, the cutting 
temperature increased and leads to weaken the 
binding between the particles and alloy matrix 
(Seeman et al., 2010). It tended to move them 
rather than cutting or breaking. Therefore, the 
particles are generated grooves on the surface of 
the workpiece when the tool edge came in 
contact with hard and brittle particles (Seeman 
et al., 2010). 
 

 
 

Figure 4 Effect of cutting speed (s) and 
machining time (t) on surface roughness (Ra) 

 
From Fig. 5, the increase in feed rate (f) 

increases the surface roughness (Ra) and the 
value of surface roughness (Ra) is low at low 
feed. This is because of the increase in 
maximum chip thickness due to the increase in 
feed rate, which results in an increase of surface 
roughness (Reddy et al., 2008).  

 
 

Figure 5 Effect of feed rate (f) and machining 
time (t) on surface roughness (Ra) 

 
4. CONCLUSION 

 
The experiment results of end milling on of AlN 
reinforced aluminium metal matrix composite 
(MMC) using coated carbide insert (P10) were 
presented. The effect of cutting speeds and 
machining time on tool wear and surface 
roughness was measured. 

The flank wear (VBmax) increased with 
the increases of feed rate (f) and decreased 
when the value of feed rate is lower. The 
increasing of feed rate may increase the tool 
wear due to BUE formed on flank face that 
changes the geometry of the tool. When the 
values of cutting speed were varied, it is clearly 
shown that increase in cutting speed will 
increase the flank wear (VBmax). As cutting 
speed is increased, abrasive and adherence of 
work material on to the flank face is seen 
clearly. This is due to generation of high contact 
pressure and temperature between work and 
tool. 

The surface roughness (Ra) increases 
with the increase in feed rate (f) and decreases 
with the decrease in feed rate (f). This is 
because of the increase in maximum chip 
thickness due to the increase in feed rate, which 
results in an increase of surface roughness. The 
situation is different with the variation of cutting 
speed (s). As cutting speed increased, the 
surface roughness is decreased and vice versa. 
This is due to the; increasing the cutting speed 
will increase the cutting temperature and leads 
to weaken the binding between the particles and 
alloy matrix. It tended to move them rather than 
cutting or breaking. 
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ABSTRACT 
 
This study focuses on correlating the signals gained by 
two different sensors i.e. strain gauges and AE 
piezoelectric transducer in order to assess fatigue 
failure of metallic components.  Both sensors were 
attached to the SAE 1045 steel specimen during fatigue 
cyclic test at constant loading condition to collect 
signals waves. Three different loads were applied to 
the specimen during the test to observe the signals 
differences captured by the sensors. The measured 
strain loadings were analysed in order to obtain the 
predicted fatigue life values experienced by the 
specimens using the three strain-life fatigue models; 
Coffin-Manson, Morrow and Smith-Watson-Topper. 
The experimental fatigue lives were based on the 
number of cycles to failure from the servo-hydraulic 
fatigue testing machine during the test.  In addition, the 
obtained AE signals were analysed using the global 
statistical values of the root mean square (r.m.s) and 
the kurtosis. Thus, a correlation between experiment 
and predicted value of fatigue life was established.  
Apart of that, a good correlation between the AE 
parameters (r.m.s and kurtosis) and the value of 
predicted fatigue life was also established to confirm 
that AE technique can be one of tool to predict 
structural life besides other methods. 
 
Keywords: AE, fatigue life, statistical approach, 
correlation 
 
1. INTRODUCTION 
 
Acoustic emission technique has been used many 
decades ago in performing the condition monitoring 
practice especially in oil and gas industries. The 
capability of the piezoelectric AE transducer in hearing 
and collecting very high frequency signal waves makes 
it possible to detect and monitor the signals emitted 
inside the materials during the fatigue crack 
mechanism.  Previous study have proved that this 
method can be used in detecting, locating as well as 
monitoring the fatigue crack initiation in metallic 
component such as rotating elements, pressure vessels 
and others [Jamaludin et al., 2001, Ennaceur et al., 
2006].      

 
Since AE have been recognized in detecting the 

fatigue crack initiation, it is worthy to use this 
technique to assess other fatigue failure mechanism.  
This paper is carried out to investigate the relationship 
between two different signals ie.; strain and AE signals 
in order to predict the fatigue life of the metallic 
specimens.  In order to achieve the goal, the relation 
between the AE signal and the fatigue life has to be 
determined.  Therefore, both AE transducer and the 
strain gauge were used to collect the signal waves 
during the test.   

 
 The analysis to be performed for the purpose 
of this paper is the fatigue failure assessment of the 
metallic component using the AE technique.  The 
assessment is based on the value of the predicted 
fatigue life calculated using the strain-life approach.  
Thus, the global signal statistical approach is selected 
to be used as the analysis tool of the data collected.  
Previous study showed that this approach has been 
widely used in fatigue failure assessment (Lennie et al., 
2010, Abdullah et al., 2010, Loman et al., 2008).  The 
root mean square (r.m.s.) and the kurtosis values were 
used as the statistical parameters as it have been shown 
as the common parameter in detecting fault of 
engineering application (Nopiah et al., 2008).   
 
   
2. METHODOLOGY 
 
The material used in both tensile and cyclic fatigue test 
was SAE 1045 steel since it has been used widely as 
the piping materials in oil and gas industries.  It has 
been designed according to ASTM E8 (Anon, 2000) 
with 146 mm, 20 mm and 3 mm of length, width and 
thickness, respectively, as shown in Figure 1. In order 
to get the monotonic properties of the material, tensile 
test was run according to ASTM E8 procedure using 
the 100 kN servo-hydraulic universal testing machine 
with the 1.2 mm strain rate.  The obtained monotonic 
properties are shown in Table 1. 
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Figure 1 Detail drawing of standard axial fatigue 

specimen 
 

Table 1 Monotonic properties of the SAE 1045 steel 
 

Properties Values 
Ultimate tensile strength, Su (MPa) 798 
Modulus of Elasticity, E (GPa) 196 
Static yield stress 0.2%, Sy (MPa) 414 

 
The cyclic fatigue test was then performed 

using the 25 kN servo-hydraulic fatigue testing 
machine with the fully reversed load ratio, R= -1 at 
three different loading condition; 75%, 80% and 85% 
of the UTS value.  These values were chose because of 
the limitation of the data acquisition systems that are 
not being able to record longer failure time.  The test 
was conducted as stated in ASTM E466-96 (Bailey et 
al., 2003) which is based on the stress control 
procedure.  The test was carried out at the loading 
frequency of 8 Hz as larger value of loading frequency 
will contribute vibration to the machine.  Both strain 
gauge and AE piezoelectric sensor were attached to the 
specimen during the test to collect signal waves.  The 
strain signals were collected at sampling frequency of 
100 kHz (Yamaguchi et al., 2007) since it was enough 
to record the data because of the strain gauges 
sensitivity in recording the changes of the strain 
response that exist during the test.  As for AE, a wide 
range sensor of 100-2000 kHz was used and the 
selected sampling frequency for the test was 5000 kHz 
The sampling frequency has to be greater than twice of 
the maximum frequency range of the sensor to avoid 
alias effect.  It is because the Nyquist Theorem states 
that  the frequency should be half of the sampling 
frequency of a discrete signal processing system 
(Loman, 2010).  Figure 2 shows the overall experiment 
process flow throughout the research. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Experimental process flow throughout the 
research 

The fatigue life of the spesimen was then 
determined from the strain response meanwhile, the 
global signal statistical approach was used to analyse  
AE signatures.  The fatigue life was determined based 
on the strain-life fatigue models i.e., Coffin-Manson 
(CM), Morrow and Smith-Watson-Topper (SWT). For 
the statistical analysis, the kurtosis was selected to 
present the AE data because of its sensitivity to the 
spikiness of the signal while the r.m.s represents the 
overall energy of the AE signals. 

 
The statistical analysis was used for the 

analysis in order to determine the signal behaviour for 
both the strain and AE data.  Statistical analysis 
converts a long time signal into numerical values that 
describes the signal characteristics.  Root mean square 
(r.m.s) and kurtosis were selected as the research 
parameter since a very close correlation found between 
the r.m.s and kurtosis of both strain and AE signals in 
previous research done by the author (Mohammad et 
al., 2011).  

 
 
3. RESULTS AND DISCUSSION 
 
3.1 Global Statistical Analysis 
 
The sample of original collected time history data plot 
of strain responses and AE signatures are shown in 
Figure 3.  Table 2 shows the global statistical 
parameter for both strain and AE data.  The normalised 
value for both data was calculated to show the even 
point between the data.   
 

It is clearly seen in Figure 4 that the value of 
r.m.s increases with the increment of the applied load 
for both types of data.  Since the r.m.s is also said as 
the vibration signal energy in time series, it can be said 
that higher applied loads create more energy content in 
the specimens compared to lower applied loads.  As the 
specimen approaches the failure zone, the value of the 
the r.m.s will increase (Mohammad, 2007). Thus, 
higher r.m.s shows that more damage is created in the 
specimen. In the meantime, the kurtosis values also 
increase when the applied loads increased.  The 
increment of the kurtosis value shows that the numbers 
of peak accelerations in the test are also increased. 
These peak accelerations are the accelerations that are 
primarily responsible for the damage that a product 
experiences in the field.  Hence, higher kurtosis value 
exposes the component to more damage or more 
fatigue (Baren et al., 2007). 
 
 
 

Specimen preparation 

Tensile test 

Cyclic fatigue test; 
a x UTS; 
0 < a <1; 

a = coefficient 
 
 

Monotonic properties 

Strain signal and 
AE signatures 
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(i) 

 
(ii) 

Figure 3 Time history data plot for: (i) strain (ii) AE 
 
 
Table 2 Global statistical parameter value  
 

 Statistical 
Parameter 

 

Applied loads (kN) 

  6.0 6.4 6.8 
Strain r.m.s (µε) 1770.95 1792.48 2146.60 
  Normalised 

r.m.s 
0.82 0.83 1.00 

  Kurtosis 1.51 1.53 1.70 
  Normalised 

Kurtosis 
0.88 0.90 1.00 

AE r.m.s (µε) 27.72 28.05 32.17 
  Normalised 

r.m.s 
0.86 0.87 1.00 

  Kurtosis 26.31 30.41 36.46 
  Normalised 

Kurtosis 
0.72 0.83 1.00 

 

 
 

 
 

Figure 4 Trends for the statistical parameters for 
different applied loads 

 

 
3.2 Strain-based Fatigue Life Prediction 

 
The results of both experiment and predicted 

fatigue lives determined using different applied loads 
are tabulated in Table 3. The experiment fatigue lives 
were determined from the number of cycles prior the 
failure while the experiment was running due to AE 
time. It was then plotted in Figure 5, showing the 
correlation of the fatigue lives between the 
experimented AE value and all three strain-life models; 
CM, Morrow and SWT.  Most of correlation points 
produced by all models were distributed around 1:1 
line and within the range of ± a factor of 2.  Almost 
66.7 % of points scattered around 1:1 line shows an 
acceptable correspondence between the predicted 
fatigue lives using all three fatigue models and the 
experimental fatigue lives. 

 
Table 3 Experimental and calculated fatigue life value 

for different applied loads 
 

Applied 
loads 
(kN) 

Fatigue life, Nf (number of cycles to 
failure) 

Experiment 
(due to AE 

time) 
CM SWT Morrow 

6.0  123926 141915 83807 112823 
6.4  46263 29971 50336 35776 
6.8  19296 9180 6422.4 7596 

 

 
 

Figure 5 Fatigue lives correlation of different applied 
loads between prediction methods and experimental 

results 
 

 An acceptable correlation values between 
calculated and experimental fatigue lives shows that a 
strong relationship relation exist between the AE 
signals and the fatigue life values.  Therefore, the 
analysis was expanded to find any relation that lies 
between the AE signals and the calculated life 
determine from the strain signals. Table 4 shows the 
value of predicted life using different three fatigue 
lives models, as well as the global statistical value of 
the AE.  From the table, it is observed that higher 
applied load will shorten the life.  It is because higher 
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loads will supply more strain and its conduct towards 
higher vibration to lesser the life of the specimen 
(Abdullah et al., 2010).  Apart of that, the value of the 
AE’s r.m.s and kurtosis seem to be increased with the 
increment of applied loads and deterioration of the 
calculated life.  Since the r.m.s is also said as the 
vibration signal energy in time series, it can be 
understood that higher applied loads create more 
energy content in the specimens and thus reduce their 
remaining life.  As for the kurtosis value, higher 
kurtosis will lead to higher failure of the specimen 
because higher kurtosis is responsible to higher peak in 
the signals that translates to more damage experienced 
by the specimen.  

 

Table 4 Value of predicted fatigue life and AE 
parameters for different applied loads 

 

  
Applied loads (kN) 

  
6.0 6.4 6.8 

Predicted 
fatigue life 

CM 141915 29971 9180 

SWT 83807 50336 6422 
Morrow 112823 35776 7596 

AE 
parameter 

r.m.s 27.72 28.05 32.17 
Kurtosis 26.31 30.41 36.46 

 
  The correlation between the r.m.s and the 
kurtosis of the AE towards the number of cycles to 
failure, Nf have also been performed and they are 
shown in Figure 6.  From both plots, AE parameters 
have been found to be indirectly proportional towards 
the number of cycles to failure.  It can be noticed that, 
when the value of r.m.s and kurtosis of AE increases, 
the number of cycles to failure decrease.  Since r.m.s is 
also said as the vibration signal energy in time series, it 
can be understood that higher applied loads created 
more energy content in the specimens compared to 
lower applied loads.  In the meantime, the kurtosis 
values also increased when the applied loads increased.  
It leads to higher failure of the specimen because 
higher kurtosis responsible to higher peak in the signals 
that translates to more damage that experienced by the 
specimen.  These phenomenons shorten the fatigue life 
in the specimen.  As for the r.m.s AE graph (Figure 6) 
it is clearly seen that the SWT model exhibits the 
highest value of R2 which is 98.5 % as compared to 
86.8 % for the Morrow model and 74.0 % for the CM 
model.   In the meantime, the kurtosis of the AE graph 
(Figure 6) shows a very good correlation of 99.9 %, 
96.5 % and 95.0 % of R2 value for the calculated life 
using Morrow, CM and SWT, respectively.  The good 
correlation indicates that either r.m.s values or kurtosis 
of AE can be used in predicting specimen life 
especially for the SAE 1045 steel specimen.  
 
 
 

  

 
 

Figure 6 Correlation between the AE parameters and 
the number of cycles to failure 

 
 
4. CONCLUSION 

 
This paper presents the AE capability in detecting and 
monitoring the signals emitted during the fatigue 
failure mechanism in metallic specimen.  Using the 
global signal statistical approach technique, the trends 
of the signals collected by both sensors were 
determined and able to be monitored while the 
specimen is experiencing the failure mechanism.  It can 
be noticed that, higher applied loads will contributes 
higher values of the r.m.s and kurtosis value for both 
strain and AE data.  In other words, as the value of the 
r.m.s and kurtosis are increases, more damage is 
experienced in the specimen.  In addition, the statistical 
techniques are also able to relate the signal observed 
using the AE to the fatigue life of the specimen.  From 
the result, it was found that the correlation between the 
AE r.m.s and the fatigue life calculated using the three 
models were tabulated from 74.0 % to 98.5 %.  As for 
the correlations of the AE kurtosis to the fatigue life 
were seem more accurate which is exist between 95.0 
% to 99.9 %.  It is suggested from this study that 
higher r.m.s and kurtosis values lead to the reduction in 
life of a component. 
 
 
 
 
 
 

R  = 0.7399 

R  = 0.9852 

R  = 0.8683 

20

25

30

35

40

5000 50000 500000

r.
m

.s 
A

E 

Nf, Cycles to Failure (log) 

R  = 0.9648 

R  = 0.9504 

R  = 0.9994 
20

25

30

35

40

5000 50000 500000

K
ur

to
sis

 A
E 

Nf, Cycles to Failure (log) 



Regional Tribology Conference  
Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

126 
 

ACKNOWLEDGEMENT 
 

The authors would like to thank Universiti Kebangsaan 
Malaysia and the Ministry of Higher Education for 
providing the funding (UKM-KK-03-FRGS0118-2010) 
for this research works. 
 
REFERENCES 

 
Jamaludin N, Mba D and Bannister RH.  2001.   

Condition monitoring of slow-speed rolling 
element bearings using stress waves. Proc 
IMECHE Part E J Process Mech. Eng.  
215(4):245–71. 

C. Ennaceur, A. Laksimi, C. Herve´ and M. Cherfaoui.  
2006. Monitoring crack growth in pressure 
vessel steels by the acoustic emission 
technique and the method of potential 
difference.  International Journal of Pressure 
Vessels and Piping 83 : 197–204. 

A.Lennie, S.Abdullah, Z.M.Nopiah and M.N. Baharin.  
2010. Behavioural investigation of fatigue 
time series using the statistical approach, 
Journal of Applied Sciences.  ISSN 1812-
5654. 

S.Abdullah, N. Ismail, M.Z.Nuawi and M.Z.Nopiah.  
2006.  Using the hybrid kurtosis-based 
method to correlate strain and vibration 
signals, WSEAS Transaction on Signal 
Processing.  Vol 6 : 79-90. 

Miminorazeansuhaila Loman, Shahrum Abdullah and  
Nordin Jamaluddin.  2008.  Fatigue analysis 
of piping system using acoustic emission 
technique.  International Conference on 
Science & Technology: Applications in 
Industry & Education. 

Z. M. Nopiah, M. I. Khairir, S. Abdullah and C. K. E. 
Nizwan.  2008.   Peak-Valley Segmentation 
Algorithm for Fatigue Time Series Data. 
WSEAS TRANSACTIONS.  Vol 7: 698-707 

Anon: ASTM Book of Standard.  2000.  Vol. 03.01: 
56. 

Sean J.Bailey et. al.  2003.  Annual Book of ASTM 
Standard.  Section 3, Metals Test Methods 
and Analytical Procedures. 

K. Yamaguchi et. al.  2007.  Gigacycle fatigue data 
sheets for advanced engineering materials.   
Journal of Science and Technology of 
Advanced Materials.  545–551. 

Miminorazeansuhaila Loman.  2010.  A Study of 
Fatigue Crack Initiation using Acoustic 
Emission Technique.  Thesis of Master 
Degree ( Department of Mechanical and 
Materials, Universiti Kebangsaan Malaysia). 

M.Mohammad, S.Abdullah. N.Jamaludin, M.Z. Nuawi.  
2011.  Correlating Strain and Acoustic 
Emission Signals of Metallic Component 
Using Global Signal Statistical Approach.  
International Conference on Advances in 
Materials and Processing Technologies. 13-16 
July 2011, Istanbul. 

Mazian Mohammad.  2007. A study of acoustic 
emission signatures for a flow through smooth 
and rough surface pipes and check valve. 
Thesis of Master Degree (Department of 
Mechanical and Materials, Universiti 
Kebangsaan Malaysia. 

 John Van Baren and Philip Van Baren.  2009.  The 
fatigue damage spectrum and kurtosis control. 
Vibration Research Corporation Jenison, MI.   

Shahrum Abdullah, Ahmad Kamal Ariffin,  Che Ku 
Eddy Nizwan,  Mohamad Faizal 
Abdullah,Azman Jalar, Mohd Faridz Mod 
Yunoh. 2010.  Failure Analysis of a 
semiconductor packaging leadframe using the 
signal processing approach. International 
Journal of Modern Physics B. Vol. 24, Nos. 1 
& 2 175-182. 

 
 
 



Regional Tribology Conference  
Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

127 
 

Paper Reference ID: RTC 071 
 

TOOL WEAR IN END MILLING OPERATION WHEN MACHINING OF 
HASTELLOY C-2000 USING UNCOATED CARBIDE INSERTS  

 
N.H. Razak1, M.M. Rahman1,2*and K. Kadirgama  

 
1Faculty of Mechanical Engineering, Universiti Malaysia Pahang, 26600 Pekan, Pahang, Malaysia  

email: mustafizur@ump.edu.my 
2Automotive Engineering Centre, Universiti Malaysia Pahang, 26600 Pekan, Pahang, Malaysia 

 
ABSTRACT 
 
This paper presents an experimental study of the 
tool wear propagation and cutting force 
variations in the end milling of Hastelloy C-
2000 with uncoated carbide inserts. Design of 
experiments (DOE) was implemented with the 
aid of the statistical software package. The 
experimental results showed that significant 
flank wear was the predominant failure mode 
affecting the tool life. The tool flank wear 
propagation in the end milling process was 
growth rapidly. Notching, plastic lowering at 
cutting edge, catastrophic and wear at nose were 
also found. Moreover the attrition wear, and 
oxidation mechanism were operating on the 
uncoated cutting. The dominant wear 
mechanisms in tool failure were a combination 
of alternating occurrence of galling and 
progressive chipping and/or plucking and, to a 
lesser degree of abrasion. Scanning electron 
microscope (SEM) and energy dispersive x-ray 
(EDX) analyses were performed in different 
cutting conditions. 
    Keywords: Hastlelloy C-2000, uncoated 
carbide insert, flank wear, SEM, EDX. 
 
1. INTRODUCTION 

Nickel-based alloys (Ni-Co-Cr, Ni-Fe-Cr or Ni-
Co-Fe) are very popular in the industry due to 
their advantages over titanium-based alloys. The 
main strengths of the nickel-based alloys are 
being heat-resistant, retaining their high 
mechanical and chemical properties at high 
temperatures, and having high melting 
temperatures, high corrosion resistance, as well 
as resistance to thermal fatigue, thermal shock, 
creep, and erosion (Wu, 2007; M'Saoubi et 
al.,2008; Guo et al., 2009). Nickel based alloys 
have the ability to retain most of their strength 
even after long exposures to extremely high 
temperatures and are the only material of choice 
for turbine sections of the jet engines. Nickel-
base super alloys have some characteristics that 
are responsible for its poor machinability. They 
have an austenitic matrix, and like stainless 

steels, work hardens rapidly during machining. 
Moreover, localization of shear in the chip 
produces abrasive saw-toothed edges which 
make swarf handling difficult. These alloys also 
have a tendency to weld with the tool material at 
the high temperature generated during 
machining. The tendency to form a BUE during 
machining and the presence of hard abrasive 
carbides in their microstructure also deters 
machinability. These characteristics of the 
alloys cause high temperature (>1000°C) and 
stresses (>3450 MPa) in the cutting zone 
leading to accelerated flank wear, cratering and 
notching, depending on the tool material and 
cutting conditions used (Ezugwu et al., 1991). A 
short tool life is a basic problem to impair the 
machinability of nickel-based alloys and limits 
their machining efficiency. Many studies 
focused on the tool materials and their wear 
mechanism (Costes et al., 2007; Devillez et al., 
2007; Ezugwu et al., 2004, 2005 and Deng et 
al., 2005). Another important consideration in 
machining nickel-based alloys is poor surface 
integrity. The surface cavities, plucking and 
residual stress on the machined surface reduce 
the wear resistance of part surfaces, and result in 
the stress-corrosion cracking and distortion of 
components as well. It is difficult to machine 
superalloys. Machinability of superalloys did 
not improve as much as cutting tools in spite of 
new improvements in the field of cutting tools 
nowadays. Another method is to provide 
minimum heat extraction, and slow down 
cutting speed and feed rate in order to ease the 
machining of superalloys (Aykut, 2005).There 
are several studies on surface milling (Alaudin 
et al.,1998 and Diniz and Filho, 1999). These 
studies show that the bigger are the feed rate 
and cutting depth, the bigger are the cutting 
forces. Cutting forces are directly related to 
increase of cutting speed. Cutting speed is 
parameter directly affecting tools wear and tool 
life. The aims of this paper to investigate the 
tool wear of end milling operation when 
machining of Hastelloy C2000 using uncoated 
carbide inserts. 
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2. EXPERIMENTAL DETAILS 
 
2.1A. Design of Experiment 
Design of experiment (DOE) is used to reduce 
the number of experiments and time. The study 
uses the Box-Behnken design because it has 
fewer design points and less expensive to run 
than central composite designs with the same 
number of factors. Three levels of cutting 
parameters were selected to investigate the 
machinability of this alloy which is covering the 
feed rate range for Hastelloy C-2000 workpiece, 
0.1 mm/tooth, 0.15 mm/tooth, 0.2 mm/tooth, 
different values of depth of cut, such as 0.4 mm, 
0.7 mm and 1.0 mm and various cutting speed, 
15 m/min, 23 m/min and 31 m/min were 
selected. The selected inputs were chosen due to 
suggested for the Hastelloy C-2000 workpiece 
supplier. Various input parameters in the 
conduct of the experiments are listed in Table 1 
and design of experiment in Table 2.  

 
Table 1: Machining parameters and their levels 

 

Process  
Parameters 

Level 

-1 0 1 
Feed rate (mm/tooth) 0.1 0.15 0.2 
Axial depth  (mm) 0.4 0.7 1 
Cutting speed (mm/min) 15 23 31 

 
Table 2: Design values  

 
Experi
ment 
No. 

Feed rate 
(mm/toot

h) 

Axial 
Depth 
(mm) 

Cutting 
speed 

(m/min) 
1 0.15 0.4 31 
2 0.15 1 15 
3 0.1 0.7 15 
4 0.2 1 23 
5 0.2 0.7 31 
6 0.15 0.7 23 
7 0.15 0.7 23 
8 0.2 0.7 15 
9 0.1 0.4 23 

10 0.15 1 31 
11 0.15 0.4 15 
12 0.1 0.7 31 
13 0.1 1 23 
14 0.15 0.7 23 
15 0.2 0.4 23 

 
2.2 Workpiece and Cutting Tool Material 

The chemical and physical properties of the 
workpiece material Hastelloy C-2000 are given 
in and respectively. The constituents of the 
workpiece chromium (23%) and molybdenum 
(16%) being high, the material is hard to 
machine. Nickel consists of approximately 50%, 
which makes the alloy suitable for high 
temperature applications. The test specimen 
used in the conduct of the experiments was 
46 mm × 120 mm × 20 mm. The test block was 
annealed and has Rockwell B 90 hardness. 

 
Table 3: Chemical composition of workpiece 

material (Hastelloy C-2000), Haynes 
International catalogue book 

 
Chemical 

Composition (%) 

Cr 23.00 
Mo 3.00 
Cu 1.60 
Al 0.50 
Mn 0.50 
Si 0.08 
C 0.01 
Ni Balance 

 
Table 4: Physical properties of workpiece 

material (Hastelloy C-2000 at room 
temperature),Haynes International catalogue 

book 
 

Parameters and unit Value 

Density (g/cm3) 8.5 
Thermal conductivity (W/m°C) 9.1 
Mean coefficient of thermal 
expansion (μm/m°C) 12.4 
Thermal Diffusivity (cm /s) 0.025 
Specific heat (J/kg°C) 428 
Modulus of elasticity (GPa) 223 

 
The experimental study was carried out 

in wet cutting conditions on a CNC milling 
machine by slotting machining equipped with a 
maximum spindle speed of 4000 rpm, feed rate 
of 5.1 m/min and a 5.6-kW drive motor. The 
cutting tool insert used to cut the material was 
uncoated carbide, grade designation K15, with 6 
% composition of Co and the rest was tungsten 
(WC) and the grain size was 1 µm. The 
following are the details of the tool geometry of 
inserts when mounted on the tool holder: (a) 
special shape ; (b) axial rake angle:  19.5°; (c) 
radial  angle: 5°; and (d) sharp cutting edge. 
Figure 1 shows the experimental set up and 
shape of uncoated carbide inserts [(a) workpiece 
at CNC milling machine, (b) CNC milling 
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machine, (c) shape of uncoated carbide, 
(d) SEM viewing of uncoated carbide before 
machining. 
  

 
 

(a) Workpiece on CNC Milling 
 

 
 

(b) CNC Milling Machine 
 

 
 

(c) Shape of uncoated carbide inserts 
 

 
 

(d) SEM viewing of insert before machining 
 

Figure 1: Experimental setup and shape of 
uncoated carbide inserts 

The wear characteristic was determined 
based on ISO 8688-2:1989 (E) sets a 
recommended uniform wear criterion of 0.3 
mm, a maximum wear criterion of 0.6 mm and 
severe flaking or chipping larger than 0.4 width 
occurs when machining steel during end mill. 
Wear measurements were performed on an 
optical video measuring system without 
removing the inserts out of the cutter by using a 
special fixture. Experiment trial will be stopped 
when any one of the above criteria is reached. 
Flank wear measurement is carried out parallel 
to the surface of the wear land and in a direction 
perpendicular to the original cutting edge, e.g. 
the distance from the original cutting edge to 
that limit of the wear land which intersects the 
original flank. Flank wear on the mill insert is 
measured after every pass on the workpiece. 
Flank wear is selected as the preferred mode of 
failure because of its predictable nature. It is 
recorded for every pass of the cut till the inserts 
reached the wear criterion. Water soluble 
coolant was used for the experiments. Two 
nozzles were opened fully to directly flush at 
the cutting tool and produce wet cutting. 

3. RESULTS AND DISCUSSION 

Tool wear is the result of load, friction, and high 
temperature between the rake face of tool and 
the workpiece. Several wear mechanisms can 
occur during machining processes: adhesive 
wear, abrasive wear, diffusion wear, oxidation 
wear and fatigue wear (Gu et al., 1999). In the 
milling process, the end of the tool life is more 
frequently caused by chipping, cracks and 
breakage of the edge (rather than regular tool 
wear) than in other machining processes, such 
as turning and drilling. This occurs because 
milling is an interrupted operation, where tool 
cutting edge enters and exits the workpiece 
several times per second (Diniz and Filho, 
1999). When the cutting edge appears jagged or 
there are cavities, it means that chipping has 
occurred. Small chips break off from the tool 
cutting edge on account of mechanical impact, 
transient thermal stresses due to cycled heating 
and cooling in intermittent machining 
operations, chatter and excessive cratering and 
flank wear. 

 
Figure 2(a) shows the value of tool 

wear at feed rate 0.15 mm/tooth, axial depth 
0.7mm and cutting speed 23 m/min when 
measured by optical video measuring system 
which is 0.4199 mm after first pass. it can be 
classified that the formation flank wear happens 
at the cutting tool based on recommended 
uniform wear criterion, ISO 8688-2:1989 (E) for 
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end milling specification. Figure 2(b) shows the 
SEM viewing with magnification 100x of flank 
wear. Flank wear, chipping and catastrophic 
failure are other causes of tool rejection when 
machining nickel-based alloys. Lee et al. (1979) 
have also reported that the nickel-based alloy, 
which is high in strength, causes high 
temperature and stress at the tool–chip contact 
area. The separation of the edge of the chip 
from the workpiece is largely a tearing process. 
The fatigue loading on the tool, the work 
hardened layer and the adherence of work 
material on the notched area and subsequent 
dislodgement, it is contribute to notching wear 
(Khamsehzadeh, 1991). 

 

 
     (a)   
         

 
(b) 

 
Figure 2: Tool wear and its SEM viewing with 

magnification of 50x 
 
 
 

Figure 3 represents the chipping mechanism. 
The chipping occurs near the tool nose lead to 
gross fracture of the tool when the length of 
cutting is increased. Chipping was found to 
develop more into the tool flank than on the 
rake face particularly at cutting speed of 
15 m/min, feed rates of 0.2 mm/tooth and axial 
depth 0.7 mm after first pass. Edge chipping 
occurs outside the cutting area as the result of 
chip impact due to unfavorable chip removal 
David et al.,(1997) and Bawa (1995), high 
temperature as well as the adhesion of the work 
material on the tool rake face Ezugwu et al., 
(1990), Eldem and Barrow (1976) and Bhatia et 
al., (1979) The dominant wear mechanisms 
which resulted in tool failure were a 
combination of alternating occurrence of galling 
and progressive chipping and/or plucking and, 
to a lesser degree of abrasion. As such, the 
contribution of the coating layer on the tool 
flank to resist wear was not significant. 

                     

 
 

Figure 3: Chipping mechanism in tool wear 
 
Attrition wear can be attributed to the irregular 
flow of work material over the cutting edge of 
the tool, fatigue induced by the serrated chip 
and formation of cracks generated by 
thermal/mechanical fatigue. Figure 4 shows the 
formation of built-up edge (BUE) on the tool 
flank due to the attrition wear where the 
workpiece was machined at cutting speed 15 
m/min, feed rate 0.1 mm/tooth and axial depth 
0.7 mm after second pass. A BUE is formed due 
to the high pressure generated during cutting 
and the high chemical affinity of the tool to the 
workpiece material.Moreover, the previous 
researchers (Ezugwu and Wang, 1996 and 
Dearnly and Gearson, 1986) , attrition wear is a 
removal of grains, or agglomerates, of tool 
material due to intermittent adhesion between 
the tool and the workpiece, as a result of the 
irregular chip flow and the breaking of a 
partially stable BUE. Breakdown of the cutting 
edge of cutting tools can be also attributed to the 
high stress applied behind the cutting edge when 
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machining nickel based alloys (Wright and 
Chow, 1982). 

    

 
 

Figure 4: Formation of built-up edge on tool 
inserts. 

 
4. CONCLUSIONS 
 
The experimental results show that the 
significant flank wear was the predominant 
failure mode affecting the tool life. The tool 
flank wear propagation in the end milling 
process was growth rapidly. Notching, plastic 
lowering at cutting edge, catastrophic and wear 
at nose were also found. Moreover the attrition 
wear, and oxidation mechanism were operating 
on the uncoated cutting tool when machining 
Hastelloy C-2000. The dominant wear 
mechanisms in tool failure were a combination 
of alternating occurrence of galling and 
progressive chipping and/or plucking and, to a 
lesser degree of abrasion. Besides that, it can be 
concluded the feed rate has the leading effect on 
the tool wear based on pass of machining factor 
which is normally maximum feed rate need only 
one pass to classified to be wear followed by the 
cutting speed and axial depth. 
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ABSTRACT 
 
This paper presents investigation on the alloying 
capability of Cu-TaC electrode during electrical 
discharge machining (EDM). The electrode 
produced through powder metallurgy technique 
was used in machining alpha-beta titanium alloy 
(Ti-6Al-4V) under different machining 
conditions. EDM experiments were conducted 
with distilled water as dielectric fluid. The peak 
current range of 3.5-5.5A and pulse duration of 
3.3 - 5.3µsec were the machining conditions 
used as variables, while other conditions 
remained constant. The outputs of this 
investigation are surface composition, 
topography and surface roughness of the 
machined surface. The SEM/EDX results 
indicate that the machined surface was alloyed 
with carbides and oxides. Both the topography 
and surface roughness were found to have been 
affected by the machining conditions of current 
and pulse duration. 
 
Keywords: EDM, Surface topography, Surface 
roughness, Ti-6Al-4V, Surface alloying, Cu-
TaC electrode. 

 
1. INTRODUCTION 
 
Electrical discharge machining (EDM) is one of 
the non-conventional techniques used in 
machining electrically conductive work 
materials that are mainly difficult to be 
machined. This technique is widely used in 
modern manufacturing industry to remove 
material from workpiece through a series of 
electric sparks occurring between the pair 
(cutting tool and the workpiece). The capability 
of the sparks to erode the work material 
regardless of its hardness is a unique advantage 
in manufacture of moulds, dies automotive, 
aerospace and surgical components (Ho and 
Newman, 2003; Lee and Yan, 2000). 

The major outputs of an EDM process 
are material removal rate (MRR) and surface 
integrity of the workpiece. Quite a number of 

research works have been carried out to seeking 
to improve the efficiency and effectiveness of 
this machining process towards enhancing these 
outputs. In their study on EDM of cemented 
carbide, Banerjee et al. (2009) found out that 
sufficient super-heating and surface boiling of 
the workpiece is essential for efficient material 
removal. Lin and Lee (2008) introduced 
magnetic force-assisted EDM to facilitate the 
removal of debris built up during machining. 
They were able to obtain more than three times 
MRR and better surface finish than in the 
conventional machining. 

 Recent studies are moving towards the 
use of numerical modelling to improve the 
EDM process variables. Machining variables 
have been used by Puerta et al. (2004), Zhou et 
al. (2008) and Saha and Choudhury (2009) to 
established empirical relationships with the 
output variables – the MRR, electrode wear rate 
(EWR) and surface roughness (Ra). Their 
models were able to generate optimal regions 
for these variables. 

 The electrodes’ characteristics also 
affect the level of surface finish of the 
workpiece. Marafona and Wykes (2000) 
obtained higher MRR with a two-stage EDM 
system. Carbon was migrated from dielectric 
fluid onto tungsten-copper electrode tip in the 
first stage to reduce the electrode wear and 
enhance the MRR in the second stage. The 
equivalent carbon which increased on the tool 
surface in the first stage accounts for the 
decrease in EWR (Marafona, 2007). The low 
MRR and TWR of the tungsten-copper 
electrodes also enable it to be used for 
production of accurate geometries and “mirror-
like” surfaces micro-finishing (Ferreira, 2007).  

 Surface modification/alloying of the 
workpiece through EDM is one of the recent 
innovations in the machining process. This can 
be achieved through the use of conductive 
powders suspended in dielectric fluids (Pecas 
and Henriques, 2003; Khan et al, 2012), or by 
machining with powder metallurgy (PM) 
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electrodes during the EDM (Simao et al., 2003; 
Lee et al., 2004;  Ho et al., 2007). 

 This paper presents the investigation 
on the alloying capability of Cu-TaC composite 
electrodes. The electrodes produced by PM 
method were used to machine alpha-beta 
titanium alloy (Ti-6A-4V). Though extensively 
used in aerospace industry, biomedical and 
corrosive environment, the alloy has poor 
abrasive and adhesive wear resistance. Since 
EDM is one of the main techniques used in 
processing this material, the possibility of 
improving it through surface alloying during 
machining is therefore explored. The machining 
performance of these electrodes was earlier 
reported in terms of MRR and TWR by the 
authors (Ndaliman et al., 2011). The outputs of 
this investigation are the EDMed surface 
composition, topography and roughness. 
 
2. EXPERIMENTAL DETAILS  
 
2.1 Equipment and materials 
 
A die sinking machine of Mitsubishi EX 22 
model was for machining. A special 
arrangement was made in which a separate 
machining tank is placed inside the work tank 
was made. The dielectric fluid is distilled water, 
while kerosene is contained in the normal work 
tank. The electrode material was made from Cu 
and TaC powder through PM technique. Their 
composition is 50/50 % and compacted at 3,500 
psi pressure. The work material used in the 
investigation is the alpha-beta titanium alloy 
(Ti-6Al-4V). The summary of the equipment 
used, materials and machining settings is 
presented in Table 1. 
 

Table 1 Experimental and Machining 
Parameters used 

 
 

2.2 Procedures 
 
The workpiece was cut into 100mm X 35mm 
rectangular dimension milled to the desired 
smoothness and the electrode fixed to the 
holder. The prepared distilled water was placed 
in the machining tank. The machining was done 
according to the settings shown in Table 1. The 
experimental runs were planned and 
implemented using 2 X 2 factorial design with 
three replicates. While the work tank was filled 
with kerosene dielectric, the machining tank 
contains the distilled water as dielectric. Figure 
1 shows the machining process being 
conducted.  
 

 
 

Figure 1 The experimental set-up 
 

After, machining, the surfaces were 
examined, cut and prepared for further analysis. 
The surface composition and topography were 
examined with the use of scanning electron 
microscope (SEM) and energy dispersive X-ray 
spectroscopy (EDX). The surface roughness 
was determined with Mitutoyo Surftest SN 100. 
Three readings were taking for each sample, and 
averages of Ra were recorded. 
 
3. RESULT AND DISCUSSION 
 
3.1 Surface Composition  
 
The surface of the workpiece was examined for 
modifications, and changes were found in the 
topmost part of the surface. Table 2 shows 
comparison of the composition of the EDMed 
surface under the two extreme machining 
conditions. The lower extreme condition is the 
surface machined with peak current (Ip) of 3.5A 
and pulse duration (ton) of 3.3 µsec, while the 
highest one is the composition of the surface 
machined with Ip of 5.5A and ton of 5.3 µsec.  

Working 
Parameters Description 
EDM 
equipment 

A Mitsubishi sinking machining 
model EX 22 

Workpiece Titanium alloy (Ti-6Al-4V) 
Electrode 
 

Cu-TaC composite electrode; 
50-50% composition; and 3,500 
psi pressure; Φ13mm 
 

Dielectric 
fluid 

Distilled water. 

EDM 
programme 

Polarity (-); peak current,  Ip: 
3.5-5.5A; pulse duration,  ton: 
3.3-5.3 µsec; pulse interval,  toff: 
3.3-5.3 µsec; gap voltage, Vg: 
20V  
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Table 2 Composition of the machined surface 

 

 
  

Figure 2 EDX spectra analysis of workpiece 
machined with Ip-3.5A and ton-3.3µsec. 

 
Sample of spectra image of the 

workpiece also confirmed the presence of Cu, 
Ta, O and C in addition to the parent material 
titanium (Figure 2). The presence of these 
elements implies that migration of materials has 
taken place from the tool material and dielectric 
fluid onto the workpiece, thus alloying the 
surface with the oxides and carbides of titanium 
or tantalum. There is the possibility of 
formation of TiC and TiO layers on the surface 
because of the presence of the carbide and oxide 
ions during the discharging process. Chen et al. 
(1999) also obtained similar compounds (TiC 
and TiO) while machining with kerosene and 
distilled water as dielectric fluids. These 
hardened layers are capable of enhancing wear 
resistance and micro-hardness of the surface 
(Yan et al. 2005). 

 
3.2 Surface Topography 
 

The scan images of the EDMed surface 
under different machining conditions are 
presented in figures 3 – 5. Theses surfaces are 
characterized by various degrees of micro-
cracks and craters depending on their machining 
conditions. At lower peak currents and pulse 

durations, the surfaces generally exhibit some 
small size cracks with little or no craters (Figure 
3). This phenomenon conformed to the previous 
findings (Khan, et al., 2012). 

At higher machining conditions (Ip-5.5A, 
to - 5.3µsec) the number of micro-cracks 
reduces, but with increase in sizes while the 
craters’ number also increase (Figure 4). This is 
because higher currents and pulse duration 
increase intensity of spark discharges which 
leads to increasing sizes of the cracks and also 
increase in number of the craters. Figure 5 gave 
the best surface topography. The surface was 
machined with peak current of 3,5A and pulse 
duration of 5.3 µsec. Therefore a compromise of 
the machining conditions could provide the 
desired surface topography. 

 

Figure 3 Topography the surface machined with 
Ip-3.5A, to -3.3µsec. 

 

 
 

Figure 4 Topography the surface machined with 
Ip-5.5A, to -5.3µsec. 

Machining 
settings 

Ip-3.5A,  to-
3.3µsec 

Ip-5.5A, to-
5.3µsec 

Element (%)    
C  18.25 17.04 
O  32.37 28.43 
Ti  19.57 12.37 
Cu  13.03 17.43 
Ta  16.78 24.74 

Micro-cracks 

Micro-crack 

Craters 
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Figure 5 Topography the surface machined with 

Ip-3.5A, to -5.3µsec. 
 
3.3 Surface Roughness 
 
Table 3 shows the design matrix of the 2 X 2 
factorial experiments use in determining the 
surface roughness of the EDMed workpiece. 
Since it is conducted in three replicates, a total 
of twelve readings were recorded. 
 

Table 3 The design matrix and the surface 
roughness 

 
As expected the surface roughness (Ra) 

is lower at low peak current and pulse duration. 
Similar reasons adduced for the surface 
topography also applied to the roughness. The 
one factor plots of figure 6 indicate that each of 
peak current and pulse duration varies directly 
with the Ra. The general behaviour of Ra is 
illustrated in response surface plot of Figure 7.  
 
 
 

 
 
   a. 
 

 
 

Figure 6 One factor plots of Ra of the EDMed 
surface: a – Ip = 4.5A, b – to = 4.3 µsec. 

  
The surface plot confirms the trend 

showing gradual increase from smooth to 
roughest surface. The Ra for the EDMed surface 
ranges between 6 - 14µm. The factor of increase 
in discharge intensity leading to higher thermal 
energy which causes higher erosion, account for 
the rougher surface at such extreme machining 
conditions. The force which removes the melted 
materials become high, subsequently it leads to 
creation of deeper and wider craters. 
 
 
 
 

DESIGN-EXPERT Plot

Ra

X = B: to

Actual Factor
A: Ip = 4.50

3.30 3.80 4.30 4.80 5.30
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9.99
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B: to

Ra

One Factor Plot
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Ra
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12.22
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Ra

One Factor Plot

Run 
Order 

Block Factor 1 
A: Ip (A) 

Factor 2 B: 
ton (µsec) 

Response1 
Ra (µm) 

 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 

 10 
 11 
 12 

 

 
 Block 1 
 Block 1 
 Block 1 
 Block 1 
 Block 2 
 Block 2 
 Block 2 
 Block 2 
 Block 3 
 Block 3 
 Block 3 
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 3.50 
 5.50 
 3.50 
 5.50 
 3.50 
 5.50 
 3.50 
 5.50 
 3.50 
 3.50 
 5.50 

  

 
 3.30 
 5.30 
 5.30 
 3.30 
 5.30 
 3.30 
 3.30 
 5.30 
 3.30 
 3.30 
 5.30 
 5.30 

 

 
 8.98 
 7.84 
 14.45 
 8.50 
 12.01 
 5.87 
 9.57 
 8.80 
 7.26 
 5.53 
 9.96 
 10.84 

 

Mild Micro-
cracks 
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Figure 7 3-D surface plot of Ra of the EDMed 

surface. 
 
4. CONCLUSIONS 

 
The alloying capability of Cu-TaC electrode 
was investigated with distilled water dielectric 
fluid during EDM. The conclusions can be 
drawn:  

x Based on the SEM / EDX results, the 
EDMed surface were alloyed with both 
carbides and oxides during machining. 

x Small size micro-cracks with few 
craters were observed at lower 
machining conditions of current and 
pulse duration. However, the number 
of craters and their sizes increase and 
that of micro-cracks reduce at higher 
machining conditions. The optimal 
machining parameter which is between 
the two extremes gave the best surface 
topography. 

x The surface roughness of the EDMed 
surface is lower at low peak current 
and pulse duration and vice versa. 

x Current efforts are on investigation of 
the wear resistance and micro-hardness 
of surface properties 
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NOMENCLATURE 
 
EDM – electrical discharge machining 
MRR – material removal rate g/min 
TWR – tool wear ratio dimensionless 
SEM – scanning electron microscope 
EDX – energy dispersive X-ray spectroscopy 
Ip – peak current A 
ton – pulse duration µsec 
toff – pulse interval µsec 
Ra – surface roughness value µm 
Φ – electrode diameter mm 
Vg – gap voltage V 
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ABSTRACT 
 
Surface alloying with ceramic powder uses a high energy 
input to create composite coating that provides protection 
against wear and corrosion. In this work TiC incorporated 
composite coating was created by melting single tracks in 
1.0 mg/mm2 TiC powder preplaced on alloy steel 
surfaces using a conventional TIG welding torch 
produced at 80 ampere current with a voltage between 30 
to 55V and a constant traversing speed of 1.0 mm/s. The 
effect of voltage, used to generate TIG torch for melting, 
was investigated in terms of geometry, microstructure 
and hardness of the processed track.  
 
The TIG torch produced with different voltages created 
melt pool of hemispherical shape with varying track 
dimensions. The melt dimensions increased with 
increasing voltage. Glazing with 30 V created a melt pool 
of 3.10mm wide and 0.80 mm deep; the maximum width 
of 3.96mm and depth of 0.97 mm was produced at 55 V 
and 45 V, respectively. Tracks produced under different 
conditions were free from cracks but pores were seen in 
places. The melt microstructures consisted of partially 
dissolved and unmelted TiC particulates along with 
dendrites of a variety of TiC precipitates. Agglomeration 
of TiC was apparent at the edges. The population of TiC 
precipitates and partially dissolved TiC particulates 
increased when glazed at high voltage torch. Hardness 
development was lowest when glazed at 30 V and it 
increased by glazing at 35 and 45 V. The population of 
TiC particulates and their sizes were seen to influence the 
hardness and this phenomenon is also similar for the 
precipitated particles.  
 
Keywords: Tungsten inert gas (TIG) torch, Voltage, Low 
alloy steel, Composite layer, Agglomeration of TiC, 
Hardness 
 
1. INTRODUCTION  
 
The success of having acceptable clad layer in 
manufacturing field is by incorporating optimum powder 
volume fraction and fused by low energy input producing 
surface layers that are able to resist extreme wear and 

corrosive conditions. Because of the wear and corrosion 
problems, metallic parts are prone to loose their accuracy 
stability thus making the application of that utilized 
component to progressively fail. To prevent this, many 
researches have been conducted to identify ways so that 
the shelf life of the bulk material could be prolonged and 
protected against these failures (Abboud et al., 1991, 
Pfohl et al., 1999, Ji et al., 2000, Wang et al., 2006, 
Mridha et al., 2007 and Chao et al., 2008). TiC has been 
known to possess exceptional characteristic to give  high 
surface resistance particularly against wear condition, and 
various processing technique have been introduced to 
consolidate this reinforcing material on surface of the 
substrate (Das et al., 2002). An alternative method was 
developed using conventional TIG torch melting for 
surface modification work (Mridha et at., 1999, Mridha et 
al., Buytoz et al 2005, Webin et al., 2007). In this 
method, the TIG torch with adequate power density, is 
scanned over the material which melts a thin layer of the 
substrate surface by absorbing heat energy from the torch 
in a short time interval; the melt matrix interface moves 
toward the substrate at a rate which depends on the 
scanning speed, and creates a melt pool. Upon 
solidification, the resolidified layer creates a 
metallurgical bond with the substrate material. In a 
previous work (Mridha et at., 2011), the TiC incorporated 
composite layers on AISI 4340 low alloy steel gave 
hardnesses between 2.5 to 4 times the base metal 
hardness (300 Hv).  
 
The increase of powder content with low energy input 
caused less particle dissolution and those particles were 
evenly dispersed in the melt pool (Mridha et al. 2011). 
Wang et al., 2006 observed Ti and other alloying element 
were greater near the surface and this amount gradually 
decreased with increase of melt pool depth. Using 1.2 
mm thick preplaced TiC powder, the microhardness was 
found to be over 1200 Hv and this hardness value was 
below 800 Hv using the 1.8 mm coated layer sample. The 
presence of micro-cracks, porosity and incomplete fusion 
with bonding strength reduction were identified for the 
cause of hardness reduction. Wang et al., 2008 found that 
laser processed sample using a mixture of Fe-Ti, FeCrBSi 
and graphite powder preplaced on AISI 1045 steel 
substrate improvise the interface bonding strength 
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between the TiC and the resolidified matrix. They also 
found that the precipitated TiC are not easily pulled out 
under the wear test and have higher resistance to plastic 
deformation. Wang et al., 2006 observed increased 
hardness with FeTi and graphite powder fused by 
multiple pass; the single pass produced hardness of 900 
Hv at a melt depth of 0.5 mm from the surface. The 
highest hardness values were at the average of 1400 Hv 
to the depth close to 0.75 mm. They presumed that the 
increased fraction of TiC is responsible for hardness 
increment. However, lesser amount of TiC particles in the 
overlapped zone is also reported to reduce hardness 
compared to the non-overlapped ones (Wang et al., 
2007). Generally the precipitated microstructure consists 
of TiC that formed into a variety of shapes (Wang et al., 
2007 and Mridha et al., 2011).  
 
In arc welding, current and traversing speed are main 
variables to change the energy density for melting while 
the voltage remains constant to a low level (�40 V) for 
safety reason. However, with increasing voltage the arc 
diameter is known to increase. The arc is conical in shape 
Mridha et al., 1999 so melt width depends on the position 
of the specimen below the arc; normally it is very close 
(~1 mm) in order to avoid arc extinction. In contrast, the 
sample can be placed at any defocused distance in laser 
processing. No work is yet reported on the characteristics 
of composite layers processed using powder 
preplacement and melting under the TIG torch generated 
at different voltages. 
 
The voltage affects the power and size of the arc. This 
paper describes how the variation of voltage in producing 
the arc influences the dimension, microstructure and 
properties of TIG melted composite track.  
 
2. EXPERIMENTAL 
 
The TiC particulates having 99.5% purity ranging from 
45 to 100 µm supplied by CeraoTM Incorporated from 
Milwaukee Winsconsin was used as the reinforcing 
powder preplaced on the AISI 4340 low alloy steel 
substrate. The base metal size was cut to the dimension of 
100×40×15 mm and ground using emery paper followed 
by degreasing using acetone solution. The standard 
composition of the base metal is 0.38-0.43%C, 0.60-
0.80%Mn, 0.15-0.30%Si, 0.04%S, 0.035%P, 0.70-
0.90%Cr, 1.65-2.00%Ni, 0.20-0.30%Mo and balance is 
iron. Weighed powder at 1.0 mg per millimetre square 
area was mixed with PVA binder and evenly spread 
across the surface of the base metal. This sample was 
dried in the oven at 80oC for 1 h to remove moisture. 
Single tracks were melted at different processing 
conditions as shown in Table 2 using TIG 165 welding 
machine with 2.4 mm diameter thoriated tungsten 
electrode. The tracks were protected against excessive 

oxidation using streamed argon gas at 20 L/min. Nital 
solution was used to etched the polished cross section of 
the track. Nikon measuring microscope mm-400/L and 
JEOL JSM 5600 scanning electron microscope were used 
to analyze the sample topography and microstructure, 
respectively. Microhardness measurements across the 
melt depth were conducted using Wilson Wolpert testing 
machine at the load of 500 gf with 10s delay. The heat 
input was calculated using an expression in literature 
(Easterling, 1992) and Table 2 shows the calculated 
values at different processing conditions used in this 
investigation.  
 
3. RESULTS AND DISCUSSION 
 
3.1 Surface Topography and melt dimension  
 
All processed tracks created melt pools and the surfaces 
of the resolidified tracks formed rippling marks both in 
radial direction and also elongated in glazing direction 
(Fig. 1). The tracked glazed at 55 V with highest energy 
input of 2112 J/mm is relatively smoother than others and 
it may be related to the increased melt fluidity with 
vigorous melt mixing. These can be the reasons for 
increased melt waves with greater rippling marks upon 
solidification. The 30V track glazed at 1152 J/mm is 
likely to have low fluidity and that reduced to create high 
melt waves and hence less ripples on the surface. The 
ripple marks are reported by other works processed under 
TIG torch and laser (Mridha et al., 2007 and Dyuti et al., 
2011). 
 

 
30 V 

 
35 V 

 
45 V 

 
55 V 

 
Fig. 1 Topography of the track processed und the TIG 
torch produced with different voltages. 
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Table 1: The processing conditions and melt dimension s.  
   Voltage I TiC  Energy Width Depth HAZ  

[V] [A] 
[mg 
/mm2] [J/mm] mm mm mm 

30 80 1.0 1152 3.10 0.80 1.28 
35 80 1.0 1344 3.20 0.88 1.17 
45 80 1.0 1728 3.30 0.97 1.10 
55 80 1.0 2112 3.96 0.94 1.29 

 
The track dimensions in Table 2 clearly show that the 
melt width increased with increasing voltage. This is 
probably related to the larger arc diameter generated at 
higher voltage. The melt depth is also seen to increase 
with higher voltage and it is associated with the increased 
energy density of the arc according to the equation in 
literature Easterling, 1992). The maximum melt depth of 
about 1.0 mm and width of nearly 4.0 mm was produced 
when glazed und the arc generated at 45 and 55 V, 
respectively. The geometric size of the melt pool, 
together with the heat affected zone, decreases with a 
reduced energy input, which is in agreement with other 
published research (Baker et al., 1994, Mridha et al., 
1999 and Dyuti et al., 2011). 
 
3.2 Melt Microstructure 
 

 
(a) 30 V 

 

 
(b) 35 V 

 
(c) 45 V 

 

 
(d) 55 V 

 
Fig. 2 Microstructure of the melt tracks processed under 
the TIG torch generated at different voltages. 
 
The tracks processed with 1 mg/mm2 TiC addition under 
the TIG torch generated at different conditions produced 
hemispherical shape melt pools as shown in Fig. 2. The 
Gaussian energy distribution which has been generally 
known to have high energy intensity in the middle region 
and gradually decreases to the edges are responsible for 
producing this hemispherical melt shape and this are 
commonly observed in laser processing (Mridha et al., 
2007), and also in TIG surfacing work (Wang et al., 
2006, Li et al., 2011 and Dyuti et al., 2011). All tracks 
had good metallurgical bonding between the substrate 
and the added TiC powder. However, the tracks glazed at 
35 and 45 V produced flat cross sections compared to 
other tracks with 1mg/mm2 TiC powder. The flatness of 
the cross section suggests that it will require less grinding 
for use in services. The other tracks produced equally 
good composite cross sections but they were less flat. 
 
It is the Marangonian convectional force that stirred the 
liquid melt surging the powder away from the surface 
into the bottom of the melt pool, see Fig. 4b. This force is 
also believed to accelerate the dissolution of the TiC 
particulates. Greater energy input caused high dissolution 
of the TiC particulates and also more dilution of the base 
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metal. The melt was more fluid and created a depression 
at the middle zone (Fig. 2d) upon solidification of the 
high temperature melt. This track, produced at 2112 
J/mm (55 V) with 1 mg TiC powder, had more melt 
dimension (Table 2) with greater precipitation of a 
variety of TiC particles in many places. 
 

 
(a) Dendrite of precipitated TiC (30 V) 

 

 
(b) Flower and globular type TiC precipitates (35 V) 

 
(c) EDS from the melt matrix showing Ti in solution 
 
Fig. 3:TiC precipitates and EDS analysis. 

Glazing at 45 V produced track with right temperature to 
stir the liquid melt thus created a flat cross section 
without much solidification shrinkage at the middle zone 
(Fig. 2c). The microstructure consisted of densely 
populated partially dissolved TiC particulates and 
different types of TiC precipitates which formed upon 
solidification of the melt. These types of microstructures 
are also reported by other researchers (Wang et al., 2008, 
Zhang, 2010 and Li et al., 2011). When melted at 35 V 
(1344 J/mm) it produced relatively low temperature fluid 
which solidified fast without much surge of the liquid and 
this created increased height at the middle zone; the 
distribution of TiC appeared to be more uniform (Fig. 
2b). Melting at 30 V created very viscous melt of low 
temperature which allowed almost no melt mixing and 
thus produced more TiC agglomerated microstructure.  
 

 
(a) Partially dissolved TiC (45 V). 

 

 
(b) TiC agglomerate at the melt boundary (55 V). 

 
Fig. 4 (a) Partially dissolved TiC particulates in the melt 
and (b) agglomeration at the melt boundary by vigorous 
mixing. 
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Precipitated TiC particles of different types including 
dendrite were also seen in this track (Fig. 3a).  Pores are 
seen in many tracks and more so with those tracks glazed 
at low energy inputs. Pore formation is observed in most 
surface modification research which used powder 
preplacement and melting techniques (Abboud et al., 
1991, Baker et al., 1994, Mridha et al. and 1999, Mridha 
et al., 2007). Because of the high energy intensity melting 
at the middle region, more TiC dissolutions and 
precipitation of either cubic or globular type of TiC 
microstructure are likely to take place in this high 
temperature region. Greater precipitation of carbides 
were found in the middle upper region of most tracks 
because of the presence of high melt fluid that needs 
longer cooling time for solidification (Fig. 3b).  
 
Dissolution and dissociation of TiC particulates are 
evident from presence of these TiC precipitates. EDS 
analysis of the melt matrix in Fig. 3c containing titanium 
suggests dissolution and dissociation of TiC particulates 
during melting operation. The low temperature melt-
matrix regions are observed to have more TIC 
particulates than those in the middle. The low energy 
melting condition produces low temperature viscous melt 
giving more agglomerations especially at the edges. 
Microstructure in Fig. 4a shows partial dissolution and 
agglomeration of TiC in the 45 V track. Melting at higher 
energy of 2112 J/mm beam (55 V) likely to produce high 
temperature melt and that vigorous melt mixing and 
surged the ceramic particulates at the melt bottom, see 
Fig. 4b. 
 
3.3 Hardness 
 
The hardness profiles of the tracks containing 1.0 
mg/mm2 TiC addition and processed under the TIG arc 
generate at 80 ampere current and with different voltages 
are shown in Fig. 5. The results show a variation of melt 
hardness when glazed with varying voltage. The track 
processed at 30 volt with the constant current and 
traversing speed having lowest energy input of 1152 
J/mm gave lower hardness development compared to 
other tracks glazed at higher voltages with increased 
energy inputs. The lower hardness in this track is 
considered to be related to defects and less bonding of the 
TiC particulates within the melt zone (Fig. 2a) due to a 
very viscous melt generated by the low energy beam 
melting. Wang et al., 2006 also suggested reduction of 
hardness due to micro-cracks and incomplete fusion of 
the added particulates.  
 
The track glazed with energy input of 1344 J/mm at 35 V 
produced the highest hardness of 1200 Hv up to a melt 
depth of 0.6 mm. (Fig. 5). This happened because of the 
melt microstructure contained a higher TiC concentration 

and uniform distribution of TiC (Figs. 2b and 3b) 
compared to other tracks, see Fig. 2. 
 

 
 
Fig. 5 Hardness profile of the composite layer processed 
under TIG arc generated at different voltages. 
 
Glazing at 1728 J/mm (45 V) energy input created larger 
melt pool with maximum hardness of 1000 Hv and it 
reduced to 950 Hv when glazed at 2112 J/mm energy 
input (55 V), Melting at higher energy input generated 
more dilution, causing less dispersion of the TiC particles 
which may be the reason for low hardness development 
for these tracks. The high dissolution of TiC particulates 
may have also contributed to decrease these hardness 
values. The measured hardness values in tracks 
containing thinly distributed TiC particulates have larger 
melt zones compared to those tracks glazed at a low 
processing energy input (Table 2). However, with the 
incorporation of TiC particulates, the maximum hardness 
in the melt zone increased from 800 to 1200 Hv, 
depending on the processing conditions and the profile is 
shallow; the corresponding hardness of the martensitic 
HAZ varies between 500 to 700 Hv, compared to the 
base steel substrate hardness of 300 Hv. However, 
processing with 55 V torch gave the highest hardness. It 
is to be noted that melt size increases with increasing the 
voltage used to generate the arc which will require fewer 
multipass to create wider composite layer. 
 
4. CONCLUSIONS 
 
x Composite layers of about 0.8 to 1.0 mm thickness 

were successfully produced on AISI 4340 steel 
surfaces by placing 1 mg/mm2 TiC powder and 
melting under TIG torch generated at 30 to 55 V. 
Melting at higher voltage created larger melt 
geometry. 

x The melt pool was hemispherical in shape and the 
microstructure contained partially melted TiC 
particulates and a variety of TiC precipitates together 
with dendrites. Some porosity was present.  
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x The concentration of TiC particulates was greater in 
tracks glazed with lower energy input.  

x Melting the 1.0 mg/mm2 TiC powder at 1344 J/mm 
(35 V) energy input produced densely distributed 
TiC particles in the composite layer and that gave the 
highest hardness of 1200 Hv in this investigation.  

x The maximum hardness in the processed composite 
layer is about 2.5 to 4 times the base hardness of 300 
Hv, depending mainly on the processing conditions.  
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ABSTRACT 
 
The prediction of surface temperature for brake rotor is 
regarded as an important step in studying the brake 
system performance. The frictional heat generated on 
the rotor surface can influence excessive temperature 
rise which in turn leads to undesirable effects such as 
thermal elastic instability (TEI), premature wear, brake 
fluid vaporization (BFV) and thermally excited 
vibrations (TEV). The purpose of this study is to 
investigate the temperature distribution profile for 
brake caliper pressure application of 0.5, 1.0 MPa with 
a speed of 60km/h braking condition on the disc rotor 
surface. The brake rotor assembly is built by using a 3 
dimensional finite element model of a real car brake 
rotor. To verify the simulation results, an experimental 
investigation is carried out. It is believed from the 
study that composite brake rotor influences the 
temperature distribution and heat dissipation rate 
which could prevent excessive temperature rise and 
subsequently prolong the service life of the rotor. The 
finite element method is cost effective and also assists 
the automotive industry in producing optimised and 
effective brake rotor for thermal distribution analysis. 
 
Keyword: brake rotor, temperature distribution, finite 
element model, frictional heat 
 
1.0 INTRODUCTION 
 
Brake system is an essential component in the 
automotive industry due to its safety concern to reduce 
or stop a vehicle on high speed. The braking 
performance is significantly affected by the 
temperature rise in the process of halting the vehicle. 
Each moment (time step) during the continuous 
braking process gives a different value of temperature 
distribution as a result of the frictional heat generated 
on the rotor surface which can cause high temperature 
rise (Qi and Day, 2007; Hwang and Wu, 2010). When 
the temperature rise exceeds the critical value for a 
given material, it leads to undesirable effects in the 
operation of the rotor such as thermal elastic instability 
(TEI), premature wear, brake fluid vaporization (BFV) 
and thermally excited vibrations (TEV) (Gao and Lin, 
2002; Kao, et al., 2000). The material properties of the 

brake rotor play an important role by influencing the 
thermal conductivity and heat dissipation during 
braking. Recent studies have shown that advanced 
composite such as aluminium matrix reinforced with 
silicon carbide particle is a potential material for brake 
rotor development due to its thermo-physical 
properties (Qi, et al., 2001). In a study by Gao and Lin 
(2002), they observed that considerable evidence has 
shown that the contact temperature distribution is an 
integral factor influencing the combined effect of load, 
speed, friction coefficient and the thermo-physical and 
durability properties of the materials. In another study 
Lee and Yeo (2000) stated that the uneven distribution 
of temperature at the surfaces of the rotor could bring 
about thermal distortion which causes thermal judder 
and excited vibration.     
 
Finite element (FE) method for brake rotor analysis has 
become a preferred method in studying the thermal 
distribution performance because of its flexibility and 
diversity in providing solutions to problems involving 
advanced material properties. Chandrupatla and 
Belegundu (2002) stated that temperature distribution 
analysis is mostly performed using FE method due to 
its powerful tool for numerical solutions for a wide 
range of engineering problems. Day (1988) conducted 
a study using FE to predict temperature, wear, pressure 
distribution and thermal distortion of a brake drum 
which is generated during high pressure brake 
application from two different road speed and friction 
materials. Valvano and Lee (2000) proposed a thermal 
analysis on disc brake based on a combination of 
computer based thermal model and FE based 
techniques to provide reliable method to calculate the 
temperature rise and distortion under a given brake 
schedule. 
 
In this paper, the FE model of a real brake rotor 
assembly is developed and simulated using the 
commercially available FE software packages, ANSYS 
and LS-prepost respectively. The model is simulated 
using a 3D thermo-mechanical coupling model in order 
to observe the surface temperature distributions profile 
for different applied braking condition.  
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2.0 FINITE ELEMENT MODEL 
 
The finite element model of a real brake rotor consists 
of the composite rotor disc and two friction materials 

as shown in Figure 1. The FE model is developed 
based on the actual Proton Wira 1.3 solid brake rotor 
assembly. 

 

 
(a) Finite element model                               (b) Proton Wira brake assembly 

 
Figure 1: Brake rotor assembly 

 
The brake rotor model assembly utilizes up to 9053 
solid elements with the rotor element comprising of 
8787 and the pads 133 elements. The SOLID 164 
element type is used for the three-dimensional 
modeling of the brake rotor solid structures. The 
element is defined by eight nodes having the following 

degrees of freedom at each node: translations, 
velocities, and accelerations in the nodal x, y, and z 
directions. It gives a reduced one point integration 
which saves computer time and robustness in cases of 
large deformations.  The description of the brake rotor 
model is given in Table 1. 

 
Table 1: Description of the brake rotor assembly components 

Components  
 
 

Type of Elements Number of 
Elements Number of nodes 

 

Rotor  Solid 164 8787 7638 

 

Pads  Solid 164 133 640 

The FE model structure is imported into the LS-prepost 
software in preparation for the implicit dynamic 
solution. The contact type is defined as automatic 
surface to surface thermal friction for the model which 
defined the mechanical static and dynamic friction 
coefficient as a function of temperature. It also defined 

the thermal contact conductance as a function of 
temperature, pressure parameters and contact stiffness. 
This is to ensure that the temperature distributions on 
the rotor/pad interface is more significant compared to 
other contact interfaces. The rotor is chosen as the 
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master surface due to its stiffness, while the friction 
materials were chosen as the slave surface.  
 
2.1 Boundary Conditions 
 
For structural and thermal analysis of the brake rotor 
model, boundary condition is specified; 
 
2.1.1 Structural boundary condition 
It is specified by imposing nodal motion on the set of 
nodes and the motion is prescribed with respect to the 
local coordinate system of the brake rotor. The degree 
of freedom (DOF) for the boundary prescribed motion 
specifies that x/y DOF for node rotating about the z 
axis is at a location specified in the x-y plane. The SPC 
set specifies the constraints at the nodal single points.   
 
2.1.2 Thermal boundary condition 
Boundary temperature condition for the set of nodes is 
specified for coupled thermal/ structural analysis of the 
brake rotor by the load curve ID for temperature versus 
time interval. 
 

 
 

Figure 2: Thermal boundary condition 
 
2.2 Load Application 
 
Load is applied to the rotor model structure in 
preparation for explicit dynamic solution. The pressure 
is defined using load segment keyword which is 
applied to the faces of the model, on top of the 
appropriate solid elements (as rigid body). The faces 
are defined with segments and the load is defined with 
the load curve number. The load curve is specified 
with a well defined load direction before it is then 
applied on the brake rotor model as  
shown in the Figure 3. 
 
 

 
 

Figure 3: Load application on brake rotor and pad 
 

 
3.0 THERMAL DISTRIBUTION ANALYSIS 
 
The dissipated energy converted into heat is specified 
as all the mechanical energy is converted into thermal 
energy. Energy dissipated as heat between the surfaces 
and the distributions are equal between the two 
interacting surfaces. Heat is generated on the surfaces 
between the rotor and pad when the rotor rotates. This 
could be expressed as (Al-Bahkali and Barber, 2006). 
 

       q VpP  .............................. (1) 

 
where P  is the friction coefficient, V is the sliding 
velocity of the rotor and p is the contact pressure at 
the interface, q is the amount of heat generated by 
friction. For other regions on the rotor and pad exposed 
to the environment, it is assumed that the heat 
exchange is transferred through convection process. 
Therefore, convection surface boundary condition is 
applied. This can be expressed as: 
 

� �0,Tk h T T t
x

f
w

ª º�  �¬ ¼w .............. (2)
 

 
where h  is convection heat transfer coefficient, Tf is 
atmosphere temperature and � �0,T t is the current 
temperature of the node. 
 
 
4.0 SIMULATION AND EXPERIMENTATION 
 
In the present study, a proton wira with vehicle curb 
weight of 1250kg is utilised, the friction and drag 
coefficient of the contact pair is 0.35 and 0.30 
respectively with an initial temperature of 35C. The 
rotor material for the study is 20 wt% MPS-SiC AMC. 
The dimension and material properties of the brake 
rotor and pads are listed in Table 2.  
                                   

Table 2 
Material property and dimension of brake rotor and pad 
 Rotor Pad 
Inner radius (mm) 135 155 
Outer radius (mm) 230 221 
Thickness (mm) 15 10 
Density (kg/m3) 2.903 2.595 
Specific heat (Nm/kgK) 845 1465 
Thermal conductivity (Nm/s°Cm) 170 1.212 
Young`s modulus (GPa) 113 22 
Poisson`s ratio 0.24 0.25 
Tensile strength (MPa) 178 - 
 
The vehicle speed is 60km/h during the static running 
test carried out in the automotive laboratory for varied 
brake pressure application. Brake pressure of 0.5, 1.0 
MPa is applied on the pad through the caliper piston to 
generate the pressure which is monitored with a 
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pressure gauge from the caliper valve (nipple). The 
model is symmetrical about the work surface of the 
friction contact pair which is defined to carry out 
simulation for the temperature distribution profile. 
Based on the 3D thermo-mechanical coupling 
technique, the analysis generated for the braking 
process was presented for temperature versus time 
interval. To verify the simulation results, an 
experimental investigation was carried out for the 
AMC brake rotor temperature distribution and also 
compared with the conventional cast iron brake disc 
rotor. 
 
5.0 RESULTS AND DISCUSSION 
 
Several assumptions were taken into consideration 
when performing the thermal analysis. The applied 
brake pressure is assumed to be uniformly distributed 
on the brake pads during operation. The coefficient of 
friction is assumed to remain constant throughout the 
analysis. The material and thermal properties are 
homogeneous and invariant with the temperature. The 
wear affect is also neglected. 
 
Brake pressure is applied directly on the pads through 
the caliper piston until it makes contact with the brake 

rotor where it becomes constant. The rotational speed 
of the rotor during contact with the pad develops 
frictional heat until the temperature gradually 
increases. After which the rotation of the rotor 
becomes constant and the thermal analysis continue 
until the end of the simulation. The mid distance region 
of contact between the rotor and pad is analysed for 
temperature distribution profile on the rotor surface.  
 
Figure 4 shows a temperature profile for pressure 
application of 0.5MPa and figure 5 gives the 
corresponding mid radial temperature distribution plot, 
the temperature gradually increases to 78°C for a time 
period of 20 ms. Figure 6 shows the temperature 
profile for pressure of 1MPa with a temperature rise of 
147.7°C for 20 ms and figure 7 gives the mid radial 
temperature distribution plot respectively. From the 
surface temperature profile plots, it shows that the 
temperature increases and decreases at certain region at 
the same time interval. The increase in temperature 
results from the rotor contact with the pad, and when 
the rotor slides away from the pad the temperature will 
slightly drop. The reason for this is as a result of the 
cooling effect through heat transfer process 
(conduction) which also depends on the material 
properties of the rotor. 

 
 
 

 
 

Figure 4: Surface temperature distribution profile for 0.5MPa                              

 
 

Figure 5: Mid radial temperature distribution plot for 0.5MPa 
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Figure 6: Surface temperature distribution profile for 1.0MPa 
 
 

 
 

Figure 7: Mid radial temperature distribution plot for 1.0MPa
 
 

 

From the result, the time history curve for the rotor 
surface shows that temperature increases linearly 
before dropping which indicates that increase in brake 
pressure increases the surface temperature of the rotor. 
The study also found that higher temperature occurs at 
the center of the rotor surface and it spreads to the 
circumferential direction. The inner portion of the rotor 
remains the warmest section. The AMC brake rotor 
properties exhibited better distribution of temperature 
which reduced the localization of heat generation 
thereby influencing the hot spot and thermal elastic 
instability (Khai, et al., 2007). Experimental test was 
conducted for both AMC and cast iron brake rotors. 
Figure 8 shows the profile analysis for both rotors.  
 
 
 

                         

 

                         
 
Figure 8: Thermograph analysis for average surface 
temperature profile for AMC and cast iron brake rotor. 
 
At a pressure of 0.5MPa the average surface 
temperature for both rotors is slightly different, but as 
the pressure applied is increased to 1 MPa the 
temperature gap increases, this is due to the material 
properties application. The surface temperature profile 
of the rotor measured in the experimentation test for 
0.5 and 1MPa is shown in Figure 8. This shows that 
the simulation results for the AMC brake rotor are in 
good agreement with the experimental values. 
 
CONCLUSIONS 
 

P = 0.5MPa 
T = 20 secs 

P = 1MPa 
T = 20 secs 

AMC Rotor 

Cast Iron Rotor 
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The present study investigated the surface temperature 
distribution analysis of the AMC brake rotor. The LS-
prepost (LS-Dyna) finite element software package is 
utilized to predict the temperature distribution on the 
rotor surface. Long duration investigation is limited 
due to hardware limitation and time constraint, 
although results generated from the investigation is 
adequate to observe some relevant characteristics of 
temperature distribution profile. Moreover, the 
following conclusions can be made from the study; 

1. Successful development of AMC brake rotor 
through experimental and FE model analysis. 

2. The AMC brake rotor exhibited better 
distribution of temperature which reduces the 
localization of heat generation thereby 
influences thermoelastic instability TEI, 
premature wear and thermally excited 
vibrations TEV.  

3. Properties of the AMC rotor shows improved 
cooling effect due to its high thermal 
conductivity when compared to conventional 
cast iron properties. 

4. Both the experimental and simulated results 
for the AMC rotor are in good agreement. 
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ABSTRACT 
 
The prediction of surface temperature for brake rotor is 
regarded as an important step in studying the brake 
system performance. The frictional heat generated on 
the rotor surface can influence excessive temperature 
rise which in turn leads to undesirable effects such as 
thermal elastic instability (TEI), premature wear, brake 
fluid vaporization (BFV) and thermally excited 
vibrations (TEV). The purpose of this study is to 
investigate the temperature distribution profile for 
brake caliper pressure application of 0.5, 1.0 MPa with 
a speed of 60km/h braking condition on the disc rotor 
surface. The brake rotor assembly is built by using a 3 
dimensional finite element model of a real car brake 
rotor. To verify the simulation results, an experimental 
investigation is carried out. It is believed from the 
study that composite brake rotor influences the 
temperature distribution and heat dissipation rate 
which could prevent excessive temperature rise and 
subsequently prolong the service life of the rotor. The 
finite element method is cost effective and also assists 
the automotive industry in producing optimised and 
effective brake rotor for thermal distribution analysis. 
 
Keyword: brake rotor, temperature distribution, finite 
element model, frictional heat 
 
1.0 INTRODUCTION 
 
Brake system is an essential component in the 
automotive industry due to its safety concern to reduce 
or stop a vehicle on high speed. The braking 
performance is significantly affected by the 
temperature rise in the process of halting the vehicle. 
Each moment (time step) during the continuous 
braking process gives a different value of temperature 
distribution as a result of the frictional heat generated 
on the rotor surface which can cause high temperature 
rise (Qi and Day, 2007; Hwang and Wu, 2010). When 
the temperature rise exceeds the critical value for a 
given material, it leads to undesirable effects in the 
operation of the rotor such as thermal elastic instability 
(TEI), premature wear, brake fluid vaporization (BFV) 
and thermally excited vibrations (TEV) (Gao and Lin, 
2002; Kao, et al., 2000). The material properties of the 

brake rotor play an important role by influencing the 
thermal conductivity and heat dissipation during 
braking. Recent studies have shown that advanced 
composite such as aluminium matrix reinforced with 
silicon carbide particle is a potential material for brake 
rotor development due to its thermo-physical 
properties (Qi, et al., 2001). In a study by Gao and Lin 
(2002), they observed that considerable evidence has 
shown that the contact temperature distribution is an 
integral factor influencing the combined effect of load, 
speed, friction coefficient and the thermo-physical and 
durability properties of the materials. In another study 
Lee and Yeo (2000) stated that the uneven distribution 
of temperature at the surfaces of the rotor could bring 
about thermal distortion which causes thermal judder 
and excited vibration.     
 
Finite element (FE) method for brake rotor analysis has 
become a preferred method in studying the thermal 
distribution performance because of its flexibility and 
diversity in providing solutions to problems involving 
advanced material properties. Chandrupatla and 
Belegundu (2002) stated that temperature distribution 
analysis is mostly performed using FE method due to 
its powerful tool for numerical solutions for a wide 
range of engineering problems. Day (1988) conducted 
a study using FE to predict temperature, wear, pressure 
distribution and thermal distortion of a brake drum 
which is generated during high pressure brake 
application from two different road speed and friction 
materials. Valvano and Lee (2000) proposed a thermal 
analysis on disc brake based on a combination of 
computer based thermal model and FE based 
techniques to provide reliable method to calculate the 
temperature rise and distortion under a given brake 
schedule. 
 
In this paper, the FE model of a real brake rotor 
assembly is developed and simulated using the 
commercially available FE software packages, ANSYS 
and LS-prepost respectively. The model is simulated 
using a 3D thermo-mechanical coupling model in order 
to observe the surface temperature distributions profile 
for different applied braking condition.  
 
 



Regional Tribology Conference 
Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

146 
 

2.0 FINITE ELEMENT MODEL 
 
The finite element model of a real brake rotor consists 
of the composite rotor disc and two friction materials 

as shown in Figure 1. The FE model is developed 
based on the actual Proton Wira 1.3 solid brake rotor 
assembly. 

 

 
(a) Finite element model                               (b) Proton Wira brake assembly 

 
Figure 1: Brake rotor assembly 

 
The brake rotor model assembly utilizes up to 9053 
solid elements with the rotor element comprising of 
8787 and the pads 133 elements. The SOLID 164 
element type is used for the three-dimensional 
modeling of the brake rotor solid structures. The 
element is defined by eight nodes having the following 

degrees of freedom at each node: translations, 
velocities, and accelerations in the nodal x, y, and z 
directions. It gives a reduced one point integration 
which saves computer time and robustness in cases of 
large deformations.  The description of the brake rotor 
model is given in Table 1. 

 
Table 1: Description of the brake rotor assembly components 

Components  
 
 

Type of Elements Number of 
Elements Number of nodes 

 

Rotor  Solid 164 8787 7638 

 

Pads  Solid 164 133 640 

The FE model structure is imported into the LS-prepost 
software in preparation for the implicit dynamic 
solution. The contact type is defined as automatic 
surface to surface thermal friction for the model which 
defined the mechanical static and dynamic friction 
coefficient as a function of temperature. It also defined 

the thermal contact conductance as a function of 
temperature, pressure parameters and contact stiffness. 
This is to ensure that the temperature distributions on 
the rotor/pad interface is more significant compared to 
other contact interfaces. The rotor is chosen as the 
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master surface due to its stiffness, while the friction 
materials were chosen as the slave surface.  
 
2.1 Boundary Conditions 
 
For structural and thermal analysis of the brake rotor 
model, boundary condition is specified; 
 
2.1.1 Structural boundary condition 
It is specified by imposing nodal motion on the set of 
nodes and the motion is prescribed with respect to the 
local coordinate system of the brake rotor. The degree 
of freedom (DOF) for the boundary prescribed motion 
specifies that x/y DOF for node rotating about the z 
axis is at a location specified in the x-y plane. The SPC 
set specifies the constraints at the nodal single points.   
 
2.1.2 Thermal boundary condition 
Boundary temperature condition for the set of nodes is 
specified for coupled thermal/ structural analysis of the 
brake rotor by the load curve ID for temperature versus 
time interval. 
 

 
 

Figure 2: Thermal boundary condition 
 
2.2 Load Application 
 
Load is applied to the rotor model structure in 
preparation for explicit dynamic solution. The pressure 
is defined using load segment keyword which is 
applied to the faces of the model, on top of the 
appropriate solid elements (as rigid body). The faces 
are defined with segments and the load is defined with 
the load curve number. The load curve is specified 
with a well defined load direction before it is then 
applied on the brake rotor model as  
shown in the Figure 3. 
 
 

 
 

Figure 3: Load application on brake rotor and pad 
 

 
3.0 THERMAL DISTRIBUTION ANALYSIS 
 
The dissipated energy converted into heat is specified 
as all the mechanical energy is converted into thermal 
energy. Energy dissipated as heat between the surfaces 
and the distributions are equal between the two 
interacting surfaces. Heat is generated on the surfaces 
between the rotor and pad when the rotor rotates. This 
could be expressed as (Al-Bahkali and Barber, 2006). 
 

       q VpP  .............................. (1) 

 
where P  is the friction coefficient, V is the sliding 
velocity of the rotor and p is the contact pressure at 
the interface, q is the amount of heat generated by 
friction. For other regions on the rotor and pad exposed 
to the environment, it is assumed that the heat 
exchange is transferred through convection process. 
Therefore, convection surface boundary condition is 
applied. This can be expressed as: 
 

� �0,Tk h T T t
x

f
w

ª º�  �¬ ¼w .............. (2)
 

 
where h  is convection heat transfer coefficient, Tf is 
atmosphere temperature and � �0,T t is the current 
temperature of the node. 
 
 
4.0 SIMULATION AND EXPERIMENTATION 
 
In the present study, a proton wira with vehicle curb 
weight of 1250kg is utilised, the friction and drag 
coefficient of the contact pair is 0.35 and 0.30 
respectively with an initial temperature of 35C. The 
rotor material for the study is 20 wt% MPS-SiC AMC. 
The dimension and material properties of the brake 
rotor and pads are listed in Table 2.  
                                   

Table 2 
Material property and dimension of brake rotor and pad 
 Rotor Pad 
Inner radius (mm) 135 155 
Outer radius (mm) 230 221 
Thickness (mm) 15 10 
Density (kg/m3) 2.903 2.595 
Specific heat (Nm/kgK) 845 1465 
Thermal conductivity (Nm/s°Cm) 170 1.212 
Young`s modulus (GPa) 113 22 
Poisson`s ratio 0.24 0.25 
Tensile strength (MPa) 178 - 
 
The vehicle speed is 60km/h during the static running 
test carried out in the automotive laboratory for varied 
brake pressure application. Brake pressure of 0.5, 1.0 
MPa is applied on the pad through the caliper piston to 
generate the pressure which is monitored with a 
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pressure gauge from the caliper valve (nipple). The 
model is symmetrical about the work surface of the 
friction contact pair which is defined to carry out 
simulation for the temperature distribution profile. 
Based on the 3D thermo-mechanical coupling 
technique, the analysis generated for the braking 
process was presented for temperature versus time 
interval. To verify the simulation results, an 
experimental investigation was carried out for the 
AMC brake rotor temperature distribution and also 
compared with the conventional cast iron brake disc 
rotor. 
 
5.0 RESULTS AND DISCUSSION 
 
Several assumptions were taken into consideration 
when performing the thermal analysis. The applied 
brake pressure is assumed to be uniformly distributed 
on the brake pads during operation. The coefficient of 
friction is assumed to remain constant throughout the 
analysis. The material and thermal properties are 
homogeneous and invariant with the temperature. The 
wear affect is also neglected. 
 
Brake pressure is applied directly on the pads through 
the caliper piston until it makes contact with the brake 

rotor where it becomes constant. The rotational speed 
of the rotor during contact with the pad develops 
frictional heat until the temperature gradually 
increases. After which the rotation of the rotor 
becomes constant and the thermal analysis continue 
until the end of the simulation. The mid distance region 
of contact between the rotor and pad is analysed for 
temperature distribution profile on the rotor surface.  
 
Figure 4 shows a temperature profile for pressure 
application of 0.5MPa and figure 5 gives the 
corresponding mid radial temperature distribution plot, 
the temperature gradually increases to 78°C for a time 
period of 20 ms. Figure 6 shows the temperature 
profile for pressure of 1MPa with a temperature rise of 
147.7°C for 20 ms and figure 7 gives the mid radial 
temperature distribution plot respectively. From the 
surface temperature profile plots, it shows that the 
temperature increases and decreases at certain region at 
the same time interval. The increase in temperature 
results from the rotor contact with the pad, and when 
the rotor slides away from the pad the temperature will 
slightly drop. The reason for this is as a result of the 
cooling effect through heat transfer process 
(conduction) which also depends on the material 
properties of the rotor. 

 
 
 

 
 

Figure 4: Surface temperature distribution profile for 0.5MPa                              

 
 

Figure 5: Mid radial temperature distribution plot for 0.5MPa 
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Figure 6: Surface temperature distribution profile for 1.0MPa 
 
 

 
 

Figure 7: Mid radial temperature distribution plot for 1.0MPa
 
 

 

From the result, the time history curve for the rotor 
surface shows that temperature increases linearly 
before dropping which indicates that increase in brake 
pressure increases the surface temperature of the rotor. 
The study also found that higher temperature occurs at 
the center of the rotor surface and it spreads to the 
circumferential direction. The inner portion of the rotor 
remains the warmest section. The AMC brake rotor 
properties exhibited better distribution of temperature 
which reduced the localization of heat generation 
thereby influencing the hot spot and thermal elastic 
instability (Khai, et al., 2007). Experimental test was 
conducted for both AMC and cast iron brake rotors. 
Figure 8 shows the profile analysis for both rotors.  
 
 
 

                         

 

                         
 
Figure 8: Thermograph analysis for average surface 
temperature profile for AMC and cast iron brake rotor. 
 
At a pressure of 0.5MPa the average surface 
temperature for both rotors is slightly different, but as 
the pressure applied is increased to 1 MPa the 
temperature gap increases, this is due to the material 
properties application. The surface temperature profile 
of the rotor measured in the experimentation test for 
0.5 and 1MPa is shown in Figure 8. This shows that 
the simulation results for the AMC brake rotor are in 
good agreement with the experimental values. 
 
CONCLUSIONS 
 

P = 0.5MPa 
T = 20 secs 

P = 1MPa 
T = 20 secs 

AMC Rotor 

Cast Iron Rotor 
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The present study investigated the surface temperature 
distribution analysis of the AMC brake rotor. The LS-
prepost (LS-Dyna) finite element software package is 
utilized to predict the temperature distribution on the 
rotor surface. Long duration investigation is limited 
due to hardware limitation and time constraint, 
although results generated from the investigation is 
adequate to observe some relevant characteristics of 
temperature distribution profile. Moreover, the 
following conclusions can be made from the study; 

1. Successful development of AMC brake rotor 
through experimental and FE model analysis. 

2. The AMC brake rotor exhibited better 
distribution of temperature which reduces the 
localization of heat generation thereby 
influences thermoelastic instability TEI, 
premature wear and thermally excited 
vibrations TEV.  

3. Properties of the AMC rotor shows improved 
cooling effect due to its high thermal 
conductivity when compared to conventional 
cast iron properties. 

4. Both the experimental and simulated results 
for the AMC rotor are in good agreement. 
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ABSTRACT 
 
The conventional gray cast iron (also known as 
Fe-C-Si cast iron) exhibitss good properties, 
such as strength, hardness, corrosion and 
oxidation resistance but it’s properties 
especially wear and friction detoriorate 
significantly at higher temperature. In order to 
improve the wear  properties of this 
conventional cast iron, an attemped has been 
made to replace Si by Al. In the present study, 
the wear test was conducted on both 
conventional cast iron (CI) and Fe-C-Al cast 
iron using universal  pin-on-disk  (POD) 
machine. The wear track profile and damage 
surface were characterized using optical 
profilometer and scanning electron microscopy 
(SEM) respectively. The results showed that the 
lower wear rate was found for Fe-C-Al CI 
compared to conventional Fe-C-Si CI and 
abrasive type wear morphology was observed in 
both types of cast iron materials. The results 
also showed that the friction coeficient value of 
Fe-C-Al CI was lower than conventional cast 
iron. It can be concluded that the overall wear 
and friction properties of Fe-C-Al CI was better 
than conventional cast iron. 
 
Keywords: Sliding; Two-body abrasion; Cast 
Iron; Surface Analysis; Profilometry. 
 
1. INTRODUCTION 

Gray cast iron is one of the oldest cast ferrous 
products. In spite of competition from newer 
materials and their energetic promotion, gray 
iron is still used for those applications where its 
properties have proved it to be the most suitable 
material available. Next to wrought steel, gray 
iron is the most widely used metallic material 
for engineering purposes including automotive 
engine component material due to its multi-
variety properties such as, good hardness and 
strength, higher damping capacity and better 
tribological properties at ambient temperature. 
The other applications of this material are in the 

field of machine parts and components such as 
roller, roller shell, lathe bench, agricultural tools 
etc. In the recent years, the demand for gray cast 
iron in different applications are increasing and 
therefore, there is a need to develop new grades 
of gray cast iron which can provide better 
physical, mechanical and wear properties. 

Gray cast iron is one of the most easily 
cast of all metals in the foundry. It has the 
lowest pouring temperature of the ferrous 
metals, which is reflected in its high fluidity and 
its ability to be cast into intricate shapes. As a 
result of a custom during final stages of 
solidification, it has very low solid shrinkage so 
that sound castings are readily obtainable. For 
the majority of applications, gray iron is used in 
its as-cast condition, thus simplifying 
production. Gray iron has excellent machining 
qualities producing easily disposed of chips and 
yielding a better surface finish. The resistance 
of gray iron to scoring and galling with proper 
matrix and graphite structure is universally 
recognized (Krause, 1969). However, the 
mechanical and chemical properties of cast iron 
can be widely changed by alloy addition, heat 
treatment or controlling the solidification of the 
alloy (Bartocha et. al., 2005; Xing et al., 2007). 
The wear property of gray cast iron mainly 
depends on the properties of the matrix and 
hence, by modifying the matrices of the gray 
cast iron it is possible to change the wear 
behaviour of the cast iron (Terheci, et al., 1995). 
Riahi and Alpas (2003) and Prasad (2007) have 
suggested that addition of aluminium in place of 
silicon might form fine ferrite or ferrite pearlite 
which in tern increase the toughness and 
strength of the cast iron. Low temperature 
damping behaviour of cast iron with aluminium 
addition has been studied by Liu et al., (2005). 
They found that the addition of aluminium in 
gray iron can modify the matrix with flake 
which contribute to the improvement in the 
structure and properties compared to 
conventional gray iron. Not much information is 
available in literature on the comparative study 
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of wear properties bewteen conventional gray 
CI and Fe-C-Al CI. Therefore, the main aim of 
this work is to study the wear behaviour of Fe-
C-Al gray cast iron and conventional gray iron 
using universal pin-onodisk (POD) machine. 

 
 
2. EXPERIMENTAL DETAILS 
 
2.1 Casting Process 

The moulding materials for casting are: 
synthetic silica sand, cold set asphalt resin and 
alpha cure hardener. In order to prepare a 
mould, first silica sand was mixed with 2% resin 
for 5 minutes using a blender then added 1% 
cold set hardener and mix it thoroughly for 
another 1 minute. Finally, this freshly  sand 
mixture was used to make a mould on wooden 
pattern.  

An induction furnace was used for melting the  
raw materials such as pig iron, mild steel, 
limestone and ferrosilicon. Firstly, pig iron and 
mild steel were charged together in the furnace 
and heated up to about 1350 0C. Then, 
commercially available flux material 
(limestone) was added into the melt and stirred 
thoroughly. The slag was removed from the top 
of the melt and ferrosilicon alloy was added into 
the melt manually in order to adjust the 
composition of the cast iron. The above step 
was repeated by adding the flux material to 
ensure the removal of slag from melt by keeping 
the melt in the furnace in order to have the high 
quality of cast product. Finally, the liquid metal 
was poured into the cold set resin bonded sand 
mould at about 1300 0C and solidified it to room 
temperature. After casting, the samples were 
prepared for wear study. 

2.2 Wear and Friction Test 

The dry sliding wear test was performed using a 
universal wear testing machine (CSM High 
Temperature Tribometer) as shown in Fig. 1. 
Both Fe-C-Al and conventional CI samples 
were used as a rotating disk, whereas a 6 mm 
diameter alumina ball pin (with the hardness 
value of ~1500, Vickers kgf.mm-2) was used as 
a counter-part material. The hardness of Fe-C-
Al CI and conventional CI  are 240 BHN and 
190 BHN respectively. The disk dimension was 
30×30×10 mm and finely polished before test. 
All the tests were carried out at 5 N load and at 
a fixed sliding spped of 25 cm/s at 56% humid 
atmosphere. The test duration for each test was 
5 min and the test was performed  according to 

ASTM G 99-95a standard. Before placing the 
sample into the specimen chamber, it was 
cleaned with acetone to remove oil, grease or 
dust from the surface for each test. The wear 
and friction data are sent directly to a personal 
computer via data acquisition system. After test, 
worn surfaces were cleaned lightly using 
acetone solution for surface characterization. 
 
 

 
 

Figure 1 A schematic diagram of pin on disc 
wear tester under dry sliding condition. 

 

2.3 Surface Characterization  

Surface analysis on wear track after wear 
test of Fe-C-Al CI and conventional CI were 
performed using “Veeco Wyko NT1100” 
optical profilometry and presented in both 2D 
and 3D profiles of the wear track. The wear 
worn surface was studied using SEM (Philips 
model XL20) in order to understand the wear 
morphology and identify the nature and the 
mechanism of wear after wear and friction test. 

3. RESULTS AND DISCUSSION 

3.1 Wear Properties of Fe-C-Al and 
Conventional Cast Irons 
 
The wear rate of both Fe-C-Al and conventional 
(Fe-C-Si) cast irons is shown in Fig 2. From 
figure, it is noticed that the conventional cast 
iron showed higher wear rate compared to Fe-C-
Al cast iron. On the contrary, the increase rate 
of wear for Fe-C-Al cast iron was minimum 
with R2  value of 0.9997 which indicate the 
steady state and uniform wear rate with higher 
slope.  In fact, the wear rate of conventional 
(Fe-C-Si) cast iron varies from 12.42×10-5 
mm3/m/N to 98.88×10-5 mm3/m/N, whereas the 
wear rate of Fe-C-Al cast iron varies only from 
3.3203×10-5 mm3/m/N to 8.1550×10-5 
mm3/m/N. However, the Si containing cast iron 
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has more graphite flakes and hence matrix will 
get more chance to be  separated than less 
graphite flaky cast iron which is Fe-C-Al CI.  
The highly dense graphite flakes in presence of 
higher Si finally concentrated the stress during 
wear test (Hatate et al., 2001) resulting peeling 
off the Fe-C-Si cast iron materials as shown in 
Fig 5 (a).  Therefore, it can be concluded that 
the Fe-C-Al cast iron is more wear protective 
than conventional Fe-C-Si cast iron. 
 

 
Figure 2 Wear rate of Fe-C-Al and conventional 
Fe-C-Si  cast irons under dry sliding condition. 
The speed is 25 cm/s; load 5N; duration 5 min. 

 
 

 
(a)  

 
(b) 

Figure 3 Wear tracks of Fe-C-Al cast iron at 
room temperature under optical profilometer: 
(a) wear track  profile and  (b) corresponding 

depth of wear track. 
 
The surface area of wear track profiles under 
optical profilometer for Fe-C-Al CI and 
conventional gray cast iron materials are shown 
in Figs 3 and 4 respectively. From both wear 
track (3D view) and depth of wear track (2D 
view) profiles it can be seen that the depth of 
the wear track increases for the conventional Fe-

C-Si CI compared to Fe-C-Al CI. This again 
shows the highrer wear protection of Fe-C-Al 
CI compared to conventional CI and also well 
agreed with the previous explanation on wear 
rate in Fig. 2. 
 
 

 
(a) 

 
(b) 
Figure 4 Wear tracks of Fe-C-Si cast iron under 
optical profilometer: (a) wear track  profile and  

(b) corresponding depth of wear track. 
 
 
3.2 Wear Mechanism of Damage Surface 
 
The wear worn or damage surface of both cast 
iron materials under SEM are shown in Fig 5  
represent the morphology of the wear. It shows 
that conventional Fe-C-Si cast iron has larger 
plastic flow, scar, more debris and cutt-off or 
peel-off surface resembling delamination on the 
surface indicating severe wear of the Fe-C-Si 
cast iron material.  
 
      However, worn surface of Fe-C-Al CI 
shows less plastic flow and wear scar indicating 
less severe wear on the damage surface. When 
hard asperity on the surface of a material or a 
hard particle is entrapped between two surfaces, 
plastically deformed or cut off  surface may 
occur due to the sliding motion, resulting 
abrasive wear. In this study, both cast iron 
materials surface were cut off due to sliding 
motion and thus abrasive type of wear occurred 
in this investigation. 
 

Abrasive wear property also depends on 
oxidation characteristics of the materials. When 
debris forms during wear test, it is clear that 
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oxidation occurs in that place and every moment 
virgin materials are exposed. If the formation of 
more debris and scar are higher, the wear rate 
will also be higher. The conventional Fe-C-Si 
cast iron shows larger scar and debris which 
indicates higher wear as can be seen  in Fig. 2 as 
well.  

 

 
(a) Conventional (Fe-C-Si) CI 

 
(b) Fe-C-Al CI 

 
Figure 5 Wear damage surface of (a) 

Conventional Fe-C-Si CI and (b) Fe-C-Al CI 
under SEM. 

 
 
3.3 Friction Coefficient 
 

Friction coefficients of both conventional 
Fe-C-Si and Fe-C-Al cast irons at room 
temperature are plotted with respect to time in 
Fig 6. It shows that there are three stages of 
friction. In first stage, the friction coefficient is 
increased due to formation of tribochemical 
film; in the second stage is steady state where 
the film remains stable and finally, the friction 
coefficient increases when the film breaks 
down. The same trend was also reported by 
Keller (2007). The friction coefficient for both 
types of cast iron shows the same trend and their 
values are slightly different from each other. 
This may be due to the same operating speed 
and ambient room temperature. In a fixed speed, 
the same amount of graphite was smeared on 
the worn track to keep the coefficient of friction 
almost similar. The similar phenomena was also 
reported by Ghaderi and his coworkers (2003). 

 
 

 
 

 
Figure 6 Friction coefficient of both 

conventional Fe-C-Si CI and Fe-C-Al cast iron. 
 
 
4. CONCLUSIONS 
 
The wear properties of Fe-C-Al cast iron and 
conventional (Fe-C-Si) cast iron were 
investigated and the following conclusions can 
be drawn from this study: 

(i) The wear rate of Fe-C-Al CI is 
lower that Fe-C-Si CI. 

(ii) The depth of wear track for Fe-C-
Al CI is lower than Fe-C-Si CI 
material.  

(iii) Abrasive type of wear morphology 
was observed in both types of cast 
iron material, however, Fe-C-Si CI 
shows more plastic flow and 
dilamination compared to Fe-C-Al 
CI. 

(iv) The friction coeficient of both type 
of cast irons increase with 
increasing the time showing three 
regime of frictional behaviour.  

(v) Overall results advocate to use Fe-
C-Al cast iron material where wear 
and friction reristance properties 
are required. 
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ABSTRACT 
 
Tribological behavior of Al–based natural fiber 
reinforced composites (NFC) brake pad 
materials was studied using CHASE 
Dynamometer machine in accordance with 
Society of Automotive Engineer standard 
procedure SAE J661. In this study, the NFC 
sample with a size of 25 mm x 25 mm x 6 mm 
was fabricated using powder metallurgy route 
for friction and wear test. Five different 
laboratory formulations such as S1, S2, S3, S4 
and S5 were prepared with varying coir fiber 
contents from 0, 5, 10, 15, and 20 % volume 
fractions along with binder, friction modifier, 
abrasive material and solid lubricant. 
Characterization techniques such as SEM and 
CHASE Dynamometer machine are used to 
characterize and analyze the properties of brake 
pad materials. Out of the five formulations, S2 
and S3 showed better properties in terms of 
wear and friction compared to others. 
Formulation S2 exhibits better thermal stability 
and wear resistance. The microstructure reveals 
uniform distribution of constituents materials 
along with the coir fiber in S2, S3 and S4. It can 
be concluded that S2 and S3 showed better 
tribological properties compared to other 
formulations. Hence, natural coir fiber can be 
used as a candidate fiber or filler material for 
the mass-scale fabrication of asbestos-free brake 
pad without any harmful effect. 
Keywords: Coir fiber, Natural fibre Composite 
(NFC), Friction coefficient, Wear, 
Microstructure. 
 
1. INTRODUCTION 
 
Friction material is a heterogeneous material 
and composed of a few elements and each 
material has its own functional properties such 
as to improve friction property at low and high 
temperature, increase strength and rigidity, 
prolong life, reduce porosity, and reduce noise 

(Talib et al., 2003). Brake system is used to 
slow down and finally stop a moving motor 
vehicle and to hold vehicle stationary when in 
parking position. Friction is required in the 
braking system even though it might cause wear 
of lining material and counter face component. 
Friction and wear characteristics depend on the 
brake design, the content of friction materials 
and its behavior in service. Brake pad materials 
are mainly composed of more than five different 
materials and can be categorized into four main 
constituents, namely fibre, resin, modifier, and 
filler (Talib, 2001). In the brake pads material 
generally asbestos fibers are embedded in 
polymeric matrix along with several other 
ingredients. The use of asbestos fiber is 
decreasing due to its carcinogenic nature 
(Langer, 2002). No single fibre is known that 
function effectively by itself as an asbestos 
replacement in friction materials.  
 
Current research towards the eco-friendly brake 
pad material has shown promising interest for 
the use of natural fibres such as, hemp and coir 
fibre, which can be obtained from natural 
resources and could offer a more sustainable 
solution. The outcome is expected to provide 
up-to-date solutions to the global transport 
industry and its friction material supply base 
(Savage, 2007). Several research works have 
been carried out for the development of 
asbestos-free brake pads (Dagwa and Ibhadode,   
2006; Savage, 2007; Aigbodian et al., 2010).  
The use of bagasse (Aigbodian et al., 2010), 
palm kernel shell (Dagwa and Ibhadode, 2006) 
and hemp (Savage, 2007) have been 
investigated in order to replace the asbestos-free 
brake pad material.  
 
No information is also available in literature on 
the use of coir fibre for the formulation of new 
brake pad material. Therefore, a new asbestos 
free brake pad material has been developed with 
the aim of using natural coir fibre as a 
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reinforcement or filler material in aluminium 
matrix. Aluminum metal matrix composites (Al 
MMCs) are attractive for their lightweight 
(three times lighter than cast iron) properties, 
higher thermal conductivity, specific heat, 
superior mechanical properties and higher wear 
resistance. Particulate reinforced aluminum 
composite are promising candidate for 
automotive applications since they offer high 
specific stiffness and strength, good wear 
resistance and suitable thermal properties 
(Telang et al., 2010). 
 
 Tribological behaviour of brake pad material 
plays an important role in deciding which 
formulation is suitable for brake system design for 
a particular vehicle (Maleque et al., 2010). 
CHASE Dynamometer test is used in a 
laboratory scale in order to assess the 
tribological behavior of brake pad materials and 
to help in the screening of new material 
formulations prior to dynamometer tests. The 
test procedure using CHASE machine has been 
described in Society of Automotive Engineer 
standard SAE J661 (SAE J661, 1997). The edge 
code of the ‘normal’ and ‘hot’ friction values 
has been described in SAE Recommended 
Practice J866 (SAE J866, 1996). The current 
research attempts to examine the tribological 
properties of Al-based natural fibre reinforced 
composite brake pad materials. Finally, the best 
formulation was obtained based on the 
characteristics performance of the candidate 
formulations. 
 
2. METHODOLOGY 
 
2.1 Materials 
The raw materials in the form of powders and 
long fibre are used in the preparation of 
laboratory sample for brake pad materials. The 
ingredients contained filler, abrasive, solid 
lubricant, binder, friction modifier and 
additives. The coir fibre was used as a filler 
material in this investigation which was 
collected from waste coconut fruit and cleaned 
thoroughly using ethanol to remove impurities. 
It was crushed and ground to a fine powder 
(with a range of 100-200 µm), and sieved using 
sieve analyzer.  
 
2.2 Sample Preparation 
Five formulations such as S1, S2, S3, S4 and S5 
which have different composition of coir fibre 
contents (as shown in Table 1) were developed 
for friction and wear properties. However, 
abrasive, solid lubricant, binder, friction 
modifier and lubricants were kept same for all 
formulations. The brake pad material was 

developed using powder metallurgy (PM) 
technique. This PM technique used in order to 
obtain uniform part and reducing tedious and 
expensive machining cost. The process begins 
with selection of raw material, weighing, 
mixing, compacting and sintering. Raw 
materials were blended together in mini mixer 
to get evenly distributed ingredients. The pre-
form of the samples were fabricated using 
Automated Hydraulic Presses Machine to the 
sizes of 25 mm x 25 mm x 6 mm. These pre-
form samples were heated to 170°C and then the 
compacted using 20 kg compression load with 
60 seconds holding time inside the compaction 
die. After removing from compaction, the 
samples were sintered using automated oven at 
temperature of 200 0C for 5 hours. Finally, was 
ground using grinding machine according to the 
size required for friction and wear test. Figure 1 
shows the samples for tribological test. 
 
Table 1 : Formulation of Al-based natural fibre 

reinforced composite brake pad materials 
 

 
 
 

 
 
 
 

 
 
 
 
 
 
Figure 1: Natural fibre reinforced (NFC) 
composite brake pad materials for tribological 
tests. 
 
 
 
 

MATERIALS Percentage (%) 
S1 S2 S3 S4 S5 

Aluminium 
powder 45 39 33 27 21 
Silicon 
carbide 20 20 20 20 20 

Graphite 10 10 10 10 10 

Coir fibre 0 5 10 15 20 
Alumina 13 13 13 13 13 

Zirconium 
oxide 2 2 2 2 2 

Paper ash 0 1 2 3 4 
Phenolic 

resin 10 10 10 10 10 
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2.3 Tribological Test 
                  The NFC brake pad samples were 
tested using a CHASE Dynamometer machine. 
The sample was fixed against a rotating brake 
drum with a constant rotating speed of 417 rpm 
under the load of 647 N in accordance with SAE 
J661. Each sample was subjected to seven test 
runs with the following sequences: (i) baseline, 
(ii) first fade, (iii) first recovery, (iv) wear, (v) 
second fade, (vi) second recovery, and (viii) 
baseline rerun. In the baseline run, the sample 
was subjected to an intermittent braking with 20 
applications, 10 seconds on and 20 second off. 
This was followed by continuous braking where 
the temperature was allowed to rise from 82 ºC 
to 288 ºC. In the first recovery run, the brake 
was applied continuously but the drum 
temperature is allowed to cool from 288 ºC to 
93 ºC. The wear run was under intermittent 
braking with 100 applications, 10 seconds on 
and 20 second off while temperature was 
maintained between 193 ºC to 216 ºC. 
Subsequently, second fade and second recovery 
run was performed similar to the first fade and 
recovery except operated under higher 
temperature where it rises to 343 ºC. Finally, 
baseline rerun was performed similar to first test 
condition. The weight and thickness of NFC 
brake pad materials were taken before and after 
the friction test. In order to obtain average 
thickness value, three measurements were taken 
at different locations on the brake pad samples.  
 
2.4 Morphological Analysis 
           The evolution of the surface morphology 
after the friction tests were studied by using 
scanning electron microscopy (SEM) with an 
EDX system. The surface of the samples was 
examined with SEM in which an image is 
created by secondary electrons ejected from the 
surface. The EDX analysis was performed as a 
spot and area using a primary energy of 15KeV. 
The samples were coated in order to obtain 
better image and micrograph on non-conductive 
brake pad materials.  
 
3. RESULTS AND DISCUSSION 
 
3.1 Friction from Link-Chase Dynamometer 
Machine  
 
The friction from CHASE dynamometer test is 
shown in Figs 2 to 6 at different temperatures. 
Figure 2 showed the samples run for first 
baseline. This condition represents the friction 
level at 93 ºC as measured during 20 braking 
applications of 20s duration. The friction 
coefficient of S1 and S5 reveals constant profile  

during the application. Sample S2, S3 and S4 
showed higher friction coefficient with the 
value of 0.48, 0.54 and 0.55 respectively.  The 
friction coefficient decreases with increasing 
rotating speed due to the formation of 
graphite/carbon layer within matrix surface. 
 

 
Figure 2: The friction coefficient of the NFC 
brake pad materials at first baseline condition. 

 
 
Figure 3: The friction coefficient of the NFC 
brake pad materials at first fade condition. 
 
 

 
 
Figure 4: The friction coefficient of the NFC 
brake pad materials at first recovery condition. 
 
 
Figs 3 and 4 showed friction coefficient from 
the first fade and recovery condition 
respectively for all samples. Fade refers to when 
the friction material is subjected to successively 
elevated temperatures and recovery is when the 
condition returns to the ambient temperature. 
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For the first fade condition, the temperature 
(drum temperature) arises from 93 ºC to 288 ºC. 
During the first fade, the S2 and S3 samples 
showed consistent in friction coefficient with 
higher friction coefficient during fade 
application with the value of 0.58 and 0.62 
respectively.  The rest of the samples did not 
show any trend of friction during the test run, 
but the friction coefficient decreases with 
increasing the drum temperature. This 
phenomenon is called fade, and the resistance to 
fade at high temperature is a critical requirement 
for brake friction materials. 
 
Figs 5 and 6 showed the friction behavior at 
second fade and recovery conditions. For 
second fade the drum temperature was increased 
to 343ºC. Sample S2 showed that the friction 
coefficient started to decrease at point of 150 ºC 
until meet the lowest friction coefficient of 0.18 
at temperature of 369 ºC. This trend also can be 
discovered in sample S3, where the friction 
coefficient of the sample decrease at point of 
150 ºC until meet the lowest friction coefficient 
of 0.21 at temperature of 369 ºC. As compared 
to S2, friction coefficient of sample S3 is much 
higher even at higher temperature with the value 
of 0.21 at 369 ºC. For samples S1, S4 and S5, 
the friction coefficient decreased with 
increasing of drum temperature during the test 
run. 

Figure 5: The friction coefficient of the NFC 
brake pad materials at second fade condition. 

Figure 6: The friction coefficient of the NFC 
brake pad materials at second recovery 
condition. 
 
 

Table 2 shows that all the developed brake pad 
materials exhibited lower friction coefficient 
and average thickness loss. Even though friction 
coefficients of the developed formulations are 
lower than those of the commercial sample (0.5-
0.62µ (Talib, 2001)), but they are still higher 
than the minimum requirement of 0.15 as stated 
in SAE J866 (1996). All the samples passed 
during the second recovery test except sample 
S5. This is due to the lower value of friction 
coefficient (0.026) in the minimum requirement 
which is shall not be lower than 0.15. From the 
table, sample S1 and S3 showed no change in 
the class of friction coefficient either in normal 
or hot condition which is F-F. For sample S2 the 
class changes from G to E, while for sample S4 
the class also change from F at normal condition 
to E at hot temperature. Table 2 shows the 
classification of friction coefficient of NFC 
brake pad materials. The values were taken 
from second recovery condition. 
 
 Table 2: Classification of friction coefficient of 
brake pad materials  

 
Figure 7 revealed the graph of friction 
coefficient which was obtained from wear test. 
Sample S3 showed that after 20 cycles of 
braking application the friction coefficient of 
the sample started to decrease. But the trend is 
really different from other samples. Sample S1 
and S2 showed that the friction coefficient 
increased with increasing the cycles of braking 
application. As in sample S1, there is not much 
change in friction coefficient during wear test. 

 
 
        Figure 7: The friction coefficient of the 
NFC brake pad materials during wear test. 
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S1 0.414 F 0.368 F Passed 
S2 0.462 G 0.281 E Passed 
S3 0.434 F 0.374 F Passed 
S4 0.368 F 0.273 E Passed 
S5 0.274 E 0.158 D Failed 
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3.2 Wear Properties of NFC Brake Pad 
Materials 
Figure 8 shows the wear properties of NFC 
brake pad materials of CHASE Dynamometer 
wear test. The result shows the weight loss after 
friction test. Sample S5 has the highest value of 
34.3 %, followed by sample S4 with its value of 
17.7 %. The sample with the lowest weight loss 
was sample S1 with its value of 4.7 %. 
Meanwhile, the thickness loss for sample S5 has 
the highest value which is 34.1 % because it is 
softer than others, followed by sample S4 with 
value of 14.6 %. The sample with the lowest 
thickness loss is sample S1 with value of 4.5 %. 
Analysis of test results shows sample S4 and S5 
do not meet the requirements as stated in SAE 
J866 (1996). Higher thickness loss means 
shorter brake pad life and this incurred more 
material and maintenance cost. Whereas, higher 
friction coefficient results in wheel locking at a 
very much lower brake pedal force which could 
drastically change the vehicle braking 
characteristics. 

Figure 8: Wear properties of NFC brake pad 
material during wear test using CHASE 
Dynamometer 
 
3.3 Wear Morphology of NFC Brake Pad 
Materials 
 
The evolution of the surface morphology after 
friction tests were studied by scanning electron 
microscopy (SEM) and EDX analysis. After 
interaction between the static partner and the 
sample, marks are usually left on the sliding 
surface. These marks can convey useful 
information about the contacting process. Each 
wear mechanism leaves its own features and the 
mechanism can often be identified by SEM 
photomicrograph. Fig. 9 illustrates the 
microstructure of NFC brake pad after wear 
testing using Link-CHASE dynamometer 
machine. The grind section of brake pad was 
clearly visible with shiny metallic constituents 
and dark/grey non-metallic in the surface. In 

general, the distribution of the ingredients was 
heterogeneous structure due to complex 
formation of new NFC material. Figure 9 (b) 
and (c) showed the secondary electron image of 
the worn surface of the NFC brake pad 
materials. In these figures, the direction of the 
wear test is obvious especially on the darker 
region indication that this region is softer than 
the other region. In Fig 9(c), there are some 
porous area which were not abraded by the 
counterpart drum. The percentage of the 
porosity in this material is approximately 10%. 
The surface topography is clearly revealed. 
However, some abraded regions are not 
revealed in this figure. This is because 
secondary electrons provides the information 
slightly below the worn surface not on the very 
near surface. Bright regions in this figure 
showed the element of higher atomic number 
 and the darker region is for the element with 
lower atomic number. 

 

 
 
 
 
 
 
 
 
 
Table 3 shows the percentage (in weight) of the 
compositions in each element analyzed by EDX. 
EDX analysis shows the constituents present are 
aluminum oxide, iron, silicon and carbon. From 
the observation, carbon is clearly shown by the 
dark colour. Meanwhile, the less dark colour 
showed the compound that still dominated by 
the carbon. Sample S2 and S3 contained more 
carbon and less oxide. In this case, both SEM 
and EDX analysis show a very good agreement 
in order to demonstrate the morphology and 
surface chemical composition of the new NFC 
brake pad materials. 
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Figure 9:  SEM micrograph of worn surface (a) 
S1, (b) S2, (c) S3 and (d) S4 samples after Link- 
CHASE Dynamometer test. 
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4. CONCLUSION 
 
This research was focused on the tribological 
study of Al–based natural fiber reinforced 
composites (NFC) brake pad materials using 
CHASE Dynamometer machine. Friction and 
wear assessment tests were conducted on five 
new friction material formulations with varying 
coir fiber contents from 0, 5, 10, 15, and 20 % 
volume fraction along with binder, friction 
modifiers, abrasive material and solid lubricant. 
Based on tribological test results and 
morphological study on the worn surface, the 
following conclusions can be drawn: 
(a) The friction coefficient decreases with 
increasing rotating speed due to the formation of 
graphite/carbon layer within matrix surface. 
(b) The weight and thickness loss increases with 
increasing temperature. 
(c) Sample S2 and S3 are showed better 
properties in terms of friction coefficient and 
wear. 
(d) The current coir natural fibre can be used as 
a candidate fibre or filler material for the mass-
scale fabrication of asbestos-free brake pad 
without any harmful effect.  
 
Based on the observations obtained from this 
study, it is possible to modify a specific 
tribological property of a brake friction material 
by changing the amount of coir fibre in a 
systematic manner while expecting possible 
changes in other tribological properties.  
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ABSTRACT 
 
Biodiesel as an alternative renewable fuel is 
increasingly been considered as blending components 
or replacement for conventional petroleum fuel. 
Although the acceptability of biodiesel in automotive 
application is relatively a successful story, it is an issue 
with regards to its materials incompatibility. When 
compared to diesel, biodiesel is more prone to absorb 
water and allows the development of electrochemical 
corrosion. Corrosive wear occurs as a result of 
chemical reaction on wearing surface. The main aim of 
this paper is to study the modelling aspect of corrosive 
wear under biodiesel for automotive application. A 
systematic review analysis was performed on the 
corrosive wear, wear of engine component materials 
using on road engine test, aspect of corrosive wear and 
also factors affecting corrosive wear of automotive 
component. A corrosive wear model has been 
developed with three main domains such as mechanical 
wear, electrochemical corrosion, and interaction of 
both processes to evaluate the total corrosive wear of 
automotive component materials under biodiesel. It 
was found that modelling aspect play an important role 
in the measurement of corrosive wear especially under 
biodiesel. 
 
Keywords: Modelling, corrosive wear, automotive 
materials, Biodiesel 
 
1. INTRODUCTION  
 
Corrosive wear occurs as a result of chemical reaction 
resulting from the combination of a wear mechanism 
and a corrosive environment. The combined effect of 
the two processes involves mechanical and 
electrochemical mechanisms which often result to 
substantial increase in the rate of material loss and 
degradation [method] when compared to the individual 
process of wear or corrosion action. The process of 
interaction among the operating mechanism such as 
abrasion, impact, rubbing and corrosion etc influences 
the total material losses and degradation especially in 
the presence of an aqueous environment. In a study 
carried out by Dun (1985), corrosive wear has 
seventeen synergistic relationships between abrasion, 
impact and corrosion that facilitate significant increase 
to wear mechanism in wet and aqueous environments. 
The effect of these relationships can be minimized by 
acquiring fundamental knowledge of the interaction  

 
mechanism and their significant to the specific 
environment. However, the quantification of the 
corrosive wear synergism provides information on the 
required material for reducing total material loss for a 
particular environment. Also corrosive wear could be 
minimized by expressing the wear degradation and 
corrosion in common terms which allows the 
synergism between the degradation processes 
qualitatively and quantitatively. Model development 
for corrosive wear mechanism provides an insight into 
the behaviour of the synergism by controlling, 
quantifying and optimizing the process. Madsen (1994) 
developed a penetration rate equation model for 
quantifying each of the degradation process for both 
corrosion and wear by providing useful information on 
the synergism between the processes. These models are 
used to quantify the synergism result obtained from the 
abrasive and sliding wear measurements. Batchelor and 
Stachowiak (1988), Schumacher (1985); (1993) and 
Yue et al., (1987) have studied the synergism between 
wear and corrosion. The main objective of this paper is 
to study the modelling aspect of corrosive wear under 
biodiesel for automotive application by utilizing a 
systematic review analysis. 
 
Different components of the automotive engine parts 
such as filter, fuel liners, piston rings, fuel pump, fuel 
injector, gaskets etc made from different materials such 
as aluminium, copper, brass, zinc, bronze, elastomers 
have direct contact with fuel (biodiesel). Biodiesel 
becomes more corrosive during usage or storage due to 
degradation as a result of oxidation (Monyem, 2001), 
moisture absorption (Thompson, 2007), attack by 
microorganism (Klofutar, 2007). Oxidation of 
biodiesel reconverts esters into different mono-
carboxylic acids like formic acid, acetic acid, propionic 
acid, caproic acid, etc which are responsible for 
enhanced corrosion. This process also increases the 
free water content which is undesirable because it may 
promote microbial growth and corrode fuel system 
components. Kaul et al, (2007) studied the corrosion 
characteristics for non edible oils like Jatropha curcas, 
Pongamia glabra (Karanja), Madhuca indica (Mahua) 
and Salvadora oleoides (Pilu) using long duration 
static immersion test for engine part like piston metal 
and piston liner. Biodiesel from salvadora showed 
marked corrosion on the diesel engine compared to 
neat diesel. Investigations carried out by Geller (2008) 
showed that copper alloys are more prone to corrosion 
by biodiesel as compared with ferrous alloys.
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The corrosion behavior of aluminum exposed to 
biodiesel can be compared to the corrosion behavior of 
aluminum in aqueous solutions. It was also observed 
that corrosion of aluminum can be used as a 
quantitative indication of biodiesel purity (Diaz-
Ballote, 2009). Maleque et al. (2000) and Kalam and 
Masjuki (2002) observed that the wear rate in biodiesel 
was relatively higher due to its oxidative and corrosive 
behaviors. Corrosiveness and tribological properties of 
biodiesel also depends on its feedstock (Bu inskas, 
2009). Pure biodiesel sample from different origin has 
better value and lower tribological properties. 
However, regular diesel fuel has more stable properties 
compared to pure biodiesel as a result of difference in 
production process. 
 
2. WEAR ANALYSIS OF BIODIESEL 
 
 Biodiesel is a realistic fuel alternative for diesel 
engines based on its lower energy content, higher 
cetane number, free of contaminants like sulphur and 
aromatics and most significantly burns cleaner than 
conventional diesel fuel. However, its capacity is been 
limited as a result of feedstock availability. The need of 
biodiesel for automobile application raises concern on 
the impact of corrosion wear behaviour on automobile 
engine when it comes in contact with tribo-component 
of static and dynamic parts like piston, piston rings etc. 
The wear rate of materials in the presence of biodiesel 
occurs in various forms which amount to the evaluation 
of metal debris generated as a result of wear. Fontaras 
et al., (2009) investigated the metal particulate 
concentration in neat soybean oil biodiesel (B100) and 
its 50 vol% blend with petroleum diesel (B50) on   
 
 

 

  
 
3. CORROSION OF BIODIESEL 
 
Biodiesel is a vegetable based oil or animal fat-
based diesel fuel consisting of saturated and 
unsaturated long chain fatty 
acid alkyl (methyl, propyl or ethyl) esters and are 
produced chemically by  reacting lipids e.g., vegetable  
oil, animal fat (tallow) with alcohol. The presence of  

diesel engine passenger car in order to access the 
biodiesel impact on wear. The analysis of the 
lubricating oil samples showed that the use of B50 and 
B100 may lead to increased wear in terms of higher 
amounts of metallic elements, originated from the 
different moving parts. 
 
Investigations on wear in automobile engine for 
biodiesel derived from different sources like rapeseed, 
palmoil, and soybean were carried out for both static 
engine test and on-road engine test which involves 
static (fuel tank, filter, fuel pump injector housing, fuel 
line, exhaust system, cylinder liner etc) and dynamic 
(piston, piston rings, inlet and exhaust valve, fuel 
pumps and filters plunger, connecting rod) 
components. The dynamic components are mostly 
metals and they slide against each other and also on the 
static part during operation which results in the 
generation metal debris due to wear. Table 1 
summarizes the test conducted by analyzing the 
concentration of the metal debris in the lubricant oil 
after running the engine for a particular period of time. 
The wear rate, source of element and engine condition 
provided relevant information from the test conducted. 
Biodiesel enhances better lubricity than diesel fuel as a 
result of its inherent properties and the presence of 
components such as free fatty acids, monoglycerides; 
diglycerides found in the biodiesel fuel which improves 
the lubricity of the fuel (Knothe, 2005). Oxygen 
containing compounds such as free fatty acids, esters 
are superior wear and friction reducing agents (Haseeb 
et al., 2010). These compounds adsorb or react on 
rubbing surfaces to reduce adhesion between 
contacting asperities and thereby limit friction, wear 
and seizure. 
 
 

 
 
free fatty acid which may exist as a consequence of 
incomplete transesterification reaction and the ability 
of the biodiesel to absorb moisture (hygroscopic 
nature) increase the corrosiveness of the fuel. 
Moreover, the auto-oxidation of biodiesel can also 
catalyze the corrosion characteristics. 
Transesterification (also called alcoholysis) reaction of 
the fat or oil triglyceride with an alcohol forms esters 
and glycerol.  Figure 1 shows the transesterification 

Sources Biodiesel Engine Operation Hour Wear elements   References  Al Cr Cu Fe Pb Zn 
Ethyl soyate B100 200 H L H L H - Clark et al. (1984) 
Methyl soyate B100 200 L S L L H - Clark et al. (1984) 
Rapeseed  B20 512 L L L L L - Agarwal et al. (2003) 
Rapeseed  B100 1000 L L - L L - Perkins et al. (1991) 
Rapeseed  B50 1000 L L - L L - Perkins et al. (1991) 

Palm oil B100 1000 H H H S H - Prateepchaikul and 
Apichato (2003) 

Palm oil B7.5 100 L - L L L - Kalam et al., (2002) 
Palm oil B15 100 L - L L L - Kalam et al., (2002) 
Palm oil B7.5 300 - - L L L H Hu J. et al. (2005) 
Linseed oil B20 500 - L L L L L Agarwal et al. (2003) 

Table 1 elemental analysis for on-road engine test results on wear in biodiesel as compared with diesel 

L = less wear; S = similar wear; H = higher wear 
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reaction of triglycerides. A catalyst is usually used to 
improve the reaction rate and yield. Because the 
reaction is reversible, excess alcohol is used to shift the 
equilibrium to the product side. The reaction results in 
a compound called fatty acid alkyl ester (biodiesel) and 
a by product, glycerol. From the resulting reaction, 
hygroscopic biodiesel may be formed due to 
persistence of mono and di glycerides left over from an 
incomplete reaction process. Biodiesel degrades 
through the process of oxidation, moisture absorption 
and attack by microorganism during storage or use. 
The oxidation of biodiesel reconverts esters into 
different mono-carboxylic acids like formic acid, acetic 
acid, propionic acid, caproic acid, etc which are 
responsible for enhanced corrosion (Tsuchiya, 2006). 
 
 
 
 
 
 
 
 
 
 
 
 
Moreover, copper and its alloy are used to manufacture 
injector, pump and bearing (Fraer, 2005). All these 
component parts made from different materials come in 
contact with fuel which undergoes chemical reactions 
and thereby deteriorate the material as well as degrade 
the fuel properties too. Kaul et al., (2007) investigated 
the corrosiveness of different biodiesel (i.e. Jatropha 
curcas, Karanja, Mahua and Salvadora) as compared to 
that of diesel fuel. They found that biodiesel from 
Jatropha curcas and Salvadora were more aggressive 
for both ferrous and non-ferrous metal. Geller et al., 
(2008) observed that copper alloys are more prone to 
be attracted by corrosion in fat based biodiesel as 
compared with ferrous alloys. It was also reported that 
pitting corrosion was found on sintered bronze filters in 
oil nozzle after 10 h of operation with biodiesel at 70 
°C (Sgroi et al., 2005). In another study, corrosion 
attack was also reported even for lower biodiesel (2%) 
blend levels (Tsuchiya, 2006). The corrosive and 
oxidative nature of biodiesel relatively increases wear 
rate (Haseeb et al., 2010).  
 
Research conducted to determine the extent of 
corrosion on automotive component materials utilized 
weight loss measurement and change in surface 
morphology (Fazal et al., 2010). The data obtained 
from the weight loss were analyzed and converted into 
corrosion rate by using the equation;  
 

Corrosion rate
534( ) wmpy

D T A
u

 
u u                      (1)

 

 
where corrosion rate ‘mpy’ stands for mils (0.001 in.)  

This process also increases the free water content 
which is undesirable because it may promote microbial 
growth and corrode fuel system components. Several 
investigation have been carried out to determine the 
corrosiveness of different biodiesel and the corrosion 
effect on material compatibility for automotive 
component materials like aluminium, copper, stainless 
steel and leaded bronze using static immersion test 
(Fazal et al., 2010 and Haseeb et al., 2010) In 
automobile fuel system application, components made 
from aluminium are piston (100%), engine block 
(19%), cylinder head (70%) etc. Other components 
made from stainless steel include valve bodies, fuel 
filter, nozzle and pump ring. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 per year, W is the weight loss (mg), D is the density 
(g/cm3), A is the exposed surface area (square inch) 
and T is the exposure time (h). Haseeb et al. (2010) 
investigated the corrosion behaviour of commercial 
pure copper and lead bronze in automotive fuel system 
for static immersion test in B0, B50, B100 at room 
temperature for 2640hrs and B0, B100, B100 
(oxidized) at 60°C for 840hrs. The result shows that 
pure copper was more susceptible to corrosion in 
biodiesel compared to leaded bronze. In another study, 
Fazal et al, (2010) studied the corrosion comparison of 
aluminium, copper and stainless steel in both diesel 
(B0) and biodiesel (B100) using immersion test at 
80°C for 1200hrs. They observed that the effect of 
corrosion and change in fuel properties upon exposure 
to metal is more in biodiesel than diesel. They 
concluded that copper and aluminium were susceptible 
to attack by biodiesel whereas stainless steel was not. 
 
4. FACTORS AFFECTING CORROSIVE WEAR  
 
4.1 Materials properties 
 
The properties of all the materials involved in the 
tribological contact and the reaction products formed 
on the rubbing surface and surrounding environment 
are of relevance to determine the material behaviour. In 
the absence of corrosion, wear resistance of a material 
depends on properties such as hardness, rigidity, 
ductility and yield strength. The relationship between 
these properties on corrosive wear rate requires an in 
depth study for better understanding of the synergistic 
mechanism. Published research has tried to study the 
synergistic effects between wear and corrosion 

 
Fig. 1 Transesterification reaction of triglycerides 
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processes which result in accelerated material loss and 
in some cases actually decelerate material loss. 
 
4.2 Mechanical operation 
 
The rate of corrosive wear for a given metal 
environment combination depends on the applied 
forces and the type of contact sliding, fretting, rolling 
or impact. The other factors include sliding velocity, 
type of motion, shape and size of contacting bodies, 
alignment, vibration etc. For example, in the case of 
fretting corrosion, there are small amplitude 
oscillations occurring in a corrosive environment. 
Contact geometry involving shape and size of 
contacting surfaces is another important parameter in 
corrosive wear, as it determines the size of the contact 
zone and the alignment of the rubbing surfaces. 
Different mechanical processes have different 
parameters affecting the process, like in case of erosion 
the energy and the angle of incidence of the impacting 
particles and their shape are critical variables. 
 
4.3 Solution and environment 
 
The environmental variables/parameters and contact 
conditions (metal pair or non-metal pair), play an 
important role in corrosive wear. Its influence is in the 
form of the medium at the interface i.e., solid, liquid or 
gaseous and its corresponding properties like viscosity, 
conductivity, pH, corrosivity, temperature etc. For 
example, the metals exposed to air, the relative 
humidity will determine whether a thin liquid 
electrolyte film may form at the surface changing the 
corrosion mechanism. In case of aqueous systems, 
concentration of oxygen, pH and concentration of 
certain anions like chloride ions influences corrosivity. 
In case of high temperature applications, the physical 
nature of the scales formed is critical. Certain corrosion 
products containing sulphur have a relatively low 
melting point, which can lead to the formation of 
highly corrosive molten salts on the surface. 
 
4.4 Electrochemical parameters 
 
In corrosive wear system, the corrosion monitoring is 
analyzed by using basic electrochemistry process. 
Basic parameters applied are potential, ohmic 
resistance, passive film growth, active dissolution etc, 
as shown in Fig. 2. The electrochemical aspect is 
considered mainly because corrosive wear phenomena 
have been studied for many years by electrochemists 
and tribologists. Electrochemists have concentrated 

 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2 Factors influencing corrosive wear 
 
 
5. CORROSIVE WEAR MODEL 
 
5.1 Corrosive wear interactions 
 
Corrosive wear interactions can be expressed as wear-
corrosion, where the total damage, T, is given by (i.e. 
sliding or abrasive wear): 
 

          DT = WM + CS + SI                                       (2) 
 
where,  WM is the mass loss due to wear, CS is the 
solids free flow corrosion rate and SI is the synergistic 
or interactions term. Total damage under erosion–
corrosion, DT, can be represented as: 
 
           DT = CM + CS + SI                                           (3) 
 
where CM is the corrosive wear material loss,  
There are numerous interactions between wear and 
corrosion and many ways to experimentally quantify 
them. Mostly these interactions are referred to as 
synergistic (two or more parameters interacts together 
to produce a result) and as attain the level of synergy. 
Synergy is the difference between wear-corrosion and 
the summation of its two parts and can be expressed by 
equation (4). 
 
     SI = DT − (CM + CS) = (ΔCW + ΔMW)                   (4) 

their attention on the study of kinetics of repassivation 
of metal surfaces activated by scratching, whereas 
tribologists have been interested as to how surface 
oxidation during rubbing affects the rate of mechanical 
wear.     
 
 
 
 

where DT, CS and CW are typically gravimetric terms 
relating to wear-corrosion, electrochemical corrosion 
and mechanical wear mechanisms, respectively. The 
interactive processes can be simplified into two 
components, ΔCW and ΔMW, where ΔCW is the 
corrosion-enhanced wear and ΔMW is the 
mechanical/wear-enhanced corrosion. Recent literature 
has defined ΔCW as the synergy term and ΔMW as the 
additive term. 

Corrosive wear  
systems 

Materials 

Mechanical 

Environment Electrochemical 

• Normal force 
• Sliding velocity 
• Type of motion 
• Shape and size of  
   contacting body 
• Alignment 
• Vibration 

• Viscosity 
• Conductivity 
• pH 
• Corrosivity 
• Temperature 
• Dissolved oxygen 
• Air 
• Humidity 
 

• Hardness, Plasticity 
• Surface roughness 
• Microstructure, inclusions 
• Oxide film properties 
• Materials transfer 
• Material transfer 

• Applied potential 
• Ohmic resistance 
• Film growth 
• Repassivation kinetics 
• Valence 
• Active dissolution 
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The synergistic effect (interactive term), SE, is referred 
to as ΔCW or (ΔMW + ΔCW) depending on the literature 
source and under what conditions CS has been 
obtained. Synergistic levels for different materials must 
be carefully understood when using multiple sources of 
literature. The ASTM G119-93 standard is a very 
useful guide to measure and evaluate synergy 
(Ponthiaux et al., 2004). 
 
 5.2 Proposed Model for corrosive wear 
 
The corrosive wear laboratory setup model needs to be 
properly configured in other to provide an accurate and 

reliable result. Figure 3 shows the proposed model 
which consist of a combined system, the tribometer to 
measure evolution of wear depth (linear wear) and the 
electrochemical set up to monitor the corrosion rate 
from the model system. The electrochemical set up 
consists of three electrodes as indicated by (c), (e) and 
(g). The sample is operating as the working electrode. 
The proposed model clearly shows that the corrosion 
phenomenon and the mechanical wear of the material 
under or in the presence of biodiesel can be measured 
simultaneously or concurrently and therefore provide 
the information on corrosive wear.

 
                                                    
                               
                                                               
 
 
 
 
 
 
                                                         

                                                             
                                               
 
                                              
                                         
 
  

 
 
 
 
 

 
Fig 3 Proposed model for corrosive wear study of biodiesel 

 
From the above it can be said that corrosive wear  
consist of three main domain, wear due to mechanical 
action, wear due to corrosion and wear due to the 
interaction of both corrosion and mechanical action 
under synergistic conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4 Model of sectioned profile of corrosive wear 
 

Figs. 4 illustrate sectioned profile of corrosive wear in 
presence of biodiesel. Relative to a non- corroded 
region on a datum surface, the total corrosive wear can 
be expressed as; 
 
WCW = CW + MW + WIN                                (5) 
                                                             
Where,                                         
                    WIN = ΔMW + ΔCW                              (6) 
 
Therefore,         
 
       WCW = CW + MW + (ΔMW + ΔCW)        (7) 
 
Where WCW = total corrosive wear 
              CW = wear due to corrosion 
             MW = wear due to mechanical action 
             WIN = wear due to corrosion and mechanical         

          action 
It is expected that the total corrosive wear, cww  can be 
measured using equation 7 and prediction can be made 
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for the safe use of automotive component materials 
under biodiesel. 
 
6. CONCLUSION 
 
Based on the current study along with the proposed 
corrosive wear model the following conclusion can be 
drawn from the analysis; 
 

i. The current study has been able to provide a 
general knowledge about the field of corrosive 
wear. 
 

ii. Corrosive wear system is significantly 
influenced by factors such as mechanical 
action, material properties and the 
environmental condition. 

 
iii. It is established from the study that corrosive 

wear mechanism has three domains such as 
wear due to mechanical action, wear due to 
corrosion and wear due to the interaction of 
both corrosion and mechanical action under 
synergistic conditions. 
 

iv. The successful development of the model 
shows that the total corrosive wear can be 
obtained from the model set up.   
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ABSTRACT 

The critical mechanical and tribological 
aspects of industrial tire were carried out including 
tensile, elongation at break, tensile modulus, hardness, 
rheology, and abrasion tests. The masticating process 
for formulated rubber was done by two roll mill 
machine using conventional vulcanization method. The 
abrasion test was carried out using both Akron and 
Tribometer to evaluate the volume loss per revolution. 
Eventually, the worn surface was examined using 
Scanning Electron Spectroscopy (SEM) to give a 
reasonable vision of surface deformation. 

Keywords: tire, wear, masticating, dry abrasion, SEM 

 

1. INTRODUCTION 

Past researchers (Stack,2009, Bhowmick et al.,1994, 
Freakly et al., 1998 Blow et al. 1988 and 
Lindley,1992), has developed specialties rubber with 
low rolling, high swerving resistance, high and stabile 
mobility, low road noise, comfortable and safe driving 
under broad cyclic operation are critical factors for 
tires competitiveness.  In rubber industries, certain type 
embedded fibers, steels and textiles for cords in belt, 
bead, and ply parts has been employed as described by 
Gent (2000).  

Hofman (2000), Braun (2003) and Cho et al. (2004) 
have explained the rubber technology that lead to 
adhesion, hysteresis and cohesion loss friction which 
generate intermolecular force, deformation and rupture 
in rubber tread respectively due to rough, uneven and 
sharpened road surface.  The summary of skid 
resistances i.e. in dry, wet, snow, and ice are 
contributed by different degrees of frictional forces 
which are shown in Table 1. 

The tire traction as extensively investigated by 
Heinrich et al.(2007) emphasized on velocity and load 
depending on friction coefficient. According to Persson 
(2001) rubber has low elastic modulus, rubber often 
exhibits elastic instabilities during sliding. Dick (2000) 
added that natural rubber has high resilience and low 
heat buildup during flexing because of its hysteretic 
properties. Hanafi et al. (1998) also supported that 
natural rubber has low compression, set and stress 
relaxation, good electrical insulation and good 
resistance to abrasion, tear and fatigue. 
 
There are thousands of proprietary secret recipe used in 
rubber industry. Hence, the price of rubber has been 
accelerating to ceiling price due to its many 
applications and its specifications.  Last but not least, 
performance: The tire performance is highly influenced 
by crown contour contact with road surfaces or ground 
to optimize the durability, cornering force, rolling 
resistance and fuel consumption according to Cho et 
al.(2004). For this project, Standard Thailand Rubber 
(STR) 5L as natural rubber (NR) was masticated with 
styrene butyl rubber (SBR) as synthetic rubber (SR). 
Polymers containing a high proportion of styrene are 
widely used in blends with diene rubbers to improve 
wear resistance and high hardness with low specific 
gravity.  

2. EXPERIMENTAL DETAILS 

A-The Recipe 

The formulation is the heart of rubber compounding. 
For this project, a rubber recipe for a tire is shown in 
Table 2. This recipe is based on two raw rubbers which 
are NR and SR, reinforcing filler used is CB, an anti-
degradants package (TMQ and IPPD), and a curing 
system (zinc oxide, stearic acid, sulphur, and CBS).  

B-Manufacturing Process 

mailto:meramdziah@eng.usm.my
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For the manufacturing process; when non-rubber 
ingredients is added and mixed into uncured rubber 
compound in internal mixer; viscoelastic fluid will be 
formed. Rheological tests were conducted before 
molding processes at high pressure and temperature. 
The curing time obtained from the rheology test will be 
used in moulding test press. Thus, the quality, 
marching, plateau, or reversion cured of rubber 
compound produced could be determined. The roller 
speed ration between back rollers to front roller is in 
the range 1.1-1.5:1. The compounding ingredients such 
as filler, accelerator, activator, antioxidant, and other 

materials are added to the rubber by a certain mixing 
cycle. Table 3 shows a typical mixing cycle which is 
been followed while using the two roll mill. To prevent 
the scorching phenomenon, the vulcanizing agent 
(sulphur) and accelerator typically is added at the end 
of the mixing cycle. Roller surface temperature can be 
controlled using the water cycle which is hot or cold 
water. Thickness of rubber compounds produced 
depends on the size of the opening between the two 
rollers as shown in Table 4.  

 

Table 1: Skid Resistance (Dick, 2000) 
 

Table 2:  
Rubber Recipe 

Ingredients phr Weight (g) Compound function 

STR 5L, Natural Rubber 
SBR, Synthetic Rubber 
N330 Carbon Black 
IPPD 
TMQ 
Stearic Acid 
Zinc Oxide 
CBS 
Sulphur 

75 
25 
30 
2 
2 
2 
3 
1.5 
2 

157.89 
52.63 
63.16 
4.21 
4.21 
4.21 
6.32 
3.16 
4.21 

Rubber 
Rubber 
Reinforcing Agent 
Anti-degradant 
Anti-degradant 
Activator 
Activator 
Accelerator 
Vulcanizing Agent 

 
Table 3:  Typical Compounding Cycle for Two Roll Mill 

Step Compounding Cycle Time (minute) 
1 A small friction of rubber is passed through the  
 mill without stripping for two or three times. 1 
2 The rubber is stripped with size opening of 0.03  
 inch until the rubber surface is smooth. 4 
3 Zinc oxide is added uniformly across the mill.  
 When the zinc oxide was compounded, make a  
 three times cutting to the rubber from each side  
 so that the uniformly distributed of zinc oxide  
 can be produced. 8 
4 Add the stearic acid. 2 
5 Add all the compounds ingredients except that  
 the accelerator and the vulcanizing agent at the  
 end of the mixing cycle. 4 
6 Make a three times cutting to the rubber same 
  in the third step. 2 
7 Cut the rubber from the mill and the rubber is  
 passed through the mill for six to seven times at  
 opening size of 0.1 inch. Then, weight the rubber. 3 

 Adhesion Hysteresis Cohesion 
Skid Resistance 
(safety factor, f) 

Degree of Effects 

Dry (f – 0.6) High Med Low 
Wet (f – 0.3 – 0.6) Med High Low 
Snow (f – 0.3 – 0.6) Between wet  to ice condition 
Ice (f – 0.3) Middle Middle Low 
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Table 4:  The Relationship between Roller and Rubber 
Size 
Roller Size (Inch) – 
Diameter x Length 

The Rubber Size (kg) 

6 x 13 0.6 – 0.9 
10 x 20 2.2 – 3.6 
28 x 84 28 - 35 

For this project, the compression moulding was used 
because it is simple. A constant hydraulic pressure of 4 

– 8 MN/m2 is given while compressing. The mould has 
been placed between two plates. For this experiment, 
the vulcanizing temperature used is 150oC. The plates 
and mould will be heated by saturated steam, hot oil, or 
electricity. After the mould is closed, the rubber 
compound was placed between the metal mould. 
Usually, this method is used to prepare a vulcanized 
rubber for testing of tensile strength, elongation at 
break, and modulus, 2mm thickness was fabricated. 
For abrasion resistance and hardness tests 13mm 
thickness was molded as shown in Fig.1 .  

 

Figure 1 (a) Slap with 5 mm thickness(b) slap with 2 mm thickness (c) disc with 13 mm thickness (d) dumbell shape 
specimen 

C-Mechanical Tests 

Tensile properties are determined by stretching 
standard test pieces at a constant rate until it breaks 
using Universal Tensile machine. The method can be 
obtained in standard ISO 37, BS 903 and ASTM 0412. 
For the test, the specimen used is dumbbell shape 
(2mm thick) as shown in Fig. 1(d). The tensile 
properties of vulcanized rubber usually determine 

using the tensile machine (Instron 3366) with cross-
head speed 50 cm/min.  

Hardness tests method can be obtained from ISO 48 for 
rubber sample in the range of 30-85 IRHD 
(International Rubber Hardness Degrees). The hardness 
tester Techlock GS – 706G was used with average 
hardness value  

 

Figure 2 (a) Akron machine (b) Tribotester set up with rubber specimen 

 Abrasion is done by producing relative motion 
between the rubber and an abrasive surface (abradant) 
pressed together by a predetermined force. Abrasion 
loss is generally measured the volume abraded per unit 
of energy or revolutions expended indeed loss per unit 
energy is used in some other tests. The Akron abrasion 
tester (as shown in Fig 2 (a)) is most widely used. In 
order to determine a securing specific weight of the 
rubber, a small piece of the specimen was cut with a 
knife. Then, Precisa weight machine was used to weigh 
the specimen. 

The differences between Akron and Tribomachine is 
that for Akron, the rotating part is the rubber and the 
abradant but for tribotester, only the abradant is 
rotating and the rubber is in static position. Besides, the 
abradant used is also different for both machines. For 
Akron, an abrasive wheel is used but for the tribotester, 
an abrasive paper was used as the abradant.  

For rheological test, a Monsanto MDR 2000 machine 
was used. The sample used for the test is 2.8 g in 
weight. The heat transfer and balance terms can 
achieved in a short time. Cavity and sample 

(a) (b) (c) (d) 

(a) (b) 
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temperature can be changed quickly because this 
machine did not have a rotor. Torque value is usually 
given in units of kgf.cm or dNm. 

D-Optical test 

Scanning electron microscope (SEM) namely 
Hitachi Table Microscope TM-1000 with high-
resolution and narrow electron beam, with new 
graphical user interface was used  

3. RESULTS AND DISCUSSIONS 

A-Tensile Test 

The average thickness for all samples is between 1.82 
to 1.87 mm and consistent width of 6.4 mm. From 

Table 5 the average tensile strength is 23.39 MPa, 
elongation at break at 766.7% which is within 
industrial target. The modulus for both at 100% and 
300% extension is at 1.566 and 5.720 MPa is also 
within the industrial target.  
 
 
B-Hardness Test 
The average hardness for the specimen is 56.67 
(IRHD) which is comparable with the industrial rubber. 
 
C-Abrasion Test 
Density of the rubber compound = 1.072 kg/m3 

 

 

Table 5: Tensile Properties  
Sample Tensile Strength 

(MPa) 
Elongation at 
break (%) 

Modulus at 100% 
(MPa) 

Modulus at 300% 
(MPa) 

1 23.10 816.7 1.515 5.308 
2 24.70 781.7 1.583 5.726 
3 22.37 701.7 1.599 6.127 
Average 23.39 766.7 1.566 5.720 
SD 1.18 58.9 0.045 0.410 

 
Table 6: Akron machine 

Specimen Time 
(Minute) 

Total Abradant 
Revolutions(rp
m) 

Initial 
mass (g) 

Final 
mass 
(g) 

ΔW 
(g) 

Volume 
loss (m3) 

Volume loss/rev 

1 

2 

3 

4 

5 

6 

5 536 39.35 39.26 0.09 0.0840 1.566x10-4 

10 529 39.29 39.09 0.20 0.1866 1.752x10-4 

15 530 39.09 38.77 0.35 0.3265 2.047x10-4 

20 510 38.71 38.26 0.45 0.4197 1.994x10-4 

25 513 38.26 37.68 0.58 0.5410 2.067x10-4 

30 501 37.68 37.01 0.67 0.6250 2.004x10-4 

Table 7: Tribomachine 
Specimen Time 

(Minute) 
Total Abradant 
Revolutions(rp
m) 

Initial 
mass (g) 

Final 
mass (g) 

ΔW (g) Volume 
loss (m3) 

Volume 
loss/rev 

1 5 7250 3.2139 3.1071 0.1068 0.0996 1.374x10-5 

2 10 7250 3.2277 3.0109 0.2168 0.2011 1.395x10-5 

3 15 7250 3.2306 2.8086 0.4220 0.3937 1.809x10-5 

4 20 7250 3.2543 2.7061 0.5482 0.5114 1.763x10-5 
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5 25 7250 3.2599 2.4063 0.8536 0.7963 2.197x10-5 

6 30 7250 3.2934 2.2795 1.0139 0.9458 2.174x10-5 

 

Experimental Evaluation between Akron and 
Tribomachine  

          The abrasion test has been carried out with two 
different machines which are Akron abrasion tester and 
Tribomachine as shown in Table 6 and 7 respectively. 
From the results shown in Figs. 3 and 4, it can be seen 
that the Akron abrasion tester gave a better result than 
the tribomachine because Akron has a lower wear rate 
than the tribomachine. Although tribomachine has 
higher wear rate but it is because that the abradant 
rotates longer with different set up than the Akron 
machine. From the results, it can also be seen that the 
volume loss/rev for tribomachine is lower than the 
Akron machine and it is fluctuating in increasing 
pattern for both experiments. Thus, both methods are 
comparable.  

 

Figure 3 Volume loss against abrading time for Akron 
and tribomachine 

 

Figure 4 Specific wear rate at different revolutions for 
Akron and tribomachine 

 

 

 

 

 

 

 

 

 

 
D-Rheology Test 

Relationship of rheological test with curing characteristics 
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Figure 5 Graph of Cure Rate for the rubber compound 

The induction stage 

At this stage, the torque will go through 
the minimum phase (Tmin). At Tmin or before, the 
cross linking not yet happen in the rubber 
compound. After Tmin , the torque began to 
increase showing that the cross linking occurred. 
The time taken from the initial measurement (t=0) 
to reach T=Tmin+2 is scorch time. Scorch time is 
also referred as induction time. Practically, scorch 
refers to the temperature time which depends on 
heat processing before there are signs that 
crosslink was started. Scorching is a premature 
phenomenon and should be avoided while 
forming because rubber will be quite hard to 
process. This is shown in Fig. 5. 

The curing stage 

After the induction stage, torque will 
increase rapidly to show that the maturation has 
occurred to the rubber compound. The increasing 
degree of maturation or the degree of crosslink 
measured by the increased in torque required to 
maintain certain amplitude of testing. The 
amplitude used is small and the disc moves in 
reciprocal and non-continuous, then the crosslink 
formed does not broken. In this stage also, the 
rubber compound is firm and elastic. So, the 
torque is a measure of modulus. It means that the 
torque will increase with the increasing degree of 
crosslink. The increasing of torque while 
maturation is considered proportional to the 
number of crosslink formed per unit volume of 
rubber. This is shown in Fig. 5. 

The past due stage 

At the maturation stage, the vulcanizing agent 
was used until it decreased or finished and cured 
until past due stage. At this stage, there are three 
possibilities that will happen where the torque 
will increase (marching cured), consistent 
(plateau cured), or decrease (reversion cured). 
The behavior that will experienced by a rubber 
compound depend on the type of rubber, type and 
amount of accelerator, activator, and vulcanizing 
agent or in other words, the vulcanization system 
used. For this research, the conventional 
vulcanization was used because the amount of 
sulphur is more than the amount of accelerator. 
This is shown in Fig. 5. 

E-Optical test 

The SEM images of unworn rubber 
specimen is shown in Fig. 6. The image after the 
test is shown in Figs. 7-10. Fig. 7 shows some 
ridges pattern formation known as Schallamach 
waves .  

Now, the problem is that there is 
needle/fiber structure that can be seen from the 
structure which is shown in Fig. 8. It is obvious 
that there is a lot of debris in the compound 
although the ingredients from the formulation 
totally not having a single sample that have the 
needle/fiber structure. However, the needle/fiber 
structure can be seen after the test and not before 
the test as shown in Fig. 9 compared to Fig. 6. 
Therefore, a cryo fracture test has been carried 
out in order to prove that whether the compound 
contains this kind of structure or not.  

Tmin 
Tmin + 2 

0.9(Tmax-Tmin) 

Tmax 

Induction 
Stage 

Curing
Stage 

Past due 
Stage 
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The cryo test is a test to see the 
dispersion of the structure in the sample. The 
sample will be dip into the liquid nitrogen for 5 – 
10 minutes. Then, the sample will be break to two 
pieces and after that the pieces will taken for 
SEM test. So, the image after the cryo test is 
shown in Fig. 10. From the image, the 
needle/fiber structure is actually not from the 
rubber compound but it comes from somewhere 
else. It is comes whether from the brush, samples 
preparation, or from the machine itself because 
the structure is not embedded to the compound. 
Thus, it is because of impurities and does not 
affect the results obtained. 

 

Figure 6 The image of the rubber compound 
before testing  

 

Figure 7 The image of pattern formation after the 
test 

 

Figure 8 The image of debris formed in the rubber 
compound after test 

 

Figure 9 The image shown a kind of tear 
mechanism  

 

Figure 10 The image of a sample after the cryo 
fracture test 

 

4. CONCLUSIONS 

In this research, mechanical and 
tribological properties of conventional 
vulcanization rubber compound filled with carbon 

Needle/fiber 
structure 
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black HAF330 has been explored. The 
mechanical and tribological results obtained from 
the experiments were comparable with the 
commercial tire available in the transportation 
industry. Thus, this is one of the new formulation 
that is applicable to manufacture industrial 
rubber. Furthermore, the evaluation tribological 
test done for both Akron and tribomachine is 
proven quite similar to each other. Therefore, 
tribomachine has been evaluated to be one of the 
test for rubber application in the future. The SEM 
pictures have shown the wear pattern formation as 
previously found by the author (2007) but cryo-
fracture test has shown that existence of 
brittleness in rubber surface is non-fibrous. 
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ABSTRACT 
 
Wear is an important criteria in the field of 
Mechanical Engineering. The life and reliability 
of the mechanical components are decided by 
the amount of wear that take place in the 
components. Many wear calculations are 
validated by experimental methods, but it takes 
long time to complete a calculation and bring 
out a meaningful conclusion. This paper 
„Development of Adhesive wear model using 
finite element analysis(FEA) and Experimental 
methods‟ focuses in bringing out a wear model 
equation to calculate the adhesive wear volume 
in metals like Steel, Aluminum, Copper…etc. 
using finite element analysis and experimental 
observation. 
 
Keywords:Adhesive wear model, and contact 
analysis, pin-on-disc, Generating rough surface. 
 
1. INTRODUCTION 
 
Wear, the progressive damage involving 
material loss which occurs on the surface of a 
component as a result of its motion relative to 
the adjacent working parts. It is almost an 
inevitable companion of friction. Most 
tribological pairs are supplied with a lubricant to 
avoid the excessive wear and damage which 
would be present if the two surfaces were 
allowed to rub together. The economic 
consequences of wear are widespread and 
pervasive as they involve not only in cost of 
replacing parts but also expenses involved in 
machine downtime, lost production, and 
consequent loss of business opportunities. A 
further significant factor decreases the 
efficiency of equipment, which can lead to both 
poor performance and increased energy 
consumption. 

The wear rate of a rolling or sliding contact is 
conventionally defined as the volume lost from  

 
 
the wearing surface per unit sliding distance and 
its dimensions are  those of length square. For a 
particular dry or unlubricated sliding situation 
the wear rate depends on the normal load, 
relative sliding speed, thermal, mechanical, and 
chemical properties of the materials in contact. 
There are many physical mechanisms that can 
contribute to wear and certainly no simple and 
universal model is applicable to all situations. 

 
1.1. Mechanism of Adhesive Wear 

 
The tendency of contacting surfaces is to 

adhere to the attractive forces which exist 
between the surface atoms of the materials. If 
two surfaces are brought together and then 
separated, these attractive forces act in such a 
way as to attempt to pull material from one 
surface on to the other. Whenever a material is 
removed from its original surface in this way, an 
adhesive wear fragment is created. The 
mechanism of wear is tangential displacement 
imposed on one of the bodies. If the force 
required to break through the interface of the 
materials is larger than the force required to 
attract the materials a break will occur along 
this latter surface and a transferred wear particle 
will be produced. (Ernest Rabiniwicz.,1995) 

The adhesive wear can be estimated using a 
local coefficient of friction in combination with 
a simplified yield model. (Rob Bosman et 
al..2011) 

 
2. DEVELOPMENT OF MODIFIED WEAR 
MODEL 
 

Based on the detailed study on various 
literatures it is observed that the Archard wear 
equation is the most widely used wear model for 
the estimation of wear. In order to predict the 
life of complex mechanical systems with 
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hundred thousand operating cycles an 
equivalent experimental set-up has to be 
developed which determines components of 
wear in the mechanical systems. Considering 
the time and expense for estimating the wear by 
this process, a mathematical model is the 
optimum choice for wear simulation based on 
Archard‟s wear equation. The first step towards 
this is to determine the contact pressure 
distribution on the contact surface by using 
finite element procedure. The contact pressure 
obtained by FEA method is compared with the 
empirical calculation for a reliable result. This is 
used for the determination of wear using 
Archard‟s wear equation. 

 
2.1 Archard’s Wear Model 

Archard has presented a very plausible 
model of the sliding process which enables us to 
derive quite simply and attach a definite 
meaning to the constant k. In Eqn. 1.1, Archard 
assumes that each time two asperities come into 
contact to from a junction, there is a constant 
probability k that an adhesive fragment will be 
formed. Each fragment is assumed to be a 
hemisphere of diameter equal to the junction 
diameter. If we consider the case of two bodies 
sliding under an applied load L and the flow 
pressure of the softer of the metals, then the real 
area of contact will be given by 

 L = p. A                                              (1) 
 

If it is assumed that all the junctions are of the 
same size, circles of diameter d, and hence of 
area ( πd2 / 4) , then the total number „n‟ present 
at any instant will be given by 

A = n. 
4
. 2dS

Hence,   

A = 
p
L

  from equation (1)
 

             n   = 2.
4
pd
L

S
                        (2)     

Each junction may be assumed to remain in 
existence during a sliding process equal to its 
diameter after which it is broken and its load- 
carrying capacity is taken up by a new junction. 
Actually   the load-displacement function per 
centimeter of sliding must be replenished by a 
total of 1/d times and total number N of 
junctions formed per centimeter is given by           

     N= 
d
n

= 2.
4
pd
L

S
                         (3)  

the probability that any junction leads to the 
formation of a transferred fragment has been 
postulated to be equal to k. The assumption  
such that a fragment is hemisphere of diameter 
d, volume GV/Gx of wear per centimeter of 
sliding is given by the relation 

x
V
G
G

 =
12

... 3dNk S
 =

p
kL
3

                      (4) 

The volume of transferred fragment formed in 

sliding through a distance x then becomes 

    V=
p

kLx
3

                                              (5) 

This may be considered as the fundamental law 
of adhesive wear coefficient k. The coefficient 
of wear (k) is dimensionless. It will be seen that 
“(5)” is identical in form with “(1)”. The only 
difference being that k/3 has replaced the 
arbitrary constant c. 

 

Fig.1 Load- displacement functions of junction. 

The Fig.1 illustrates (a) as calculated by 
Rabiniwicz (1951), (b) as assumed by Archard 
(1953), (c) as measured using an aluminium 
model by Greenwood and Tabor (1955). The 
area under each curve representing the total 
load- distance carried by each junction is about 
the same.  
 

3. DESCRIPTION OF PIN-ON-DISC 
MACHINE (ASTM-G99) 
Probably the most common form of the wear- 
measuring rig used in tribology laboratories is 
pin-on-disc apparatus. It can also be used to 
measure the associated degree of wear and 
surface damage. In simplest form the pin is held 
stationary while the disc rotates so that any 
particular point on the wear track on the disc 
comes into contact with the pin. (J.A 
Williams.,1994), In a more sophisticated 
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apparatus, the pin may be arranged to move 
radially during the course of the experiment so 
that it continuously encounters fresh disc 
surface. This arrangement provides single-pass 
conditions. However, the speed of the disc must 
also be continuously varied if a steady sliding 
speed is to be maintained. The actual pin on disc 
machine as shown Fig.2 is used for conducting 
the wear measurement. 

 

 

 

 

 

 
 
 
 
 Fig .2 Pin –on-disc apparatus (ASTM-G99) 

4.WEAR EXPERIMENTS AND 
PROCEDURE FOR CONDUCTING WEAR 
EXPERIMENTS 
A pin-on-disc wear testing machine as per 
ASTM G99 is used for conducting experiments. 
The surfaces of the equipment are cleaned 
preferably with a vacuum cleaner. The disc 
surface is also cleaned. The pin is mounted in its 
holder and is secured firmly in the lever. The 
pin height is adjusted so that lever is parallel to 
disc and tightened well to avoid any slippage 
during experiment. The range of wear track 
radius is 10 - 75mm. The experiments are 
conducted under dry condition.  The surface 
roughness value is measured after every 
experiment using roughness tester. The dry 
sliding wear of steel against aluminum with  
sliding velocity 0.01 m/s, nominal contact 
pressure range 15-40 MPa (Anirban Mahato et 
al..2010) values are justified. 
 
4.1Roughness tester 
 
Roughness tester is used to measure the 
roughness value Ra. The roughness tester is 
shown in fig.3. The table 1 explains the 
technical specification of roughness tester. 
 
 
 
 
 
 
 
 
                  Fig.3 Roughness tester 

 
Table:1 Technical Specifications Surface 
Roughness Tester 
 

Particulars  Explanation 

Measuring 
System 

Skidless method using 
inductive pick-up with 
interchangeable stylus 

Measurement 
parameters 

Ra; Rz; Rt; Rp; Rv; Rq; 
RSm; RmaxD; Material ratio 

curve 

Measurable 
roughness 

range 
Ra 0.01 ~ 10 um 

Cut off (L) 0.08 mm; 0.25mm; 0.8mm; 
2.5mm 

Evaluation 
length (LN) 1L; 2L; 3L; 4L; 5L 

Measuring 
Length 

Horizontal 60mm (vertical 
0.6mm / 600um) 

Resolution 0.001 um 

Indication error Not greater than 6% +/-
0.004um 

 
 
 
 
 
 
 
 
                Fig.4 En-31 Steel Disc 
 
 
 
 
 
 
 
 

    Fig. 5 Experiment specimens (pins) 
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4.2 Disc and pin materials for wear 
experiments 

 
The pins generally are wearing members which 
have a lower hardness (L.J. Yang., 1999). The 
disc is made by En-31 steel with thickness 8mm 
and diameter 160mm. The hardness of disc is 65 
RC and surface finish‟s rms value is 0.02 as 
shown in Fig .4. The wear test was conducted 
with steel, aluminium, copper pins of 8mm dia 
and length of 30mm. The pins are shown Fig .5 
 
5. RESULTS OF WEAR CO-EFFICIENT 
FROM EXPERIMENTAL AND 
THEORETICAL  
  
The measured wear value are substituted in 
Archard wear equations to find wear co-
efficient of steel, aluminum and copper pins 
sliding against steel disc. 
         The Archard Eqn is    
 
 
 
    

 
                                   (6)                                             

 
Where V is the volume of wear (m3), s is the 
sliding distance (m), FN is the normal load, H is 
the hardness and K is the wear coefficient. A 
wear simulation approach based on Archard‟s 
wear law is implemented in an FE post-
processor that works in association with a 
commercial FE package ABAQUS for solving 
the general deformable contact problem 
(V.Hegadekatte et al ..2004). In an ABAQUS 
contact simulation, surfaces that will be 
involved in contact must be created on the 
various components in the model. Then the pair 
of surfaces that may contact each other known 
as contact pairs must be identified.  
Finally, the constitutive models governing the 
interactions between various surfaces must be 
defined. These surface interaction definitions 
include friction (ABAQUS/Standard version). 
For rough surfaces, the real contact area is 
smaller than smooth surfaces. The ratio Ar/Aa 
approaches unity at increased loading (Ulf 
Sellgren .,1999). The FEA models are illustrated 
fig 6 & fig 7. 
 
 
 
 
 
 
 
 
 
Fig.6  Pin FEA model using Ra value. 

The wear coefficient was calculated using  
experimental and finite element method as 
shown in table.2 
 
Table.2 wear coefficients (K) from experimental 
and FEA method 

 

 
 
Fig.7 Meshed model of disc with pin. 
 
6. RESULTS AND DISCUSSION   
 
Results are obtained using contact analysis in 
FEM (ABAQUS).  Contact pressure distribution 
on the pin surfaces of Steel, Aluminium and 
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Copper materials sliding against the steel disc 
were determined. The stress plot shows the area 
at which contact occurs (real area of contact) for 
the given load, wear track radius and surface 
roughness values. The cumulative value of 
contact pressure is used to estimate the normal 
load for calculation of wear. The few contact 
pressure plot are shown in fig.8, fig. 9 and 
fig.10. From the output result file one can find 
the real contact areas and contact pressure of 
each element. The loads are calculated based on 
summation of real contact areas and summation 
of pressure. These loads are substituted into 
Archard equation (7) to find the wear 
coefficient. The maximum pressure is calculated 
from the equality of total surface pressure and 
working force given in the support  
(MiomirJovanović et al..2004). 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
Fig .8 Contact pressure plot steel  
 

 
Fig .9 Contact pressure plot Aluminium 
 

 
 
Fig .10 Contact pressure plot copper 

The wear coefficient equation is function of 
load which is given below for steel, copper and 
aluminium. 
 

y = 0.0001x3 + 0.0072x2 - 0.0461x + 0.1289     

(7)                  

y = 0.0009x3 + 0.0073x2 - 0.0181x + 0.0494     

 (8) 

y = 0.0017x3 - 0.012x2 + 0.0247x + 0.0056  

 (9) 

The results are plotted for wear coefficient 
verses load as shown fig.11 

 
 
Fig.11 load Vs wear co-efficient (Steel, 
Aluminium, Copper) 

The wear coefficient equation is function of 
velocity which is given below for steel, copper 
and aluminium. 
 
y = 2E-06x3 - 2E-05x2 + 4E-05x + 6E-05 

             (10)                                     

y = 0.0007x3 - 0.0053x2 + 0.0029x + 0.0483 

             (11) 

y = 0.0011x3 - 0.0104x2 + 0.0235x + 0.0019  

             (12)    

The results are plotted for wear coefficient 
verses velocity as shown fig.12 
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Fig.12 velocity Vs wear co-efficient (Steel, 
Aluminium, Copper) 

7. CONCLUSION 
The wear experiments were carried out for three 
different materials which are steel, copper and 
aluminium against steel. 
Adhesive wear is measured for all the three 
combinations. 
The wear model is developed using curve fitting 
methods with respect to different loads and 
velocities. 
FEA model was developed using contact 
analysis to measure the wear. 
 The wears were obtained through empirical 
relation and the FEA model was compared and 
found that it had close agreement within 5%. 
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 K          wear coefficient 

H       Hardness of the material (N/mm2
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c         Non dimensional constant 
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ABSTRACT 
 
Dry wear properties of Aluminum nitride (AlN) 
reinforced aluminum silicon alloy (Al-Si) 
studied by using a pin-on-disc configuration 
tester. In this work different weight percentage 
(wt %) of 0, 2, 5, 7 and 10 of AlN was added in 
the metal matrix composites. The composites 
were prepared by a stir casting process which 
was then aged with a T6 condition prior to the 
wear test. Detailed analyses on the 
morphologies were conducted using a scanning 
electron microscope (SEM) with the aid of an 
energy dispersive x-ray analyser (EDX). It was 
clearly observed that the hardness improved 
from 70 to 240% for the aged samples 
compared to un-aged samples. The specific 
wear rate or the K’ valued was 2.06 x 10-4 
mm3N-1m-1 and 1.35 x 10-4 mm3N-1m-1 for Al-Si 
alloy and Al-Si/10%AlN respectively and 
improved to 70% and 60% respectively after the 
heat treatment. A surface investigation by the 
scanning electron microscope (SEM) revealed 
that thick mixed mechanical layers (MML) with 
wear delamination occurred on the Al-Si alloys 
while thin layers (MML) were observed in the 
AlN reinforced composites.  
 
Keywords: Al-Si alloy, AlN, mixed mechanical 
layer, reinforced particles  

 
1. INTRODUCTION 
 
The A good combination of high strength and 
ductility of the aluminum based metal matrix 
composites (MMCs) has introduced the material 
to a wide area of possible advanced 
applications. Aluminum alloys are amongst the 

most promising structural materials due to their 
high specific strength and stiffness, which are 
widely used in automobile industries for 
structural components in engines and other parts 
(Rittner, 2000). Various manufacturing 
processes are available in the industry for 
discontinuous metal matrix composites. 
Amongst them, stir casting method has drawn 
considerable research interest due to its 
simplicity, flexibility and applicability to large 
quantity production (Hasyim et al, 1999). In 
addition, in principle it allows a conventional 
metal processing route to be used, hence 
minimises the final cost of the product. Particles 
reinforced aluminum alloy composites have 
shown significant improvement in the 
terminological properties including sliding and 
abrasive wear resistance and seizures 
resistances. Better wear resistance of particulate 
reinforced MMCs is normally due to the hard 
ceramic particle content which finally gives a 
protection from further surface damage (Geng et 
al., 2006). The aging behaviour of 
discontinuously reinforced metal matrix 
composites has been a subject of great interest, 
which is beneficial to optimise the aging 
treatment and provide the experimental and 
theoretical information for designing the 
properties of the composites (Sheu & Lin, 
1997). Many works on SiCp/Al alloys and 
Al2O3/Al alloy composites have been reported 
(Sevik & Kurnaz 2006; Daoud & Reif 2002) but 
very few reports on the use of AlN as 
reinforcement for Al alloy composites (Vicens 
et al., 2002). Limited studies was done so far to 
investigated the behaviour of AlN reinforced 
matrix alloy and mostly concentrated in the 
electrical field (Sheppard, 1990), thin films and 

mailto:mahamadnoor@mfi.unikl.edu.my
mailto:mariyam@eng.ukm.my
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semiconductor application (Shimada & Hayashi, 
2005). With comparison to other ceramic 
materials, AlN provide the lowest densities, 
high specific modulus, and lowest thermal 
expansion. Its thermal expansion of 4.6 x 10-6 

m/ºC was close to Si and may offer a potential 
use for both monolithic and composites 
materials (Karamuto & Takada, 2003). Thus the 
objective of this research is to investigate the 
effects of AlN particles in Al-Si alloy 
particularly on the wear behaviors before and 
after the heat treatment.  

 
 
2. METHODOLOGY 
 
A commercially available Al-Si alloy series 
(AC3A.2) in Table 1 with chemical 
composition, 88 wt.% Al, 11.1 wt% Si, 0.42 
wt.% Fe, 0.02 wt.% Cu, 0.02 wt.% Zn and other 
elements as impurities was used as the matrix 
for the composite. Aluminum nitride (AlN) 
powders from Aldrich manufacturer with a 
purity of >98% and the size of <10 µm were 
used as the reinforcement materials. Figure 1 
shows the actual AlN size which observed by 
the scanning electron micrograph (SEM). Al-Si 
alloys with and without the reinforcement were 
prepared by a stir casting process. A small 
amount of magnesium i.e. 2.5 wt% was melted 
together with the Al-Si alloy. The purpose of 
adding the magnesium addition was to improve 
the wetting properties of the melt and to ease 
binding process between the molten metal and 
the reinforced particles (Hashim et al., 2001). 
During casting process, melting temperature 
was fixed at 750 ºC, held for 30 minutes before 
aluminum alloy melted completely. Aluminum 
dross was then removed from the surface of the 
molten metal. Small amounts of particulate 
aluminum nitride was preheated to 750 ºC and 
added continuously to the molten metal through 
the side of a vortex created by the stir impeller. 
The Al-Si was then casted via a bottom furnace.  
 
Table 1: Chemical composition of Al-Si alloy 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 the actual size of reinforced AlN 

particles 
 
Some sample of the matrix Al-Si alloy were 
subjected to T-6 type heat treatment which 
involved solutionising at 540 ˚C followed by 
quenching and  artificial ageing at 180 ˚C. The 
soaking time was fixed at 4 hours. The macro 
hardness tests were taken by using a DXT 
Shimadzu hardness tester with a 1/16 inch steel 
ball indenter. Each sample was taken 10 
indentation points with 100 kg indenting load 
and dwelling time of 15 second. Prior to the 
wear test, as-cast Al-Si alloy sectioned and 
metallographically polished and etch with 
Keller's reagent (Rao et al., 2010). Testing 
parameter was fixed i.e. disk speed 400 rpm, 
sliding diameter of 48 mm and a load range of 
25N to 70. The sliding distance was 1-5 km 
with a fixed velocity of 1 ms-1. The wear test 
was carried out against steel made from a 
hardened carbon steel grade EN-31. Before and 
after each test, sample was weighed to 
determine the volume loss. Worn surface for 
each sample were cleaned with acetone prior to 
SEM and EDX analyses. 
 
 
3. RESULT AND DISCUSSION 
 
The microstructures of as-cast and aged Al-Si 
alloys, and composites reinforced with 10 wt% 
AlN, aged at 180oC for 4 hrs are shown in 
Figure 2. AlN particles seemed to be randomly 
trapped after the casting and were observed at 
the boundaries of silicon grains shown in Figure 
2(b). The formation of AlN particles entrapment 
can be explained by the Al dendrite growth 
during the solidification process whereby the 
AlN was pushed to the outer side of the last 
freezing point of eutectic liquid, thus the AlN 
particles are seen surrounded by the Si. This 
was due to AlN particles and Si element in the 
matrix that had the same thermal expansion 
properties (Baik & Drew, 1996). An effect on 
aged treatment had transformed the Si grains 
with equiaxed shapes while the Al dendrites 

Elements wt% 
Si 11.10 
Fe 0.420 
Zn 0.020 
Cu 0.020 
Sn 0.016 
Mg 0.011 
Al Balance 
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tend to be more globular and bigger in sizes. 
The precipitated Si in the Al matrix is shown in 
Fig. 2(c) and was reported in finding previously 
(Curle & Ivanche, 2010). The AlN particles 
were seen similar with the as-cast alloys 
whereby the trapped AlN closed to the 
precipitates Si (Fig. 2(d)). The presence of the 
AlN in the Al-Si matrix was supported by an 
EDX as shown in Figure 2(e). Similar behaviour 
was reported by Longtao et al., ( 2005) in which 
they observed a formation of grain dislocations 
and precipitates in aged 2024Al of sub-micron 
Al2O3/2024Al composites. 
 

 
 
Figure 2 Morphologies and EDX spectrum for 

Al-Si/AlN composites with (a) as cast 
Al-Si alloy, (b) as-cast Al-Si/10%AlN, 
(c) and (d) for heat treated Al-Si alloy 
and Al-Si/10%AlN respectively. 
 
Figure 3 shows the hardness values for 

Al-Si alloys and their composites for aging and 
heat treated AlN composites. Significant 
increase in the hardness of the Al-Si matrix 
alloy can be seen by the addition of AlN 
reinforced particles. An increased in hardness 
value indicated that the particulates presence in 
the matrix had improved the overall hardness of 
the alloys. For as-cast Al-Si alloy and 
composites, hardness increased from 17 HRB 
for Al-Si matrix alloy to 44 HRB and 40 HRB 
for Al-Si/7%AlN and Al-Si/10%AlN 
respectively. An increase trend was also 
recorded for the heat treated sample with 59 
HRB for Al-Si alloy to 78 HRB and 75 HRB for 
treated Al-Si/7%AlN and Al-Si/10%AlN 
respectively. Precipitation hardened of Si grain 
may attributed to the increased hardness in aged 
Al-Si matrix alloy as previously reported by 
Harun et al., (1996). As for the aged AlN 
reinforced Al-Si matrix alloy, the properties of 
AlN itself may contributed to the increased in 
hardness. A small decreased in hardness for as-
cast and aged Al-Si/10%AlN was due to the 
presence of micro pores which associated with 

agglomerated as discussed by previous 
researchers (Hashim et al., 1999). 
  

 
Figure 3 Hardness properties of as-cast and aged 

Al-Si/AlN composites 
 
Specific wear rates (K’) for as-cast and 

aged Al-Si/AlN composites were studied against 
the applied loads as shown in Figure 4. Figure 
4(a) shows the wear rate of Al-Si alloy, Al-
Si/7%AlN and Al-Si/10%AlN at 25N. The 
higher wear resistance of AlN reinforced 
composites was due the dominant effect of the 
hardness (Karamuto & Takada, 2003) of the 
AlN particles enhancing the wear resistance of 
the composites. At 50N, the wear rates were still 
similar to the lower loads. Beyond 50N the wear 
rates changed drastically and increased with the 
load complying the Archard equation of wear 
(Suresh et al., 1993), which stressed that the 
wear rates were low at the lower loads and 
increased with load at a constant ratio. An 
observation of the heat treated sample showed a 
reversed behaviour of wear resistance by 
showing stagnancies of wear rates for both load 
(Fig. 4(b)).  The value of wear rates or K’ at 
70N reduced tremendously to 5.97 x 10-5 mm3N-

1m-1 and 5.20 x 10-5 mm3N-1m-1 for as-cast Al-Si 
alloy and Al-Si/10%AlN respectively. As for K’ 
at the same load before aging was at 2.06 x 10-4 

mm3N-1m-1 and 1.35 x 10-4 mm3N-1m-1 for as-
cast Al-Si alloy  and Al-Si/10%AlN 
respectively. It was noted that the precipitation 
hardening of Si needles and the re-arrangement 
of the AlN particles due to aged treatment as 
show in Fig. 3 improved the wear properties of 
the Al-Si/AlN. 

 

The cross section of the worn surface in Figure 
5 exhibits various types of mixed mechanical 
layers (MML). A close scrutinised of as-cast Al-
Si alloy shown piled large loosed debris. Wear 
mechanisms of delamination was suspected in 
the as-cast Al-Si alloy (Fig. 5(a)). The 
delamination wear was initiated with a 
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formation of abrasion caused by the hardened 
counter-face onto the pin surface. As a result, 
the soft was scarified with formations of craters 
at the delamination grooves. The result was 
supported with higher wear rates as shown by 
the curve formation of Al-Si alloy in Fig. 4(a). 
Similar behaviour of wear regime was also 
reported by Lim et al., (2003), Kok and Ozdin 
(2007) for wear test at low speed of 1 ms-1 to 3 
ms-1 and load ranges from 10-100N. As for the 
un-treated Al-Si/10%AlN composites (Fig. 
5(b)), shallow and thin mixed mechanical layers 
(MML) were observed on the worn surface. The 
presence of hard AlN particles seen in Figure 
2(b) reduced the extent of penetration of the 
sample surface, therefore protecting the softer 
Al alloy. This similar result was reported by 
Sahin & Acular (2003) and Ahlatcia et al., 
(2006) in their observation of the wear 
behaviour of SiC and aluminum oxide 
reinforced Al matrix composites.  

          SEM morphologies for heat treated Al-Si 
alloy showed similar structures as the as-cast 
alloy with large and deep MMLs (Fig. 5(c)). 
The Al-Si surface was found with large craters 
and wide delamination grooves. The 
precipitation Si grains and others inter-metallic 
compounds improved the hardness, resulting 
significant increased in wear resistance. In this 
case, it enhanced wear resistance in both Al-Si 
matrix and composites. Heat treated Al-Si alloy 
improved the ductility of Al-Si material which 
was indicated by then sign of material extrusion 
at the end of pin surface (Fig. 5(c)) thus 
reducing a tendency to wear. As for then heat 
treated Al-Si/10%AlN composite in Figure 5(d) 
the cross section showed precipitated Si and 
reinforced AlN particles dominated the Al-Si 
microstructure with thin MML layer on top. The 
smooth contour may be explained by the 
presence of hard and brittle AlN particles in the 
Al-Si alloy. When cracks occurred the AlN 
particles were ejected from the surface which 
tends to be a buffer zone between the pin and 
the counter-face, thus reducing the wear rates. 
This argument was supported by the wear 
resistance of the treated Al-Si/10%AlN in 
Figure 4(b) with more than two fold increase as 
compared to the as-cast composites. Similar 
behaviour was observed in Al2O3 reinforced 
particles where the debris acted as a buffer of 
the matrix wear resistance (Kok & Ozdin 2007). 

 

 

 

 
Figure 4 Wear rates K’ against various load for 

Al-Si/AlN composites with (a) as-cast 
composites and (b) heat treated 
composites  

 
 

 
Figure 5 Cross section of as-cast and heat 

treated worn pin surface with (a) as-cast 
Al-Si alloy; (b) as-cast Al-Si/10%AlN 
composite; (c) heat treated Al-Si alloy and 
(d) heat treated Al-Si/10%AlN composite 

 
 
4. CONCLUSION 

 
A stir casting process was successfully 
fabricated Al-Si composites reinforced with 
AlN particles. AlN particles seemed to be 
randomly trapped after the casting and were 
observed at the boundaries of silicon grains. An 
aged treatment had transformed the Si needles 
to equiaxed shapes due to precipitation 
hardening. Hardness properties improved 70% 
to 240% for the aged composites compared to as 
cast composites. Specific wear rates or K’ at 
70N were 2.06 x 10-4 mm3N-1m-1 and 1.35 x 10-4 

mm3N-1m-1 for as-cast Al-Si alloy  and Al-
Si/10%AlN respectively and it reduced 70% and 
60% after the heat treatment. SEM morphology 
showed thick layer of MML for as-cast Al-Si 
alloy due to delamination while for aged 
samples the combination of delamination wear 
and extrusion dominate its worn surface. A heat 
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treated Al-Si/AlN composites observed with 
presence of hard AlN particles mixed with wear 
debris act as buffer zone thus protect the Al-Si 
surface. 
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ABSTRACT 
 
The effect of sand erosion on corrosion behavior 
of 316-stainless steel in a simulated seawater 
environment was studied in a jet slurry 
apparatus. 10 wt.% SiO2 particles with average 
size of 250-500 μm were used as the erodent in 
a 3.5 wt.% NaCl solution. The tests were carried 
out in accordance with ASTM G 119 at three 
slurry impinging angles of 25°, 55°, and 90° at 
an impinging velocity of 6 m/s.  Pure erosion, 
pure corrosion and erosion–corrosion tests were 
performed and the synergistic effect was 
calculated. Positive synergistic effect was 
observed at all examined impinging angles.  The 
results showed that the highest pure erosion and 
erosion-corrosion rate was occurred at an 
impingement angle of 25°.  The results also 
showed that corrosion increased the erosion rate 
by about 57, 37 and 57 percent at the 
impingement angles of 25, 55 and 90 degree, 
respectively.  Scanning electron micrographs of 
the eroded surfaces showed higher plastic 
deformation and cutting at the impinging angle 
of 25°. 
 
Keywords: Erosion-corrosion, 316 stainless 
steel, Impinging angle, Synergistic effect 

 
1. INTRODUCTION 
 
Erosion-corrosion is a serious problem for 
material durability in many industrial processes 
such as chemical, mining, hydraulic and 
metallurgical industries that handles slurry 
components such as pumps, agitators, valves 
and pipelines (Wood, 2006, Toro et al., 2001, 
Neville et al., 2002). Two metal degradation 
mechanisms; namely erosion and corrosion 
work together and their synergistic effect cause 
severe metal loss in such cases. As a result of 
this synergistic effect between these 
mechanisms the overall metal loss of a 
component can be greater than the sum of the 
metal loss due to each mechanism acting 
separately (Lopez et al., 2007, Bermudez et al., 
2005, Berget et al., 2007, Hodgkiess et al., 

1999).  Therefore, mechanisms of interaction 
must be understood and quantified.  

The measurement of the synergistic 
effect of erosion and corrosion is carried out in 
accordance with ASTM-G-119.  This standard 
provides a means for computing the increased 
wear loss rate attributed to synergism or 
interaction that may occur in a system when 
both wear and corrosion processes coexist.  The 
main idea of this standard based on division of 
total metal loss T, into three subparts: W0, C0 
and S by following equation: 
 

                  T = W0 + C0 + S                     (1) 
 
In this equation, W0 indicates mechanical 
erosion wear rate (i.e., with cathodic protection 
in corrosive media), C0 designates the 
electrochemical corrosion rate (i.e., no wear), 
and S represents the synergistic effect between 
the two processes. 

Identifying the erosion-corrosion 
mechanism is highly dependent on the erosion-
corrosion parameters such as erosive media 
(Wang et al., 2000, Ping et al., 2006, Stack et 
al., 2004), impingement angle and velocity 
(Lopez et al., 2005, Burstein et al., 2000, Sasaki 
et al., 1996, Stack et al., 1999, Al-Bukhaiti et 
al., 2007, Jana et al., 2005, Wharton et al., 
1995), cathodic protection potential (Yao et al., 
1995), temperature (Neville et al., 1996, Hu et 
al., 2005) and solid loading (Meng et al., 2007).  
Passivating materials such as 316-SS, are 
protected against corrosion by a dense and 
passive oxide film of a few nanometres on their 
surfaces (Lo et al., 2009).  In the erosion-
corrosion processes, mechanical loading and 
impinging of solid particles as well as the 
electrochemical mechanisms can destroy this 
passive layer.  It seems that corrosion rate 
increases with removal of passive layer by 
erodent particles and corrosion promotes 
erosion by dissolving the work-hardened layer 
on the specimen surface as well as roughening 
the surface (Yao et al., 1995, Neville et al.,1996, 
Hu et al., 2005, Meng et al., 2007).  
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Surface roughness is an effective 
parameter that may affect the pitting potential of 
304L stainless steel.  An increase in the 
smoothness of the metal surface causes increase 
in the pitting potential (Sasaki et al., 1996).  
Erosion causes the change in the surface 
roughness and in the low angle impingements; 
the surface roughness of 304L stainless steel is 
higher than the high angle impingement. This 
could increase the erosion-corrosion rate of this 
material at low angle impingement.  In the other 
hand, the reason for an increase in the total 
materials loss of 304 L stainless steel during 
erosion-corrosion may be the breakdown the 
passive layer of metal and formation a rough 
surface on the metal (Sasaki et al., 1996). 

In this study, we aim to evaluate the 
erosion-corrosion behavior of 316-SS in 
different impinging angles. This material 
compromises the material cost with good 
corrosion and erosion behavior due to 2 wt.% 
molybdenum in chemical composition of the 
alloy.  Synergistic effects of erosion and 
corrosion were evaluated using ASTM G-119 
standard test method.  Tests were carried out at 
different impingement angles in a 3.5 wt. % 
NaCl solution containing 10 wt.% SiO2. 

  
2. EXPERIMENTAL PROCEDURE 
 
AISI 316-stainless steel disks with a diameter of 
5 mm (i.e., an exposed area of 0.196 cm2) were 
used as the test samples. The specimens were 
ground using 1200 SiC paper.  Erosion and 
erosion-corrosion tests were performed using a 
slurry erosion impingement rig that could pump 
the erosive-corrosive media through a nozzle on 
the sample surface at controlled velocities and 
impingement angles at ambient temperature.  
Schematic of this machine is shown in Figure 1.  
The nozzle with a diameter of 8 mm (i.e., an 
area of 0.50 cm2) could erode the whole area of 
the sample (i.e., a constant area of 0.196 cm2) at 
any impingement angle. The distance between 
the jet nozzle and the specimen surface was 
adjusted to be about 5 mm. A slurry electrolyte 
solution of 3.5 % sodium chloride (NaCl) 
containing 10 wt. % SiO2 with average size of 
250-500 Pm as eroding particles was used in the 
tests.  Impinging angle could be adjusted by 
rotation of specimen in front of the impinging 
nozzle.  The tests were performed at 
impingement velocity of 6 m/s and 
impingement angles of 25°, 55°, and 90° for 45 
minutes.  After each test, samples were dried 
and weighted using a precision balance with an 
accuracy of 0.1 mg.  At a specific concentration 
of impinging particles, the number of impacted 
particles on the surface of the sample decreased 

as the impingement angle decreased.  Therefore, 
the erosion rate was normalized based on the 
number of impacted particles on the sample 
surface.  In order to obtain the normalized 
values, the erosion rate was divided by the sin θ, 
where θ is the impingement angle,  
 
 

 
Figure 1 Schematic of erosion-corrosion jet 

impingement rig, 1: nozzle, 2: sample, 3: 
reference electrode in capillary, 4: counter 

electrode, 5: pump, 6: flow control valve, and  
7: potentiostate. 

 
For each impingement angle, two distinct 

tests were performed in a similar solution to 
obtain the weight loss of material due to the 
pure erosion (W0) and the erosion-corrosion (T). 
The pure erosion test (i.e., to obtain W0) was 
carried out using an applied cathodic protection 
voltage of -1300 mV.  In these tests, the counter 
electrode was 316-SS and the reference 
electrode was a saturated calomel electrode 
(SCE) in a capillary.  The polarization curve of 
the 316-SS in the static 3.5% NaCl solution was 
also obtained to measure the static corrosion 
rate (C0).  The synergistic effect (S) was then 
calculated using Eq. (1).  Finally, the eroded 
surfaces were characterized using a scanning 
electron microscope (SEM). 
  
3. RESULTS AND DISCUSSION 
 
The polarization curve of the 316-SS in static 
3.5% NaCl solution (i.e, no mechanical erosion 
of the surface) is shown in Figure 2.  The 
corrosion rate (C0) of the 316-SS in NaCl 
solution in the static condition was calculated 
from the polarization curve (Berget et al., 2007) 
and showed a value of about 0.006 mg/cm2.h. 
The anodic branch of Figure 2 indicates that the 
alloy behaved as a passive material in the static 
condition. 

Figure 3 shows the mechanical only 
erosion rate (W0) of 316-SS in 10 wt. % SiO2 
NaCl solution at various impingement angles 
with application of cathodic protection 
potential.  This figure shows that the impinging 
angle plays a major role in the erosion rate of 
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316-SS in the NaCl solution.  The highest 
erosion rate was obtained at impingement angle 
of 25o and decreased as the angle increased. The 
more cutting mode behavior at low impinging 
angles compared with the more impact mode 
behavior at higher impinging angles resulted in 
higher erosion of this ductile alloy at low angles 
(Hutchings, 1992).  
 

 
Figure 2 Polarization curves for 316-SS in a 

NaCl solution in static condition. 
 

 
Figure 3 Normalized pure erosion rate (W0) per 
unit mass of impingement particles of 316-SS in 

a 3.5 wt. % NaCl solution containing  
10 wt.% SiO2 with application of cathodic 

protection voltage. 
 

Figure 4 shows the SEM micrographs of 
the eroded surfaces of 316-SS alloy in 10 wt. % 
SiO2 NaCl solution at different impinging 
angles.  The cutting edges due to the impact of 
erosive particle on the surface of samples could 
be observed.  The pitting-like dark locations in 
the micrographs could be probably due to the 
contrast made by emission of lower electrons 
from the locations from the behind of the edges 
of the deformed surfaces.  These locations were 
also attributed to the local corrosion (pitting) of 
the eroded surface due to the breakup of the 
protective oxide layer (Rajahram et al., 2009).  
Figure 4 shows more cutting mode of erosion at 
lower angles of 25o and 55o than 90o in 
agreement with other works (Burstein et al., 

2000, Sasaki et al., 1996).  At 90o impinging 
angle, the impact of the particles could 
introduce higher work hardening and lower 
erosion of the eroded surface as shown in Figure 
3.  
 

 
 

 
 

 
Figure 4 SEM micrographs of eroded surface  
of 316-SS in 10 wt. % SiO2 NaCl solution at 

impingement velocity of 6 m/s after 45 minutes 
under impinging angles of, a) 25o, b) 55o  

and c) 90o. 
 

Figure 5 shows the erosion-corrosion 
rate (T) for 316-SS in 10 wt.% SiO2 NaCl 
solution.  The figure shows that the erosion-
corrosion rate decreased as the impingement 
angle increased, the same trend as was observed 
for pure erosion shown in Figure 3.  However, 
the ratios of removal rate of the material at 
different angles were very different during the 
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erosion-corrosion and the pure erosion tests. For 
example, this ratio at impingement angle of 25o 
to 55o was about 2.16 and 1.47 for the erosion-
corrosion and the pure erosion tests, 
respectively.  This behavior could be explained 
by the interaction between erosion and 
corrosion, i.e., the synergistic effect. 
 

 Figure 5 Normalized erosion-corrosion rate (T) 
of 316-SS in a 3.5 wt. % NaCl solution 

containing 10 wt.% SiO2. 
 

The erosion rate due to the synergistic 
effect between erosion and corrosion were 
calculated from Eq. (1).  The results are 
presented in Figure 6, as a function of 
impingement angle.  The erosion-corrosion (T) 
and the sum of pure erosion (i.e., no corrosion) 
and corrosion (i.e., no erosion) are also shown 
in the figure as W0+C0.  It should be mentioned 
that the value of corrosion rate, C0, was constant 
and had a very low value compared with W0 
(Figure 3).   Figure 6 shows that the total 
erosion-corrosion rate (T) was greater than the 
sum of pure erosion and corrosion (W0+C0), 
indicating positive synergy effect at all studied 
impingement angles. This could be due to the 
effect of erosion on corrosion as well as effect 
of corrosion on erosion.  High synergistic effect 
reveals that although the static corrosion rate 
(C0) of the alloy is very low, however, it could 
increase the total weight loss in erosion-
corrosion condition by affecting the erosion 
mechanisms and, therefore, is an important 
parameter in the erosion-corrosion tests.   

The synergy effect could be due to the 
continuous corrosion of the eroded surface and 
vice versa.  Figure 6 shows that the highest 
synergistic effect (S) occurred at impingement 
angle of 25o. Figure 4 shows more cutting edges 
on the eroded surface at this angle.  The 
corroding solution could be stagnant just under 
these edges and might cause some local 
corrosion and pitting or loosening of metallic 
bonds.  The detachment of these edges due to 
the subsequent impact of the SiO2 particles and 
erosion of the pitted areas could further increase 
the synergy of the surface damage in the 

corrosive media. These results are in agreement 
with other works (Burstein et al., 2000).  

Figure 6 also shows that at impingement 
angles of 25o, 55o and 90o about 57%, 37% and 
57% of total material loss (T) was related to the 
synergistic effect (i.e., S), respectively.  At 
higher impingement angle of 55o, there was less 
cutting of the surface (Hutchings, 1992) leading 
to a less effective area for corrosion and, 
therefore, lower synergy than impingement 
angle of 25o.  At the impingement angle of 90o, 
there was less cutting and more work hardening 
due to the direct impact of the particles on the 
eroded surface leading to a lower erosion of the 
material.  The formation of the passive film on 
the stainless steel due to corrosion and direct 
breakage of the brittle film at the high 
impingement angle of 90o helped to increase the 
synergistic effect compared to the test at the 
impingement angle of 55o. 

 

 
Figure 6 Synergistic effect (S) at  various 

impingement angles in erosion-corrosion tests 
of 316-SS in a 3.5 wt. % NaCl solution 

containing 10 wt.% SiO2 calculated from Eq. 
(1). The total rate during erosion-corrosion (T) 

and the sum of pure erosion and static corrosion 
(W0+C0) are also presented. 

  
4. CONCLUSION 

 
1- The erosion-corrosion rate of 316-SS in 

3.5% NaCl solution with 10 wt. % SiO2 
particles was highly dependent on the 
impingement angle of eroding particles. 
The lower the impingement angle, the 
higher the rate. 

2- In general, the synergistic effect was very 
important parameter in erosion-corrosion of 
316-SS in 10 wt.% SiO2 within the NaCl 
solution. Positive synergistic effect was 
observed at all impingement angles.  The 
highest synergic effect was observed at 
impingement angle of 25o.  More than half 
of total weight loss in erosion-corrosion 
condition was contributed to the interaction 
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between erosion and corrosion, i.e., 
synergistic effect. 

3- Morphology of the mechanically eroded 
surface, corrosion of the eroded surface and 
subsequent erosion of the corroded surface 
determined the extent of synergy effect of 
erosion and corrosion on the surface 
damage at various impingement angles. 
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ABSTRACT 
 
In this study the influence of various plasma 
spraying parameters (plasma power, powder 
feeding rate and scanning speed) on important 
properties of titania (TiO2) coatings were 
investigated. Fused and crushed (F&C) titania 
(TiO2) powder particles (10-45 µm) were 
thermally sprayed via atmospheric plasma spray 
(APS) onto mild steel substrates. The 
microstructure, microhardness, surface 
roughness and abrasive wear resistance of these 
coatings were analyzed and compared. The 
Wear resistance of coatings was investigated 
applying pin-on-disk tests and microstructural 
characterization was performed. The results 
demonstrated that microstructure, wear rate and 
microhardness were profoundly affected by 
plasma power. It was found that higher plasma 
powers exhibited denser coating microstructures 
and improved both microhardness and wear 
resistance. Surface roughness of the coatings 
was directly affected by powder feed rate and 
inversely affected by scanning speed. 
 
Keywords: Atmospheric Plasma Spray (APS), 
titania (TiO2), wear resistance 

 
1. INTRODUCTION 
 
Titania (TiO2) coatings are developing as hard 
ceramic coatings for various purposes. (Ctibor 
et al., 2006). Their photocatalytic effects 
(considering anatase phase) in destruction of 
organic pollutants has been recently under 
consideration (Chen et al., 2006). Their 
biomedical applications have also been 
investigated (Jaworski et al., 2010). These 
coatings have fairly porous hard microstructures 
which can be used under severe working 
environments. Researchers on anti-wear Al2O3-

TiO2 coatings show that they improve wear 
properties of the coatings (Yilmaz et al., 2007). 
Further study on anti-wear properties of titania 
coatings are needed in order to develop their 
applications in industries. 
 

Atmospheric Plasma Spray (APS) is 
vastly applied to deposit ceramic coatings with 
high melting temperatures. Properties of a 
plasma sprayed coating and its microstructure is 
strongly dependent upon parameters such as 
spraying parameters and powder size (Lima and 
Marple, 2007). Parameters like plasma power, 
powder feed rate, working gas composition and 
scanning speed can affect coating properties 
(Lima and Marple, 2008). Applying the most 
appropriate parameters for deposition of a 
coating can optimize both properties and cost of 
production. The aim of the current study is to 
investigate the influence of plasma power, 
powder feed rate and scanning speed on 
microhardness, surface roughness and wear 
resistance of titania coatings on mild steel 
substrates. 
 
2. METHODOLOGY 
 
2.1 Experimental Design 
 
Full-factorial method helps studying of the 
effects that several parameters may have on the 
results of a particular process. In 2-level full 
factorial design, responses are measured at all 
combinations of the experimental parameter 
levels. A 23 factorial design for three 
independent variables was used. Design of 
experiments was applied using Design Expert 
Software (statistics Made Easy, version 6.0.10, 
stat-Ease, inc., Minneapolis, MN). Plasma 
Power (X1), powder feed rate (X2) and scanning 
speed (X3) were chosen as independent 
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parameters and the responses studied were the 
microhardness value (Y1), surface roughness 
(Y2) wear rate (Y3). A central point was added 
to the design leading to a total of 9 sets of 
experiments. Each response was modelled using 
the following equation: 
 
Yi = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + 
b13X1X3 + b23X2X3+ b123X1X2X3                     (1) 

 
Where Yi is the theoretical response 

function (Pierlot et al., 2008). The independent 
variables, their experimental range and coded 
levels for the coating process are given in Table 
1.  
 

Table 1 Levels of independent variables 

 Range (coded level) 

Independent factors Low  
(-1) 

Central point 
(0) 

High 
(+1) 

Plasma Power (X1) 
KW 

20 30 40 

Powder feed rate (X2) 
g/min 

6 14 22 

Scanning Speed (X3) 
mm/s 

200 350 500 

 
2.1 Materials and Coating Process 
 
Titania powder (fused and crushed Amperit 
782.054, H.C. Starck, Germany) with a particle 
size range of 10-45µm was used. Rutile was the 
main phase of the powder. Figure 1 illustrates 
the morphology of the used powder. ASTM A-
36 mild steel substrates (40×20×6 mm3) were 
grit blasted with alumina grits before coating 
process. The deposition was performed by a 
Praxair plasma gun (SG-100) mounted on a 
robot. The stand-off distance was 100 mm. 
 

 
Figure 1 Amperit 782.054 fused & crushed 

powder 

 
2.2 Coating Characterization  
 

The powder composition was analyzed by X-
Ray diffraction method (XRD) (Bruker, D8- 
Advance 2009, Germany). Microstructures of 
the coatings were characterized by scanning 
electron microscopy (SEM). Hardness of the 
coatings was measured by a Vickers 
microhardness tester (HMV-2T, Japan). A 300g 
load was applied for 15 on samples cross 
sections.  
 

Abrasive wear tests were conducted 
following the ASTM G-65 Method using a TR-
20LE pin on disc tester machine from Ducom. 
The samples were coated on 10 mm diameter 
mild steel pins. The pin slid over a disc against a 
SiC sand paper (120 grit). The applied load was 
5 N. A new abrasive paper was applied for each 
test. The test was run for 20 meters. After the 
test, samples were cleaned with ethanol 
ultrasonically and then dried in an oven for 15 
minutes at 50°C. The samples were weighed 
before and after the test to measure the mass 
loss. Abrasive wear rate was obtained dividing 
the mass of the removed material by the load 
and the sliding distance. Surface roughness (Ra) 
was measured by a SV-C3100 (Formtracer, 
Mitutoyo) tester. The measurement was applied 
on the coating surface along a length of 15mm 
with a pitch of 0.001 mm and at 2.0 mm/s. 
 
3. RESULT AND DISCUSSION 
 
3.1 Phase Composition and Microstructure 
 
The XRD patterns of the powder and the 
coatings are shown in Figure 2. The powder is 
almost rutile (99%). The XRD patterns do not 
show any distinctive differences in the phase 
content of the coatings deposited. Rutile 
remains as the main phase in all samples. Rutile 
is naturally a more stable phase than anatase. 
From the mechanical view it is harder than 
anatase and therefore having a nearly complete 
rutile microstructure can possibly improve the 
wear resistance of the coatings.  
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Figure 2 XRD patterns for powder and coatings 
(R=Rutile, A=Anatase) 

 
3.2. Microstructure 
 
The microstructure of plasma spray coatings is 
profoundly affected by plasma parameters. 
Figures 3 to 5 illustrate these changes in the 
microstructure of the samples. It can be seen 
that the content of unmelted particles and 
porosity is changed due to the changes in spray 
parameters. These changes play an important 
role in determining the mechanical properties of 
the coatings. This is described with more details 
in the next section.   
 

 
Figure 3 Microstructure of sample number 4 

 

 
Figure 4 Microstructure of sample number 9  

 

 
Figure 5 Microstructure of sample number 7 

 

3.3 Analysis of Variance 
 
Table 2 shows the complete obtained responses 
for various factor level combinations: 
 
Table 2 Full-factorial 23 design for plasma spray 

parameters 

Run X
1
 X

2
 X

3
 Y

1
 Y

2
 Y

3
 

1 -1 1 1 663 4.2260 0.0223 

2 1 1 1 778 4.2107 0.0159 

3 -1 1 -1 719 4.1667 0.0252 

4 -1 -1 1 615 3.7846 0.0197 

5 1 -1 1 831 3.7493 0.0088 

6 1 1 -1 798 4.5463 0.0111 

7 1 -1 -1 878 4.0747 0.0067 

8 -1 -1 -1 622 4.0933 0.0202 

9 0 0 0 849 4.1000 0.0058 

 
Regression models were developed 

using Analysis of variance (ANOVA) to 
recognize the effects of each parameter and its 
interactions with the other parameters on each 
of the responses. Sum of square (SS), 
coefficients of the models, and P value for the 
two factorial designs are presented in Table 3. 
The P-value shows the probability of error 
which was considered as a criterion for 
accepting the factor in the model. P-values less 
than 0.05 indicate model terms are significant. 
Values greater than 0.10 indicate the model 
terms are not significant. In other words, smaller 
P-values make the model more significant. 

 
Table 3 Regression coefficients and p-values for 

the responses 

Term SS* Coefficient P-value 

Y1 65105.00 738 0.0004 

X1 55444.50 83.25 0.0002 

X1X2 9660.50 -34.75 0.0096 

    

Y2 0.37 4.11 0.0169 

X2 0.26 0.18 0.0122 

X3 0.10 -0.11 0.0606 

    

Y3 2.976E-4 0.016 0.0010 

X1 2.520E-4 -5.613E-3 0.0005 

X2 4.560E-5 2.387E-3 0.0197 
* Sum of Squares 
 
 
3.4 Microhardness (HV0.3) 
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Equation (2) shows the relationship between 
microhardness and plasma power and also its 
interaction with the amount of powder feeded.  

 

Y1= + 738 + 83.25X1 – 34.75X1X2             (2) 

 
This relation is illustrated in Figure 6. 

It can be seen that to get a harder coating we 
need to apply higher levels of plasma power and 
combineit with low level of feeding rate. Table 
3 shows that the role of plasma power is higher 
that the feeding rate. A higher plasma power 
results in a higher degree of melting which 
causes better adhesion of the molten splats over 
each other during spraying and a denser coating 
with less porosities is achieved. In addition, 
using a lower feeding rate will lead to a higher 
percentage of the sprayed particles to get to 
their melting point and the fraction of unmelted 
particles presented in the coating is reduced. 
 

 
Figure 6 The Effect of plasma power and 
powder feed rate on microhardness of the 

coatings 

 
3.5 Surface Roughness (Ra) 
 
Surface roughness of the coatings is mainly 
affected by powder feed rate and scanning speed 
(Eq. (3)).  
  

Y2 = + 4.11 + 0.18X2 – 0.11X3               (3)                                        

The positive effect of the powder feed 
rate and negative effect of scanning speed is 
shown in Figure 7. When the powder feed rate 
is high a large amount of particles are propelled 
towards the substrate and the time for complete 
flattening of these particles would not be 
enough. These particles would pile up and form 
a rougher surface.  Applying a lower scanning 
speed will intensify this effect. In order to have 

a low surface roughness we should combine a 
low feeding rate with a high scanning speed.    

 
Figure 7 The Effect of powder feed rate and 
scanning speed on surface roughness of the 

coatings 

 
3.6 Wear rate 
 
Equation (4) derived from the regression 
coefficients shows the effect of plasma power 
and powder feed rate on wear rate of the 
coatings. Like the microhardness, wear rate is 
under the profound impact of plasma power. 
Powder feed rate has a lighter effect.  

 
Y3 = + 0.016 -5.613*10-3X1 + 2.387*10-3X2  (4) 

 

To describe this phenomenon we have 
to consider this fact that wear resistance of a 
material is generally a function of its hardness 
and ductility. Ceramic materials show very low 
ductility levels which are negligible compared 
to metals.  In other words, a ceramic’s wear 
resistance is in direct relation with its hardness. 
As we mentioned earlier and in Eq. (2), the 
hardness of the coatings was related to the 
plasma power and also in a lower level to the 
powder feed rate. As described in section 3.4, 
higher plasma powers lead to denser and harder 
coating structures. This means that the abrasive 
particles in the wear test would be more 
successful in detaching the layers of a softer and 
less uniform coating deposited by a lower 
plasma power. Conversely, the powder feed rate 
has a positive effect on wear rates. It means that 
an increase in the feed rate has a destructive 
effect on wear resistance of the coatings. For a 
given plasma power, particles in a trajectory of 
a high feed rate will absorb less thermal energy 
and a smaller fraction of those particles can 
attach properly to the surface. It means that the 
percentage of semi-molten and unmolten 
particles increases in the coating. Under wear 
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condition these particles can be removed more 
easily leading to a higher rate of wear. This 
effect is illustrated in Figure 8 . In order to have 
a lower wear rate we should apply higher 
plasma powers with lower powder feed rates.  

       

 
Figure 8 The Effect of plasma power and 
powder feed rate on wear rate of the coatings  

 
4. CONCLUSION 

 
Titania (TiO2) coatings were successfully 
deposited on mild steel substrates using plasma 
spray technique. The effects of plasma power, 
powder feed rate and scanning speed on 
microhardness, surface roughness and wear 
resistance of the coatings were investigated. The 
results are as follows: 
 

- Plasma power has a significant positive 
effect on microhardness and wear 
resistance of the coatings. This is due 
to higher fractions of melted particles 
which makes a denser and more 
homogeneous. A higher power 
improves the hardness of the coating 
towards the bulk titania.   
 

- Powder feed rate has a main effect on 
determining the surface roughness and 
wear rate of the coatings. Higher 
feeding rates result in higher surface 
roughness due to a faster pile-up of the 
splats in a certain area. It also raises the 
possibility of weak attachment of 
particles onto the substrate which eases 
the removal of those weak splats while 
the coating is under wear conditions. 

 
- Scanning speed is a main factor only 

for determining the surface roughness 
of the coatings. Applying higher 
scanning speeds will reduce the surface 

roughness. When the powder jet passes 
faster along the substrate a smaller 
number of particles is propelled to a 
certain area in a single pass and 
therefore less splat pile-up is occurred. 
This results in lower levels of surface 
roughness. 
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ABSTRACT 
This paper presents an experimental 
investigation carried out to compare specific 
wear rate and surface morphology between two 
types of natural fibres namely kenaf and oil 
palm empty fruit bunch (OPEFB). Kenaf fibres 
were received in long fiber size and OPEFB in 
different sizes (100, 125, 180 and 250 µm). 
Both materials were mixed with the epoxy resin 
to produce epoxy composites. Wear tests were 
carried out using Abrasion Resistance Tester in 
dry sliding condition. These tests were 
performed at room temperature for different 
loads and at a constant sliding velocity of 
1.4m/s. Based on the results, the specific wear 
rate of Kenaf Fibre composite starts to converge 
to one similar value beyond 6km distance. In the 
case of OPEFB epoxy composite, it was found 
the fiber size of 100 um has produced the 
highest specific wear rate. 
 
 
Keywords: Abrasive wear, Thermoplastic, 
Thermoset, Surface Morphology, Roughness.   

 
1. INTRODUCTION 
 
Natural fiber usage in industry promotes a 
sustainable material development through 
utilization of renewable resources. Composite 
reinforcement with natural fibres becomes an 
interest to many researchers and designers 
because of the positive aspects of the product. 
Nowadays, all of these natural fibres are 
beginning to find their way into commercial 
applications such as in automotive industries, 
marine hardware and household applications 
(Maleque and Belal, 2007).  

From a mechanical point of view, natural 
fibres are good substitutes for polymeric 
composites due to advantageous characteristics 
in certain aspects such as renewable nature 
resources, low weight, cost, density and easily 
available. Another advantage is on the ease of 
modification chemically and mechanically 
(Maleque and Belal, 2007; Hanafi et.al ,2002). 

From the tribological point of view, few works 
have been pursued on kenaf (Sastra et.al 2005), 
betelnut (Chin and Yousif, 2009; Umar et.al, 
2010), carbon (Li and Xia, 2010) and E-glass 
(El-Tayeb and Gadelrab, 1996) fibres and 
promising results were reported on the use of 
kenaf as alternative. For instance, the presence 
of kenaf fibres has enhanced the wear 
performance of composites (Chin and Yousif, 
2009). In another work on epoxy matrix filled 
with hard powder, it was observed that wear rate 
increases as the normal load increases (Crivelli 
et al., 2001).  On Oil Palm Empty Fruit Bunch 
(OPEFB) fibres, many of previous work on 
morphology, chemical constituents and 
properties of OPEFB have been reviewed by 
(Shinoj et al. 2011). However, it was noticed 
that many of the researchers have focused more 
on the physical properties, mechanical 
properties, water absorption characteristics and 
degradation/weathering effects (Rozman et.al. 
2001; Rozman et al. 2004; Kalam et.al 2005). 
Literatures on the dynamic mechanical analysis, 
abrasion test, thermal conductivity and electrical 
properties were limited. 

Wear - it was defined as the loss of 
material from one or both of contacting surfaces 
when subjected to relative motion, while a 
broader definition of wear include any form of 
surface damage caused by rubbing processes on 
one surface against another (Kasolang et. al. 
2011). Abrasive wear occurs when hard 
particles or hard asperities rub against a surface 
to cause damage or material removal. From 
Archard wear model (Archard, 1953), a specific 
wear rate, Ws, can be generally determined by,  

 
         Ws= (∆m) / (L x ρ x F)            (1)  
 

 Ws in (mm3/Nm);  
 ∆m is weight loss (g); 
  F is applied load (N),  
 ρ is density (g/mm3) and  
 L is sliding distance (m). 
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2.  APPARATUS AND EXPERIMENTAL 

PROCEDURE 
 
2.1 Material 
 
In current study, raw kenaf fibers were supplied 
by Malaysian Agriculture Research and 
Development Institute (MARDI). Kenaf fibres 
was supplied in long fibre. The epoxy resin was 
mixed with hardener by composition ratios of 
3:1 (by weight) respectively. The kenaf fibre 
weight fraction of the composite is 20%. In the 
case of OPEFB, raw OPEFB fibers used in the 
composite were supplied by Sabutek (M) and 
the epoxy resin and hardener by Leco (M). 
OPEFB fibres was supplied in 100, 125, 180 
and 250 µm in sizes. As per manufacturer 
recommendations, resin and hardener were 
mixed in a ratio of 10:6 parts by volume and 
was later cured for 8 hours at room temperature. 
The fibres fraction of the composite is 20% by 
weight. 
 
2.2 Wear test 
 
Abrasion Resistance Tester (TR-600) as shown 
in Fig. 1(a) was used for the dry sliding wear 
tests. Kenaf and OPEFB fibres composite 
sample was attached to rotational disc and put in 
contact with two rotating abrasive wheels made 
of vitrified bonded silicon carbide. Before each 
test, abrasive wheels were cleaned from any 
dust using a dry brush. The size of composite 
sample is 122 mm in diameter and 5 mm thick. 
The schematic diagram of the abrasion test 
apparatus is shown in Fig. 1(b).  
Summary of the operational conditions was 
tabulated in Table 1. For each applied load, a 
new disc sample was used. The amount of 
weight loss for each sample was measured 
before and after a test at suitable intervals by 
weighing the disc sample to an accuracy of 
+0.0001g using a precision balance. Specific 
wear rate at each operating condition was 
determined using equation (1).  
The surface condition of each material sample 
was analyzed using an optical 3D surface 
measurement device. From the 3D surface 
measurements, details of the surface 
morphology and the surface roughness were 
obtained. 
 

 
(a) 

 
(b) 

Figure 1. (a) Abrasion Resistance Tester (b) 
Schematic diagram of the abrasion 
test apparatus. 

 
Table 1. Operating parameters in abrasion test 
 

Parameters Experimental 
conditions 

Type of motion Unidirectional sliding 
Contact geometry Cylinder on flat 
Applied load (N) 5, 20 and 30 (Kenaf) 

10 and 30 (OPEFB) 
Sliding speed (m/s) 1.4 
Temperature (oC) 24.8 ± 1.0 
Humidity (%) 65 ± 2 
Sliding distance (m) 1000 to 10 000 at  

interval of 1000 
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3. RESULT AND DISCUSSION 
 
The results on the mass loss over distance for 
both kenaf and OPEFB epoxy composite are 
shown in Fig. 2 and Fig. 3 respectively. 
Generally, Kenaf epoxy composites mass loss 
are consistently higher compared to OPEFB 
composites. For the  30N load, the mass loss 
value of Kenaf epoxy is almost 6 times higher 
compared  to that of OPEFB epoxy composite at 
10km distance. In the case of OPEFB 
composite, at 30N load, it was clear that the 
mass loss was significantly higher for the 
smallest fibre size (100µm) examined. The 
value recorded was more than 6g. At other fibre 
sizes, the mass loss values were relatively 
closed around 2g.  
 

 
Figure 2.  Mass loss of Kenaf and OPEFB 

epoxy composite over distance 
 
From the mass loss values, the specific wear 
rate profiles were produced for both Kenaf and 
OPEFB composites using equation (1) as shown 
in Fig. 3 and Fig. 4 respectively. For kenaf 
composite, the specific wear rate profile over 
distance is almost similar in all cases examined. 
It was noticed that all three cases produced the 
same wear rate starting at 3km distance. The 
wear rate starts to converge after 6km distance. 
This is believed due to the fiber arrangement in 
the composite matrix. For the first 5 km 
distance, the loss was suspected due to epoxy 
matrix alone on the surface. The values of 
specific wear rate were later become lower and 
more consistent as the kenaf fibers being 
exposed.  
For the case of OPEFB composites, the specific 
wear rate profiles obtained were different from 
those of the Kenaf. At 10N load, the specific 
wear rate profiles over distance were different 
with no specific trend for 100 and 125µm. The 
specific wear rate for different sizes of fibres at 
30N load was pretty much constant beyond 
3000m distance. This behaviour could be 
contributed by the homogenity of the mixing of 
fibers and epoxy.  
 

 
Figure 3. Specific wear rate profiles for kenaf 

epoxy composites over distance 
 

 
Figure 4. Specific wear rate profiles for OPEFB 

epoxy composites over distance 
 
From the results obtained, in the case of OPEFB 
epoxy composite, it can be safely said that at 
higher load, a smaller fiber size (i.e. 100 um) 
tend to get worn out faster. For the rest of the 
sizes examined, the specific wear rate is not 
distinctively different.  In the observation of 
surface morphology, the surface roughness of 
the sample before and after test was measured. 
The average surface roughness values for 
OPEFB composite were tabulated in Table 2.  
 
Table 2. Average surface roughness, Ra values 

before and after 10km for 10N and 30N 
loads   
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(b) 
Figure 4.  Surface morphology of OPEFB epoxy 

composite capture by 3D microscope 
imaging at 5000X magnification (a) 
before test (b) after 10km distance 

 
From the surface morphology, distribution of 
fibres orientation can be determined.  However, 
the correlation of fiber orientation to the specific 
wear rate has been explored in this study.  
 
4. CONCLUSION 

 
Based on the results, the specific wear rate 
profiles over distance for kenaf and OPEFB 
epoxy composites were determined. It can be 
concluded that:- 
1. Generally, the specific wear rate for kenaf 

epoxy composite is higher at the early test 
and start to converge to a consistent value 
after 6km.  

2. In the case of OPEFB epoxy composite, at 
30N load, the smallerst fiber size 
examined (i.e. 100 um) produces the 
highest specific wear rate. 

3. Surface roughness was consistently 
reduced after 10km in all cases. 
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ABSTRACT 
 

The contact between wheel flange and railway 
gauge is categorized under area contact. This 
research was aimed to determine wear rate and 
wear mechanisms of the rail and wheel material. 
As received rail material sample microstructure 
were studied using an optical microscope. The 
wear  tests  were  performed  on  Ducom 
multispecimen test machine designed according 
to ASTM G99 standards. The applied loads 
selected were 40, 60, 80, 100 and 120 N with 
common rotating speed of 0.15, 0.31, 0.47, 0.63, 
1.57 and 3.14 m/s. The results show that 
hardness value decreases up to 25% and 37 % 
from base material for less than 50 μm thin 
layer after velocity of 1.57 m/s and 3.14 m/s 
respectively. In steady state condition, the 
depths of wears are 88.63 μm, 125.66 μm, 
263.01 μm, 395.67 μm and 451.37 μm for 
applied loads of 40, 60, 80, 100 and 120 N, 
respectively. The depths of wear due to velocity 
variations are 395.67, 465.72, 604.66, 722.15, 
843.97 and 918.16 μm for velocity of 0.15, 
0.31, 0.47, 0.63, 1.57 and 3.14 m/s, respectively. 
Wear rate values of materials increases with 
increasing load. SEM micrograph showed 
plastic deformation caused by abrasive wear. 
Coefficient of friction has same trend with wear 
rate. Wear rate increase by increasing applied 
loads. 

 
Keywords: pin-on-disk, rail, wear, wheel. 

 
1. INTRODUCTION 

 
The Wear is the erosion of material from a solid 
surface by the action of another surface 
(Telliskivi, 2004). It is about to surface 
interactions and the removal of material from a 
surface as result of mechanical action. Wear can 
be defined as a process in which interaction of 
the surfaces or bounding faces of a solid with its 
working environment results in dimensional 
loss of the solid, with or without loss of 
material. 

Aspects of environment with affect 
wear include loads (sliding, reciprocating, 

 
 
 
rolling, and impact loads), speed, temperature, 
type of counter body (solid, liquid, or gas), and 
type of contact (single phase or multiphase, in 
which the phases involved can be liquid plus 
solid particles plus gas bubbles). 

Rail tracks also sometime called 
railway tracks or railroad tracks are the surface 
structures that support and guide trains or other 
rail-guided transportation vehicles. The railway 
material must strong enough to support the load. 
The contact between a heavily loaded wheel and 
rail caused spots contact area (William, 1994). 
In attempting to predict the likely damage to 
components, or their life under a given set of 
operating conditions, knowledge, or at least a 
realistic   estimate,   of   the   true   stresses 
experienced by the  material is crucially 
important. At the macroscopic level these might 
represent the contact between the wheel and 
rail, while at the microscopic level one can think 
about modeling the contact between individual 
surface asperities on two opposing surfaces. 

In the past, many papers on rail wear 
were published. Hegadekatte et al (2006) have 
predicted wear rate rail using pin on disk test. 
The wear rates were globally for the whole 
specimen, did not consider which contact 
surfaces part. These experiments did not 
consider elastic foundation for contact pressure, 
deformation shear effect in contact, contact 
area, and role of friction and stress distribution 
in wear process. 

Jia et al (2007) reported sliding wear 
behavior of copper alloy contact wire against 
the copper-based strip used in railway systems. 
The tests used variations electrical currents of 0, 
7.5, 15, 22, 30, 40 and 50 A with maximum 
voltage E was controlled at 6 V in lab 
environment. The disk was rotated at 300 rpm 
for 4 h, corresponding to a sliding velocity of 5 
m/s (18 km/h) and sliding distance of 72 km. 
The normal load of contact was 45 N. The wear 
rate of copper alloy increases with the 
increasing of electrical current. Adhesive wear, 
abrasive wear and electrical erosion wear are the 
dominant wear mechanisms during the electrical 
sliding wear processes. In this research Jia et al.
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used constant loads and speed. This situation 
had been improved by Witaszek and Witaszek 
(2007). They investigated wear on the railway 
component using Timken wear testing machine. 
The tests used three different normal loads (63, 
108 and 153 N) and sliding speeds were 0.12, 
0.25, 0.36 and 0.49 m/s. The tests were 
performed for 7.38, 14.76 and 22.15 m. The 
results indicate that the wear depends on such 
parameter as load, sliding distance and speed. 
The result showed that the higher the speed, the 
more decreasing the wear due to the appearance 
of the oxide films on the rubbing surfaces. The 
films prevent metal to metal contacts and 
adhesion. In 2008, Ozsarac and Aslanlar (2008) 
investigated  wear behaviors of wheel-rail 
interface in water lubrication and dry friction 
using pin-on-disk. The tests applied various load 
of 10, 20, 30 and 40 N. The results found that 
the friction coefficient is decreasing in wet 
sliding experiments however the weight and 
volumetric loss of rail materials less than that of 
wheel samples. An abrasive wear failure was 

 
 
 
 
 
 
 
 
Different with the previous researches, Delprete 
and Rosso (2009) proposed an instrument and a 
methodology for monitoring and diagnosis of a 
rail. Delprete used a simple transducer for 
measuring the vertical and lateral forces at the 
same time. The results showed that instrument 
can be used to forecast life assessment of the 
rail and to monitor ballast mechanical behavior. 
This instrument did not consider damage model 
on rail and not valid for high speeds and bigger 
loads. 

The objectives of the research are to 
study on tribology properties of railway 
material. Tribology properties include   wear 
rate, wear mechanisms and coefficient of 
friction. Wear testing used 40, 60, 80, 100 and 
120 N applied loads with rotating speed of 100, 
200, 300, 400, 1000, and 2000 rpm. 
 
 
2. METHODOLOGY 
 
2.1 Material Preparation 

observed in dry and wet friction conditions Wear  tests  were performed  in  Ducom 
according to SEM micrographs of samples 
taken from wheel and rail. 

Lewis and Olofsson (2003) have 
mapped rail wear transitions using twin disk and 
pin-on-disk    machines    to    relate    the 
measurements taken from the field. The twin 
disk tests show that three regimes (mild, severe, 
and catastrophic) are presence. Using same 
machine, Vasauskas et al (2005) tested strength 
of railway wheels under contact load. The 
results indicate existing anisotropy, in term of 
position of the test specimen. Material strength 
is importance, but it is unclear which material 
parameters that correlated to the resistance 
against subsurface cracks. 

multispecimen test machine designed according 
to ASTM G99 standards. Pin was chosen from 
rail material and disk was chosen from wheel 
material. The chemical composition of material 
is shown in Table 1. 
Figure 1 shows the shape cut out disk specimen. 
These locations were selected to represent rail 
gauge–wheel flange contact. Pin samples were 
prepared as 6 mm in diameter and 12 mm in 
length. Disk samples were prepared as 40 mm in 
diameter and 5 mm in width. Both pin and disk 
sample were polished and cleaned with alcohol 
and dried. 
 

Table 1. Nominal Chemical Composition of 
the Studied Steel 

Hegadekatte et al (2008) predicted C Mn P S Si Fe 
modeling scheme for wear in tribometer. These 
researches used an approach that involves 

Rail 
Wheel 

0.71 
0.53 

0.87 
0.69 

0.02 
0.02 

0.01 
0.01 

0.29 
0.28 

Balance 
Balance 

computationally incremental implementation of 
Archard’s  wear  model.  These  numerical 
researches can be used to identify the wear 
coefficient from pin-on-disk experimental data 
and also predict the wear depths within a limited 
range of parameter variation. The results 
showed that Archard’s wear model have a good 
agreement with the experimental data including 
the case when the tribometer was lubricated 
with water. Limitation of the research was a 
constant average pressure assumed over the 
contact area in any sliding distance increment. 
The worn out surface was assumed to be always 
flat so that contact area can be easily estimated. 

2.2 Microstructure Testing 
 
Specimens were polished by using 120, 220, 
500, 800, 1000 and 1200 grit abrasive papers 
and 1 μm diamond.
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Figure 2. Rail steel microstructure after etching 
using 3 % nital 

Figure 1. Location of disk specimen. 

 
Thereafter, specimens were etched by 3 % nital 
solution. Microstructure tests were conducted 
using Leica DM LM. 

 
2.3. Wear Testing 

 
Both pin and disk samples used similar rail 

 
420 

400 

380 

360 

340 

320 

300 

material. The calculations of wear rate was done 280 1.57 m/s measured 

for pin and disk materials in dry conditions. The 
testing was performed under rotating speed of 
100, 200, 300, 400, 1000, and 2000 rpm. Each 
specimen was tested under 40, 60, 80, 100 and 

260  

240  

220  

 
 
 
0 

 
 
 
20 

 
 
 
40 

 
 
 
60 

 
 
 
80 

3.14 m/s measured 
1.57 m/s prediction 
3.14 m/s prediction 
 
100      120      140 

 
 
 
160 

120 N loads. Samples were weighted before and Distance away from worn surface, mm 
after each test and weight losses were recorded. 

 
Figure 3. Micro hardness measurements 

3. RESULT AND DISCUSSION performed on railhead 
 

3.1 Microstructure 
Testing 

 
and Microhardness 

 
 
3.2 Wear Testing 

 
Figure 2 shows that the microstructure of rail 
sample is not homogenous. It is much like 
lamellar pearlite (dark) and ferrite (bright) 
structures. Ferrite structures have low micro 
hardness and a hardness profile also shows that 
it has small variation between high and low 
vales of hardness. Figure 3 shows micro 
hardness decreases with distance from the worn 
surfaces (Zhang et al, 2006 and Baumann et al., 
1996). 
Micro hardness profile was taken from cross- 
sectional surface under worn track. The results 
show hardness value decreases up to 25% and 
37 % from base material for less than 50 μm 
thin layer after velocity of 1.57 m/s and 3.14 
m/s respectively. 

 
In wear test, all of specimen were polished 
using 120, 220, 500 grit abrasive paper. 
Experiments were conducted in 100 RPM 
rotating speed and applied contact loads were 
40, 60, 80, 100 and 120 N. 

Figure 4 showed the raw results 
obtained from wear test machine. In steady state 
condition, the depths of wears are 88.63 μm, 
125.66 μm, 263.01 μm, 395.67 μm and 451.37 
μm for applied loads of 40, 60, 80, 100 and 120 
N, respectively. In general, the Depth of wear 
increases linearly with increasing applied 
contact loads. Wear rate increases linearly in 
each case during transient condition. These 
results have the same trend comparing to the 
studies conducted by Lewis & Olofsson (2003).
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a 
 
 
 
 
 
 
 

Figure 4. Depth of wear materials 
 
 
 
 
 
 

b 
 
 
 
 
 
 
 
 
 
 
 
 
 

c 

Figure 5. Weight loss values of materials 
 
 

The change of depth of wear due to velocity 
variation is presented in Figure 5. The depths of 
wear due to velocity variations are 395.67, 
465.72, 604.66, 722.15, 843.97 and 918.16 μm 
for velocity of 0.15, 0.31, 0.47, 0.63, 1.57 and 
3.14 m/s, respectively. The wear rate values of 
materials increases with increasing applied load 
and velocity were obtained. This similar finding 
was also supported by Telliskivi & Olofsson 
(2004) results. 

d 
 
Figure 6. SEM micrograph wear debris after 
100 N applied load pin-on-disk tests (a) 0.62 
m/s (400 rpm) pin material (b) 3.14 m/s (2000 
rpm) pin (c) 0.62 m/s (400 rpm) disk and (d) 

3.14 m/s (2000 rpm) disk .
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The FESEM micrograph of pin and disk 
materials was shown in Figure 6. Wear scar 
shows the present of third body particle on both 
pin and disk surfaces which explain the abrasive 
wear mechanism has occurred at the early stage 
of sliding. Due to the plastic deformation at the 
proceeding stage of wear interaction the 
following severe adhesive wear mechanism has 
developed (Viafara et al., 2005). 

 
 
 
 
 
 
 
 
below the worn track. These values were 
obtained from test velocity of 1.57 m/s and 3.14 
m/s respectively. The steady state depths of 
wears on constant velocity tests are 88.63 μm, 
125.66 μm, 263.01 μm, 395.67 μm and 451.37 
μm for applied loads of 40, 60, 80, 100 and 120 
N, respectively. The depths of wear due to 
velocity variations are 395.67, 465.72, 604.66, 
722.15, 843.97 and 918.16 μm for velocity of 
0.15, 0.31, 0.47, 0.63, 1.57 and 3.14 m/s, 
respectively. Wear rate values of materials 
increases with increasing load. SEM micrograph 
showed plastic deformation caused by abrasive 
wear. Coefficient of friction has same trend with 
wear rate. 
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ABSTRACT 
 
AA6063 alloy is usually used in boat and ship 
building. This is because of its interesting 
properties such as lightweight and aesthetic 
characteristics. In this work, the AA6063 alloy 
was melted together with 0.5 to 2.5 wt% of Mn 
and cast. The alloy was solutionised at 535 oC 
for 6 hours and followed by water-quenching. 
Artificial aging was performed on the alloy at 
200 oC for 5 hours and followed by natural 
aging for 14 days. Vickers micro-hardness 
values indicated that the addition of Mn has 
increased hardness of the AA6063 alloy. A 
combination of artificial and natural aging has 
increased hardness of the alloy containing 2.5 
wt% Mn from 120 VHN to 160.09 VHN.  
Therefore, the increase in its hardness could 
lead to the improvement of its wear resistance. 
 
Keywords: AA6063 alloy, manganese, hardness 
 
 
1. INTRODUCTION 
 
Manganese (Mn) has been known to be an 
important alloying element in aluminum alloys 
which contributes to a uniform deformation. It 
was reported that aluminium alloys with more 
than 0.5wt% of Mn content like 6000 and 7000 
series alloys, both showed a significant increase 
in the yield and ultimate tensile strength without 
decreasing any ductility (Nam & Lee, 2000). It 
was reported that the strength of alloys 

increased gradually and linearly as the 
percentage of Mn was increased due to possible 
solid solution hardening in the Al-matrix 
(Seifeddine et al. 2008).  

 
Generally, metal alloys of high hardness 

will exhibit good wear resistance. Jeong et al. 
(2002) found that the abrasive wear resistance 
of some annealed metals and steels was linearly 
proportional to their hardness. Annealed 5XXX 
aluminium alloy has shown a positive 
correlation between abrasive wear resistance 
and subsurface hardness (Mezlini et al. 2004). 
Dry sliding wear resistance increased with 
increasing hardness for 7075 aluminium alloy 
after subjecting to retrogression and re-aging 
treatment (Baydogan et al. 2004). 

 
In marine environment, corrosion-

resistant architectural Al-Alloy i.e. AA6063 
alloy is the most popular (Kasten, 1997). The 
presence of magnesium and silicon has made 
the alloy heat treatable and weldable with good 
mechanical properties. It also has good surface 
finish, high corrosion resistance and can be 
easily anodised. American Bureau of Shipping 
(ABS) and the American Society for Testing 
and Materials had confirmed the AA6063 alloys 
with solution heat treatment and artificial aging 
(T6) are suitable for ship building (Ferraris, 
2005).              

The focus of this study is to investigate 
the effect of manganese addition in AA6063 
alloy particularly on the hardness properties.  

mailto:hermanp@vlsi.eng.ukm.my
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2. METHODOLOGY 
 
2.1 Experimental Design 
 
In this work, the dependence of microhardness 
of AA6063 alloy on manganese content and 
heat treatment temperature was investigated. 
Response surface methodology (RSM) was used 
to model the correlation amongst the above 
parameters. 
 

Response surface methodology (RSM) is 
a collection of mathematical and statistical 
techniques. It is useful for modeling and 
analysis of problems in which a response of 
interest is normally influenced by several 
variables.  

In this work, the response surface 
methodology (RSM) used a 3-Level Factorial 
where two numeric factors were applied, 
namely, addition of Mn(wt%) and heat 
treatment temperature(oC) with an assumption 
that the effect of solutionisation on hardness of 
artificially aged samples is constant. The lowest 
composition of Mn was taken as 0% wt and the 
highest value was 2.5%wt. The lowest heat 
treatment temperature was 27oC (natural aging 
temperature) and the highest temperature was 
535oC(solution treatment temperature). The 
lowest and the highest hardness values for those 
heat-treatment temperatures were used to 
construct the model. The response of the RSM 
was microhardness(VHN). 

2.2 Material Preparation 
  
AA6063 aluminum alloy was used as the 
starting material. The chemical composition of 
the AA6063 alloy in weight percent is 0.53 Si, 
0.44 Mg, 0.28 Zn, 0.25 Fe, 0.03 Ti, 0.02 Cu, 
0.01 Cr, 0.01 Co and Al balance. Mn was added 
to AA6063 alloy and melted at 800oC with 
holding time of 10 minutes. The melt was cast 
in a steel mould with dimension of 14 mm in 
diameter and 120 mm in length. The Mn content 
of the alloy was varied from 0.5 to 2.5 wt%. 
 
2.3 Heat Treatment 
 
Cast samples were then solution heat-treated at 
535oC for 6 hours and water-quenched to room 
temperature. This was followed by an artificial 
aging at 200oC for 5 hours (Chen et al. 2000). 
The samples were then naturally aged for 14 
days (Daud & Wong, 2004).  
 

2.4 Hardness Test 
 
Prior to testing, the samples were mechanically 
ground using SiC papers and polished with 
diamond spray to 6 micron surface finish. 
Hardness test was carried out by using a Micro-
Vickers hardness tester, with a load of 300 g for 
15 sec indentation time (ASTM, 2008). The 
reported microhardness values were an average 
value of 15 measurements.  
 
 
2.5 Microstructural Study 
 
The mechanical properties of alloys including 
hardness are strongly influenced by their 
microstructure. For microstructural study, the 
samples were etched in Keller’s reagent and 
observed under an optical microscope. 
 
 
3. RESULTS AND DISCUSSION 

Figure 1 shows that microhardness of 
AA6063 alloy increases as the Mn content is 
increased but decreases when heat-treatment 
temperature is decreased. 

 

 

Figure 1.   A plot indicating the dependence of 
microhardness of AA6063 on Mn content and 

heat-treatment temperature obtained using RSM 
3-Level Factorial 

 

The variation of hardness values of the 
as-cast alloy and the alloys which were 
subjected to solution treatment, artificial aging 
and natural aging is shown in Figure 2. The 
hardness of as-cast AA6063 alloy without Mn is 
66.63 VHN and increased  to 101.75 VHN with 
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2.5 wt % Mn (Figure 2). The increase is due to 
the decrease in grain size (Figure 3). 

 

Figure 2. Effects of Mn additions on the         
microhardness of AA6063 alloy 

Figure 3 exhibits the microstructures of 
the as-cast alloy with 0.5 and 2.5 wt % Mn.  The 
as-cast  alloy  containing  0.5 wt % Mn  has  a  

rather bigger grain size than that of the alloy 
containing 2.5 wt% Mn.  

Solution treatment had increased the 
microhardnes of the alloys containing Mn of 
less than 2.5 wt% which is due to a better 
distribution of Mn compared to the as-cast alloy 
(Figure 4). Solution treatment seemed to 
improve distribution of Mn, especially for the 
alloys containing Mn of less than 2.5 wt%. The 
hardness of the as-cast and solutionised alloys 
with 2.5 wt% Mn was almost the same since 
there is no significant different in Mn 
distribution in both of them (Figure 4). 

After solution treatment and artificial 
aging, the hardness of this alloy was found to 
increase from 93.76 VHN without Mn, to 
150.42 VHN when containing 2.5 wt % Mn. 
The hardness of the alloy containing 2.5 wt% 
Mn has increased further up to 160.09 VHN 
after artificially aged solutionised alloys was 
subjected to 14 days natural aging.  

Artificial aging has refined the grains with 
better defined grain boundaries (Figure 5). 
Furthermore, when the AA 6063alloys were 
allowed to undergo natural aging for 14 days, 
the alloys retained fine grains but fine Mn 
precipitates and perhaps intermetallic phases 
seemed to be uniformly distributed in the alloys 
(Hwang et al, 2008), as shown in Figure 6.  

 

  
 
 

Figure 3.  Microstructure of as-cast AA6063 alloys with Mn (a) 0.5 wt % and (b) 2.5 wt %.  
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  Figure 4.  Microstructure of AA6063 alloys with Mn (a) 0.5 wt % and (b) 2.5 wt % after solution treatment 
 
 

  
 
Figure 5.  Microstructure of AA6063 alloys with Mn (a) 0.5 wt % and (b) 2.5 wt % after artificial aging. 

 
 

  
 

Figure 6.  Microstructure of AA6063 alloys with Mn (a) 0.5 wt % and   
(b) 2.5 wt % after artificial and natural aging   
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The well distributed precipitates and fine 

grains have improved further the hardness of the 
AA6063 alloys containing Mn where the 
hardness reached 160.09 VHN for the alloy 
containing 2.5 wt% Mn. The increase in 
hardness which is related to grain refinement 
and the formation of precipitates indicates that 
the alloy may have a better wear resistance 
(Mezlini et al. 2004, Baydogan et al. 2004). 

 
 

4. CONCLUSIONS 
 

The hardness of AA6063 alloy increases with 
the Mn content. Both artificial and natural aging 
processes have further improved the hardness 
property of the alloy. The increase in hardness is 
due to the formation of the precipitates and 
grain refinement. An addition of 2.5 wt% of Mn 
to AA6063 alloy followed by artificial and 14 
days natural aging has increased the hardness of 
this alloy to 160.09 VHN. The increase of the 
alloy hardness, hence a better wear resistance 
can be achieved.  
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ABSTRACT 
 
Biodiesel, as an alternative fuel, is getting more 
acceptances in automotive applications. The 
tribological behavior of biodiesel is crucial for 
its application. In the present study, friction and 
wear characteristics of palm biodiesel were 
investigated by using four-ball wear machine. 
Biodiesel (B100), diesel (B0) and three different 
biodiesel blends like B10, B20, B50 were 
investigated. Tests were conducted at 75ºC 
under a normal load of 40kg for 1h at four 
different speeds viz, 600, 900, 1200 and 1500 
rpm. Worn surfaces of the balls were 
investigated by SEM. Results showed that wear 
and friction were decreased with increasing the 
concentration of biodiesel.  
 
Key Words: Four-ball, Wear and friction, Palm 
biodiesel. 
 
1. INTRODUCTION 
 
For engine fuel, lubricity is essential to prolong 
the machine life through providing protection to 
the moving surfaces against wear. Good 
lubricity is also important to cut down the 
energy consumption by reducing friction of 
automotive parts (Tung and McMillan, 2004). 
For some specific components of automobile 
such as fuel injectors and pumps, the lubricity 
issue is very important as they are lubricated by 
the fuel itself (Celik and Aydin, 2011).  The 
temperature of the fuel contacted with these 
components is appeared to be over 60˚C (Has-
imoglu et al., 2008) which can also influence 
the lubricity. In fact, the lubrication function for 
diesel fuel is provided by its natural components 
such as sulfur, aromatics and other heterocyclic, 
polar compounds (Sperring and Nowell, 2005). 
However, due to environmental protection and 
human health reasons, the sulfur  content  of 
diesel  fuels is  reduced  to  50  ppm  in  the 
European Union  beginning with 2005 and the 
limit is further tightened (≤ 10 ppm) for 2005-
08 (Shiroyama, 2007). The reason for the poor 
lubricity of low-sulfur petrodiesel is not the 

removal of the sulfur-containing compounds 
rather than the reduction of polar compounds 
containing other heteroatoms such as oxygen 
and nitrogen (Dimitrakis, 2003). Consequently, 
the lubricity of diesel fuels is decreased after 
being modified for the safety of environment. 
Apart from this, rapid growth of modernization 
and technological developments are leading 
towards the depletion of limited fossil fuel 
resources of the world. Therefore, it is very 
important to develop such an alternative fuel 
which can meet these growing concerns.  
 
Increasing qualitative requirements of the fuels 
of modern diesel engine can be satisfied a lot by 
using biodiesel or its blends with diesel. It is 
one of the most promising alternative fuels to 
meet the required fuel properties and to protect 
the engine and environment (Demirbas, 2009). 
It can be used in diesel engine with little or no 
modification. It also offers some technical 
advantages as compared to conventional diesel 
fuel. The most common advantages of biodiesel 
over petroleum diesel are derivation from a 
renewable feedstock and domestic origin, 
biodegradability, higher flash point, reduced 
exhausted emission and toxicity (Ozsezen and 
Canakci, 2011; Fazal et al. 2011). Although 
these attributes of biodiesel have drawn 
attention as an alternative fuel, there exist some 
significant drawbacks which have limited its 
commercial applications. These include auto-
oxidation, corrosive nature, lower volatility, 
reactivity of unsaturated hydrocarbon chains 
(Gan and Kiat, 2010; Haseeb et al. 2010a) 
which are more prone to influence the 
lubricating parameters, wear of various engine 
components and so on. The impact of these 
issues can also be varied for different 
concentration of biodiesel in diesel blends. 
Besides, the adaptation of a selected alternative 
fuel to suit diesel engine is considered more 
economically attractive in using it as blend with 
diesel fuel than in its pure form (Fraer et al. 
2005).  Several laboratory works have reported 
better performance of biodiesel as an additive in 
lubricating oil (Maleque et al., 2000; Masjuki 
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and Maleque, 1997). Such effectiveness was 
also reported for even lower (<1% biodiesel) 
blend levels (Karonis et al., 1999; Anastopoulos 
et al., 2001). At the same time, some inferior 
properties of biodiesel have also been reported. 
Masjuki et al. (1997) found that above 5% palm 
oil methyl ester (POME) in lubricant caused 
oxidation and corrosion. According to Maleque 
et al., (2000) for 5% POME in lubricant, the 
total acid number (TAN) increases at 
temperatures above 80˚C. They found that at 
higher temperature (above 80˚C), oxidation of 
the lubricants caused increased wear. These 
results seem to imply that lubrication properties 
of biodiesel can be varied depending on its 
concentration in blend as well as test condition. 
The present study aims to characterize the 
lubricity in terms of friction and wear for 
different concentration of biodiesel in blends as 
compared to that of diesel fuel.  
 
2. EXPERIMENTAL 
 
Friction and wear characteristics of palm oil 
methyl ester were investigated by four ball wear 
machine, IP 239/85. The test parameters in the 
present study were regulated by ASTM D4172 
standard except the speed which was 600 – 
1500 rpm instead of 1200 rpm. Details of the 
test conditions are described in Table 1. Palm 
oil methyl ester used in this study meets 
EN14214 specifications and was supplied by 
Golden Hope Biodiesel Sdn Bhd, Malaysia. The 
analysis report provided by the supplier is 
summarized elsewhere (Haseeb et al. 2010b). In 
addition to pure diesel (B0) and biodiesel 
(B100), three different blends such as B10 (10% 
biodiesel in diesel), B20, B50 were made on 
volume basis for investigating the lubricity. 
 
The schematic diagram of four-ball wear 
machine is seen in Figure 1. Among the four 
balls, the lower three were held in fixed position 
against each other in a steel cup by means of a 
clamping ring. Another ball into the upper 
chuck was rotating one. Testing fuel was poured 
in sufficient amount (approx 10 ml) to cover the 
balls to a depth of at least 3 mm. During each 
test, friction torque was recorded in order to 
calculate the friction coefficient. The wear scar 
diameters were measured before removing the 
balls from the cup. The results reported here are 
mean wear scar diameter of three balls. For 
removing the worn products, the worn surfaces 
were scrubbed lightly in a stream of water with 
polymer brush so as not to mechanically abrade 
the original surface. These were then degreased 
with acetone. The cleaned worn surfaces of 

balls were then investigated by using scanning 
electron microscopy.  
 

 
 
Figure 1: Schematic diagram of four ball wear 
geometry: 1-rotating gripper for upper ball, 2-
test fuel, 3-cup for griping stationary three balls, 
4-rotating single ball, 5-stationary ball. 
 
Table 1. Conditions for the four-ball wear test 
Test parameters  
Applied load (kg) 40 
Rotation (rpm) 600, 900, 1200, 1500 
Fuel temperature (ºC) 75 
Test duration (s) 3600 
Test Ball  
Materials  Chrome alloy steel 
Composition  C: (0.95-1.10)%, Cr: 

(1.3-1.6)%, Fe: balance 
Diameter  12.7 mm 
Hardness  62 HRc 
Surface roughness (Ra) 0.040 μm 
 
3. RESULTS  
 
The variation of friction coefficient, calculated 
form recorded torque has two parts, one is run-
in period and another one is steady state. Figure 
2 shows that at the very beginning of each test 
(during run-in period), the friction coefficient 
was unstable with time and few minutes later it 
came to a stable condition.  

 

1 

2 

3 
5 

4 
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Figure 2: Variation of friction coefficient with 
respect to time (for first 1500s) at speeds (a) 600 
rpm and (b) 1500 rpm. 
 
Figure 3 shows that run-in period decreases with 
increasing the concentration of biodiesel. 
Decreasing trend of run-in period is faster for 
the blend containing up to 20% biodiesel and 
beyond that concentration it becomes very slow.  
However, it is seen that the overall run-in period 
decreases with decreasing speed. 
 

 
Figure 3: Fall in run-in period with increasing 
biodiesel concentration in blends as well as with 
decreasing speed. 
 
Steady state friction coefficient for the last 
1000s of each test was calculated from the 
recorded torque. It is seen in Figure 4 that at 
higher percentage of biodiesel (>20%), the 
steady state friction coefficients are almost the 
same for all speeds and concentrations of 
biodiesel at about 0.083FC.   
 

Figure 4: Change in steady state friction 

coefficient (FC) in different fuels for last 1000s 
of each test. 
 
Figure 5 shows that the average friction 
coefficient decreases with increasing the 
concentration of biodiesel. For pure diesel and 
biodiesel, the increasing rates of average friction 
coefficient with speeds are almost linear while 
for blends are not.  

 
Figure 5: Effect of speed on average friction 
coefficient in different fuels under a fixed load 
at temperature 75 ºC for 1 h. 

 
It is seen in Figure 6 that the wear rate increases 
with increasing the speed. On the other hand, 
with increasing biodiesel concentration, wear 
rate is decreased. The increasing trends of wear 
rates follow the increasing trends of friction 
coefficient as shown in Figure 5. 

 
Figure 6: Effect of speed on Wear Scar 
Diameter in different fuels under a fixed load of 
40 kg at temperature 75 ºC for 1h. 

 
Figure 7 shows the SEM picture of worn 
surfaces of the balls. Figures 7(a) to (d) 
demonstrate that wear scar diameter decreases 
with increasing the concentration of biodiesel. 
Deformation of surface is also decreased with 
increasing biodiesel. Abrasive wear is found for 
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the sample in B100 while for B0, the wear can 
be categorized as adhesive type. 
 

  

  
 
Figure 7: Scanning electron micrographs (50X) 
of worn surfaces of used balls at speed 1500 
rpm.  
 
4. DISCUSSION 
 
During run-in period for each speed, the wear 
rate and friction coefficient are initially quite 
high but as the contact surfaces become 
smoother and more prominent asperities are lost 
or flattened, the wear rate falls. With increasing 
biodiesel concentration, the run in period for 
each speed is also reduced. This suggests that 
biodiesel can successfully reduce the scuffling 
period and thereby reduce the friction 
coefficient. It is found that the run-in period 
decreases slightly with decreasing the speed. 
But the effect of each speed on steady state 
friction coefficient for higher concentration 
(>20%) of biodiesel are almost similar. 
However, the average friction coefficient in 
diesel is found to be higher than that in 
biodiesel. It is found that under a rotate speed of 
1500 rpm, the average friction coefficients of 
diesel and biodiesel are 0.0857 and 0.0889 
respectively. This suggests that the films 
provided by biodiesel at the contact surface are 
more effective than that of diesel to reduce the 
friction. According to Wain et al., (2005) 
biodiesel containing more oxygen can reduce 
friction as compared to diesel fuel. 
 
Though the variation of friction coefficients for 
different fuels is in small scale, it is found that 
the increasing trends for friction coefficient with 
speed are almost linear for B0 and B100 fuels 
while for blends are not. This is more likely 
attributed to the non-uniform availability of the 
concentration of heteroatom (e.g. oxygen, 
sulfur) in different blends which plays important 
role in creating the lubricating film. It was 

reported that the formation of several 
compounds on the frictional surface of steel 
such as FeS, FeSO4, COH, COOH could be the 
main mechanism in reducing friction (Xu et al., 
2007).  
 
This study demonstrates that for each fuel, 
higher wear occurs for higher speeds and the 
increasing trends exactly follow the way of 
increasing trends of friction. This may be 
attributed to generation of higher heat between 
the contact surfaces as a consequence of higher 
speed which results higher wear. It is found that 
pure biodiesel or higher biodiesel blends cause 
less wear than that in lower biodiesel blends or 
diesel. This indicates that the reduced wear 
seems to happen due to presence of biodiesel. 
Friction and wear in higher biodiesel blends are 
more likely to be reduced by having a 
comparatively more stable film to separate the 
adjacent surfaces and limit metal to metal 
contact. This can be attributed to the presence of 
aliphatic fatty acid of general formula 
CnH2n+1COOH, such as stearic acid in POME 
which can enhance lubricating property by 
controlling friction and wear between contact 
surfaces through developing of lubrication films 
(Masjuki and Maleque, 1996). The protective 
films can reduce thermal energy in sliding 
contact and thereby improve lubricity (Choi et 
al., 1997).  
 
According to Brajendra et al. (2008) the ester 
ends of the fatty acid chain are adsorbed to 
metal surfaces, thus permitting monolayer film 
formation with the hydrocarbon end of fatty 
acids oriented away from the metal surface. The 
fatty acid chain thus offers a sliding surface that 
prevents the direct metal-to-metal contact. 
However, the stability of these films also 
depends on operating conditions such as load, 
temperature, speed as well as fluid viscosity and 
composition (Maleque et al., 2000).  In an 
another explanation, trace components found in 
biodiesel fuels including free fatty acids, 
monoglycerides, diglycerides are reported to 
improve the lubricity of biodiesel (Hu et al., 
2005). Oxygenated moieties, degree of 
unsaturation, chain length of molecules in 
biodiesel also play an important role in 
increasing lubricity. Geller and Goodrum, 
(2004) have observed that lubricity is increased 
with increasing of the degree of unsaturation. 
They found that methyl linolenate (C18:3) in the 
C18 series demonstrated the best performance 
as a lubricity enhancing component and methyl 
stearate (C18:0) was the least effective. In an 
another explanation, unhindered electrons in the 
form of free electron pairs or double-bond 

(a) In B0 

(b) In B20 

(c) In B50 

(d) In B100 
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electrons toward the end of a chain of C atoms 
are likely to be effective in enhancing lubricity 
(Barbour et al., 2000).  
 
Lubricity can also be influenced by oxidation 
process. This is because the oxidation process 
reconverts esters into different fatty acids 
including formic acid, acetic acid, propionic 
acid, caproic acid etc. (Tsuchiya et al., 2006) 
which seems to cause improved lubricity 
(Haseeb et al., 2010c). Apparently, in short term 
test, oxidation process can provide better 
lubricity but in case of long term application, it 
causes degradation of fuel and is therefore 
results in reduced lubricity, enhanced corrosion 
and degradation of materials (Tsuchiya et al., 
2006). So, it is assumed that effect of oxidation 
on lubricity is crucial. This possible mechanism 
will be explored in future studies.    
 
Surface morphology of the worn scar shows that 
layers of debris from the surfaces have been 
extruded sideways, while flacks of debris are 
extruded out from the contact interface in the 
sliding direction of the rotating ball. It is seen 
that the edge of the surface at B0 has been 
plastically deformed and elongated with more 
cracks and wear debris. This deformation has 
been gradually decreased in the following 
samples in B20, B50. It seems that the cavities 
are much bigger than 20μm and the particles 
removed from the cavities are also more likely 
bigger than 20μm in size. According to the 
definition given by Robinowicz (1994), removal 
of wear debris bigger than 20μm results 
adhesive wear. This indicates that the wear for 
sample in B0, B20, B50 can be categorized as 
adhesive wear. But for the sample in B100, no 
such type of severe damages is seen. No cracks 
are found like other samples and also the edges 
are not so elongated and irregular. Some thin, 
regular and radial scratches are seen on the 
surface which result abrasive wear. Removal of 
small particles (<20μm) with a few surface 
features results abrasive wear (Sperring and 
Nowell, 2005). This study shows that the 
severity of the wear is reduced with increasing 
the concentration of biodiesel in blends and 
better surface is found for pure biodiesel.  
  
 
5. CONCLUSIONS 
 
The following conclusions can be drawn from 
this study: 
 
(1) Both wear and friction decrease with 
increasing the concentration of biodiesel. This is 
more likely attributed to the presence of 

oxygenated moieties, degree of unsaturated 
molecules, free fatty acid components etc. in 
biodiesel. 
 
(2) Lubricity in terms of wear and friction 
decreases with the increase of rotating speed. 
However, at the concentration of biodiesel 
above 20%, the steady state friction coefficients 
are almost similar in each speed. 
 
(3) Deformation of the worn surfaces decreases 
with increasing the concentration of biodiesel in 
blends. The sample in pure biodiesel is 
subjected to abrasive wear while in diesel it is 
subjected by adhesive wear.  
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ABSTRACT 
 
This article attempts to describe some of the 
testing methods commonly used in tribology. It 
namely illustrates the contact of solid mechanics 
and nature of surface interaction. With the advent 
of sustainable development, composite materials 
now become more prominent in many 
applications. Many natural fibres in polymeric 
composites are being introduced in aviation 
industry, construction, industrial applications, 
automotive parts, bearing and many others, 
making tribo-testing more demanding. Relevant 
to this, the testing methods elaborated here are 
focused on the different types of wear test rigs 
used for testing of solid specimens for composite 
materials. Different mechanisms of wear and 
sliding friction of materials subjected to different 
wear test rigs which are built based on ASTM 
standards simulating the real time conditions are 
explained. Typical factors contributing to the 
wear performance of a material such as interfaces 
temperature (i.e. test specimen / counterface) 
under dry and wet tribo-testing conditions and 
roughness property are also detailed. 
 
Keywords: Tribology testing methods, wear test 
rigs, roughness, composite material, natural fibre. 
 
1. INTRODUCTION  
 
Tribology is defined as the study of friction, wear 
and lubrication of interacting surfaces in relative 
motion. The importance of tribology at present 
time is crucial since most design applications 
involve ‘wear and tear’ process when subjected to 
relative motion. Medalia (1980) reported that 
about 63% of wear has contributed to the total 
cost of industries. Interestingly, these contribution 
factors (friction, heat, wear, etc.) cannot be 
eliminated completely; however, they can be 
minimized. According to the famous law 
regarding conservation of energy, it states that the 
total amount of energy created can never be 
destroyed; it can only be transformed from one  

 
 
 
state to another, for an example, kinetic energy is 
transformed into useful work, friction and heat 
dissipation to the surroundings. To link the above 
idea in terms of tribology, Figure 1 is presented. It 
illustrates two typical examples relating wear 
process due to relative motion; the human 
skeleton (c.f. Figure 1a) and the inline four stroke 
engine (c.f. Figure 1b). Thus, depending on the 
severity of the wear process, these areas (red 
spots) have a certain period of life span. This 
naturally occurring process (i.e. the decrease of 
output power of a car engine versus time) can be 
improved by means of extending its life span 
using tribology technology.  
 

  
a) The human skeleton 
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b) Four stroke inline engine 

Figure 1: Typical spots on the importance of 
tribology 

 
From the past decade up to present time, 

many researchers had introduced advance 
materials as a substitute to the conventionally 
used materials as these modified materials are 
excellent in wear and friction, light in weight and 
improved life span (El-Tayeb, 1997). For an 
instance, Nautiyal et al. (1983) observed that the 
factors responsible for wear of a piston ring 
sliding against cast iron combustion chamber 
were its surface temperature, peak combustion 
pressure, total energy of the wearing surfaces and 
other physical properties of the material under 
sliding. As such Dahm et al. (2003) proposed to 
replace the conventional piston rings with ceramic 
matrix nano composite piston rings as the latter 
had smooth wear (i.e. micro scale wear) which 
contributed in low wear rates during the test.  
 

Nevertheless, new applications involving 
natural fibres in polymeric composites are being 
introduced in various areas such as housing 
construction materials (Hariharan et al., 2005), 
industrial applications (Satyanarayana et al., 
1990), automotive parts fabrication (John et al., 
2008), bearing applications (El-Sayed et al., 
1995), structural and non-structural applications 
(Sreekala et al., 2002). Hence, scientific 
principles and calculating methods of creating 
new materials / composites and estimation of its 
wear resistance of friction nodes as well as 
physical simulation of friction and wear processes 
on a small-sized laboratory test machine need to 
be carried out experimentally before a proposed 
material/composite is commercially introduced in 
the market (Dahm, et al., 2003; Pogosian 1973). 
Prior to this, a suitable type of wear test rig 
should be used with appropriate parameters 
selected which reflect the real time application of 
the material/composite. Examples of this 
parameters are testing techniques, type of 

counterface used against the test samples, sliding 
velocities, sliding distances, applied loads, contact 
conditions and orientations of the test specimen 
with respect to the sliding direction of the 
counterface.  

 
Having such knowledge, a tribo-testing 

machine which is capable to simulate the wear 
and frictional test based on the selected 
parameters is developed. From available 
published works, there are numerous types of 
tribo-testing machines. They differ with one 
another based on the suitability of the test for a 
specific application. Thus, the aim of this paper is 
to explain the various types of tribo-testing 
machines used in performing different types of 
test which reflects the real time conditions. In 
conjunction to that, the work further illustrates on 
common ways in presenting data/results upon 
completion of a tribological experiment/test. 
 
2. TYPES OF TRIBO-TESTING MACHINES  
 
2.1 Dry sand rubber wheel 
(Pogosian 1973; Rajesh et al., 2002; Kim et al., 
2002)  
 
Its schematic is shown in Figure 2. It is built 
based on ASTM G65 standard where its 
recommended specimen size is 70mm x 20mm x 
7mm. The rubber wheel is in contact with the 
specimen when a load is applied. Sand particles 
(i.e. fine, grain or coarse) are introduced at a 
certain flow rate to the rubbing zone during the 
test. The flow rate can be varied based on the 
outlet diameter of the sand hopper. Since it 
involves sand, the test is abrasive. Adhesive 
testing is possible if sand is not used. Typical 
application of test involves the wear performance 
of tire treads, bushes, bearings and rollers. 
 
 

Rubber Wheel 

Hopper 

Specimen 

 
Figure 2: Schematic view of a dry sand rubber 

wheel wear test rig 
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2.2 Pin on drum  
(Rajesh et al., 2002; Stevenson et al., 1996; 
Mutton 1978; Mutton, 1980; Blickensderfer et al., 
1988) 
 
Figure 3 illustrates the pin on drum wear test rig. 
It is built based on ASTM A514 standard. The 
specimen travels linearly with the help of the 
power screw while the drum rotates at a desired 
speed with the help of the drive chain. The speed 
of the specimen and the drum can be controlled 
by means of a speed controller incorporated at the 
motor system. Test can be abrasive if drum is 
coated with abrasive paper of different grades. 
Without abrasive paper, test is adhesive. Drum 
can be of different material (i.e. stainless steel, 
aluminum, cast iron, mild steel, etc) based on the 
suitability of the test conducted simulating the 
real time conditions. Application of test involves 
sliding of goods on rotating rollers or conveyer 
belts. 
 
 

Weights 
Power screw 

Motor 

Drive chain 

Specimen 
Chuck 

Drum 

Shaft 

Travel 

Figure 3: Schematic view of a pin on drum wear 
test rig 

 
2.3 Linear tribo machine 
(Yousif et al., 2010) 
 
The schematic view of the linear tribo machine is 
presented in Figure 4. Its stainless steel 
counterface moves linearly with the help of the 
power screw which is directly coupled to the 
motor. Test can be abrasive when the stainless 
steel container is filled with abrasive particles, 
else the test is purely adhesive. A frictional 
indicator is connected to a load cell to measure 
frictional forces and a speed controller is used to 
vary the counterface sliding speed. Dead weights 
are applied parallel to the test specimen. The 
counterface can be of different material for 
different test conditions. For the adhesive test, 
water can be incorporated in the sliding container 
for the purpose of simulating the wear under wet 
contact conditions. Application of test involving 
linear tribo machine replicates the characteristics 

of linear sliding of window panels, doors, hinges 
and drawers. 
 
 

Figure 4: Schematic view of a linear tribo 
machine 

 
2.4 Block on ring  
(PihtIlI et al., 2002; Reinicke et al.,1998) 
 
A schematic view of a block on ring tribo test 
machine is presented in Figure 5. It is built in 
accordance with ASTM G77, G137-95 standards. 
The specimen with size of 10mm x 20mm x 
50mm is in contact parallel to the side of the 
counterface. Contact area of the test specimen 
subjected to the counterface is variable. A load 
cell is directly incorporated in the load lever of 
the machine to capture frictional forces during the 
test. A counter weight balancer is incorporated at 
the end of machine’s load lever to balance the 
lever arm prior testing. This is done when no load 
is applied. Depending on the nature of the test, 
counterface can be of various types (i.e. metal, 
cast iron, titanium, aluminum, stainless steel, etc). 
Generally, this test is simulated for applications 
such as sliding or rolling wear behavior of tire 
treads, pulleys, camshafts and bearings materials. 
 
 Weights 

Counter 
weight 

balancer 

Counterface 

Load 
cell 

Specimen holder 

Specimen 

Pivot 

Figure 5: Schematic view of a block on ring tribo 
test machine 

 
2.5 Pin on disc (Hummel et al., 2004; Mergler et 
al., 2004; Bijwe et al., 2002;  
Bijwe et al., 2001) 
 
Its schematic view is presented in Figure 6. Built 
based on ASTM G99 standard, its working 
principle is the same as block on ring. However, 
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the test specimen with size of 10mm x 10mm 
20mm subjected to the counterface exhibits a 
constant contact area throughout the test. The test 
specimen is set perpendicular and horizontal to 
the counterface. Typical application of test 
includes sliding wear of various materials where 
constant contact area of interest.  
 
 Weights 

Counter 
weight 

balancer 

Counterface 

Load 
cell 

Specimen holder 

Specimen 

Shaft 

Pivot 

 
Figure 6: Schematic view of a pin on disc tribo 

test machine 
 
2.6 Block on disc (Hummel et al., 2004; Mergler 
et al., 2004; Bijwe et al., 2002;  
Bijwe et al., 2001) 
 
Figure 7 illustrates a portable block on disc tribo 
test machine which is built on a small scale. It is 
designed in accordance with ASTM G99 
standard. Specimen with size of   10mm x 10mm 
x 20mm is subjected vertically to the counterface 
where the contact area is constant. A portable 
infrared thermometer can be incorporated to the 
block on disc machine for the purpose of 
measuring interfaces temperatures during the test. 
Test can be adhesive and abrasive subjected to 
dry sliding mode. A speed controller unit is 
connected to the motor to vary the counterface 
speed while a digital frictional indicator is 
connected directly to the load cell to capture 
frictional forces during the test. 
 
 

                
 

Infrared Thermometer 

Specimen 

 Speed 
Controller 

Counterface 
Motor 

Normal Load 

Friction 
Indicator 

Load Cell 

 
Figure 7: Schematic view of a block on disc tribo 

test machine 
 

3. PRESENTATION OF DATA / RESULTS 
 
Various methods are adopted to present / display 
the characteristics behaviour on wear and 

frictional performance of a desired material. This 
section summarizes some common methods on 
data presentation as it is mostly preferred by 
worldwide researchers. 
 
3.1 Wear performance 
 
Wear process of a material can be defined as the 
tendency of a material to loose weight from the 
removal and deformation process on the material 
surface as a result of mechanical action of the 
opposite surface due to relative motion (Hummel 
et al., 2004; Harsha et al., 2002). Many 
researchers prefer to express wear performance of 
a material in terms of specific wear rate. Specific 
wear rate can be defined as follows:  

DF
VW

n
S .

'
  (1) 

 
where;   

Ws = Specific wear rate, mm3/N.m 
 ∆V = Volume difference, mm3 
 Fn = Normal applied load, N 
 D = Sliding distance, m 
 

Therefore, the wear performance of a 
material is said to be superior if the specific wear 
rate is low (i.e. material / specimen exhibits low 
volume loss). However, there are a lot of other 
factors contributing to the wear performance of a 
material subjected to tribological test. Naming a 
few, the contact condition of the test specimen 
(i.e. dry / wet), orientation of the test specimen 
with respect to the sliding direction of the 
counterface and the types of reinforcements used 
(i.e. natural fibre / resin) are critical factors / 
parameters in affecting the wear performance of a 
material. 
 
3.2 Frictional performance 
 
Friction performance of a material can be defined 
as the force resisting the relative motion between 
two sliding interfaces. Generally, higher frictional 
performance implies the superiority of a material 
in exhibiting low friction coefficient values 
during tribological testing. Friction coefficient 
can be expressed as follow: 

n

r

F
F

 P  (2) 

 
where;  
  P = Friction coefficient 

  rF = Friction force, N 

  nF = Normal force, N 
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Theoretically, the component of rF  is 
contributed by two main elements such as 
adhesion force, aF , and deformation or 

ploughing force, dF  (El-Sayed et al., 1995). 
Their corresponding relation to friction force is 
shown in Eq. (3). 

dar FFF �|  (3) 
 

aF  can be determined from the shear 

strength ( sW ) multiply with area of material 

contact ( A ); Eq. (4) (Rabinowicz 1995) while 

dF  is expressed in Eq. (5) (Rabinowicz 1995; 
Stolarski 2003; Bhushan 1999). 

AF sa � W  (4) 
 

S
Ttan2 ��

 n
d

F
F  (5) 

 
where; 
 
θ is the attack angle / roughness angle of the 
asperity 
 

In summary, it can be said that from Eq. 
(3), (4) and (5), there are multiple factors 
affecting the frictional coefficient of a material. 
Factors such as the roughness angle of the 
asperity with respect to the contacting surface can 
be minimized when the contacting surfaces are 
smooth ( 0|T ). In regard to this, many reported 
works used various grades of abrasive sand 
papers to achieve a relatively smooth surface by 
the contacting bodies. After due research, Figure 
8 proposes one possible way in achieving smooth 
surfaces between the test specimen and 
counterface before experiment start-up. 

 

Test specimen 

Counterface 
 

Contacting surfaces polished with: 
 

Rotating 
direction 

 

Grade 200 

Grade 400 

Grade 600 

Grade 800 

Grade 1000 

Grade 2000 

Water introduced 
when polishing 

 
 
 

 

 

Wear track region 

Top view 

NFn 10|

End 

Cleaned with 
liquid acetone 

Figure 8: Proposed flow chart in achieving 
smooth interacting surface before experimental 

start-up 
 

3.3 Temperature performance 
 
It is important to relate/include temperature 
characteristics of a material when conducting 
tribology tests. This is because under dry adhesive 
wear, surface temperature of the interacting 
surfaces increases over time. Hence, effects of 
thermo-mechanical loading will be more 
significant on the softer phase (Bhushan 2001). 
This affects the wear and frictional performance 
of a material over long duration of experimental 
testing. Following to this, few techniques have 
been adopted in measuring temperatures during 
tribological test. 
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One of the most convenient ways is by 
using an infrared thermometer (Bhushan 2001). 
From Figure 9, an infrared thermometer is placed 
at a fix horizontal distance ‘x’ away from the test 
specimen. Accordingly, interfaces temperatures 
can be measured during the test. However, it is to 
be highlighted here that the accuracy of 
temperature measurement varies with the distance 
‘x’. For example, a temperature measurement at  
x = 1 m will differ with x = 2 m for the same test 
conditions. In other words, temperature 
measurements will be more accurate when the 
infrared thermometer is placed closer to the test 
specimen. However, the main limitation here is 
due to the design of the machine itself which 
limits the placement of the infrared thermometer 
close to the test specimen. 
 

To minimize the measurement error of 
interfaces temperature, El-Tayeb et al., (2005) 
incorporated a thermocouple in an un-through 
hole of 2 mm in diameter which was pre-drilled 
on the test specimens (i.e. hole located 
approximately 0.75 mm above the test specimen 
contacting surface with counterface) during 
composite fabrication. Following to this, an 
external heat source was supplied to the 
counterface by means of a Bunsen burner. 
Concurrently, two temperature readings were 
recorded, i.e. from infrared thermometer and 
thermocouple device (c.f. Figure 10a). Based on 
the results obtained, a calibration graph was 
generated where the calibrated linear equation              
(c.f. Figure 10b) was used to determine the real 
interface temperatures. This method was reported 
to be more accurate (i.e. up to 90% accuracy in 
temperature recordings) (Yousif, et al., 2010;     
El-Tayeb et al., 2005; Nirmal, 2008) as compared 
to other measurement techniques (Chang 1983; 
Hanmin et al.,1987; Malay et al., 1982;             
Zaidi et al.,1999). 
 
 

Counterface 

Infra red 
thermometer 

Tripod stand 

0.747 

x 

Figure 9: Incorporation of an infrared 
thermometer to measure interfaces temperatures 

 

 
a) Temperature calibration process 

 (Yousif et al., 2010) 
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b) Corresponding calibration graph 

 (Nirmal, 2008) 
Figure 10: Temperature calibration process with 

corresponding calibration graph 
 
3.4 Roughness profile 
 
The degree of abrasiveness to process equipment 
of a material subjected to tribology testing is an 
extensive area of study. For an instance, a tested 
material resulting in low abrasiveness to process 
equipment may contribute to an extended life 
span of the machine noting the fact that the 
material tested to be ‘equipment friendly’. In 
conjunction to this, it is of great interest to 
measure surface roughness of the test specimen 
and the counterface before and after performing a 
tribological test. Surface roughness can be 
defined as the variations in the height of the 
surface relative to a reference plane. It is 
measured either along a single line profile or 
along a set of parallel line profiles. Profilometers 
are commonly used to measure and record surface 
roughness property of a material.  
 

From available published works (Nirmal 
et al., 2010; Chin et al., 2009; Yousif et al., 2008), 
many authors prefer to express surface roughness 
measurement using Eq. (6). 
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n
dcbaRa

........����
  (6) 

 
where; 

aR = Roughness average, µm 

....���� dcba = Sum of infinitesimal areas   
          above and below the datum  
          line, m2 
  n = Length of the datum line, m 
 

To further understand Eq. (6), a 
graphical illustration is presented in Figure 11. 
From the figure, line ‘AB’ is placed such a way 
that the sum of the areas above the line is equal to 
the sum of the areas below the line. Therefore, a 
Profilometer working principle is to measure the 
penetration depth formed by the asperities and 
local valley thereby producing the roughness 
average (Ra) value. However, there are also 
different ways of expressing the roughness 
property of a material. They are summarized in 
Table 1. 
 

Table 1: Methods in expressing roughness 
property of a material 

 

 
 

a b c d e f 
g h i j k l 

m n o p 
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s t A B 
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Asperity (peak) 

Valley 

Profile length, n 

Figure 11: Graphical illustration in determining 
roughness average, Ra 

 
 
 
 

4. CONCLUSION 
 
The various types of tribo-testing machines, their 
accessories and applications have been discussed. 
They differ with one another on the basis of the 
suitability of the test for specific application. The 
sole purpose of the various types of tribo-testing 
machines is to establish the wear performance of 
materials in real time conditions. There are 
several factors contributing to tribology testing 
such as friction coefficient and wear performance 
of materials, surface roughness of a 
material/counterface and the degree of 
abrasiveness of a material. Understanding 
tribological factors such as roughness angle of the 
asperity with respect to the contacting surface and 
their effect on wetness and heat are valuable in 
assessing the quality of contact; i.e. test specimen 
against the counterface. Materials with low 
specific wear rate are considered to be superior 
(i.e. high wear resistance), while low abrasiveness 
to process equipment implies a longer extended 
life span of a particular material. 
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ABSTRACT 
 
This paper present an attempt to use gunny fibre 
& honeycomb polymer as reinforced for tribo-
composite based on polyester for tribological 
application. Resin impregnated gunny (RIG) , 
polypropylene honeycomb (PPHC) and resin 
reinforced honeycomb (RRHC) was fabricated 
using hand-lay-up and cold press techniques. 
Wear rate, frictional behaviour of both material 
were studied against polished stainless steel 
counter face using pin-on-disk (POD) machine 
at different applied load (5-25 N) and sliding 
velocity (1.12 – 22.56 m/s). In general specific 
wear rate increases as increasing load and 
velocity.  The specific wear rate for RIG is 
lower than RRHC and PPHC at increasing load 
for approximately 0.35 mg/N and comparable at 
increasing velocity approximately 0.16 mg/N. 
The highest specific wear rate for RIG and 
RRHC is at 10N and 20N respectively 
indicating the wear endurance for load is better 
performed in RRHC compared to PPHC and 
RIG. Friction was minimum value at 0.01 for 
both RIG and RRHC but PPHC catastrophic 
failure.  Compression result also showed that 
the presence of gunny fibre as reinforcement 
shows highest load more than 8N comparing to 
RRHC and PPHC which is less than 1N.  The 
average maximum displacement is highest for 
RRHC at 1.8 cm while that for RIG and PPHC 
is at 1.6 and 0.9 cm respectively.  Finally the 
worn surface morphology of both materials 
were studied using scanning electron 
microscope (SEM) in relation to external 
deformation. 
 

Keywords: Abrasion, Friction, Resin 
Impregnated Gunny, Resin Reinforced 
Honeycomb 
  

 
1. INTRODUCTION 
 

In the era of recycle, reuse and reduce, gunny 
was chosen as it is reliable and recyclable. 
Rahman et al. (2008), suggested natural gunny 
from treated woven jute is the cheapest 
lignocellulosic long vegetable bast fiber and 
abundantly available in Bangladesh to be used 
for fibre due to its strength and durability. 
Besides gunny, they were used for making 
ropes, shopping bags, floor mates and many 
other applications. The major drawback factor 
using jute fiber as reinforcing material is its 
hydrophilic nature that responsible for moisture 
absorption and consequently deformation of the 
product. Therefore, some chemical treatment to 
improve its hydrophilic nature and mechanical 
properties needed in order to reduce damage in 
jute fibre. Beside jute is a potential natural 
rubber to replace synthetic fibers due to its 
lightweight, easy processing, renewable, 
recyclable, reusable leading to material 
efficiency and most importantly; cost effective. 
In addition, they are biodegradable and do not 
leave residue or result in by-product that are 
toxic.  
In the current work, raw jute fiber was oxidised 
with sodium periodate and manufactured 
composites were post-treated with urotropine to 
increase the compatibility of the jute fiber with 
PP (polypropylene) matrix. For RRHC, 
honeycomb made from polypropylene, and they 
are synthetic polymers. Nowadays, various 
reinforcing fillers are combining with synthetic 
polymer in order to improve the mechanical 
properties to fulfill the actual application 
demand characteristic. The polymer based 
material is preferred in these current years over 
metal-based counterparts in view of their low 
coefficient of friction light weight material and 
ability to sustain loads as mentioned by 
Quintelier et al.(2006). Polymer is extensively 
used in the sliding components such as gears 
and cams where their self lubricating properties 
are exploited to avoid the need for oil or grease 
lubrication with its attendant problem of 
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contamination as stated by Unal et al. (2004). 
Although from above statement using natural 
fibre is better compare to synthetic polymer, but 
from triblogy point of view, it phenomenon 
might be different. It is known that surface 
topography, contact condition (sliding velocity, 
load, temperature, sliding distance and contact 
geometry), and humidity have been recognized 
as a source of scatter factor that can affect the 
experiment. Other such as in dynamic 
parameters of the friction test apparatus; like the 
pin must translate back and forth in parallel to 
the load axis to stay in contact with the disk if 
there is a misalignment or distortion in the face 
of the disk also contribute to the variable 
factors. However, the factors that being 
manipulated in this work focusing only on three 
parameters; disk velocities, pin load and sliding 
distance. Others than that, precaution steps were 
taken into account so that it will be constant 
factor for repeated experiment. 
 

According to Holmberg et al. (1987), 
in dry contact abrasion condition, wear rate 
reduction is effective for adhesion and fatigue 
wear. This wear reduction is base on the fibre 
load carrying capacity, their higher creep 
resistance and thermal conductivity. Material 
for pin and disk must also be consistence, 
stainless steel counter surface and the 
experiment was carried out at room temperature 
and humidity. For manipulative factor, higher 
load make fibre more sensitive to breaking and 
pulverizing. El-Tayeb et al. (1996) stated that 
the volumetric wear rate will increase with 
increasing applied load and increasing sliding 
distance. Godfrey(1995) also suggested that for 
disk velocity, normal force oscillation increase 
as speed increase in POD test. This is supported 
by Nasir et al. (2011) said that sliding velocity 
exerts greater influence on the sliding wear than 
applied load. Past research show that polymer 
sliding speed of wear does not always follow 
the usually accepted engineering rule of “higher 
sliding, the higher wear rate”. Due to another 
researcher, Acilar et al. (2004) overruled that 
sliding speed should be sufficiently low in order 
to contain the temperature rise of the polymer 
used, because this temperature rise effect in a 
significant increase in the friction coefficient 
values. 

During testing, unwanted vibration 
may arise. During operation of machine 
vibration and chattering are costly in terms of 
reduction of performance and service life, and 
sometimes endangering equipment and personel 
as stated by Yoon et al. (1997). Commonly, 
oscillation was observed in recording friction 
force during unlubricated or boundary-

lubricated POD wear test. The result validity 
lays in how to report properly friction 
coefficient data in such a way that information 
about stability and uniformity of sliding is 
correctly represented. A nominal value is not 
enough to represent the data; a range of values 
should be reported as. 

In order to detect friction oscillation, 
speed of the chart recorder must be increase, use 
an oscilloscope, a computer data acquisition 
program or slow down the disk rotation speed. 
On the other hand, very low disk speed may 
eliminate friction oscillation. It is because as 
mechanics analyses have clearly shown, normal 
force oscillations increase as speed increase in 
POD wear test. Therefore, slowing down the 
disk rotation rate changes the dynamics of the 
system and in some systems may tend to 
suppress oscillation, at least until very low 
speeds, when stick-slip processes may set in.  
From  previous research on data dispersion in 
POD wear test showed dispersion in the range 
of 28-47% and 32-56% for disk and pin 
respectively. For the disk, the dispersion 
increase when decrease both sliding speed and 
applied load, for the pin, no clear relation was 
found said Yousif et al. (2010). Commercial 
disk and pins were used in this test to eliminate 
the influences of any particular laboratory 
preparation and with intention of reproducing as 
closely as possible a potential industry type of 
sliding coupling. 

For the experiment of physio-
mechanical properties improvement of jute fiber 
reinforced polypropylene composites by post-
treatment give interesting result. The researcher 
conclude that tensile strength of the composites 
decrease with an increase in jute fiber loading. 
However, for 20% post-treated jute reinforced 
composite give higher tensile strength compared 
to the PP alone. It was also proposed that 
optimum set of mechanical properties using 
30% jute fibre reinforce PP composite, compare 
with other manufactured composite. So bonding 
between the jute fibre and PP matrix improve 
the mechanical properties at higher fibre 
content. The present pre and post-treatment of 
jute reinforced polypropylene composite are 
adequate at research level but not for 
commercial exploitation due to weight as 
mention by Rahman et al. (2008). 

Base on wear test mechanism of glass 
fiber reinforced polyester composite subjected 
to sliding wear for load ranging from 60-300N 
at a constant speed are studied by Quintelier et 
al. (2006) using Scanning Electron Microscope 
(SEM).  Under dry condition, the related 
conclusion made, that the friction force are 
dependable both on the production of the thin 



Regional Tribology Conference 
Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

232 
 

polymer film on the wear surface and 
orientation of the fibre, whereby parallel 
orientation give lower friction and transverse 
orientation give higher friction. The effect of 
fibre as reinforced on the wear leads to a fibre 
related wear track. Final curvature of the wear 
track was determined by the fibre. 

For research specifically for polymers 
in friction and wear test, the point that must be 
focused are coefficient of friction in the range 
0.13-0.63, while specific wear rates in the range 
5x10-16 – 2.1x10-14  mg/N for 22 commercially 
available polymer material. A decreasing of 
ambient temperature (until -35 °C) is reducing 
the coefficient of friction and wear rates for 
most of the materials. The polyester itself had 
low coefficient of friction but showed a 
considerable variation in wear rate as observed 
by Yoon (1997) earlier. 

A polyester composite based on 
betelnut fibre was fabricated and tested for 
tribological applications at different applied 
load and sliding distance at specific sliding 
velocity under wet and dry contact condition. 
The result show that wet condition give better 
wear and frictional performance of betelnut 
fibre reinforced polyester (BFRP) compare to 
dry condition. The tensile strength is reduced 
about 17% at wet condition but in the other 
hand has higher strain, about 26% compare to 
dry. Thus the wear and frictional performance 
of BFRP composite improve about 54% and 
94% respectively when water presence by 
Yousif which is very promising in order to 
reduce wear rate and frictional force for future 
work. 

Meanwhile, the use of pin-on-disk as 
studied by Nair et al. (2009) was pushed to new 
limits by developing unique applications to 
cover a variety of testing parameters. Harsha et 
al. (2003) presented three case studies; 
comparison of different ice melting compound, 
high temperature testing of TiN coats and 
electrical contact resistance of polypropylene 
coating. All cases are unique example to 
showed in order to obtain more accurate 
representation of friction and wear properties, 
user can simulate true in service condition on 
tribological test as supported by Guicciardi et al. 
(2002) study.  

 
 
2. EXPERIMENT 
2.1 Selected materials 
Gunny 
RIG was chosen because of gunny itself can be 
biodegradation and beneficial properties like 
light in weight, reduce wear in machine 
component, easy to found, renewable source 

and also cheap in price plus its high specific 
strength. These properties were suitable enough 
for today world that aware of green world 
concept in real life situation. The gunny used is 
as shown in Fig. 1. 

 
Figure 1 Gunny used 

Honeycomb 
RRHC was chosen base on polymer which have 
less friction force, light weight component, high 
strength, have the ability to overcome weight 
load and also self lubricating and healing. 
Honeycomb shape give beneficial properties 
like light, strong and quiet consistence 
hexagonal shaped. It’s light in weight due to 
hexagonal structure that needs minimum 
material to produce some other shape, a plate, 
compare to solid plate itself. It’s quiet because 
polypropylene honeycomb (PPHC) that acting 
as sound damping materials due to PP 
viscoelasticity and cell structure that can be 
vibration damped, sound absorption and also 
sound insulation. The honeycomb structure is 
shown in Fig.2. 
 

 

Figure 2 PPHC materials used 
 

Resin and Hardener 
Resin was used to impregnated gunny and to 
reinforced honeycomb. The resin that be used is 
polyester. Polyester has some advantages like 
easy to use and lowest cost of resin available. 
For hardener that be used is MEKP (methyl 
ethyl ketone peroxide), the hardener was used as 
catalyst to polyester to short the cure time. 
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2.2 Fabrication of specimen 
 
For RIG, hand lay-up technique was used; the 
gunny laid with resin and sandwiched with 
aluminium sheets. The specimen has a 
dimension of 210 (a) x 297(b) x 10mm(c) cut 
into specific sizes. Then, gunny pieces were 
layer up by resin one by one, until fourth pieces. 
The resin must be uniformly distributed on the 
gunny pieces. Combination of gunny and resin 
call Resin Impregnated Gunny (RIG).Then, 
another sheet of aluminum foil was used to 
cover the RIG, and compressed by some load 
from brick to make sure the RIG will cure 
uniformly. After several hour (6-7hours), the 

RIG ready to take out from the sheet of 
aluminum. 

For RRHC, there is much simpler way to make 
it. First, upper layer of PPHC need to be 
removed and replace with sheet of tissue. Then, 
the resin was distributed on top of the PPHC, 
uniformly. The combination of resin with PPHC 
became resin reinforced honeycomb (RRHC). 
After several hour, the RRHC ready to next 
stage, tested with mechanically and 
tribologically. 
 
Material dimensional specifications is shown in 
Table 1 for respective tests. 
 

Table 1: Material specifications 
Test Material Specification 

(length x width x depth) 
Mechanical Hardness (Rockwell) 20x40x6 mm 

Compression 20x23x6 mm 
Tribology POD 20x10x6 mm 
Optical SEM Base on above specimen 

 
 

2.3 Mechanical test 
There only 2 test under mechanical test; 
hardness and compression test. For hardness 
test, Rockwell machine was used for only on 
RIG material. It’s because RRHC and PPHC 
itself not suitable for this test due to plastic 
properties. Rockwell machine was set on /18 
mild steel ball, 60kgf in Scale F for specimen 
hardness. 

 For compression test, Instron Table 
Mounted Universal Testing Machine was used, 
set under certain specification. For this testing, 
it was set up on 10 mm/min velocity, 
rectangular material tested shape and 10 mm in 
displacement. 
 
2.4 Tribology test 
For tribology test, wear test, the machine that 
was used are Pin-on-disk (POD). The original 
concept is measure specimen weight, before and 
after wear. The ranges of normal load are 5N 
until 35 N or until severely wear, and sliding 
velocity ranges from 1.12 m/s up to– 22.56 m/s. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 3 Set up of POD Machine 

This test was doing investigation on wear and 
friction characteristic on RIG and RRHC under 
dry condition against polished stainless steel 
counter face. The set up was basically as shown 
as Figs. 3 and 4: 
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Figure 4 Schematic illustration showing the 

specimen of RIG 
2.5 Qualitative test 
 
After above test was done, the specimen was 
analyzed by using bio-rad Alicona SEM 
machine to see the changes of microstructure. 
  

3. RESULTS AND DISCUSSION 

3.1 Compression test 
For RIG, the specimen was cut into 20x23x10 
mm for compression test. 5 unit of RIG 
specimen was used and here the graph load 
versus displacement. Fig. 5 shows the specimen 
after compression test. From the five 
experiments carried, the average maximum 
value load for RIG compression test is 8.05 N at 
1.57 cm. For PPHC and RRHC compression 
test, the specimen became as shown in Figs. 6 
and 7.  

 

 
Figure 5 RIG specimen after compression test 

 

 
Figure 6 PPHC specimen after comp. test   
Figure 7 RRHC specimen after comp. test 

 
The compression results are shown in Figs. 8 
through 10 for RIG,PPHC and RRHC 
respectively. From both graph (Figs. 8 and 9), it 
shows some increasing after decreasing in load 
applied, which means, both PPHC and RRHC 
have some recovery after the specimens exceed 
maximum load the specimen can sustained, 
compare to RIG, the graph continue to decrease 
after maximum load was applied, which means 
RIG does not have recovery ability. 
From the 5 experiment carried out, the average 
maximum value load for PPHC compression 
test is 0.44 N at 0.87 cm displacement, and for 
RRHC compression test is 0.99 N at 1.79 cm 
displacement, base on Figs. 9 and 10 
respectively. 
 

 
Figure 8 Effect of load on displacement for RIG 
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Figure 9 Effect of load on. displacement for 

PPHC 
 

From Figs. 8 to 10 the data accumulated was 
extracted and simplified in Tables 2 and 3 for 
the all specimens. From both tables, RIG gave 
highest maximum loading compare to the others 
and RRHC gave highest maximum 
displacement. 

 

 
Figure 10 Effect of load on. displacement for 

RRHC 
 

Table 2: Average max load data for RIG, RRHC and HC 

Material Maximum load data (N) 
Average max 

load (N) 
RIG 7.486248 9.622024 7.342972 8.562843 7.255141 8.0538456 
RRHC 1.014006 1.208199 0.926933 0.955662 0.831223 0.9872046 
PPHC 0.506072 0.470081 0.341891 0.401715 0.486568 0.4412654 

 
Table 3: Average max displacement data for RIG, RRHC and HC 

Material Maximum displacement data (cm) 
Average max 

disp (cm) 
RIG 1.250035 1.583356 1.583303 1.66666 1.749963 1.5666634 
RRHC 2.166588 1.833321 1.666606 1.666606 1.666553 1.7999348 
PPHC 0.916553 0.666643 1.000017 0.833357 0.916553 0.8666246 

 
3.2 Hardness test 
This test only carried out by RIG specimen due 
to material suitability, which means elastic 
material like RRHC is not suitable as the 
reading for hardness fluctuated when both 
PPHC and RRHC due to self-healing property 
whereby HC tend to recover to its original 
shape. Therefore the average hardness value for 
RIG is 66HRF. 
 
3.3 Wear test 
Effect of wear on RIG 
For RIG, the specimen was cut into 20x10x6 
mm for wear tests. Ranges of velocity (1.12m/s 
– 22.56m/s) and ranges of loads (5N - 25N) 
were used:  
  

Figure 11 Effect of weight loss vs. load for RIG 
for different velocity 
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Figure 12 Extracted data for specific wear rate 

vs. velocity for RIG 
 

 
Figure 13 Effect of weight loss vs. velocity for 

RIG at different loads 
 
 

For wear test using RIG, the duration of 
tribology test is constant which is within 20 
minutes and was carried out under dry contact 
condition. The remaining debris after each test 
was removed before begins the new test using 
brush. The wear occur in this test is abrasion 
because RIG is smooth part, rubbing the hard 
part (stainless steel). 

 

 
Figure 14 Extracted data for specific wear rate 

vs. load for RIG 
 
 
 
 
 
 
 
Fig. 11 gave inconstant pattern, but if it’s 
looked in to detail, it showed for slow velocity 
(1.12 – 6.50 m/s), it result in  lower weight loss 
at low load (5-10 N), and for other patterns, at 
higher velocity (11.82 – 22.56 m/s), higher 
weight loss were observed at lighter load (5-10 
N).  
 
While Fig. 12 gave increasing pattern in specific 
wear rate with increasing of velocity (1.12 – 
22.56 m/s). 
  
Fig. 13 shows the increasing pattern. The weight 
loss increase at lower velocity (1.12 – 6.50 m/s) 
then decrease at middle velocity (11.82 m/s) 
then increase again at higher velocity (17.18 – 
22.56 m/s). Fig. 14 shows specific wear rate 
increase at load 5N -15N, slightly decrease at 
20N and increase again at 25N. 
 
Fluctuating value of weight loss suggest that 
adhesive bonding occur between RIG surfaces, 
the debris from the specimen wear will contact 
the RIG surfaces at certain points. 
 
Effect of wear on RRHC 
For RRHC, the specimen was also cut into 
20x10x6 mm for wear tests. Ranges of velocity 
(1.12m/s – 22.56m/s) were carried out: 
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Figure 15 Effect of weight loss vs. load for 

RRHC for different velocity 
 

 
Figure 16 Effect of specific wear rate vs. 

velocity for RRHC 
For wear test using RRHC, the duration of 
tribology test is constant which is within 11 
minutes and was carried out under dry contact 
condition. The remaining debris after each test 
also was removed before begins the new test 
using brush. Similarly, the wear occurred in this 
test was abrasion because same condition as 
stated before, RRHC is smooth part, rubbing the 
hard part (stainless steel). 
Figs. 15 and 16 show various patterns, at lowest 

velocity (1.12 m/s), the lowest weight loss at 
ranges of load (5-25N), but at higher velocity 
(6.50 – 22.56 m/s), the weight loss increasing 
with load applied increase. But at velocity of 

 
Figure 17 Effect of weight loss on velocity for 

RRHC at different load 
 

 
Figure 18 Effect of specific wear rate vs. load 

for RRHC 
 
22.56 m/s, the highest weight loss detected, its 
call catastrophic wear, it happen when RRHC 
material was go through abrasive wear until 
passing acceptable damage point. 
Fig. 16 shows increasing pattern in specific 
wear rate with increasing of velocity (1.12m/s – 
22.56m/s). In details, RRHC had lowest specific 
wear rate at lowest velocity (1.12m/s) then 
suddenly the specific wear rate increase at 
velocity of 6.50 m/s then increasing in uniform 
pattern for higher velocity ( 11.82m/s – 
22.56m/s). 
Figs.17 and 18 show at lower load (5N-10N), 
the weight loss increase at velocity of 1.12 m/s 
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until 11.82 m/s, slightly decrease at 17.18 m/s 
and then increase again at 22.56 m/s. For middle 
load (15N), the weight loss increase until 
velocity of 1.12 m/s, slightly decrease at 
velocity of 6.50 m/s until 22.56 m/s. For higher 
load (20N-25N), the weight loss increase at 
velocity 1.12 m/s up to 11.82 m/s, then for load 
of 20N, the weight loss just decrease with 
increasing velocity but for load of 25N, the 
weight loss just slightly decrease at velocity of 
17.18 m/s, then the weight loss suddenly 
increase again at velocity of 22.56 m/s. These 
data was further simplified by extracting the 
data and comparing for both RIG and RRHC as 
shown in Figs.19 and 20. 

 
Figure 19 Extracted data specific wear rate vs. 

velocity for RIG and RRHC 
 

 
Figure 20 Extracted data for specific wear rate 

vs. load for RIG and RRHC 

In comparison, for both specimens, RIG and 
RRHC, due to Fig. 19, specific wear rate versus 
velocity show almost same pattern, almost the 
same value of specific wear rate, as in Fig. 20, 
specific wear rate versus load show different 
pattern and value, highest specific wear rate for 
RIG material at load of 10N and highest specific 
wear rate for RRHC material at load of 20N. 
This result supported previous researcher (El-
Tayeb and Nasir) that stated the wear are 
strongly depend upon the applied load.  
From Fig. 20, RRHC had a worst wear 
resistance as compared to RIG because the 
graph of RRHC gave higher value of specific 
wear rate when increasing the applied load. 

 
Figure 21 Average friction for RIG 

 
Figure 22 Average friction for RRHC 

The average coefficient of friction (COF) was 
measured at different load and velocity. The 
COF was minimized until it reached the value at 
0.01 for both RIG and RRHC at 35N and high 
velocity as shown by linear flat line for all 
samples, but PPHC catastrophic failure. This is 
as shown in Figs. 21 and 22 at different loads 
and velocities. 
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4. CONCLUSION 
 
Compression result showed that the presence of 
gunny fibre as reinforcement resulting highest 
load i.e. more than 8N comparing to RRHC and 
PPHC which is less than 1N.  The average 
maximum displacement is highest for RRHC at 
1.8 cm while that for RIG and PPHC is at 1.6 
and 0.9 cm respectively.  RRHC does has some 
recovery ability after exceed maximum load 
applied to be sustained, but RIG does not has 
self-healing properties.  The specific wear rate 
for RIG is lower than RRHC and PPHC at 
increasing load for approximately 0.35 mg/N 
and comparable at increasing velocity 
approximately 0.16 mg/N.  The highest specific 
wear rate for RIG and RRHC is at 10N and 20N 
respectively indicating the wear endurance for 
load is better performed in RRHC compared to 
RIG and PPHC.  Friction was minimized to 0.01 
for both RIG and RRHC but PPHC catastrophic 
failure.  Finally the worn surface morphology of 
both materials were studied using scanning 
electron microscope (SEM) in relation to 
external deformation. For future work, abrasion 
in certain lubricants and different environments 
are recommended. 
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ABSTRACT 
 
Cutting fluid is considered as an essential component 
in the metal cutting operation.  The need for renewable 
and biodegradable cutting fluids is increasing due to 
stronger environmental concerns and growing 
regulations over contamination and pollution.  Over the 
years, many researches on vegetables oil have been 
conducted because vegetable oils are one of the 
promising sources with respect to their renewability 
and environmentally favorable oils. In this research, 
the turning tests were conducted at four different 
machining speeds (500,710, 1000 and 1400 rpm) while 
the depth of cut and feed were kept constant at 0.5 mm 
and 0.23 mm/rev, respectively utilizing Solkut 2140 
and CPO as the cutting fluids. The results indicated in 
general, CPO outperformed Solkut 2140 by improving 
the surface finish and reducing the tool wear. CPO has 
been used as a cutting fluid in this work because it 
provides the desirable quality for boundary lubrication, 
biodegradable, less toxic and easily obtained sources 
which comes in economical price. 
 
Keywords: CPO, surface roughness, tool wear, turning 

 
1. INTRODUCTION 
 
Stainless steels are known for their resistance to 
corrosion but their machinability is more difficult than 
the other alloy steels due to reasons such as having low 
heat conductivity, high built-up edge (BUE) tendency 
and high deformation hardening (Kopac and Sali, 
2001). The difficulty of machining austenitic stainless 
steels was also reported by Akasawa et al. (2003). 
Problems such as poor surface finish and high tool 
wear are common in machining of austenitic stainless 
steels (Kosa and Ney, 1989). Work hardening is 
recognized to be responsible for the poor machinability 
of austenitic stainless (Jiang et al., 1997). In addition, 
they bond very strongly to the cutting tool during 
cutting operation and when chip is broken away, it may 
bring with it a fragment of the tool, particularly when 
cutting with cemented carbide tools. Therefore, cutting 
fluids have been introduced to lessen some of these 
problems encountered during the machining operation.  
 
*Corresponding author 

 
 
1.1 Cutting Fluids 

 
Cutting fluids have been introduced into the cutting 
process with the purpose to improve the characteristics 
of the tribological processes which are always present 
on the contact surfaces between the tool and the 
workpiece. Oils, emulsions, semisynthetics and 
synthetics are four general types of cutting fluids that 
are commonly used in machining operations. The first 
study about cutting fluids had been determined by 
W.H. Northcott in 1868 with a book entitled “A 
Treaties on Lathes and Turning”. In the middle of 
1890’s, F.W. Taylor emphasized that using cutting 
fluids would allow to employ higher cutting speeds 
resulting in higher material removal rates and at the 
same time, prolong the tool life (Cakir et al., 2007). It 
had been concluded that the application of cutting 
fluids in machining processes would make shaping 
process easier (DeGarmo et al., 2003 ; Schey, 2000).  
 

Vast quantities of cutting fluids are used 
annually to accomplish a number of objectives for 
example to reduce friction and wear, to cool the cutting 
zone, to reduce power consumption, to aid in providing 
satisfactory chip formation, to flush away the chips 
from the cutting zone and to protect the machine 
surface from environmental corrosion. The good 
cutting fluids must possess good lubricating qualities, 
high thermal conductivity for cooling purpose, stable 
against oxidation, high flash point (should not entail 
fire hazard), has viscosity that will permit free flow 
from the workpiece and dripping from the chips and 
must not cause skin irritation or contamination 
(Kalpakjian and Schmid, 2006).  
 

The use of conventional petroleum-based 
cutting fluids is potentially dangerous. This is because, 
they can cause environmental pollution due to 
chemical dissociation of the cutting fluid at high 
cutting temperature, biological issues mainly the 
dermatological problems to the machine operators, 
water pollution and soil contamination during disposal 
(Soković  and Mijanović, 2001). Approximately, 40% 
of mineral oil-based lubricants are not properly 
disposed causing the environmental damage. Prolong 
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exposure to cutting fluids may cause skin irritation or 
skin cancer. The possibility also exists of a hazard to 
the lungs from the inhalation of mist at the working 
environment. These situations lead to the growing 
demand for biodegradable cutting fluids (Kipling, 
1977). 

 
The objective of this work is to study and to 

compare the performance of CPO to commercially 
available cutting fluid which is Solkut 2140 in terms of 
surface roughness produced and tool wear developed 
during turning operation by using coated carbide insert 
as cutting tool and AISI 304 austenitic stainless steel as 
workpiece material. 
 
1.2 Vegetable-based Cutting Fluids 

 
Over the years, vegetable oils and fats have been used 
and retained their importance as metalworking fluids. 
The use of vegetable oils in metalworking applications 
may lessen the biological problems faced by the 
machine operators. Vegetable oils have good 
lubricating ability and had been used for the 
formulation of metal cutting emulsions (Herdan, 1999). 
Fewer companies like Blazer (Swiss), Cargill Industrial 
Oils & Lubricants (USA) and Renewable Lubricants 
(USA) are working towards commercializing vegetable 
oil based cutting fluids. Yamanaka et al. (2000) 
conducted the research on vegetable-based metal 
working lubricant additives namely fatty acids on the 
grinding performance using various types of carboxylic 
acids. The fatty acids formulations have shown the best 
grinding performance for all oiliness agents, friction 
modifier and as extreme pressure agents. Chiffre and 
Belluco (2002) studied the performance of cutting 
fluids for turning, drilling, reaming and tapping 
operation for austenitic stainless steel and other four 
materials. Water-based and straight oils, including 
mineral, synthetic and vegetable-based formulations 
were tested. The results, on austenitic steel, revealed 
that the cutting forces developed under vegetable oils 
and esters modes were low compared to reference 
mineral oils. However, the tool life was escalated under 
vegetable oils/ester modes lubrication.  
 

Carcel et al. (2005) evaluated sunflower oil, 
corn oil, soyabean, olive oil from press extraction and 
solvent extract ion under the boundary lubrication 
condition for stamping operation. All the vegetable oils 
coated on three types of sheet exhibited low values of 
friction during stamping operation when compared to 
the reference mineral oil. They claimed that among all 
the oils, the best results were obtained with olive oil. 
Surface topography results indicated that, lubrication 
performance under vegetable oils for steel sheets is 
better than mineral oil. Raynor et al. (2005) formulated 
five metal working fluids (MWFs) emulsions from 
soyabean oil. The results were compared with those 
obtained under commercial MWFs emulsions 
formulated using vegetable oil and oil made from 
mineral oil. It was reported that, under impaction 
mechanism, both the experimental fluids and 

commercial fluids generated similar amount of mist. In 
addition, air-oxidised soyabean produced less mist 
under impaction and centrifugal mechanisms compared 
to petroleum-based fluid. They concluded that the air-
oxidised soyabean oil is the most promising candidate 
among the experimental fluids. Lovell et al. (2006) 
utilized a blend of canola oil and boric acid as forming 
lubricant for the deep drawing operation. It was 
reported that the boric acid and canola oil combination 
had a steady state friction value and it was 44% less 
than the commercial fluid case. Likewise, the new 
blended lubrications produced better surface finish 
compared to the commercial fluid. The findings 
concluded that the canola oil and boric acid 
combination increases the formability of steel sheets. 
 

The development and application of 
methodologies for the formulation of sustainable neat-
oil (immiscible with water) metal removal fluids were 
studied by Abdalla et al. (2007). Vegetable-based oils 
such as coconut, sunflower, rapeseed, palm olive and 
rapeseed (high erucic) were selected for the study. 
Tribological studies revealed that very low friction 
values were found under naturally derived cutting oil 
compared to commercial oil. From micro tap test, it 
was reported that the vegetable oil with naturally 
derived additives produced low cutting force and 
torque while machining on stainless steel metal. 
Finally, it was concluded that naturally derived oils 
were better for stainless steel machining. The influence 
of coconut oil as a cutting fluid on tool wear and 
surface roughness during turning of SS304 had been 
studied by Xavier and Adithan (2009). The 
performances of coconut oil were compared with 
another two cutting fluids namely an emulsion and a 
neat cutting oil. From the results, it was found out that 
for any combination of cutting parameters, coconut oil 
always outperformed the other two cutting fluids. 
 
1.3 Palm Oil 

Palm oil is edible plant oil derived from the fruit of the 
oil palm (Arecaceae Elaeis). Palm oil is an important 
component for making soap, washing powders, 
personal care products, for treating wounds and has 
controversially found a new use as a feedstock for 
biofuel (Choo and Lau, 2009). Palm oil has potential 
application as lubricant in rolling process mainly in 
steel industry (Shashidara and Jayaram, 2009).  

 Malaysia currently accounts for 39% of world 
palm oil production and 44% of world exports. This 
subsequently makes Malaysia accounts for 12% and 
27% of the world's total production and exports of oils 
and fats, respectively (Malaysian Palm Oil Industry, 
2011). Due to the abundant sources of palm oil, the 
research was conducted to explore the potentiality of 
CPO as a cutting fluid in the machining operation such 
as the turning process. The vast sources of palm oil in 
Malaysia make it easily available and economically 
attractive choice. The properties of CPO are shown in 
Table 1 (Nurul Qurratu’aini Nordin, 2009). 



Regional Tribology Conference 
Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

242 
 

Table 1 Properties of crude palm oil   
 

State Liquid 
Colour Reddish yellow 
Viscosity 64.69 cSt at 40oC 
Viscosity index 95 
pH 4.8 
Flash point 116oC 
Relative density 0.9 
Melting point 30oC 
Solubility Insoluble in water,  
  soluble in hydrocarbon 

Palm oil contains palmitic acid which is in 
saturated form. This saturated fatty acid forms 
triglycerides which provide desirable qualities for 
boundary lubrication due to their long and polar fatty 
acid chains. These chemical structures provide high 
strength lubricant films that interact strongly with 
metallic surface, subsequently reducing friction and 
wear (Siniawski et al., 2007). The polarity of fatty 
acids produces oriented molecular films which provide 
oiliness and impart antiwear properties. Fatty acids are 
thus believed to be key substances with regard to 
lubricity (Havet et al., 2001). Besides its lubricity and 
abundant sources, palm oil offers other significant 
benefit such as having less toxicity. It other words, it 
can be disposed without causing so much harm to the 
machine operators and/or the environment. 
 
2. METHODOLOGY 
 
The experiment was carried out by using conventional 
lathe machine. The machining tests were performed by 
single point continuous turning on Excel Machine Tool 
XL 510 heavy duty lathe. AISI 304 grade austenitic 
stainless steels with average hardness of 70 HRB in 
cylindrical form were used as workpiece material. 
Titanium Nitride (TiN) with Cobalt-Nickel inserts 
produced by Korloy Inc. with ISO code CNMG 
120408 were used as the cutting tool. The insert was 
clamped mechanically on a rigid tool holder WIDAX’s 
PCLNR 2525 M12. As far as possible, the tests were 
carried out in accordance with ISO 3685. The cutting 
fluids used were CPO (straight oil extracted from palm 
oil) and Solkut 2140.  Solkut 2140 was diluted in water 
to the ratio of 1:10 to form an emulsion. The portion of 
water used is 10 and the cutting fluid is 1.The tests 
were conducted at four different machining speeds. 
They were 500 rpm, 710 rpm, 1000 rpm and 1400 rpm. 
The experiments were repeated several times at each 
machining speed to obtain more data for accuracy and 
consintency. The depth of cut and feed were fixed, 0.5 
mm and 0.23 mm/rev, respectively. The machining 
speeds, depth of cut and feed were chosen by taking 
into consideration the cutting tool manufacturer’s 
recommendations and industrially used values for these 
materials. The workpiece was clamped rigidly between 
the chuck and tailstock to reduce vibration during 
turning operation. The cutting fluids were delivered 
externally with 450 ml/min to the cutting zone along an 

approximately overhead direction through a single 
nozzle. Figure 1 shows the experimental set up for 
turning operation. 
 

 
 
Figure 1 The experimental set up for turning operation. 
 

After the machining process, the insert was 
removed and the average surface roughness (Ra) of the 
workpiece was measured using MAHR’s Perthometer 
Concept PGK 120 measuring instrument and Mitutoyo 
SURRTEST SV-3000. Tool wear progression was 
observed and measured using Mitutoyo Quick Vision 
Pro 202 3D noncontact measuring equipment with 64x 
magnification. The tool wear progression was recorded 
at 10 minutes interval from 0 to 40 minutes. The 
average values of surface roughness and tool wear 
were used in the analysis. 
 
3. RESULTS AND DISCUSSIONS 
 
3.1 Surface Roughness 
 
Surface finish influences not only the dimensional 
accuracy of the machined parts but also their properties 
and their performance in service. The Ra obtained in the 
range of 0.24 µm to 1.74 µm. The average values of 
these measurements are plotted in Figure 2. Figure 2 
shows that, machining by utilizing CPO as the cutting 
fluid produced lower Ra compared to Solkut 2140.  
 

 
Figure 2 Variation of surface roughness with cutting 

fluid and machining speed. 
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The general trend in the curves in Figure 2 is 
that, when machining speed is increased, Ra decrease 
until a minimum value is reached. Beyond 1000 rpm, 
Ra increase. The highest Ra observed at the lowest 
machining speed (500 rpm) due to formation of BUE 
which is shown in Figure 3. The presence of BUE on 
the tool tip leads to poorer surface finish. BUE and 
chipping are closely associated with each other in the 
case of machining ductile materials which in this case, 
it is SS304. Both of them lead to the increase of Ra. At 
lower machining speed, BUE becomes stronger than 
that were formed at higher machining speed. Thus, 
affecting the surface finish of the turned parts. The 
decrease in Ra with increasing machining speed up to 
1000 rpm can be explained by decreasing BUE 
formation tendency. At higher machining speed (1000 
rpm), cutting zone temperature increases and this, in 
turn, softens and decreases the strength of BUE. 
Therefore, a lower adhesion force was observed 
between the BUE and cutting tool at higher machining 
speed. This induces less adhesive force on the cutting 
edge and thus less chipping of cutting tool was 
observed due to the detachment of BUE during cutting. 
However, further increase in machining speed caused 
an increase in Ra. This can be attributed to the 
increasing of cutting tool nose wear at 1400 rpm, 
which is the highest machining speed employed. At 
this machining speed also, the temperature of the 
cutting zone increases to a level at which cutting edge 
losses its strength which resulted in chipping 
occurrence (Ciftci, 2006). 

 

 
 

Figure 3 BUE formations at 500 rpm using Solkut 
2140 as cutting fluid. 

 
In this research, CPO produced better surface 

finish due to fatty acid content in it. It has been 
explained in earlier section that the fatty acid forms 
triglycerides which provide desirable qualities for 
boundary lubrication due to their long and polar fatty 
acid chains. Free fatty acids are suggested to act as 
boundary additives, by formation of protective 
complexes of the acid with the metal surfaces. Fatty 
acids react with the surface to form a protective layer. 
The strength of this protective film depends heavily on 
the strength of the interactions between the molecules 
making up the film. Slimmer molecules allow closer 
packing, increasing the intermolecular interactions and 
providing a stronger film (Fox et al., 2004). Thus, fatty 
acids are believed to be key substances with regard to 
lubricity. In Solkut 2140 case, this cutting fluid acted 
more towards cooling the cutting zone rather than 
lubricating the cutting area. This is due to the high 

portion of water used to dilute Solkut 2140 which is 10 
to 1 to form an emulsion. Therefore, it is hard to say 
that Solkut 2140 has good lubricating ability since the 
main purpose of this emulsion is to act as a coolant to 
reduce the temperature at the cutting zone during 
turning operation. 
 
3.2 Tool Wear 
 
According to standard ISO 3685, the time at which the 
tool ceases to produce a workpiece of desired size and 
surface quality usually determines the end of useful 
tool life. Tool wear generally classified as flank wear, 
crater wear, nose wear, notching, chipping and gross 
fracture. Flank wear occurs on the relief (flank) face of 
the tool. Generally, it is attributed to rubbing of the tool 
along the machined surface, causing adhesive/or 
abrasive wear and high temperatures, which adversely 
affect tool material properties. Figure 4 shows flank 
wear produced after 40 minutes of machining for both 
Solkut 2140 and CPO at 710 rpm. 
 

 
 

Figure 4 Flank wear formation at 710 rpm after 40 
minutes of machining. 

 
Figure 5 shows the plotted average values of 

flank wear (Vb) produced by utilizing Solkut 2140 and 
CPO after 40 minutes at different machining speed. 
CPO produced smaller flank wear compared to when 
turning utilizing Solkut 2140 as the cutting fluid. It is 
also seen from Figure 5 that the machining speed has 
significant influence on the tool wear developed. From 
Figure 5, at the lowest machining speed, it produced 
the highest Vb. By further increasing the machining 
speed to 1000 rpm, Vb decreased and beyond that, Vb 
increased. Poor performance of the tool at lower 
machining speed can be explained by the influence of 
the heat on the cutting tool. This is because in metal 
cutting, it involves large amount of heat generation and 
in case of SS304 machining, the heat does not dissipate 
rapidly due to low thermal conductivity of this 
material. At the lowest machining speed, the 
temperature of steel chips that formed at this 
machining speed was affected most from the heat. 
Therefore, the chips that were produced at this 
machining speed have the highest temperature 
compared to those chips that were produced at higher 
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machining speeds. Lower machining speed also leads 
to increasing of contact time on the rake face as the 
chips moved slowly when compared to higher 
machining speeds that were employed. In view of these 
findings, the high chip temperature and the long 
contact time on the rake face gave rise to thermal 
softening of the tool by conduction of the heat from the 
chips to the tool. This, in turn, reduces wear resistance 
of the tool (Korkut et al., 2004). 
 

 
Figure 5 Flank wear at different machining speeds after 

40 minutes of turning operation. 
 
Besides flank wear, crater wear was also 

observed on the cutting tool after the turning operation. 
When chip flows across the rake face, severe friction 
between the chip and rake face developed. This leaves 
a scar on the rake face which usually parallels to the 
major cutting edge which is known as crater wear and 
the examples are shown in Figure 6. From Figure 6, the 
crater wear produced by utilizing CPO as cutting fluid 
is smaller compared to Solkut 2140. The presence of 
this wear changes the tool-chip interface contact 
geometry. CPO produced slightly better result again 
due to the desirable quality that CPO possesses which 
is providing the boundary lubrication during turning 
operation. 

 

 
 

Figure 6 Crater wear formation at 500 rpm after 40 
minutes of machining. 

 
Figure 7 shows the pattern of crater wear 

produced by utilizing Solkut 2140 and CPO after 40 
minutes at different machining speed. The trend is 
quite similar to flank wear’s trend since the factors 
influencing flank wear also influence crater wear. The 
most significant factors influencing crater wear are 

temperature at the tool-chip interface and the chemical 
affinity between the tool and the workpiece materials. 
Their values are almost twice of the flank wear 
developed. At the lowest machining speed, high 
temperature and long contact time gave rise to thermal 
softening of the tool by conduction of the heat from the 
chips to the tool. Thus, resulting in lower wear 
resistance of the tool during turning operation which in 
turn, increased the wear rate of the cutting tool. 
Generally, crater wear is attributed to diffusion 
mechanism which is the movement of atoms across the 
tool-chip interface. Since the diffusion rate increases 
with increasing temperature, craters wear increases as 
the temperature at the cutting zone increase. This 
applies to the lowest machining employed by having 
long contact time leading to temperature rise on the 
cutting zone.  
 

 
Figure 7 Crater wear at different machining speeds 

after 40 minutes of turning operation. 
 
4. CONCLUSIONS 
 
Experiments involving coated carbide tool inserts and 
SS304 as work material under varying machining 
speeds utilizing Solkut 2140 and CPO as cutting fluids 
were performed. The cutting fluids’ effectiveness in 
improving the surface finish and reducing the tool wear 
was found by comparing their relative performance. 
Machining speed was found to have a significant effect 
on the surface finish of the turned parts and tool wear 
developed. With increasing machining speed until 
1000 rpm, Ra decreased and beyond that, Ra increased. 
Higher Ra at lower machining speeds are attributed to 
high BUE formation tendency. The trends were quite 
similar for tool wear developed. Flank wear and crater 
wear are dominant wear that were observed on the 
cutting tool. The poor performance of the cutting tool 
at lower machining speeds could well be explained by 
the thermal softening of the tool due to the higher 
influence of the heat on the cutting tool and less 
efficiency of heat dissipation. From the test results, 
CPO was found as good as commercially available 
cutting fluid which is Solkut 2140. CPO was found to 
be promising alternative for mineral based oils due to 
its good quality for boundary lubrication, abundance 
sources and biodegradability. 
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ABSTRACT 
 
Semi-metallic friction materials were produced 
by powder metallurgy method. This study 
investigated the optimization of manufacturing 
parameters (molding pressure, molding 
temperature and molding time) for friction 
materials using Taguchi Method. Physical 
properties (hardness and specific gravity) and 
tribological properties (wear and fade) were 
selected as the quality target. It was determined 
that molding pressure has the strongest effect on 
physical and tribological properties. It was 
observed that friction materials with optimal 
level of parameters proved to be the best 
performance in tribological behavior. Physical 
properties however, did not show any 
correlation with tribological properties. 
 
Keywords: Taguchi method, Tribological 
behavior, Friction material  

 
 
 
 
1. INTRODUCTION 
 
Brake friction material is a heterogeneous 
material that diverse in physical, mechanical 
and chemical properties of the developed 
formulation.  They are classified as binders, 
reinforcements, fillers, friction modifiers. 
Friction and wear characteristics of the 
developed formulation cannot be predicted 
based on physical and mechanical properties. 
Selection of ingredient materials is the difficult 
task as it requires a great number of experiments 
to obtain reliable brake performance.  A variety 
of techniques have been employed to investigate 
the development of ingredients for friction 
materials in order to provide stable friction, 

durability, adequate wear resistance, thermal 
conductivity and vibration for all braking, and 
acceptable environmental conditions (Cho et al., 
2005; Jang et al., 2001; Tang and Lu, 2003).  

Limited reports are available in the 
literature on the investigation on the 
manufacturing processes of brake friction 
materials even though they are critical for the 
tribological as well as physical properties of the 
brake friction materials. (Ibhadode and Dagwa, 
2008) in their study have demonstrated the 
relationship between the manufacturing 
parameters and tribological properties. In the 
automotive brake friction industry, friction 
material is manufactured using powder 
metallurgy according to two critical methods; 
first, hot molding of a mixture under high 
pressure and second, subsequent heat treatment 
(post-curing). The molding processes involves 
rearrangement of powder particles, the elastic 
deformation of the particles and finally, plastic 
deformation accompanied by reduction in 
porosity (Al-Qureshi et al., 2008). Heat 
treatment is performed to enhance curing 
uniformity and to relieve the residual stresses in 
the brake friction materials. Phenolic resin used 
as a binder in brake friction materials plays a 
crucial role in determining the tribological 
properties since the manufacturing conditions 
are affected by thermal properties of the binder 
(Bijwe et al., 2005; Kim et al., 2008). Hence in 
this work, the economical and viable 
experimental strategy based on Taguchi’s 
parameter design has been used to analyze the 
effect of various manufacturing parameters of 
friction materials for molding in order to 
improve tribological properties.  
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Table 1: Ingredient of friction materials 

 
 
2. METHODOLOGY 
 
2.1 Sample Preparation 
 

Friction material used in this work 
containing 12 ingredients is listed in Table 1. 
The friction material was prepared by mixing, 
pre-forming hot molding and post curing. 
Mixing was carried out in a turbula mixer for 30 
min. The mixer could move in three dimensions 
during mixing process. The mixture was pre-
formed under 20 tonnes of pressure for 3 min at 
room temperature. The mixture was molded by 
a hot press according to 8 different 
combinations of manufacturing parameters to 
form L8 (23) orthogonal array (OA) of the 
Taguchi. Post curing was then carried out in an 
oven at 120oC for 60 min, 150oC for 60 min and 
180oC for 120 min to relieve the residual stress 
in the friction material specimens. The surfaces 
of the friction material specimens were then 
grinded to attain the desired thickness and 
smooth surface. 

Thermogravimeric analysis was carried 
out to obtain the transition temperature of 
phenolic resin. Figure 1 shows the DTG curve 
of phenolic resin indicating an exothermic 
reaction in temperature range between 140oC to 
170oC.  

 
Table 2: The experimental layout of Taguchi L8 

orthogonal array 

Temperature (oC)
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Figure 1 DTG analysis of phenolic resin as a 
function of temperature 

 
A total of 8 experiments were designed 

according to standard Taguchi’s L8 OA, which 
has 8 rows corresponding to the number of tests 
with three factors at two levels, as shown in 
Table 2. Molding pressure, molding temperature 
and molding time were selected as the 
manufacturing parameters to analyze their effect 
on the physical and tribological properties of the 
friction materials. The first column in Table 2 
was assigned to molding pressure (A), the 
second to molding temperature (B) and the third 
to molding time (C). The settings of molding 
pressure (A) include 50 tonnes (level 1) and 60 
tonnes (level 2); molding temperature (B) 
include 150oC (level 2) and 170oC (level 2); 
molding time (C) is set at 300 second (level 1) 
and 600 seconds level 3).  

Four quality objectives of friction 
materials specimens are chosen, including 
hardness, specific gravity, wear and fade. 
Typically, large value of physical properties 
(hardness, h and specific gravity, sg) and small 
values of tribological properties (wear, W and 
fade, f) are desirable for the manufacturing 
operation. The experimental results are then 
transformed into a signal to noise (S/N) ratio. 
Taguchi proposes the use of the S/N ratio to 
measure quality characteristics deviating from 
the desired values. There are three categories of 
quality characteristic (output performance) in 
the analysis of the S/N ratio, i.e. larger-the 
better, nominal-the-best and smaller-the-better. 
The S/N ration for each level of process 
parameters is computed based on the S/N 
analysis. In spite of the category of the quality 
characteristic, process parameter setting with 
the highest S/N ratio corresponds to better 
quality characteristics. Therefore, the optimum 
level of the process parameters is the level with 
the highest S/N ratio with minimum variance. 
Statistical analysis of variance (ANOVA) is 
performed to observe the most significant 

Ingredients wt.% Ingredients wt.% 
Steel fiber 20 Iron oxide  8 
Ceramic 
Fiber 10 Magnesium 

oxide  3 

Friction dust  8 Copper chip 10 

Iron powder  5 Barium 
sulphate   5 

Phenolic 
resin 12 Calcium 

carbonate   4 

Rubber   3 Graphite  12 

Set A B C 
1 1 1 1 
2 1 1 2 
3 1 2 1 
4 1 2 2 
5 2 1 1 
6 2 1 2 
7 2 2 1 
8 2 2 2 
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controlled factor for the manufacturing 
operations. Based on the S/N ratio and ANOVA 
analyses, the optimum combination of process 
parameters can be predicted. A confirmation run 
is conducted to verify the optimal process 
parameters obtained from the design parameter. 

 
2.2 Measurement of Physical Properties 
 
Surface hardness of the friction material 
specimen was measured using a Rockwell 
hardness tester (Mitaka TH300) in S scale. 
Specific gravity or density was measured using 
specific gravity meter (Shimadzu). The hardness 
and specific gravity test followed the standard 
test procedures MS 474: PART 2:2003 and MS 
474: PART 1: 2003 respectively, develop by 
International Standard Organization, Malaysia 
Standard Department. 
 
2.3 Measurement of Friction Performance 
 
The friction and wear tests were performed 
using Chase dynamometer in accordance with 
SAE-J661. The specimens were cut to a 
dimension of 25 x 25 x 7 mm and then attached 
to the brake mechanism on brake drum. In this 
test, each specimen was pressed against a 
rotating brake drum with a constant speed of 
417 rpm under the load of 647 N and subjected 
to test sequence in Table 3.  
 

Table 3: Friction and wear test program 

The wear was expressed as in term of 
thickness loss, W = (to – t1)/to x 100%, where to 
and t1 are the average thickness loss of the 
specimen before and after chase, respectively. 
Brake fade, f was obtained by calculating the 
decrement of the friction coefficient after the 
highest friction coefficient during friction test. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1 Physical Properties 
 
The results of the physical properties (surface 
hardness and specific gravity) measurements of 
the friction materials are shown in Table 4. The 
average hardness of the friction material was 
76.63 + 2.63 in Rockwell hardness S scale and 
the average specific gravity was 2.25 + 0.14 
g/cm3.  

In this study optimization is achieved by 
using S/N ratio larger-the better quality 
characteristics. The largest hardness and 
specific gravity would indicate the ideal 
situation.  Friction materials with high surface 
hardness may reduce wear rate which indicates 
poor life. At high molding pressure, the 
densities increases and the pores between brake 
friction materials were reduced. High specific 
gravity reduces the wear and improves the 
thermal conductivity of material (Esswein 
Junior et al., 2008; Kurt and Boz, 2005). For the 
larger-the-better characteristics, the S/N ratio 
calculated as follows: 

 

)1(1log10/
1 2¦ 

� 
n

i
iyn

NS  (1) 

 
where n is number of observations in the L8 
orthogonal array and yi is the average of 
observed data. 
 
 
Table 4: Experimental results and S/N ratio for 

physical properties results 

h: hardness; sg: specific gravity 

Block Temperature 
(oC) 

Remarks 

Burnish 82 - 93 
Continuous 
braking 20 
minutes 

Baseline I 93 

Intermittent 
braking 10 s 
ON, 20 s OFF, 
20 applications 

Fade I 93 – 288 Continuous and 
heater ON 

Recovery I 260 – 93 Continuous and 
cooling ON 

Wear 193 -204 

Intermittent 
braking 20 s 
ON, 10 s OFF, 
100 applications 

Fade II 93 – 343 Continuous and 
heater ON 

Recovery 
II 316 – 93 Continuous and 

cooling ON 

Baseline II 93 

Intermittent 
braking 10 s 
ON, 20 s OFF, 
20 applications 

Set h 
(HRS) 

S/N 
ratio 
(dB) 

sg 
(g/cm3) 

S/N 
ratio 
(dB) 

1 72 37.147 2.25 7.044 
2 73 37.266 2.25 7.044 
3 71 37.025 2.20 6.848 
4 80 38.062 2.18 6.769 
5 86 38.690 2.27 7.121 
6 80 38.062 2.32 7.310 
7 76 37.616 2.21 6.888 
8 75 37.501 2.34 7.384 



Regional Tribology Conference 
Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

249 
 

 
Table 5: ANOVA table for surface hardness 

 
Table 6: ANOVA table for specific gravity 

 
ANOVA is used to identify the relative 

importance of the manufacturing parameters 
affecting the quality characteristics. The 
ANOVA analysis for surface hardness and 
specific gravity are shown in Table 5 and Table 
6, respectively. This analysis was carried out for 
significant level of α = 0.05, for confidence 
level of 95%. The order of the percentage 
contribution reflects the relative importance in 
each factor. The tables suggested that the factor 
A, molding pressure has the strongest effect on 
the surface hardness (Kim et al., 2003) and 
specific gravity, followed by molding 
temperature and finally molding time. However, 
all the factors have insignificant effect to 
surface hardness and specific gravity because 
their p-values are more than 0.05. Hardness and 
specific gravity test is used as quality control 
during production of friction materials. 

 
3.2 Tribological Behavior  
 
The eight friction materials developed by L8 
OA exhibited the coefficient of friction in the 
range of 0.321-0.366, that correspond to the 
Class E (µ:0.25 to 0.35) and Class F (µ: 0.35 to 
0.45). Friction materials have to be designed so 
that the coefficient of friction is maintained over 
a wide range of stressing condition. 
 
Table 7: Experimental results and S/N ratio for 

wear and brake fade amount 

W: Wear;  f: Fade 

Figure 2 Main effect plots for S/N ratio for wear 
(W) and brake fade amount (f) 

 
Table 7 shows experimental results of 

wear, fade amount and corresponding S/N ratio. 
In this experiment, smaller value of wear and 
brake fade amount are desirable. The smaller-
the-better characteristics should be taken for 
obtaining optimal tribological behavior. Wear of 
friction materials should be minimized as much 
as possible. Higher wear rate means shorter 
friction material life and thus, incurred more 
material and maintenance cost.  Lower wear rate 
would increase the life of the brake pad and 
higher friction coefficient would offer a better 
performance. Brake fade was related to thermal 
stability and thermal diffusivity of ingredients. 
Large amount of brake fade that organic 
ingredients decomposed at elevated temperature 
above 340oC.  

The category the-lower-the-better was 
used to calculate the S/N ratio for both quality 
characteristics wear (W) and fade performance 
(f), according to the equation: 

 

)(1log10/
1
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Based on the results in Table 7, analysis of the 
results leads to the graph in Figure 2 used to 
determine the optimal set of parameters from 
this experimental design. The control factor of 
molding pressure (A) at level 1 (50 tonnes) 
provided the best result. Molding pressure of 50 
tonnes provide adequate bonding forces as an 
increase in pressure will cause an increase in 
energy waste. Similarly, the control factor of 
molding temperature (B) at level 1 (150oC) 
provided the best result. This suggest that the 
wear and fade of friction material increases at 
high molding temperature was caused by resin 
decomposition (Lin and Ma, 2000). However, 
(Kim et al., 2003) reported higher molding 
temperature in their study. Molding time (C) at 
level 2 (600 second) provided higher S/N ratio 
than at level 1 (300 second). Molding time of 

Factor Sum of 
squares 

Contribu-
tion (%) 

p- value 

A 0.7016 31.45 0.148 
B 0.1153  5.17 0.588 
C 0.0213 0.96 0.818 

Factor Sum of 
squares 

Contribu-
tion (%) 

p- value 

A 0.1244 37.68 0.105 
B 0.0.493  14.93 0.344 
C 0.0460 13.92 0.363 

Set W 
(%) 

S/N ratio 
(dB) 

f S/N ratio 
(dB) 

1 2.36 -7.458 0.038 28.404 
2 1.54 -3.750 0.050 26.021 
3 2.50 -7.959 0.070 23.098 
4 1.92 -5.666 0.075 22.499 
5 3.05 -9.686 0.040 27.959 
6 2.58 -8.232 0.075 22.499 
7 2.69 -8.595 0.044 27.131 
8 2.41 -7.640 0.051 25.849 
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300 second (C1) explained the insufficient time 
for the binding process and the weak binding of 
the phenolic resin between powders even 
though (Ertan and Yavuz, 2010) claimed lower 
molding time. Figure 2 also shows that the 
molding pressure (A) has a greatest impact on 
tribological behavior followed by molding time 
(C) and finally, molding temperature (B).  

Table 8 shows the results of ANOVA for 
wear, W and brake fade amount, f. It can be 
found that molding pressure (A) and molding 
time (C) are the significant manufacturing 
parameters for affecting wear and brake fade 
amount. Molding temperature (C) has an 
insignificant effect (p = 0.814). Therefore, the 
optimized combination of levels for the three 
control factors from the analysis was A1 (50 
tonnes), B1 (150oC) and C2 (600 second). 

After identifying the optimal levels of all 
the control factors, the final stage is to verity the 
tribological properties by conducting the 
confirmation experiments. The condition 
A1B1C2 of the optimal parameters combination 
of the molding process was treated as 
confirmation run. Three specimens of friction 
materials were prepared under the optimal 
parameter set up in the study for the purpose of 
confirmation run. Table 9 indicates the results 
of the confirmation run. The mean wear of the 
confirmation specimens was 1.52% compared 
with the lowest measurements value in Table 7 
was 1.54%. This result indicates that the 
selected control factor level produced the best 
wear characteristics.   

Figure 3 exhibits the correlation among 
surface hardness, specific gravity and wear of 
the friction materials studied in this work. The 
figure clearly indicates that no apparent 
relationship between hardness and specific 
gravity or wear. This result point out that 
friction performance cannot be fully determined 
by only comparing the physical properties of 
friction materials. Tribological characteristics 
are the major determinant to best formulation 
that could be used as prototype while physical 
properties act as quality control for consistent 
composition in actual production process. 

 
Table 8: Results of the ANOVA for wear (W) 

and brake fade amount (f) 

 
 
 
 

Table 9: Results of the confirmation run 

 
 

Hardness, HRS

70 72 74 76 78 80 82 84 86 88

S
pe

ci
fic

 g
ra

vi
ty

, g
cm

-3

2.16

2.18

2.20

2.22

2.24

2.26

2.28

2.30

2.32

2.34

2.36

(a)

Hardness, HRS

70 72 74 76 78 80 82 84 86 88

W
ea

r, 
%

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

 
(b) 

Figure 3 The relationship between physical 
properties: (a) hardness and specific gravity and 

(b) hardness and wear 
 

 
4. CONCLUSION 

 
This study presented an efficient method to 
determining the optimal manufacturing 
parameters for improved tribological behavior 
of friction materials through the use of Taguchi 
parameter design process. The analytical results 
are summarized as follows: 
1. The molding pressure had the strongest 

influence on tribological characteristics. 
From the results evaluated, it was 
determined that the molding pressure 
should be held within the optimal limits.  

Factor Sum of 
squares 

F-value p-value 

A 10.8394 10.13 0.033 
B   0.0677   0.06 0.814 
C   8.8169   8.24 0.045 

Specimen W (%) 
1 1.30 
2 1.62 
3 1.64 
  

Mean 1.52 
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2. The results summarised above suggest 
optimum manufacturing parameters for 
which the friction materials composition 
used in our experiments exhibited the best 
tribological properties with minimum 
energy waste. These optimal parameters are 
50 tonnes molding pressure (A), 150oC 
molding temperature (B), and 600 seconds 
molding time (C).  

3. Tribological characteristics are the major 
determinant to best formulation that could 
be used as prototype while physical 
properties act as quality control for 
consistent composition in actual production 
process. 
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ABSTRACT 
 
Qualitative analysis of sliding wear behaviour of 
aluminium reinforced with 5wt% to 20wt% 
palm shell activated carbon (PSAC) was 
investigated using pin-on-disc wear testing 
machine. The composite specimens were 
fabricated by powder metallurgy technique. 
Wear testing was conducted at a load of 11N 
and a fixed sliding velocity of 150RPM. The 
characterization of the worn surface was 
conducted using OM, SEM with facility for 
EDX analysis. The wear rate was optimized at 
less than 5E10-5gmm-1 in the aluminu 
composite reinforced with 10wt% PSAC. The 
analysis of the surfaces indicate that the PSAC 
particles deformed, by sliding acting of the 
mating surfaces, as rigid asperity and squeezed 
out towards the surface film forming a soft 
interfacial film. The presence of this film was 
believed to be responsible for the low wear rate 
obtained at 10wt% PSAC reinforcement. Platic 
deformation of the matrix induces delamination 
in both the surface and sub-surface cracks 
resulting in large flaky debris. 
 
Keywords: Sliding Wear, Al-PSAC P/M 
composite, reinforcement weight percent, Pin-
on-Disc, debris 
 
1. INTRODUCTION 
 
Metal matrix composites (MMCs) are currently 
being developed as possible structural materials, 
offering improved elastic modulus, strength, 
elevated temperature properties and control over 
the coefficient of thermal expansion (Ref?). 
MMCs are fabricated by powder metallurgy, 
liquid metal and spray deposition techniques. 
Each fabrication technique has its own 
limitations in the size and shape of MMCs  

 
 
which may be produced and also the 
reinforcement chosen. Fabrication of MMCs is 
more difficult than the fabrication of the matrix 
alloy because during the fabrication process 
(e.g. the liquid metal technique) an interface 
reaction takes place between matrix and 
reinforcement to form intermetallics. Each 
processing routes taken to overcome the 
problems have resulted in high material costs, 
leading to extremely limited use (Yeh et al., 
1997). Several fabrication routes such as e 
vortex route under vacuum (Skibo and Schuster, 
1988), compocasting (Balasubramaniam et al., 
1990), infiltration process (Cappleman and 
Hubbert, 1985), spray process (Gupta et al., 
1991), powder metallurgy (Brindley, 1987),  
Lanxide’s  process  (Xiao  and  Perby,  1991)  and  
XDTM process (Chirstodoulou et al., 1986) have 
been developed. These routes have their own 
advantages and limitations, and can be adopted 
for different product characteristics. Powder 
metallurgy has many merits such as: being a 
simple process, consumes low energy, , quite 
good for particulate reinforcements; but sintered 
part have high porosity resulting in the dynamic 
mechanical properties being affected 
(Chengchang et al., 2006). In aluminium matrix 
composites, the main particulate reinforcements 
used are boron, graphite, silicon carbide, 
alumina and fly ash. These reinforcements are 
expected to improve wear resistance in different 
mechanisms. Several researchers have focused 
on the wear behaviour of aluminum composites 
reinforced with particulates such as such as 
silicon carbide (Pramila-bai et al., 1992; Alpas 
and Zhang, 1992; Venkatamaran and 
Sundarajan, 1996a-b; Chen et al., 1997)., 
alumina (Hosking et al., 1982, Surrapa et al., 
1982, Wang and Hutching 1989, Prasad et al. 
1994, How and Baker 1997)., graphite, carbon 
char (Muralli et al., 1982) and Ejiofor and 
Reddy, 1997), fly ash (Ramachandran and 
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Radhakrishna, 2005), hematite and bauxite  
particles. Singh et al. (2007) investigated wear 
behaviour of spinel reinforced aluminum 
composites. They observed that wear resistance 
was improved by the addition of the 
reinforcement. 
 
Based on previous works, many other possible 
reinforcements are readily available or naturally 
renewable at affordable cost such as coconut 
shell char, mica, palm-kernel shell char and 
zircon (Ejifor and Reddy, 1997). Palm shell 
activated carbon (PSAC) and Slag have 
potential to be used as reinforcement in 
aluminium matrix composite. PSAC and Slag 
are biomass by-products from palm oil factory 
and can be obtained locally. So, this idea shall 
reduce cost of starting material in fabrication of 
novel aluminium composite reinforced with 
local waste materials. Malaysia is currently 
moving towards a bio-technology industry as 
indicated in Ninth Malaysian Plan (RMK9).  
Under this plan, one of the government’s agenda 
is focusing on the generation of huge amounts 
of agriculture product. One the main commodity 
industries being targeted is the palm oil 
industry. It is expected that the growth of palm 
oil productions will increase tremendously. 
 
Unfortunately, there is still a lack of systematic 
research on utilisation of the biomass by-
products into composite materials especially 
metal composite. Information obtained from the 
previous studies provide a baseline 
understanding on the fabrication of aluminium 
matrix composite reinforced with biomass by-
product such as PSAC and waste material from 
palm oil factory such as Slag. So, studies on 
utilization of palm oil-biomass by-product as 
reinforcement in fabrication of new aluminium 
matrix composite should be carried out. In 
addition, the literatures show that the aluminium 
matrix composite provides enhance wear 
resistance and presently used in tribological 
application (Chawla and Chawla, 2006). So, it is 
believed that this new aluminium composite 
reinforced with biomass by-products also have a 
potential to be used in tribological application. 
In order to make aluminium matrix composite 
based component become a useful component 
for industrial applications especially tribological 
applications, so, tribology supposed to be done 
for reliable prediction of wear behaviour and 
wear mechanism of this new aluminium 
composite. 
 
This study focuses on palm shell activated 
carbon (PSAC) as reinforcement in aluminium 
(Al) matrix composite fabricated by powder 
metallurgy technique. The objective of the 
present study was to evaluate the dry sliding 
wear of PM Al/PSAC composites and to analyse 
the worn surfaces and sub surfaces by using 

qualitative approach in order to understand the 
wear behaviour. 
 
2. METHODOLOGY 
 
2.1 Starting Materials 
 
The materials used were pure Al and pure Al 
reinforced with 5-20 wt. % PSAC particles of 
125 µm size. Depending on the reinforcement 
content, four different weight percents were 
prepared. Specimen of pure Al was used as 
reference. Composite specimens were 
reinforced with 5wt. %, 10 wt. % 15wt% and 
20wt.%, respectively. For the fabrication of 
composite specimens, particles of PSAC in a 
form of irregular shape were used as 
reinforcement (Figure 1a) and mixed with Al 
particles in the form of flaky shape (Figure 1b). 
 
 
 

a 
 

Irregular shape 
 
 
 
 
 
 
 

b 
Flaky shape 

 
 

Figure 1 SEM micrograph of: (a) PSAC 
particles; (b) Aluminium particles 

 
 
2.2 Powder Metallurgy Route 
 
The specimens were cold pressed in a steel die 
at a pressure of 200 MPa, then sintered for 4 
hours at 600 0C in a carbolite furnace. The pure 
Al and composites were pressed into a pin of 15 
mm length with a flat surface of 10 mm in 
diameter at the both ends.  
2.3 Pin-on-Disc Wear Tester 
 
The pin-on-disc configuration was used for the 
dry sliding wear testing at room temperature in 
air under dry conditions. The pin was mounted 
vertically on the tester arm at one end and the 
other pin surface held against the rotating mill 
steel disc. The pure Al and composites were 
used as the pin, and the mild steel disc was used 
as the mating surface. Tested specimens were 
coded as given in Table 1. All tests were 
performed under a constant sliding speed at 
load of 11 N. The Al and composites were 
tested at sliding speed of 150rpm RPM. Prior to 
the test, the flat surface of the pin was polished 
by
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sliding against 600grit SiC paper. The mild steel 
disc specimens were ground to a constant 
roughness of about 0.40 micron Ra (arithmetic 
roughness), and measured using a roughness 
tester. The wear of the pins was recorded by 
measuring the mass loss of the pins using a 
micro balance of accuracy 10-5g. Each 
measurement was made by interrupting the test 
every 100 m of sliding distance. The wear rate 
was calculated by dividing the mass loss by the 
sliding distance according to ASTM G99-95a 
(2000). All specimens followed a single track of 
50 mm in diameter and mild steel disc was 
changed for each surface of the pin tested. 
 
Table 1: Details of the specimens used in the 
present study 
 
Specimen Weight Applied Sliding Sliding
Code  Percent load velocity Distance(m)

  (%) (N) (RPM)  
      

Al  0 11 150 Up to 500
Al/5 wt. 5 11 150 Up to 500
% PSAC     
Al/10 wt. 10 11 150 Up to 500
% PSAC     
Al/15 wt. 15 11 150 Up to 500
% PSAC     
Al/20 wt. 20 11 150 Up to 500
% PSAC     

      

 
 
2.4 Microscopic Examination 
2(b) shows SEM micrograph of Al/10 wt. % 
PSAC and its EDX indicated worn surface 
consists of grooves as well as the presence of 

carbon film on the worn surface. The wear 
mechanism is a mixed mode of abrasive-
adhesive wear. The black carbon film comes 
from smearing of PSAC particles on the 
composite worn surface during sliding (Ref). 
Combining this observation with the result 
given in Figure 3 clearly demonstrate that the 
reduction in cumulative wear rate of Al/10 wt. 
% PSAC tested at 11 N is directly linked to the 
formation of smeared PSAC (a lubricating 
film). The present study tried to describe the 
smearing process of the embedded PSAC 
particles during sliding in detail. The decreasing 
in cumulative wear rate when increasing content 
of PSAC up to Al/10 wt. % PSAC as shown in 
Figure 3 is directly linked to the formation of 
smeared PSAC (a lubricating film). On the 
other hand, the increasing of cumulative wear 
rate when content of PSAC more than 10 wt. % 
is directly linked to the poor bonding between 
matrix and PSAC particle. 
 
Base on this observation, it was found that the 
weight percent of PSAC influences the wear 
behaviour of Al/PSAC composite. The presence 
of black film smeared on the worn surface of 
composite containing 10 wt. % PSAC can 
reduce wear rate. According to Chawla and 
Chawla (2006), the addition of ceramic particles 
to a metal matrix can improve wear resistance 
and they reported the fracture toughness of the 
composites reduces significantly with the 
amount of the reinforcements. If the fracture 
toughness is inadequate, the particles will 
fracture and contribute to the wear process. 

 
The morphology of the powders was studied by 
scanning electron microscope (JOEL 6460LA-
Japan) with capacity for EDX analysis. The 
distribution of particles and porosity was 
determined by examining the SEM 
microstructure of the specimens in detail. . 
Furthermore, the microstructure of both the pure 
Al and composite was examined together with 
the testing debris with via EDX after wear 
testing. 
 
3. RESULT AND DISCUSSION 
 
3.1 Worn surface analysis 
 
Figure 2(a) shows SEM micrograph of pure Al 
and its EDX indicated worn surface consists of 
grooves without carbon film whereas, Figure 

 
 
groove 

 
 
a 
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Carbon film b
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 (a) SEM micrograph of Al/0 wt. % 
PSAC and its EDX showing the presence of Al 
and O elements. (b) SEM micrograph of Al/10 
wt. % PSAC and its EDX showing the presence 
of carbon film on the worn surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Cumulative wear rate versus content 
of PSAC at 400 m sliding distance under 
applied load of 11 N. 
 
However, PSAC particles acted as solid 
lubricant in this present composite. The PSAC 
particles deform by the sliding action of the 
mating surface and squeezed out toward the 
surface, forming a soft interfacial film. The 
presence of this film is believed to be 
responsible for the observed reduced wear. 
According to Alexeyev and Jahanmir (1993a-b), 
when the solid lubricant film is worn away, the 
resulting increase in friction accentuates plastic 
deformation of the surface layer, and force more 
material from the second-phase particles toward 
the surface, thus re-forming the worn film. 
Unfortunately, at the highest content of PSAC 
(20 wt. % PSAC), the presence of severe 
damage on the worn surface can be observed. 
This may probably be as a result of the poor 
bond of interface between matrix and 
reinforcement, consequently surface structure is 
unable to support the applied load and the wear 

resistance reduced. In addition, some of PSAC 
particles pull out from the worn surface and 
delamination of surface and subsurface occur 
due to plastic deformation. The presence of 
large flaky debris in the microstructure is 
postulated to have come from the delamination 
process. 
 
In order to understand the basic mechanism of 
the formation of lubricating films, the worn 
surface of the Al/PSAC composite has been 
studied. Figure 4 shows the SEM micrograph 
of the worn surface of Al/10 wt. % PSAC 
indicating the black film on the worn surface 
with a pattern of “shear wedges” and magnified 
view of box is shown in next figure revealing a 
good adhesion of black film to the worn 
surfaces. Based on the above observation, 
smearing of the PSAC has occurred during 
sliding. When the Al/10 wt.% PSAC composite 
was subjected to wear, the PSAC reinforcement 
was preferentially removed layer by layer from 
the PSAC particles due to the layered structure 
and PSAC softening. As sliding continues, the 
deformation of the worn surface occurred 
because the plastic deformation of the matrix 
made the surface and subsurface crack to 
delaminate and produce the large flaky debris 
observed in the microstructure. The cavities 
containing PSAC particles deform owing to 
this subsurface deformation, thus squeezing the 
PSAC onto the worn surface; the same 
phenomenon has also been observed in the 
aluminium-graphite system (Liu et al., 1992) 
and iron- graphite system (Sugishita and 
Fujiyosha, 1982). Liu et al. (1992) have studied 
the wear behavior of aluminium alloy 2014-
graphite particle composites. They found that 
the wear resistance can be improved by the 
addition of graphite, which causes a 
corresponding reduction in the coefficient of 
friction. The reduction in friction and wear of 
this group of aluminium-graphite composites is 
a result of the smearing of the embedded 
graphite particles during sliding, forming a 
lubricating film on both the tribosurface of the 
composite and the steel counterface. Whereas, 
Sugishita and Fujiyosha (1982) studied the 
formation of nodular cast iron graphite films 
and the factors affecting squeeze film 
formation during rolling-sliding contact. In this 
work, as the PSAC comes onto the surface, it is 
sheared by the asperities of the mating surface 
and consequently smeared between the mating 
surfaces, resulting in the formation of a 
lubricating film as shown in Figure 4. The 
formation of a large area of black film as 
lubricating film between contact surfaces is 
believed to reduce the wear rate of Al/10 wt. % 
PSAC composite. The areas covered with 
smeared PSAC after 400m sliding is shown in 
Figure 4. 
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Figure 4: SEM micrographs showing the worn 
surface of Al/10 wt. % PSAC at applied load 11 
N after 400m sliding distance indicating the 
black film on the worn surface with a pattern of  
“shear wedges” and magnified view of box is 
shown in figure revealing a good adhesion of 
black film to the worn surface 
 
3.3 Wear Debris Analysis 
 
SEM micrograph of collected wear debris 
particles of pure Al tested at 11 N and its EDS 
indicated the presence of Al, O and Fe elements. 
Figure 5 shows SEM micrograph of collected 
wear debris particles of Al/20 wt. % PSAC 
tested at 11 N and its EDX indicated the 
presence C, O and Fe elements. The debris 
consists of not only Al and C from the wearing 
composite materials but also Fe from the mating 
surface steel disc. These elements mixed 
together in wear debris and are found to 
influence the wear rate of the composite.(Ref) 
 
 
 
 
 
 
 
 

Flaky debris 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 SEM micrograph of collected flaky 
debris particles of Al/20 wt. % PSAC and its 
EDX analysis showing C, Al, O, and Fe. 

 
 
 
Generally, the analysis of the worn surfaces of 
the specimens and the collected debris using 
optical microscopy, SEM and EDX analysis 
revealed various mechanisms involved in the 
wear of the material studied. The wear 
mechanisms identified in this analysis are 
abrasive wear, adhesive wear and delamination. 
 
 
4. CONCLUSION 
 
From the data obtained in this observation, it is 
possible to arrive at the following conclusions: 
 

(a) The wear behaviour of  PSAC
 reinforced  aluminium   matrix
 composites    depends    on    the    weight
 percent  of  embedded  PSAC  particles.
 Under dry sliding condition used in the
 present investigation, the  wear
 resistance  can  be  improved  even  with
 reinforcement with just  5 wt%
 PSAC.         
(b) The wear rate decreases gradually with 

increasing weight percent of PSAC, 
reaching about 10 wt. % PSAC.   

(c) The wear behaviour of the composites 
depends on the smeared PSAC films 
formed on the worn surface during 
sliding.   

(d) The PSAC is squeezed out onto the 
worn surface by subsurface 
deformation and smearing onto the   
worn surfaces resulting in the
formation of lubricating film.    

(e) However, the wear rate of composite 
drastically increases when PSAC 
content is above 10 wt.% due to poor 
bonding between aluminium matrix 
and PSAC particles.  
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ABSTRACT 
 
 This paper presents a new formulation of free 
asbestos brake friction materials with a view to 
replace the use of asbestos whose dust is 
carcinogenic and has a harmful effect to the 
human being. Five different laboratory 
formulations (such as, S1, S2, S3, S4 and S5) 
were selected with varying coir fiber contents 
from 0, 5, 10, 15, and 20 volume fraction along 
with binder, friction modifiers, abrasive material 
and solid lubricant using powder metallurgy 
technique for the development of new natural 
fibre reinforced brake friction materials. The 
properties examined are density, porosity, 
microstructural analysis, hardness and 
compressive strength using densometer, SEM, 
hardness tester and universal testing machine. 
The better properties in terms of higher density, 
lower porosity and higher compressive strength 
were obtained from S2 and S3 samples. The 
microstructure reveals uniform distribution of 
resin in the coir fiber in S2, S3 and S4. It can be 
concluded that S2 and S3 showed better 
physico-mechanical properties compared to 
other formulations. Hence, natural coir fiber can 
be used as a candidate fiber or filler material for 
the mass-scale fabrication of asbestos-free brake 
pad without any harmful effect. 
    
 Keywords: natural fiber, friction material, 
Density, Hardness, Compressive Strength and 
Microstructure. 
 
 
1. INTRODUCTION 
 
Brake pads are important parts of braking 
system for all types of vehicles that are 
equipped with disc brake. Different types of 
brake materials are used in different braking 
systems. They are often categorized into four 
classes of ingredients: binders, fillers, friction 
modifiers, and reinforcements.  The brake pads 
generally consist of asbestos fibers embedded in 
polymeric matrix along with several other 

ingredients. Over the few years, several research 
works have been carried out in the area of 
development of asbestos-free brake pads.  The 
use of bagasse (Aigbodian et al., 2010), palm 
kernel shell (Dagwa and Ibhadode, 2006) and 
hemp (Savage, 2007) have been investigated in 
order to replace the asbestos-free brake friction 
material. Researches are being focusing on ways 
of utilizing either industrial or agricultural 
wastes as a source of raw materials in the 
industry. These wastes utilization will not only 
provide economical benefits, but may also result 
to foreign exchange earnings and environmental 
control and protection.  
 
There is an urgent need to develop friction 
materials for a stable friction coefficient and a 
lower wear rate at various operating speeds, 
pressures, temperatures, and environmental 
conditions in the automotive sectors. All these 
requirements need to be achieved at a 
reasonable cost and using appropriate 
combination of materials. Selection of the 
constituents is often based on experience or a 
trial and error method to make a new 
formulation for brake friction materials. 
 
The research interest on warm compaction 
method was developed to manufacture cost-
effective and  highly-dense brake pad materials 
through powder metallurgy (PM) technique 
(Asif et al., 2011). The good reason for using 
the PM process is the possibility of obtaining 
uniform parts and reducing tedious and 
expensive machining processes.  
The use of asbestos fiber is  decreasing day by 
day due to its carcinogenic nature (Langer, 
2002). In order to avoid this carcinogenic 
asbestos, efforts are ongoing. However, no 
information is available in literature on the use 
of coir fibre for the formulation of new brake 
friction materials. Therefore new asbestos free 
friction materials have been developed with the 
aim of using natural coir fibre as reinforcement 
in aluminium matrix for the application of brake 
pad materials.  

mailto:maleque@iium.edu.my
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2. EXPERIMENTAL PROCEDURES 
 
2.1 Materials 
The main raw materials used in the research 
were filler, abrasive, solid lubricant, binder, 
friction modifier and additives. The current 
natural fiber brake friction material was 
developed through the process beginning with 
the selection of raw materials, weighing, 
mixing, compacting and sintering. There are 
five  formulations with different composition of 
coir fibre content.   Grouping was made based 
on the variation of the coir fiber material in the 
formulation and aluminum used as a matrix 
material. However, abrasive, solid lubricant, 
binder, friction modifier and lubricants were 
kept same for all formulations. Table 1 shows 
the detail formulation of five different types of 
new brake friction materials. 
 
Table 1: Formulation of coir fibre reinforced 
brake friction materials 

 
 
2.2 Development of new brake friction 
materials 
 
Five different laboratory formulations (such as 
S1, S2, S3, S4 and S5) were selected with 
varying coir fiber contents from 0, 5, 10, 15, and 
20 volume fraction along with binder, friction 
modifiers, abrasive material and solid lubricant 
using powder metallurgy technique for the 
development of new natural fiber reinforced 
brake friction materials. 
The coir fibre was used as a filler material in 
this investigation which is shown in Figure 1. 
This was collected from waste coconut fruit and 
cleaned thoroughly using ethanol to remove 
impurities. It was crushed and ground to a fine 
powder (with a range of 100-200 µm), and 
sieved using crusher machine. 
 
 
 

 

 
 
 
Raw materials were blended together in mini 
mixer to get evenly distributed ingredients. 
Selection of ingredient materials is the difficult 
task for formulating a friction compound. All 
materials were prepared in powder form. The 
method for fabrication of brake fiction material 
was powder metallurgy technique. The pre-form 
samples were heated to 170°C and at the same 
time and compacted at 20 kg with 60 seconds 
holding time in a heater compaction die. The 
mixing and compaction were performed using a 
hydraulic press machine under a predetermined 
temperature and pressure. After removing from 
compaction, the brake friction material was 
cured in an oven at a temperature of 200°C for 5 
hours for sintering.  
 
2.3 Method of Characterization 
 
Specific gravity measures density which 
depends upon the ingredient of the brake 
material formulation. The true density of the 
specimen was determined by weighing the 
specimen on a digital weighing machine and 
measuring their volume by liquid displacement 
method. The specific gravity formula is: 
ρ    =        mass (m) / volume (v)             (1) 

 
Specific Gravity =  

Weight in air (g) 
Weight in air (g) – Weight in water (g)       (2) 
 
Porosity test was performed in accordance with 
Japanese Standard JIS D 4418: 1996. The 
specimen was cut to a dimension of 25 mm x 25 
mm x 7 mm. The samples were left in a 
desiccator for 24 hours at room temperature and 
then cooled to room temperature in desiccator. 
The sample was weighed to the nearest 1 mg 
before test sample placed in the test oil in the 
container and keeps at 90±10 °C for 8 hours. 
The test sample was left in the oil container for 
12 hours until the oil cools to the room 
temperature and then the sample was withdrawn 
from the oil container, finally the sample was 
rolled on a piece of cloth for 4 to 5 times to 
remove oil from the test sample. The sample 
was weighed again to the nearest 1 mg.  

Raw Materials 
Percentage (%) 

S1 S2 S3 S4 S5 

Aluminium 45 39 33 27 2 
Silicon Carbide 20 20 20 20 20 
Coir Fibre 0 5 10 15 20 
Graphite 10 10 10 10 10 
Alumina Oxide 13 13 13 13 13 
Zirconia Oxide 2 2 2 2 2 
Paper Ash 0 1 2 3 4 
Resin 10 10 10 10 10 
Total 100 100 100 100 100 

Figure 1: Coir fibre from waste coconut fruit 
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The Rockwell hardness measurements were 
conducted under test load of 980.7 N and steel 
ball diameter of 12.7 mm using Scale S as 
stipulated in Malaysian Standard MS 474 PART 
2: 2003. The measurements were performed at a 
distance of at least 12 mm from any edge and 
uniformly spaced on the surface of the 
specimen. The hardness of the sample is the 
arithmetic mean of the readings from ten 
indentations.  
The compressive strength test was done using 
the Universal Testing Machine. The sample of 
25 mmx25 mmx7 mm was subjected to 
compressive force, loaded continuously until 
failure occurred. The load at which failure 
occurred was then recorded.  
For morphology study scanning electron 
microscopy (SEM) with EDX and optical 
microscope were used in order to observe and 
investigate the distribution of microstructural 
features along with elemental constituents of 
new natural fibre brake friction materials. 
 
3. RESULTS AND DISCUSSION 
  
3.1 Density and Porosity of Brake Friction 

Materials 
A density measurement test has been carried out 
on a laboratory scale to examine the density of 
the brake pad after sintered. The results shown 
in Fig. 2 are the average density of three 
readings for each formulation. 

 
Figure 2: Density of brake frictions materials 

formulation S1-S5 
Density is depends upon the ingredients in the 
friction material. A metallic element will have a 
higher density than an organic element. Friction 
elements often exist in combination of various 
elements. It is seen from Figure 2 that the 
density of the formulations S4 and S5 are lower 
than S1which have more coir fiber. However, 
the specific gravity of the formulation S1 has 
better properties because of having higher 
density with the value of 2.176 g/cm . This 
formulation of S1 is coir fibre, in its 
constituents, hence, better density of this 
material. The formulation, S2 shows the second 
highest density with the value of 2.099 g/cm . 

Figure 3 shows the porosity test results for five 
different formulations of brake friction 
materials. Porosity plays an important role in 
automotive brake pad materials. The function of 
porosity is to absorb energy and heat. This is a 
very important for the effectiveness of the brake 
system. Theoretically, lower porosity will result 
in higher friction coefficient and wear rate due 
to higher contact areas between the mating 
surfaces. Brake friction should have a certain 
amount of porosity to minimize the effect of 
water and oil on the friction coefficient. Sasaki 
(1995) found that increasing porosity by more 
than 10% could reduce the brake noise. 
 

 
Figure 3: Porosity of brake friction materials 

formulations S1-S5 
Porosity, a gross measure of the pore structure, 
gives the fraction of total volume which is void. 
The pore structure should be preserved during 
specimen grinding and polishing. Distortion by 
excess working will smear material over the 
pores, giving the appearance of a low porosity 
(German, 1997). From the porosity results as 
shown in Fig. 3 it can be seen that two brake 
friction formulations such as, S2 and S3 have 
better properties because of having the lower 
percentage of porosity. 
 
3.2 Hardness of the Brake Friction Materials 
 Fig 4 shows the hardness values of the five 
formulations brake friction materials. 

 
Figure 4: Hardness-Rockwell (HRS) of brake friction 

materials formulations S1-S5 
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It can be seen from Fig. 4 that the hardness 
value of formulation S2 is highest while no 
hardness value was recorded with the machine 
for S5 formulation as it was out of range. This is 
because of too ductile nature of the material as 
more coir fibre content in the composition. 
Formulation S2 has the highest hardness value 
of 63.92 HRS because of having more 
aluminium content used as a matrix. Too hard 
results may indicate brittleness while too soft 
may indicate higher wear and porosity with 
lower density. Varying content of aluminium 
and coir fibre will exhibit different hardness 
value of the material. 
 
3.3 Compressive Strength of Brake Friction 

Materials 
 
Figure 5 shows the graph of compressive stress 
vs.  strain for S2 and S3 formulations only as 
other combinations showed very low strength 
profile. 

 
Figure 5:  Compressive strength vs. strain for S2 

and S3 
The compression strength value in the graph is 
increasing dramatically as the compression load 
is increasing and it starts to decrease as the 
sample is not able to withstand the compression 
load and results in crack or braking of the 
sample. The speed used for this testing is 0.5 
mm/sec. The ultimate strength of the 
formulation S2 is corresponds to the stress of 
414.75 MPa. The sample starts to break at stress 
of 408.74 MPa. The breaking strength of the 
sample is 0.66  MPa. 
 
3.4 Surface Morphology 
 
The surface morphology of the developed 
friction materials were analyzed usiong SEM 
followed by elemental analysis of the materials 
using EDX. Figs. 6 to 8 showed the SEM 
micrographs for S1, S2 and S3 specimens while 
Table 2 showed the EDX analysis results.  
                         Formulation S1 ( as in Figure 6) 
showed that the aluminium clumps with 
graphite and zirconium oxide and corresponding 

EDX analysis (in Table 2) showed that this 
formulation content more aluminium element. 
 

 
Figure 6: SEM microstructure for S1 formulation 

(Magnification 500x) 
On the other hand, formulation S2 (as in Figure 
7) showed that the resin binder is in dark region 
together with  alumina oxide and the EDX 
analysis showed that this formulation content 
less aluminium element compared to 
formulation S1. 
 

 
Figure 7: SEM microstructure for S2 formulation 

(Magnification 500x) 
The resin binder in dark region can be seen in 
Fig. 8 along with alumina distribution in white 
region. The graphite, ash and coir fibre content 
in S3 formulation also can be visualized in Fig. 
8. 
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Figure 8: SEM microstructure for S3 formulation 
(Magnification 500x) 

From the SEM study it can be postulated in 
generally that microstructures of S1 to S3 
samples showed the homogeneous distribution 
of abrasive, solid lubricant, binder, friction 
modifier and additives in the aluminium matrix. 
This might be only confirmed by either EDX or 
XRD. The EDX analysis results of the present 
investigation is shown in Table 2 and again 
showed very good combination of the elemental 
distribution which reflect to the heterogeneous 
distribution. Finally, it can be said that the 
structures showed the heterogeneously 
distribution of elements where they contributed 
to inconsistent result. Different size and weight 
of particles or elements are also contributed to 
heterogeneous distribution. Besides, it is evident 
that there is no such thing as a typical brake 
friction composition because a composition that 
can represent the majority of the brake friction 
in existence will not be accurate. Morphology of 
the structure also might change due to sintering 
of material at different temperatures. 
 
Table 2: Elemental composition based on EDX 

analysis 

From Table 2, it can be seen that, the amounts 
of C, Si, O, Al and Zr are comparable with the 
amount present for each constituent before 
formulation.  The atomic composition had been 
changed after the samples were thermally 
treated through sintering process. Less amount 
of aluminium is present in S5 due to more coir 
fibre in the formulation. Higher amount of 
aluminum can be seen in the formulation S2 
followed by S1. 
 
In order to visualize the coir fibre along with 
other constituents, the specimen was prepared 
using standard metallographic procedure and 
observed under optical microscopy. Figs. 9 to 
11 showed the microstructure of three brake 
friction materials formulation which was 
obtained from optical microscopy.  
 
From Fig 9 it can be seen that the carbon clearly 
appeared in the morphology within the dark 
region of the microstructure. Meanwhile the less 

dark region showed the compound that still 
dominated by the carbon in Fig 11. 
 
 
 

 
Figure 9: OM microstructure for S2 formulation 

(Magnification 100x) 

 
Figure 10: OM microstructure for S3 formulation 

(Magnification (100x) 

 
Figure 11: OM microstructure for S4 formulation 

(Magnification 100x) 
 
 
In Figs. 9 and 10, it can be seen at the 
microstructure of brake pad materials that more 
coir fibre is distributed to the matrix which can 
be represent as a filler in the new friction 
materials.  The carbon distribution in dark color 

Elements S1 S2 S3 S4 S5 
C  K 38.29 40.69 48.36 44.30 43.09 
Si K 10.79 11.61 16.92 20.34 - 
O  K 23.59 19.84 9.08 10.79 49.48 
Al K 24.83 25.57 23.02 22.00 5.19 
Zr L 2.50 2.29 2.61 2.56 2.25 
Total 100 100 100 100 100 
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is due to more dispersion of carbon from 
graphite and paper ash. 
4. CONCLUSIONS 
 
From the results and discussion of this work the 
following conclusions can be made: 
 
Formulation with 5 and 10 volume fractionsof 
coir fibers (S2 and S3) have higher density and 
lower porosity compared to other formulations.  
 
The compressive properties showed formulation 
S3 exhibited higher strength to withstand the 
load application and higher ability to hold the 
compressive force. From the morphological 
study of the materials, it was found that the coir 
fiber well distributed to the matrix and acts as a 
filler in the friction materials. 
 
It can be concluded that S2 and S3 showed 
almost similar properties from the five 
formulations, hence coir could be a candidate 
fiber or filler material for the mass-scale 
fabrication of asbestos-free brake pad without 
any harmful effect. 
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ABSTRACT 
 
The effects of fibre reinforcement to the char 
characteristics are studied using glass wool 
fibre, Rockwool fibre and ceramic wool fibre, 
which were first manually cut to 10mm in 
length, and then reinforced into epoxy-based 
intumescent coating formulations. The three 
new formulations were compared to Chartex 7, 
a commercial intumescent coating that was 
found to take longer to harden and dry naturally 
in ambient condition. TGA was conducted to 
study coatings’ thermal response in relation to 
their char strength. TGA curves of the various 
wool fibres are more complex implying more 
thermal reactions occurred in a fire. Char 
formation and physical properties were 
investigated after the samples were fire tested 
up to 800ºC. Char height, weight, crispness, cell 
structure were examined and compared. An 
SEM study showed that Al2O3/SiO2 ceramic 
fibre in Chartex 7 and ceramic wool fibre did 
not deform at the test temperature. Development 
of phosphorosilicate glass from mineral wool 
fibre and glass wool fibre within char was 
determined to enhance insulation and durability 
of the char. EDX analysis between coating and 
char showed increase of elements; O and P and 
reduction of Si element as the coating 
transformed in fire. Formation of BPO4, SiO2, 
magnesium aluminum hydroxide, maleimide 
and ammelide compounds as found by XRD 
gave rise to the char strength and fire protection. 
 
Keywords: intumescent, fibre, Chartex 7, glass 
wool, Rockwool, ceramic wool.  

 
1. INTRODUCTION 
 
Fire retardant coatings offer easy and effective 
fire protection and have long been used 
(Jimenez et al., 2006b, Vandersall, 1971). The 
coatings are useful since they do not alter the 
intrinsic properties of the materials they are 
protecting, easily processed and are applied on 

metals (Jimenez et al., 2006a), polymers 
(Blontrock et al., 1999, Bisby, 2003), 
composites (Mouritz, 2002, Kandola et al., 
2005) textiles (Horrocks and Davies, 2000, 
Horrocks et al., 2005) and woods (Chou et al., 
2009). The growing use of flame retardants also 
saw the global demand forecasted had increase 
by 4.8% per year to 2.2 million metric tons in 
2009, according to the World Flame Retardants 
(The Freedonia Group, 2005). Intumescent fire 
retardant coatings are normally applied on steel 
structures where intensive fire protection is 
required, for instance at the oil and gas facilities 
(Weil and Levchick, 2004). The coating needs 
adequate strength to withstand the force of fire 
disaster.   
 

Fibre reinforcement is a breakthrough 
finding that enhances mechanical properties of 
composite materials (Amir et al., 2011, Amir et 
al., 2010). A reinforced intumescent coating 
would have more compact cell structure and of 
higher strength. Previously  reported (Amir et 
al., 2011) that carbon fibre, glass fibre, chopped 
fibre strand and hybrid fibre -reinforced 
coatings produce better char structure than the 
control’s (without fibre reinforcement) at 400°C 
and 800°C fire test. Formulation ingredients had 
also their content varied in the search for the 
best char. XRD analysis was conducted to 
identify important compounds present i.e. boron 
phosphate (BPO4) and boric acid (H3BO3) to 
better explain char strengthening factor. Also 
found was that 2:1 epoxy:hardener is the best 
binder ratio as determined using both TGA and 
fire test. 
 

Conventional intumescent coatings 
have soft char and to improve their strength, 
wire or fibre mesh is required. Mesh netting 
(Vandersall, 1971) is also a traditional and 
popular choice to improve char adhesion to the 
substrate where it acts as an ‘anchor’ (Billing 
and Castle, 1978), such that normally applied to 
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Chartex brand intumescent coatings by Akzo 
Nobel, International Paint. Upon exposure to 
fire, condensed phase of char is developed and 
covered the substrate. The charring process 
provide barrier, shielding and cooling to 
substrate by production of residue and fuel 
reduction. Phospho-carbonaceous esters were 
formed in the protective char for favourable 
mechanical properties (Bourbigot et al., 1995). 
Typically, industry practices four systems fire 
protection; intumescent coating, mesh or fabric 
reinforcement, primer and top paints. 
 

The aims here are to characterize the 
wool fibre-reinforced intumescent coatings by 
analytical approaches and correlate the findings 
to the char strength produced after fire test to 
800°C. This temperature is close to the standard 
industrial hydrocarbon test curve (1000 – 
1200°C) i.e. UL 1709 (UL, 1994) and BS 476-
20 (BSI, 1987). Mineral fibre for instance 
mineral wool fibre that is fibrous in nature, 
provides a good mechanical structure to the 
material it is reinforcing, which develop 
phosphorosilicate glass within the char (Hanafin 
and Bertrand, 2000). A benchmarking exercise 
using Chartex 7, one of the best mastic 
intumescent coating products in the market 
(Weil and Levchick, 2004), usually applied at 
oil rigs was also carried out. 

 
The unique contribution of this study is 

the characterization of intumescent coatings 
formulations directly reinforced with various 
types of wool fibres. This will eliminate the use 
of external mesh that in return reduce the works 
in applying protective coatings and therefore 
more economical. Furthermore, these fibres are 
much cheaper than and are in abundance. 
 
2. METHODOLOGY 
 
2.1 Materials and Formulation Preparation 
 
A commercial intumescent coating (Chartex 7) 
and three new intumescent coating formulations 
have been coated onto four different mild steel 
plates. Their descriptions are shown in Table 1. 
In each new formulation, there are 15 
ingredients including fibre. Intumescent 
ingredients and their mixing technique are 
previously elaborated (Amir et al., 2011). 
Approximately 20g of coating is evenly applied 
with metal spatula onto a 50mm × 50mm × 
1.5mm mild steel plate (TSA Industries (Ipoh) 
S.B.) readily coated with primer coating (Dulux 
Epoxy-Zinc Phosphate). The coating is left to 
dry at ambient temperature for weeks. The 
coating thickness measured using Mitutoyo 

digital thickness gauge are 7.0mm and 4.5mm 
for Chartex 7 and the rest, respectively. 

 
Table 1 Intumescent coating test pieces. 

No Sample Fibre(s) Length 
1 C7P2 Mineral fibre + 

Al2O3/SiO2 fibre 
«1mm 

2 GWP2_10 Glass wool fibre 10mm 
3 RWP2_10 Rockwool fibre 10mm 
4 CWP2_10 Ceramic wool fibre 10mm 

 
2.2 Natural Drying Duration 
 
All samples were left to dry at ambient 
temperature. Coating weight was measured 
using Mettler Toledo weighing machine and 
repeated every day until constant value is 
reached or when the measurement was stopped. 
 
2.3 Thermogravimetric analysis (TGA) 
 
TGA using Perkin-Elmer, model TGA 7 with 
heating rate 10°C/min measures the amount and 
rate of change in the weight of the coatings in a 
controlled environment. It predicts their thermal 
stability and also characterizes materials that 
exhibit weight reduction due to decomposition 
and oxidation until 900°C. 
 
2.4 Fire Test 
 
Methodology of experiment was described in 
previous report (Amir et al., 2011). Progressive 
heating rate of around 26°C/min from room 
temperature to 800°C, closely follows the 
standard temperature/time curve in BS 476-20 
(BSI, 1987). Physical properties of the char; 
height and weight were measured, crispness, 
shrinkage and cell structure were determined 
after manually cutting through. 
 
2.5 SEM Examination and EDX Analysis 
 
Scanning electron was performed using field 
emission SEM (FESEM) ZEISS SUPRA 55VP, 
operated by EHT range 15-20kV, ~8 mm 
working distance and using VPSE signals to 
obtain images of the coatings and their chars, 
respectively. Energy Dispersive X-ray 
Spectroscopy (EDX) analysis was also ran to 
provide rapid qualitative and quantitative 
analysis of elemental composition. 
 
2.6 X-Ray Diffraction (XRD) 
 
Analysis was done using Bruker-AXS brand 
XRD machine, model D8 Advance, operated in 
the range of 2 – 80, 2-Theta-scale at 40 kV and 
50 mA in ambient temperature. 
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3. RESULT AND DISCUSSION 
 
3.1 Natural Drying Duration 
 
Figure 1 shows the non-forced drying profile of 
all samples. The drying duration of a formulated 
coating is an important factor especially in 
commercial perspective. Fluid escapes the 
coatings at this stage leaving the solid 
ingredients and giving the weight reduction. 
 

 
 

Figure 1 Duration vs. average weight in natural 
drying for all samples. 

 
Two aspects were studied; time taken to 

reach ‘hard’ coating and time taken to fully dry 
as determined at weight equilibrium. The wool-
fibre reinforced coatings harden (no indentation 
mark visible on the surface when indented) in 
two days compared to Chartex 7 (C7P2) in two 
weeks. In the first eight days of study, C7P2 lost 
the most weight followed by RWP2_10, 
CWP2_10 and GWP2_10. 

 
As more measurements were taken, it is 

confirmed that the commercial coating is fully 
dried as indicated by no weight change after 44 
days. Whereas, better performance was shown 
by the wool fibre-reinforced coatings for 
instances the RWP2_10 and CWP2_10 were 
fully dried in 36 and 29 days, respectively. 
 
3.2 TGA 
 
All samples (Figure 2) show distinctive double 
steps, which could be grouped as low 
temperature decomposition and high 
temperature decomposition at approximately 
170°C and above 350°C, respectively. However, 
contrary to C7P2, the wool fibre reinforced 
coatings showed additional two valley points in 
the temperature against derivative weight % 
curve indicating intensive thermal reactions 
taken place.  
 

Residual amount in percent at 800°C for 
each coating gives a good indication of thermal 

 
(a) C7P2 

 
(b) RWP2_10 

 
Figure 2 (a) - (b) TGA curves of temperature 
versus derivative weight % and temperature 

versus weight %. 
 
protection it is offering. It was found the 
commercial coating had the lowest amount and 
therefore their rank as in inclining trend is; 
C7P2<GWP2<CWP2<RWP2. This meant 
Rockwool fibre gives the greatest fire protection 
to the coating it is reinforcing as it effectively 
resists degradation up to the test temperature. It 
also shows that wool fibre reinforced coatings 
have more inert fillers and produce more non-
volatile compounds and residue to make their 
chars having better thermal properties than 
Chartex 7. 

 
Moreover, wool fibre reinforced coatings 

also have more complex curves i.e. more peaks 
and valleys than C7P2. This helps to 
accommodate severe heat and forces from fire. 
The extreme valley in the temperature range of 
360 – 390°C found in all curves for instance, 
could have been contributed by the degradation 
of several materials namely, melamine and 
epoxy. It is also accepted that epoxy based 
composites also quickly ignite when exposed to 
fire, typically at temperatures in the range of 
300 – 400°C (Bisby, 2003), and reduce 
significantly mechanical properties of the 
composites due to combustion of the resin at the 
temperatures (Mouritz, 2002). Thus, reinforcing 
the coatings with fibre and filling with fire 
retardant materials, both their thermal and 
mechanical properties are sufficiently improved. 
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3.3 Fire Test 
 
Furnace fire simulates a fire incident in a 
confined space where samples were allowed to 
intumesce freely. A combination of large, thick 
and homogenous char (Jimenez et al., 2006b) in 
addition to closed-packed structure gives better 
fire protection due to its effectiveness in 
restricting heat transfer to substrate . In initial 
study of 400°C fire test, control char without 
fibre expanded the most, 543%, which is 6.43 
times of initial coating thickness (Jimenez et al., 
2006a, Chou et al., 2009). Similar finding was 
observed in the following experiment for 
control char since more air passages exist in the 
structure (Amir et al., 2011). Both chars were 
also brittle and crisp. 
 

Carbon fibre-reinforced char produced at 
800°C fire test followed the same characteristics 
earlier found at 400°C except that the fillings 
inside were softer (Amir et al., 2011). It had a 
denser structure than by glass fibre-reinforced 
and hybrid- carbon fibre and glass fibre 
reinforced coatings, respectively. Short fibre 
formulation developed a very dense char even 
though it expansion was the lowest. 

 
High temperature fillers (Amir et al., 

2011) were added into the formulations to form 
a compact microstructure in the charred layer 
(Chou et al., 2009) and stabilize the char 
(Bourbigot and Duquesne, 2007). Without 
additives or reinforcement, old intumescent 
coatings consisting APP/PER/MEL are known 
to produce a fluffier barrier of fire retardant, 
which is easily penetrated by fire (Chou et al., 
2009). The purposes of adding fibre are 
numerous (Hanafin and Bertrand, 2000), among 
them are to reinforce or strengthen the char 
formed from intumescent coating, and to 
improve the insulation of the coated substrate 
and durability of the char. 

 
Table 2 gives the physical characteristics 

of the chars produced from this study. C7P2 
contains commercial fibres (amorphous mineral 
fibre and high surface area alumina silica fibre) 
and at least other fifteen proprietary ingredients 
(Hanafin and Bertrand, 2000, Weil and 
Levchick, 2004). Char height of C7P2, known 
to have more than one type of fibre superseded 
RWP2_10 and CWP2_10 formulations. 
However, GWP2_10’s char expansion clearly 
doubled that of C7P2. The latter was soft on top 
as later inspection at its cross-section revealed a 
very huge void at the area suggesting substantial 
amount of gas released during fire, which 
promotes char growth. 

Table 2 Physical characteristic of the chars 
produced after 800°C fire test. 

 

Te
st

 Char Physical Properties 
Growth Crispness Cell Structure Wt Loss  

C
7P

2 257%; 
3.57X 

Soft on top but 
medium hard in 

the middle to 
bottom. 

One big void in the middle, 
beneath the top layer. Dense 
char formed from multiple thin 
layers stacked closely, 
horizontally. Small holes exist. 
Strong adhesion. 

74.3% 

G
W

P2
_1

0 

567%; 
6.67X 

Very crisp. Hard 
at the top but 

brittle. 

Char structure consists of thin 
layers stacked horizontally and 
many air pockets of small to 
medium size exist. Little force 
used to remove from substrate. 

70.0% 

R
W

P2
_1

0 

233%; 
3.33X 

Crisp. Hard on 
top but filling 

inside quite soft. 

The char is close-packed and 
very dense foam. Very few tiny 
holes were visible. However, 
partially detached at the edges. 
Poor adhesion to substrate. 

64.2% 

C
W

P2
_1

0 
167%; 
2.67X 

Hard on the top 
part but brittle at 

the bottom  

The char is close-packed and 
very dense foam. However, the 
char adhesion to the substrate is 
the poorest as totally detached. 

60.1% 

 
Char’s cell structure of GWP2_10 was 

almost similar to the middle to bottom part of 
C7P2, which was quite densely packed. 
However, the former was quite brittle.  On 
contrary, RWP2_10 and CWP2_10 have very 
dense and close-packed structure determined to 
have hard top but quite soft fillings and brittle 
bottom, respectively. Photos of the chars can be 
referred at Figure 3(a)-(h). Weight of char 
reduced as compared to its coating. The greater 
is the weight loss the smaller is the available 
amount of materials to protect the substrate 
(Amir et al., 2011). Flame retarded wool fibres 
have been successfully applied with intumescent 
materials to develop flame retardant textiles 
(Horrocks and Davies, 2000, Horrocks et al., 
2005). 

 
In the present research, the new wool 

fibre-reinforced formulations had less weight 
loss and therefore produced more char or 
residue that refrain flame than the benchmark 
coating. Interestingly, RWP2_10 and CWP2_10 
coatings lost lesser than the previous fibre-
reinforced coatings, which the average was 70% 
(Amir et al., 2011). GWP2_10 experienced 70% 
weight loss, which could be explained by the 
formation of phosphorosilicate glass within the 
char that improves the insulation of the coated 
substrate and durability of the char.  
 
3.3 SEM Examination and EDX Analysis 
 
Figure 4 displays SEM micrographs of the 
Chartex 7 and newly formulated coatings and 
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(a) C7P2 char 

 
(b) C7P2 char cross-section 

 
(c) GWP2_10 char  

 
(d) GWP2_10 cross-section 

 
(e) RWP2_10 char 

 
(f) RWP2_10 cross-section 

 
(g) CWP2_10 char 

 
(h) CWP2_10 cross-section 

 
Figure 3 (a) – (h) The digital camera images of 

the chars after 800°C fire test and their 
respective cross-sections. 

 
their respective chars (top-view of horizontal 
cell layer) after fire test. Fibre orientation and 
dispersion were confirmed to be random 
attributed to low speed mixing. Fibre breakage 
was not an issue at this speed especially with 
very viscous formulations. 
 

It was reported the SEM study on burnt 
(char) intumescent fire retardant coating (IFRC) 
revealed a more porous structure and fluffier 
than the un-burnt IFRC (coating) due to the fact 
that non-flammable gases puff out the char layer 
during burning (Bisby, 2003), which is also 
observed in Figure 4(a)-(h). 

 
The fibre content is 0.4% by weight of 

total mixture, which is in the lower range of 
what recommended (Langer, 1996). Yet, the 
1:80 fibres to epoxy weight ratio is much less 

than 1:40 to 1:15 suggested (Hanafin and 
Bertrand, 2000). 

 
It is unclear however, to distinguish short 

fibres; amorphous mineral wool fibre and 
Al2O3/SiO2 ceramic fibre, in C7P2 coating SEM 
micrograph, Figure 4(a). Inspection on the char 
however, revealed that while mineral wool 
might have degraded to a different species i.e. 
phosphorosilicate glass, the ceramic fibres were 
intact after fire, Figure 4(b). 

 
In the previous report (Amir et al., 2011), 

glass fibres were found randomly dispersed but 
in many areas, binders flooded the other 
constituents, made the blend inhomogeneous. 
Carbon fibre reinforced formulations on the 
other hand, possessed a well mixed composition 
where carbon fibres were embedded inside and 
therefore the after burnt SEM image showed a 
dense and crowded char (Chou et al., 2009). The 
chopped fibre strands were degraded at lower 
temperature. Sharp-needle-like feature covered 
the surface of the fibre, which makes it 
ineffective to strengthen the char. 

 
Glass wool fibre, which is the biggest as 

it average diameter was observed around 
17.3µm developed much crowded and dense 
char structure (Figure 4(d)) when compared to 
Rockwool fibre of around 4.7µm in Figure 4(f). 
However, ceramic wool fibre with the smallest 
diameter of around 2.8µm proved to produce 
dense cell structure both macroscopically and 
microscopically. 

 
This allows for a hypothesis that medium 

to big average diameter size of a fibre, which 
also form glass-like species at high temperature, 
the bigger fibre tends to promote more char and 
therefore denser cell structure. On contrary, 
smaller diameter fibre, typically less than 3µm 
which is also highly fire resistant produces more 
close-packed structure, Figure 4(h). 

 
Figure 5(a)-(d) exhibits glass fibre 

condition in all chars of 800°C fire test, 
respectively. Previously, glass fibre at 400°C 
test maintained its form when compared to the 
un-burnt one but substantially degraded in the 
higher temperature test, showing flower buds 
growing and covering the surface and thus 
rendered a reduced strength (Amir et al., 2011). 
Carbon fibres were found to maintain their form 
in elevated temperatures up to 800°C that help 
to retain char strength (Amir et al., 2011). Fire 
resistant fibres assisted in providing the strength 
to the char as proven in the crispness test. 
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 (a) Fibres randomly distributed in C7P2. 

 
(c) Glass wool long fibres in GWP2_10. 

 
(e) Rockwool long fibres at random in RWP2_10. 

 
(g) Ceramic wool fibre in CWP2_10. 

 
(b) C7P2 800°C char. 

 
(d) GWP2_10 800°C char. 

 
(f) RWP2_10 800°C char. 

 
(h) CWP2_10 800°C char. 

Figure 4 (a) – (h)  Top-view SEM micrographs of the coatings and their respective chars after 800°C fire tests at 100X 
magnification. 
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(a) Al2O2/SiO3 fibre in C7P2 undeformed, 3.13k X. 

  
(b) Glass wool fibre highly deformed, 1.0k X. 

  
(c) Rockwool fibre developed triangle crystals, 3.0k X. 

 
(d) Ceramic fibre undeformed in CWP2_10, 2.88k X. 

 

These include Al2O3/SiO2 ceramic fibre in 
C7P2, Figure 5(a) and ceramic wool fibre in 
CWP2_10, Figure 5(d). Glass wool fibre in 
Figure 5(b) also displayed the same glass 
crystals at high temperature fire. It was not 
expected that Rockwool fibre also crystallized 
at this temperature but Figure 5(c) was obvious 
with formation triangle-shaped crystals. 
 
3.4 XRD 
 
XRD is a powerful characterizing tool for 
carbonaceous materials (Zhou, 2008). Its 
analysis is normally used as materials 
characterization and phase analysis 
determination of crystallite size. Analysing 
major peak in the 2-Theta-scale reveals the 
compound, which exists in these formulations. 
It was found that in combustion of IFR 
polypropylene composites, different groups may 
appear in different layers of chars i.e. isotropic 
turbostatic carbon at peak 23.5° was assigned to 
outer layer, graphite in the middle and 
undegraded composite inner char (Zhou, 2008). 

 
In the previous study (Amir et al., 2011), 

it was assumed that all samples were taken from 
the same location, and then their major peaks 
were examined. Major peak for most 
formulations was determined to be at 2θ=24.5° 
of boron phosphate (BPO4), where it is known 
to impart great fire retardant properties (Jimenez 
et al., 2006a, Bourbigot and Duquesne, 2007). 
The shift of major peak for the best carbon 
fibre-reinforced formulation to 2θ=28° was 
equated to acid boric or Sassolite, H3BO3. The 
effectiveness of H3BO3 to provide adhesion and 
good mechanical resistance properties has been 
experimented (Jimenez et al., 2006a). 

 
This supports the result of high 

expansion, homogenous and strong char 
produced as H3BO3 content was doubled and 
reacted positively with char-forming carbon 
fibre in the formulation. The formation of 
H3BO3 that has been shown due to dehydration 
to facilitate the formation of B2O3, ‘glass-like’ 
material which increases the viscosity and 
prevent the gaseous decomposition products 
escaping to feed the flame (Jimenez et al., 
2006a). Other group found at peak 15° was 
referred to magnesium hydrate as maybe 
derived from talc. Other peaks shown at 2θ=10° 
and 40° were assigned to SiO2 and magnesium 
silicon respectively. 

 
Figure 6(a) and (b) below show the XRD 

plots for C7P2 and RWP2_10 chars, 
respectively. Similar patterns were observed 

Figure 5 (a) – (d) Top-view SEM micrographs close-up 
of the fibres in 800°C chars at different magnification. 
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indicating identical compounds developed 
throughout the fire test and thus performing 
comparable functions i.e. strengthen the char. 
Among the peaks were at 2θ=15°, 24.5° and 28° 
referred to magnesium aluminium hydroxide, 
BPO4 and maleimide. The different prevailed as 
Chartex 7 generated extra peak at 40° for 
carbon. 

 

 
(a) 

 
(b) 

Figure 6 XRD curves for 800°C chars; (a) C7P2 
(b) RWP2_10. 

 
4. CONCLUSION 

 
Three new wool-fibre-reinforced and one 
benchmark intumescent coating formulations 
were successfully developed and fire tested until 
800°C. Char expansion ranged from 167% 2.67 
times the original coating thickness to 567% or 
6.67 times. Weight of char reduced as compared 
to its coating. The greater is the weight loss the 
smaller is the available amount of materials to 
protect the substrate. Flame retarded wool fibres 
have been successfully applied with intumescent 
materials to develop flame retardant coatings. 

 

Two aspects of drying were studied; time 
taken to reach ‘hard’ coating and time taken to 
fully dry as determined at weight equilibrium. 
The wool-fibre reinforced coatings harden in 
two days compared to Chartex 7 in two weeks. 
In the first eight days of study, C7P2 lost the 
most weight followed by RWP2_10, CWP2_10 
and GWP2_10. As more measurements were 
taken, it is confirmed that the commercial 
coating is fully dried after 44 days. Whereas, 
better performance was shown by the wool 
fibre-reinforced coatings for instances the 
RWP2_10 and CWP2_10 got fully dried in 36 
and 29 days, respectively. 

 
TGA analysis suggested distinctive 

double steps, which could be grouped as low 
temperature decomposition and high 
temperature decomposition at approximately 
170°C and above 350°C, respectively. It was 
found the commercial coating had the lowest 
amount and therefore their rank as in inclining 
trend is; C7P2<GWP2<CWP2<RWP2. Wool 
fibre reinforced coatings also have more 
complex curves i.e. more peaks and valleys than 
C7P2. This helps to accommodate severe heat 
and forces from fire. 

 
SEM images showed fire resistant fibres 

assisted in providing the strength to the char as 
proven in the crispness test. These include 
Al2O3/SiO2 ceramic fibre in C7P2, and ceramic 
wool fibre in CWP2_10. Glass wool fibre also 
displayed the same glass crystals at high 
temperature fire. It was not expected that 
Rockwool fibre also crystallized at this 
temperature but was obvious with formation 
triangle-shaped crystals. 

 
Hypothesis was created that for medium 

to big average diameter size of a fibre, which 
also form glass-like species at high temperature, 
the bigger fibre (glass wool fibre) tends to 
promote more char and therefore denser cell 
structure. On contrary, smaller diameter fibre, 
typically less than 3µm which is also highly fire 
resistant (ceramic fibre and ceramic wool fibre) 
produces more close-packed structure. 

 
Similar patterns were observed in XRD 

curves for all samples suggesting identical 
compounds developed throughout the fire test 
and thus performing comparable functions i.e. 
strengthen the char. Among the peaks were at 
2θ=15°, 24.5° and 28° referred to magnesium 
aluminium hydroxide, BPO4 and maleimide. 
The different prevailed as Chartex 7 generated 
extra major peak at 40° for carbon indicating 
extra strength factor. 

15° 

15° 

24.5° 

24.5° 

28° 

40° 

28° 

40° 
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ABSTRACT 
 
This paper presents wear characterization in 
diesel engine using Ferrographic Technique 
(FT). FT is a microscopic analysis to identify 
the presence of material composition by 
characterizing particles concentration, type, 
size, distribution, and morphology. This 
technique is part of a Predictive Maintenance 
(PdM) program to avoid a major failure in 
machine systems. Transmission fluid samples 
were collected from intercity bus and analyzed 
using Ferrogram Maker (FM-III). Collected 
articles were subsequently characterized by 
optical microscopy. From the Predict Table, the 
types of wear were then identified.  Through 
FT, the need to open the machine components 
can be avoided and at the same time the 
Preventive Maintenance (PM) can be arranged. 
 
Keywords: Wear, Predictive Maintenance, 
Preventive Maintenance. Corrosion, Black 
oxide,  

 
1. INTRODUCTION 
 
The diesel engine has been the engine of choice 
for heavy-duty applications in agriculture, 
construction, heavy industries, and on-highway 
transport for over 50 years (Gerpen, 2004). 
Comparing to automatic, manual transmission 
control represents one of the key elements for 
the improvement of vehicle safety, comfort, 
reliability and driving performances together 
with the reduction of fuel consumption and 
emissions in modern vehicles. In order to 
predict and overcome the wear related damage 
progression in gear transmission systems, 
various condition monitoring techniques have 
been developed in the past two decades, which 
include vibration, acoustic emission, oil/wear 
and sound analysis (Amarnath et al, 2008).  

Ferrography Technique (FT) is a method 
where particles will separate on a glass slide 
based on the interaction between an external 

magnetic field and the magnetic of the particles 
suspended in a flow stream. By determining the 
number, shape, size, texture and composition of 
particles on the ferrogram, the origin, 
mechanism and level of wear can be estimated, 
predicted and diagnosed.  

This technique was described in details by 
previous researchers (Seifert and Wescott, 1972; 
Bowen et al, 1976). However, a complete and 
general evaluation of the wear processes, 
together with the analysis of their time evolution 
will depend on the possibility of a good 
correlation between the density and size 
distribution of wear particles precipitated on the 
ferrograms and the actual wear conditions of 
mechanical components (Jones, 1979). 

Ferrographic analysis of lubricating oils 
allows the wear elements to be evaluated and 
gives the possibility that an effective diagnosis 
of the wear condition can be performed. In the 
study of a closed loop dynamic system, Levi 
and Eliaz (2009) claim that a reliable procedure 
was developed for condition monitoring of an 
open-loop oil system, based mainly on 
Analytical Ferrography.  

In this current research, oil analysis by FT 
has been used to identify the presence of 
material composition. This investigation was 
conducted on a series of manual transmission 
diesel engine with the purpose of correlating 
ferrographic results with the actual wear 
conditions and compare wear evolution in a 
gearbox of the same type.  

 
2. METHODOLOGY 

 
Sample Preparation 

In this study, oil samples of transmission 
fluid were collected from Klang Banting bus 
operator. This transmission fluid was taken from 
manual gearbox of diesel engine maker by 
Daewoo. The transmission fluid was GL5SAE 
85W/140, manufactured and supplied by 
Petronas Malaysia. As recommended by the 
manufacture, this transmission fluid need to be 
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changed after 5000km distance for a new bus 
and followed subsequently for every 50,000km 
in regular service. The samples were collected 
from the oil sum and kept in clean bottles. For 
this study, 20 samples were taken from different 
busses but with the same model of gearbox and 
used for intercity services.   

 
Ferrogram Test 
 

Ferrographic test was conducted using 
Ferrogram Maker (FM-III) as shown in Figure 
1. The test was conducted by choosing the 
automatic cycle button from the front panel. 
Once button was pressed, the flow of liquid was 
initiated across the ferrogram at a controlled 
rate, followed by a rinse and drying cycle.  

Before that, the sample was preheated to 
65oC ± 5o C in the oven. A sample was prepared 
by mixing 3 ml of transmission oil with 3 ml of 
n-Heptane. The sample was mix thoroughly 
using a shaker machine.  After that the sample 
was run on the FM-III machine.  When the test 
completed, the glass slide was removed for 
further analysis using an optical microscope 
(Olympus BX51M) as shown Fig. 2. 

  

  
                  (a) 

                                       
    (b)  
Figure 1  (a) FM-III Ferrogram Maker and 
               (b)Ferrogram Slide 
 

 
Figure 2 Optical Microscope for Image Analysis 
 

The particles wear profiles obtained from the 
ferrographic test were later compared to the 
typical wear profiles provided by Predict Chart. 
Table 1 summarizes the type of wear profiles 
based on the microscope magnification as 
provided by Predict Chart. 
 
Table 1 Summary of Typical Ferrographic Wear 

Particle Profiles at Different 
Microscope Magnification 

Magnification Typical Ferrographic Wear 
Particle 

100X x Dust/dirt 
x Copper Alloy Particles 
x Corrosive wear 
x Fibers 

 
400X x Case hardened and low 

alloy steel Particle 
x Molybdenum Disulfide 

 
500X x Normal rubbing wear 

x Severe sliding wear 
x Cutting wear 
x Aluminium particle 
x Lead/ Tin  Babbit 

 
1000X x Gear wear 

x Bearing Wear 
x Spheres 
x Black oxides 
x Red Oxides 
x Break in Wear 

 
 
 
3. RESULT AND DISCUSSION 

 
The results of the 20 oil samples obtained 

were categorized into 5 groups based on 
millage: 5,000km (2 samples); 50,000km (4 
samples); 100,000km (5 samples); 150,000km 
(5 samples); and 200,000km (4 samples).  
Selected results of wear particles profiles are 
shown in Fig 3 to Fig. 6 for different 
microscope magnifications.  The type of wear 
particle profiles were then identified and 
compared to the Predict chart. 

Black oxides, as observed in Fig. 3, were 
also found in all groups of millage. This type of 
wear was believed due too insufficient lubricant 
and excessive heat during particle generation as 
suggested by Predict chart. In Fig. 4, corrosive 
wear particles which caused by oil additive 
depletion were typical in most results for 50k, 
100k and 150k millage. This corrosive wear 
particle was observed at the end of the glass 
slide consistent with the Predict Chart. 
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Figure 3 Image of black oxides wear by 
magnification of 500X at mileage 6024km 
 

   
Figure 4: Image of corrosive wear magnification of 
100X at mileage 51101km  

 

 
Figure 5:  Image of normal rubbing wear by 
magnification of 500X at mileage 102187km 
 

 
Figure 6: Image of red oxides by magnification of 
500X at mileage 203069km 

 

In 500X magnification for 100K and 150K 
milleage, rubbing wear was also observed as 
shown in Fig 5. This type of wear was 
characgterized by flat platelets with size less 
than 15 microns in major dimensions.  In 
literatures, rubbing wear is common in machine 
systems.  

In Fig. 6, red oxides were observed under 
the 500X magnification. These red oxides were 
found to exist in all groups of mileage. It is 
suspected that this is due to in consistent 
operating environment conditions in Malaysia. 
Red oxides are resulting from the final reaction 
product of iron and oxygen at room temperature 
which indicate moisture in the poor lubrication 
system (Bharat, 2002). 

From the observations in this study, wear 
particles from cutting wear, gear wear, break-in 
wear and dust/dirt particle were not found. 
Summary of all the results for 20 samples were 
tabulated in at Table 2. 
  
Table 7 Wear Particles profiles at various 

mileage 
 Millage (km) 

5K 50K 100K 150K 200K 

W
ea

r P
ar

tic
le

 

Dust/dirt N N  N  N  N  

Copper alloy N  N  N  N  N  

Corrosive Y Y Y Y N 

Gear N N N N N 

High particles 
concentration N Y N Y N 

Spheres N N N N N 

Black Oxides Y Y Y N Y 

Red Oxides N Y Y N Y 

Normal 
Rubbing N N Y Y Y 

 
 
4. CONCLUSION  
 

Ferrogram technique has been deployed to 
analyzed 20 samples of transmission oil at 
various mileages in Diesel engine. From the 
microscopic evaluation, four types of wear 
particle profiles were observed: (1) Black 
oxides, (2) corrosive wear, (3) rubbing wear, 
and (4) red oxides.  Other types of wear particle 
profiles such as cutting wear, gear wear, break-
in wear and dust/dirt particle were not found. 
For comprehensive evaluation, further tests can 
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be explored such as Scanning Electron 
Microscope (SEM) and SEM-EDX for detection 
of elements; Fourier Transform–Infra Red 
(FTIR) for detection of the organic compound; 
and Spectroscopy for identification metal 
compound.   
Further tests are required such as, Scanning 
Electron Microscope (SEM) and SEM-EDX for 
detection of elements; Fourier Transform –Infra 
Red (FTIR) to analyse attendance of the organic 
compound and spectroscopy analysis for 
identified metal compound.   
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ABSTRACT 
 
The aim of this work is related to an analysis of 
journal bearings lubrication, using non 
Newtonian fluids, which are described by a 
power-law model. The performance 
characteristics are obtained for various values of 
the non Newtonian power-law index ‘’n’’ that is 
equal to: 0.9, 1 and 1.1. Numerical results 
indicate that for dilatants fluids (n > 1), the 
load-carrying capacity, the pressure, the 
temperature, and the frictional force may be 
greatly increased, while for the pseudo- plastic 
fluids (n < 1), they all decrease. The thermal 
effects are found to be more pronounced at 
higher values of the flow behavior index ‘’n’’. 
The results obtained in this study are compared 
to those obtained by others. A good agreement 
is observed between them. 
 
Keywords:  Lubrication, Non Newtonian Fluid, 
Thermo-hydrodynamic Aspect, Numerical 
Simulation.  
 
1. INTRODUCTION 
 
The evolution of machines with severe 
operating conditions, following to the number of 
revolutions increasingly high and shafts strongly 
charged, has a consequence on the dissipation of 
energy by shearing in lubricating film, which 
will generate an increase of its temperature and 
consequently a reduction of the viscosity of the 
lubricant fluid, a bearing pressure of the 
mechanism and a premature wear of the 
material used. The isothermal theory of 
lubrication is largely used in the performances 
calculation of the butted and hydrodynamic 
bearings. However, the technological 
requirements, such as the increase in the loads 
and the number of revolutions, induce an 
increase in the dissipated energy in the 
lubricated mechanisms [Frene et al., 1990]. 

 
 

The classical theory of lubrication 
developed by O. Reynolds for isothermal cases 
is improved by Kingsbury [Kingsbury et al., 
1933] by taking into account heat transfer aspect 
and by assuming the fluid used as viscous and 
Newtonian.  However, in most mechanisms 
encountered in real situations, non Newtonian 
fluids are used in order to increase the lubricants 
viscosity index by adding additives such as 
polymers [Harnoy, 1978]. 
 

The first approach modelling of the 
thermal aspect of lubrication was proposed by 
Kingsbury, in order to take into account the 
variation of the temperature through the 
thickness of the film. The method of resolution 
applied to the case of a conical sleeve 
viscometer is a graphic method. In his study, 
Kingsbury has showed that the shearing stress 
of the bearing surface is about 40% of the 
constraint value calculated by using the 
isothermal theory. Then, it can be deduced 
easily whereas the heating of the film causes a 
reduction of the load supported by the shaft of 
60% compared to the load calculated by the 
isothermal theory for similar operating 
conditions. 

 
The behaviour’s law of non Newtonian 

fluids is nonlinear, which has a consequence on 
the non validity of Reynolds equations 
commonly used in the traditional hydrodynamic 
lubrication. The non Newtonian lubricants are 
encountered in various processes of lubrication. 
During the four last decades, the interest to 
lubrication problems with not Newtonian fluids 
behaviour became extensive, where few works 
were presented in this field ([Safar, 1979], 
[Sinha et al., 1983], [Dien and Elrod, 1983], 
[Sheau- Ming, 1994], [HlavaEek, 1997], 
[Yürüsoy, 2003]). 

 
The work presented in this paper, is 

related to the journal bearings lubrication aspect 
analysis using non Newtonian fluids by taking 
into account the thermo-hydrodynamic aspect of 
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the problem. It consists in a comparison of the 
temperature, the pressure distribution and the 
load, in the various components of the journal 
bearings, by using different lubricants. 
 
2. MATHEMATICAL MODELLING 
 
2.1 Physical Model 
 
Figure 1 gives a schematic representation of a 
journal bearing system. It consists of a bearing 
with a centre OB and a radius RB, and a shaft 
with a centre OS and a radius RS. Under the load 
action, the centres OB and OS do not coincide. 
The distance OB OS is called the absolute 
eccentricity. If the axes of the bearing and the 
shaft are parallel, and if we neglect the elastic 
strain of surfaces, under the effect of the 
temperature and the pressure, these two 
parameters are sufficient to locate the position 
of the shaft inside the bearing. The radius R B is 
approximately equal to RS in the contact zone, 
between the bearing and the shaft, and then we 
can neglect the curve shape of the film, develop 
the bearing and compare it to a plan shape. 
 

    
Figure 1 Schematic representation  

        of the journal bearing. 
 
2.2 Governing equations 
 
The mathematical modelling of the problem is 
based on conductive heat transfer equations, for 
the bearing and the shaft, and on energy and 
momentum equations, formulated by Reynolds 
equation, for the lubricating film. The 
generalized Reynolds equation is given by 
[Tsann-Rong, 1991]: 
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The thickness of the film, h, is (see figure1). 
 
                   )cos1( TH� Ch                     (2) 

                          
With     C = (RB - RS), ε = e/C, θ = x/RS   
In Cartesian coordinates system, balance energy 
equation in lubricating film is given by: 
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Within the bearing, the thermal phenomena are 
governed by the conductive heat equation given 
by:   
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(4) 
 
Taking into account the cylindrical shape of the 
bearing, the above equation will be then: 
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The heat transfer process in the shaft is 
governed by the equation of energy in a steady 
state. According to the experimental results of 
Dawson [Frene et al., 1990], the temperature of 
the fast revolving shaft is independent of the 
angular coordinate, θ. Under these conditions 
the equation of heat is written [Tsann- Rong et 
al, 1991] as:   
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2.3 Boundary conditions 
 
The boundary conditions used for the film are 
those of Swift- Stieber [Tsann-Rong et al, 
1991]. They take into account the conservation 
of the flow at the rupture of film, and they are 
expressed by the pressure conditions as follows 
 
                   � � � � 0,,0,  
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About the bearing, the boundary condition is 
given by the continuity of flow between ambient 
air and the external surface of the bearing. It is 
given by:  
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The interface condition, between the lubricant 
and the internal surface of the bearing, is given 
by the below condition 
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For the shaft- film condition, because the shaft 
is fast in rotation, this flow is independent of the 
angular co-ordinate, thus we integrate the heat 
flow leaving the film on a crown of a radius 
equal to the radius of the shaft and with a width, 
dz. Then, it is given as follows:    
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The boundary condition between the shaft and 
the film fluid is given by the continuity of heat 
flow at the interface. It is given by: 
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3. NUMERICAL SIMULATION 
 
The solution of the problem requires the 
resolution of Eqs. (1) - (6) with the boundary 
conditions (7)- (11). These equations are solved 
numerically by using the finite difference 
method [Carnahan, (1969)]. 
 
4.  RESULTS AND DISCUSSION 
 
The journal bearing used is that of [Sheau-Ming 
et al., 1994]. It has two components, one 
representing the shaft and the other the bearing, 
the system is supplied by lubricant fluid through 
openings, which emerge in an axial groove. The 
experimental data used are given by table 1.  
 

Table 1 Technical data used  
for the numerical simulation.  

 
Journal bearing length l = 10-1 m 
Shaft radius RS = 5 10-2 m 
External bearing radius RB = 10-1 m 
Radial clearance C = 10-4 m 
Ambient temperature TA = 40 °C 
Initial temperature of 
lubrication 

Tal = 36.8 °C 

Coefficient of equation (13)  m0 = 0.0323 Pa/s 
Coefficient of equation (13) Ef = 0.037 °C-1 
Initial pressure of lubrication  Pa = 70 103 Pa 
Lubricant density  ρ = 860 kg/m3

 
Lubricant specific heat  Cp = 2000 J/kg.K 
Bearing thermal conductivity KB =50.84 W/m.K 
Shaft thermal conductivity KS = 52.0  W/m.K 
Film thermal conductivity KF = 0.13 W/m.K 
Bearing convective heat 
transfer coefficient 

hB =80W/m .K        

Shaft convective heat transfer 
coefficient 

hS = 100 W/m .K 

Revolution speed  N= 2000 rev./min 

The law of the lubricating oil viscosity used in 
experiment is given by [Sheau-Ming et al., 
1994]: 
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Fig. 2 shows the evolution of the 
pressure in the film, according to the 
circumferential co-ordinate, and for various 
values of index of structure n, where we can 
note that the pressure increases with the increase 
of this index.  

 

 
Figure 2 Evolution of the pressure versus the 
coordinated circumferential for different value 
of n. 

 
The use of the dilating fluids gives an 

increase in the pressure of load, which reaches 
up to 122 % the value obtained by the use of 
Newtonian fluids for the same operating 
conditions.  
 

Figure 3 gives the pressure evolution in 
the film versus the circumferential co-ordinate, 
for different values of structure’s index n, and 
for two different cases (thermo hydrodynamic 
and isotherm).  
 

The variation of the pressure between 
the isothermal and the thermo-hydrodynamic 
cases increases with the increase of the index of 
structure. We can also note that the heating 
effect is more outstanding for the dilating fluids, 
where the variation of the results between the 
two cases, isotherm and thermo-hydrodynamic 
is very large (reached up to 116 %), that is 
justify the importance of the thermo-
hydrodynamic aspect analysis in the case of 
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such fluids. However, for the pseudo-plastic 
fluids, the variation is the very weak, the 
thermo-hydrodynamic aspect have not a great 
influence.      
 

 
 

Figure 3 Evolution of the pressure versus the 
coordinated circumferential for different value 
of n. Comparison between isothermal and 
thermo-hydrodynamic cases. 
 

Figures 4 and 5 show the influence of 
the revolution number by minute on the 
isothermal lines for a fixed index structure. The 
temperature increases with the revolution 
number by minute. 
 

Figures 6 and 7 represent the bearing 
and the film temperature evolutions, according 
to the circumferential coordinates and the film 
thickness, and for various values of index of 
structure n, where we can note that the 
temperature of the film and the bearing 
increases with the increase of index n.  
 

 
 

Figure 4 Isothermal lines of the journal bearing 
       for : N= 1000 rev./min and  n=1.1.   

 
Figure 5 Isothermal lines of the journal bearing 

        for : N= 3000 rev./min and  n=1.1. 
 

 
Figure 6 Evolution of the bearing internal 
surface temperature according to the 
circumferential coordinate and for different 
value of n. 
 

 
Figure 7 Evolution of the lubricating film 
temperature according to its thickness and for 
different value of n.  
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5. CONCLUSION 
 
The work presented in this study is related to a 
thermo-hydrodynamic analysis of a smooth 
journal bearing, using a non Newtonian 
behaviour lubricant, with a power law formula. 
The results presented showed that:   
-  The increase of the structure index, n, 
generates an increase in the pressure. This 
increase becomes more significant for the case 
of the dilating fluids.   
-  For the same operating conditions, the 
increase of index induces an increase in the 
pressure, the temperature and the load. 
-  For the dilating fluids (n > 1), the load, the 
temperature and the pressure are more 
significant than those of the Newtonian fluids. 
-  For the pseudo- plastic fluids (n < 1), the load, 
the temperature and the pressure are weaker 
than those of the Newtonian fluids. 
-  The thermal effects are important in the 
dilating fluids cases. The difference between 
results obtained by using isothermal theory of 
lubrication and non isothermal one is very large 
(reached up to 116 %), which justifies the 
importance of the thermo-hydrodynamic study 
in the case of such fluids.   
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NOMENCLATURE 
 

l  Length of the journal bearing, 
m 

RS  Radius of the shaft, m 
RB  Internal radius of the bearing, 

m 
C      Radial distance between shaft 

and bearing, m 
x, y, r, z Space coordinates, m 
u, v, w Velocities, m.s-1 
TA  Ambient temperature, °C 
P Pressure, Pa 
ρ Density,  kg.m-3  
Cp Specific heat, J.kg-1.K-1 
KB Bearing thermal conductivity, 

W.m-1.K-1 
KS  Shaft thermal conductivity, 

W.m-1.K-1 
KF Film thermal conductivity,  

W.m-1.K-1 
hB         Bearing convective heat 

transfer coefficient, W.m-2.K-1 
hS  Shaft convective heat transfer 

coefficient, W.m-2.K-1 
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ABSTRACT 
 
Design of devices with hydrodynamic lubrication of 
grooved surfaces with partial slip is possible due to the 
research efforts in the areas of microelectromechanical 
systems (MEMS). The present study examines the effects 
of slip/no-slip configuration regions on improvement in 
load capacity and reduction in friction coefficient for 
journal bearing. The classical Reynolds equation governing 
the pressure distribution in a hydrodynamic bearing is 
based on the assumption of no-slip of fluid over the two 
surfaces with relative sliding motion. In the present work, 
hydrodynamic grooved journal bearing with partial slip 
surface is considered and the analysis is carried out using 
modified classical Reynolds equation considering the 
partial slip on the bearing surface. The nondimensional 
pressure and shear stress expressions are derived for the 
following cases: (i) journal bearing with groove 
immediately followed by the region of partial slip/no-slip 
configuration, and (ii) journal bearing with groove 
immediately followed by the region of partial slip 
configuration. Reynolds boundary conditions are used in 
the analysis of grooved convergent one dimensional 
journal bearing to predict nondimensional load capacity 
and coefficient of friction. Analysis of grooved concentric 
journal bearing under steady state is also carried out using 
partial slip conditions. Partial slip of bearing surfaces has a 
potential to generate load carrying capacity even for 
concentric journal bearing. 
 
Keywords: Grooved journal bearing, Partial slip surface, 
Load capacity, Coefficient of friction 
 
1. INTRODUCTION 
 
The classical Reynolds equation is based on the boundary 
condition assumption of no-slip of fluid over the two 
surfaces with relative sliding motion. However, recent 
experimental studies have shown that slip occurs under 
smooth and microgeometrical conditions [Craig et al. 
(2001), Zhu and Garnick (2001, 2002)]. Spikes (2003a, 
2003b) analyzed the influence of wall slip on the 
hydrodynamic properties of half-wetted bearing. Wu et al. 
(2006) presented the load capacity of convergent, parallel 
and divergent slider bearing with mixed slip surface. Wall 
slip is usually described by slip length model at low shear 
rate and in the case of the slip length model (Navier 
condition), slip velocity is proportional to the shear stress 

at the solid surface. The numerical analysis of slider 
[Fortier and Salant (2004)] and journal [Salant and Fortier 
(2005)] bearing with heterogeneous slip/no-slip bearing 
surface using modified slip length model yield high load 
support and low friction. Rao (2010) analyzed the 
nondimensional pressure and shear stress distribution for a 
single-grooved slider and journal bearing with partial slip 
on the stationary surface.  
 
A growing interest is given to the textured hydrodynamic 
lubricated contacts since the concept of texturing bearing 
surfaces results in increased load or reduced friction. Based 
on theoretical studies, Tønder (2001) presented that 
introducing variable roughness profile at the inlet of a 
sliding surface contact can generate higher load capacity. 
Fowel et al. (2007) have analyzed the textured slider 
bearing performance considering surface texture geometry 
parameters such as texture depth, width, number of 
textures, and location of textures. Cupillard et al. (2008) 
showed an improvement in the hydrodynamic performance 
due to the texture in the converging gap of journal bearing. 
 
In the present paper, grooved hydrodynamic journal 
bearing with partial slip is analyzed for the influence of 
slip configuration on the generation of load support and 
consequent reduction in friction. Partial slip is considered 
on the stationary surface of journal bearing. A modified 
Reynolds equation has been obtained. Nondimensional 
pressure and shear stress in the single-grooved journal 
bearing with partial slip under steady state are deduced. 
Reynolds boundary conditions are used to solve the 
nondimensional pressure distribution in the journal 
bearing. This work presents nondimensional pressure and 
shear stress expressions for the (i) journal bearing with 
groove immediately followed by the region of partial 
slip/no-slip configuration, and (ii) journal bearing with 
groove immediately followed by the region of partial slip 
configuration. Results of load capacity and coefficient of 
friction in the single grooved one dimensional journal 
bearing with partial slip under steady state are analyzed.  
 
2 ANALYSIS OF GROOVED JOURNAL BEARING 
WITH PARTIAL SLIP 
 
Considering that pressure in the journal bearing is a 
function of sliding direction (x), the momentum equation is 
simplified as  

  
  
   

  
   

    (1) 
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mailto:majdi@petronas.com.my
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The boundary conditions for velocity are: Navier slip 
boundary conditions are imposed on the part of bearing 
surface. On the other part of the plain and grooved bearing 
surface, and on the journal surface, no slip conditions are 
imposed. The boundary conditions for velocity at the 
journal surface and at the bearing surface are 

At    ,      and at    ,         
  

    
  (2) 

Integrating the Eq. (1) for velocity component along   
direction and satisfying the boundary conditions in Eq. (2)  

   
  
*     (     )

    
+   
  
  (   

    
)    
 (3) 

The equation of continuity across the film is  
   ∫     

        (4) 
Integrating the equation of continuity across the film, and 
substituting Eqs (3) in (4), yields the modified classical 
Reynolds equation for partial slip surface as 

 
  
* 
 (     )
   (    )

  
  
+   

 
 
  
* (     )
(    )

+    (5) 
The nondimensional form of modified classical Reynolds 
equation for partial slip surface is 

 
  
* 

 (    )
  (   )

  
  
+   

 
 
  
* (    )
(   )

+     (6) 
The nondimensional film thickness for the plain journal 
bearing is expressed in Eq. (7) and the nondimensional 
film thickness in the grooved journal bearing is expressed 
as     .   

  (       )   (7) 
The shear stress is expressed as 

      
  
  

   (8) 
The shear stress in the journal bearing at y=0 is obtained as 

   |    
 
 
* (     )

    
+   
  
   
    

  (9) 
The nondimensional shear stress in the journal bearing at 
y=0 is obtained as 

 |    
 
 
* (    )

   
+   
  
  
   

 (10) 
 

2.1 Convergent Grooved Journal Bearing with Slip/No-
slip Configuration 
The schematic of convergent grooved journal bearing with 
slip/no-slip configuration is shown in Fig. 1.  

 
Fig. 1 Geometry of grooved journal bearing with slip/no-

slip configuration 
 

The slip/no-slip configuration is composed of a number of 
successive regions of slip and no-slip regions on the 
bearing surface. The angular extent of successive regions 
of slip and no-slip regions are                  
        and                           
respectively.  
The boundary conditions of slip and no-slip region 1 
respectively are 
 |     ,  |            and  |           ,  |       

       (11) 
Integrating the Eq. (6), yields the nondimensional pressure 
profiles of slip and no-slip region 1 as    

  
  
(        )  

 (    )
  (    )

   (   ) 
  (    )

     
  (12) 

  
  
(           )  

 
  
    

  
     (13) 

Integrating the Eqs. (12-13) and substituting the boundary 
conditions given in Eqs. (11), yields the nondimensional 
pressure profiles of slip and no-slip region 1 as    

 (        )   |     ∫
(    )
  (    )

 
    

   ∫
(   )

  (    )
 
        (14) 

 (           )   |        ∫
 
  

 
    

   

   ∫  
  

 
    

       (15) 
The boundary conditions of slip and no-slip region for 
region n respectively are 

 |             ,  |            and  |           , 
 |             (16) 

Integrating the Eq. (6) and substituting the boundary 
conditions given in Eqs. (16), yields the nondimensional 
pressure profiles of slip and no-slip region n as  
 (           )   |          ∫

(    )
  (    )

 
    

   

   ∫
(   )

  (    )
 
    

       (17) 

 (           )   |        ∫
 
  

 
    

   

   ∫  
  

 
    

       (18) 
Integrating the Eq. (6), yields the nondimensional pressure 
gradient profiles of groove region as    

  
  
(       )  

 

(    )
  

   

(    )
     (19) 

The boundary conditions in the groove region are 
 |        ,  |         (20) 

Integrating the Eq. (19) and substituting the boundary 
conditions given in Eqs. (20), yields the nondimensional 
pressure profile for groove region as 

 (       )   |      ∫
 

(    )
 

 
  

   

   ∫  

(    )
 

 
  

       (21) 

Integrating the Eq. (6), yields the nondimensional pressure 
gradient profiles for exit region as    

  
  
(       )  

 
  
    

  
    (22) 

Integrating the Eq. (22) and substituting the boundary 
condition for exit region ( |       ), yields the 
nondimensional pressure profile for exit region as 
 (       )   |      ∫

 
  

 
  

      ∫  
  

 
  

     
   (23) 
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The Reynolds boundary conditions for film rupture are 
   |        and    

  
|
    

   

   (24) 

Substitution of the Reynolds boundary conditions for 
nondimensional pressure at film rupture in Eq. (23) and 
simplifying using the nondimensional pressure in Eqs. 
(14), (15), (17), (18), (21) results in   as 

 

  
∫

(    )
  (    )

    
    ∫  

  
    
    

     ∫
(    )
  (    )

    
    

   ∫  
  

    
    

   ∫  

(    )
 

  
  

   ∫  
  

  
  

  

∫  (   )
  (    )

    
    ∫  

  
    
    

     ∫  (   )
  (    )

    
    

   ∫  
  

    
    

   ∫  

(    )
 

  
  

   ∫  
  

  
  

  
    (25) 

Substituting the pressure gradient boundary condition 
given in Eq. (24) in the expression for nondimensional 
pressure gradient in Eq. (22), results in 

   |         |       (26) 
The Newton-Raphson iterative procedure is used to solve 
simultaneously both    and  |     using Eqs. (25) and 
(26). 
The radial and tangential nondimensional load capacity 
obtained by integration of nondimensional pressure along 
and perpendicular to line of centers are expressed as  

    ∫           
 ,    ∫           

     
   (27) 

The nondimensional load capacity is expressed as  

  √            (28) 

The nondimensional shear stress of slip and no-slip region 
1 is expressed as    

 (        )   
  (    )
  (    )

  (    )
 (    )

     
  (29) 

 (           )   
  
  
  
 

     (30) 
Similarly, the nondimensional shear stress of slip and no-
slip region n is expressed as 

 (           )   
  (    )
  (    )

  (    )
 (    )

    
   (31) 

 (           )   
  
  
  
 

    (32) 
The nondimensional shear stress for groove region is 

 (       )   
  

(    )
  

 
(    )

     

  (33) 
The nondimensional shear stress for exit region is 

 (       )   
  
  
  
 

    (34) 
The nondimensional friction force on the journal surface is 
obtained by integrating the shear stress along the journal 
surface as  

  ∫       
        

 (35) 

The nondimensional friction coefficient is calculated as 
   (

 
 
)  
 
  
 

. 
 
2.2 Concentric Grooved Journal Bearing with Slip/No-
slip configuration 
 
The nondimensional pressure profiles of a concentric 
journal bearing for slip and no-slip region 1 respectively 
are 

 (        )   |      (
    
    

      
    

)    
  (36) 

 (           )   |        (      )(    ) 
    (37) 

Similarly, the nondimensional pressure profiles of a 
concentric journal bearing for slip and no-slip region n are 
expressed as  
 (           )   |          (      ) (

    
    

 

     
    

)     (38) 
 (           )   |        (      )(    ) 

    (39) 
The nondimensional pressure profiles of a concentric 
journal bearing for groove region is  

 (       )   |     
 
   
(    )(     )   

  (40) 
where         
The boundary conditions for the exit region for a 
concentric journal bearing are 

  |        and  |       (41) 
Integrating the Eq. (22) and substituting the boundary 
conditions given in Eqs. (41), yields the nondimensional 
pressure profile for exit region as 

 (       )   |      (    )(    )    
 (42) 

Substitution of the boundary conditions for 
nondimensional pressure in Eq. (42) and simplifying using 
the nondimensional pressure in Eqs. (36)-(40) results in   
as

 

  
(    )
(    )     (         )   

(    )
(    )(         ) (         ) 

 
   
(     ) (     )

 (   )
(    )      (         )   

 (   )
(    )(         )  (         ) 

 
   
(     )  (       )

    (43) 

The net load support in the bearing is obtained by 
integration of nondimensional pressure. The 
nondimensional load capacity is expressed in Eq. (28). 
Integrating the nondimensional shear stress over the 
bearing surface yields the nondimensional friction force as  

  ∫       
  (   (    )

(    )
  (    )

(    )
)      

(     )(         )    ( 
  (    )
(    )

 

 (    )
(    )

) (         )  (     )(         )  

(   
   
  
  
) (     )  (     )(     )    (44) 

 
2.3 Convergent Grooved Journal Bearing with Slip 
Configuration 
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The schematic of convergent grooved journal bearing with 
slip configuration is shown in Fig. 2.  

 
Fig. 2 Geometry of grooved journal bearing with slip 

configuration 
 
The angular extent of groove region (  ) is followed by 
slip configuration (  ). Rao (2010) derived 
nondimensional pressure and shear stress under steady 
state using one-dimensional analysis of the single-grooved 
journal bearing with partial slip on the stationary surface. 
Pressure can then be integrated to determine the load 
support in each part of the bearing.  
The radial and tangential nondimensional load capacity are 
expressed as  
    ∫           

  ∫           
  

 ∫           
  

   
   (45) 

   ∫           
  ∫           

  
 ∫           

  
   

   (46) 
The nondimensional shear stress can be integrated as 
  ∫       

  to yield the nondimensional friction force   

  ∫ (   (    )
  (    )

  (    )
 (    )

)      
  ∫ (   

(    )
  

  
  

 
(    )

)     ∫ (   
  
  
 
)      

  
    (47) 

 
2.4 Concentric Grooved Journal Bearing with Slip 
Configuration 
 
The radial and tangential nondimensional load capacity are 
expressed as  
    ∫           

  ∫           
  

 ∫           
  

   
   (48) 

   ∫           
  ∫           

  
 ∫           

  
   

   (49) 
The nondimensional friction force is expressed as  

  ∫       
  (   (    )

(    )
  (    )

(    )
)    

(   
   
  
  
) (     )  (     )(     )    (50) 

 
3. RESULTS AND DISCUSSION  
 

A grooved journal bearing with (i) slip/no-slip 
configuration and (ii) slip configuration is considered in 
the analysis. The parameters used in the analysis are: 
journal eccentricity ratio (ε)=0.0, 0.2, 0.4, 0.6 and 0.8; 
extent of slip region on the bearing surface measured from 
the position of maximum film thickness for journal bearing 
(  )=40°, 80°, 120° and 160°; angular extent of groove 
region for journal bearing immediately followed by partial 
slip (  )=40°, 80°, 120° and 160°; slip to no-slip region 
ratio in the grooved journal bearing with slip/no-slip 
configuration (γ)=0.2, 0.4, 0.6 and 0.8; number of slip 
regions in the journal bearing with slip/no-slip 
configuration (n)=2, 4, 6 and 8; nondimensional depth of 
groove (Hg)=1, 2, 3, 4; nondimensional slip coefficient 
(A)=0.1, 1, 10, 100. The non-dimensional slip coefficient 
( ) is zero in no-slip regions. 
 
 
 

 
(a) θg=180°, n=4, γ=0.5, Hg=1, A=1 
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(b) θt=120°, θg=180°, n=4, Hg=1, A=1 

 
(c) θt=120°, θg=180°, γ=0.5, Hg=1, A=1 

 
(d) θt=120°, θg=180°, n=4, γ=0.5, A=1 

 
Fig. 3 Nondimensional load capacity of grooved journal 

bearing with slip/no-slip configuration 
 
Figures 3a-3d show the non-dimensional load capacity (W) 
of grooved journal bearing with slip/no-slip configuration. 
Using the parameters considered in the study, the non-
dimensional load capacity (W) in the case of grooved 
concentric journal bearing (ε =0.0) is higher for higher 
value of slip to no-slip region ratio (γ) of 0.8. The non-
dimensional load capacity (W) in the case of grooved 
concentric journal bearing (ε =0.0) increases with increase 
in slip to no-slip region ratio (γ). In the case of grooved 
concentric journal bearing with slip/no-slip configuration 
(ε =0.0), the non-dimensional load capacity (W) decreases 
with (i) increase in extent of slip region on the bearing 
surface (θt) and (ii) increase in nondimensional depth of 
groove (Hg). For the case of grooved convergent journal 

bearing with slip/no-slip configuration at higher 
eccentricity ratio (ε =0.8), the non-dimensional load 
capacity (W) increases with (i) increase in extent of slip 
region on the bearing surface (θt), (ii) decrease in 
nondimensional depth of groove (Hg), and (iii) decrease in 
slip to no-slip region ratio (γ). 
 
 

 
(a) θg=180°, n=4, γ=0.5, Hg=1, A=1 

 

 
(b) θt=120°, θg=180°, n=4, Hg=1, A=1 
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(c) θt=120°, θg=180°, γ=0.5, Hg=1, A=1 

 

 
(d) θt=120°, θg=180°, n=4, γ=0.5, A=1 

 
Fig. 4 Coefficient of friction of grooved journal bearing 

with slip/no-slip configuration 
 
Figures 4a-4d show the coefficient of friction (Cf) of 
grooved journal bearing with slip/no-slip configuration. 
For the parameters considered in the study for grooved 
concentric journal bearing (ε =0.0), minimum coefficient 
of friction (Cf) is obtained for higher slip to no-slip region 
ratio (γ). Using the parameters analyzed in the study for 
concentric journal bearing (ε =0.0), the coefficient of 
friction (Cf) decreases with (i) decrease in extent of slip 
region on the bearing surface (θt), (ii) increase in slip to 
no-slip region ratio (γ), and (iii) decrease in 
nondimensional depth of groove (Hg). The variation in 
coefficient of friction (Cf) is not significant for convergent 
journal bearing eccentricity ratios of 0.6 and 0.8, while the 

coefficient of friction (Cf) decreases with increase in 
eccentricity ratio from 0.2 to 0.4.  
 
 
4. CONCLUSION 
 
The present study examines an approach on improvement 
in load capacity and reduction in friction coefficient for 
grooved journal bearing, using (i) slip/no-slip 
configuration and (ii) slip configuration on bearing surface. 
The conclusions based on the analysis presented in this 
paper are: 

x In the case of grooved concentric (ε =0.0) journal 
bearing with slip/no-slip configuration, the non-
dimensional load capacity (W) is higher for higher 
slip to no-slip region ratio (γ).   

x In the case of grooved concentric (ε =0.0) journal 
bearing with slip configuration, the non-
dimensional load capacity (W) is higher for higher 
nondimensional slip coefficient (A).   

The analysis of hydrodynamic grooved journal bearing is 
carried out using modified classical Reynolds equation 
considering the partial slip on the bearing surface. Bearing 
surfaces with partial slip has a potential to generate load 
carrying capacity even for concentric journal bearing. 
Partial slip on the concentric bearing surface increase the 
load capacity and reduce the friction coefficient. 
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NOMENCLATURE 
 
C Radial clearance, m 
f Friction force, N;         ⁄  for journal 

bearing 
h, H Film thickness, m;     ⁄  for journal bearing 
      Depth of groove, m;       ⁄  for journal 

bearing    
   Nondimensional film thickness at groove for 

concentric journal bearing      
L Length of the journal bearing, m  
n Number of slip regions in the journal bearing with 

slip/no-slip configuration  
p Pressure distribution, N/m2;          ⁄   
R Journal radius, m 
p Pressure distribution, N/m2;         ⁄  for 

journal bearing 
                Nondimensional pressure at the at inlet 

of nth slip region, outlet of nth slip region. 
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ABSTRACT 
 
Linear stability analysis of an unbalanced rigid 
rotor supported by nonlinear journal bearings is 
undertaken using the Floquet theory, and 
verified using the numerical integration method. 
For small magnitude of rotor unbalance and 
operation of journal bearing in the lightly to 
moderately loaded regime, the threshold of 
instability was found to be almost similar to that 
predicted for the balanced rotor, whilst for 
moderate to large values of rotor unbalance, the 
instability threshold values were observed to be 
much higher than that predicted for the balanced 
rotor.  For journal bearings operation in the 
highly loaded regime, the instability threshold 
values of the unbalanced rotor were observed to 
be lower than that of the balanced rotor. The 
rotor unbalance magnitude required to suppress 
journal bearing instability is, however, 
considerably large, exceeding the permissible 
unbalance level for rigid rotor. 
 
Keywords: Floquet theory, Journal bearings, 
Rotordynamics, Stability 

 
1. INTRODUCTION 
 
Journal bearings are strongly nonlinear machine 
element and they significantly influence the 
dynamic characteristics of the rotating 
machinery that they support. In the design and 
operation of rotating machinery, its stability is 
of utmost importance to ensure safe operation of 
these machines at their rated speed and load. 
Linear analysis is normally used to determine 
the stability of rotating machinery in journal 
bearings. In this analysis, the equations of 
motion of the rotor-bearing system are 
linearized about its static equilibrium position 
and the stability of this equilibrium position 
subjected to small disturbance is evaluated. This 
method has two drawbacks, namely the stability 
of the rotor is only valid for small motion about 
the static equilibrium position, and the 
unbalance force are totally neglected in this 
analysis. The effect of rotor unbalance cannot 

be neglected because it is not possible to have a 
perfectly balanced rotor in practical 
applications. A brief review of past work on the 
stability of balanced and unbalanced rotors is 
presented below. 
 
Holmes (1970) examined the nonlinear 
performance of turbine bearings by numerically 
integrating the equations of motion of a rigid 
rotor mounted on cavitated short journal 
bearings. He recommended that a correction 
factor be applied to linear bearing coefficients 
because of the significance of non-linear effect 
as the eccentricity ratio of the bearing increased. 
He further suggested that for turbo-rotors, which 
typically have eccentricity ratios of 0.7 and 0.4, 
linearity is valid for peak-to-peak vibration 
values of about one-third of the radial clearance 
and full radial clearance, respectively.Holmes et 
al. (1978) investigated the vibration response of 
a rigid shaft supported by short journal bearings. 
They revealed two distinct behaviors of the 
journal motion, which depended on the 
eccentricity ratio of the journal. For most of the 
operating conditions investigated in this work, 
the motion of the journal was found to be 
asymptotically periodic with components 
principally at synchronous and half synchronous 
frequency. For operation of the rotor at high 
eccentricity ratio, aperiodic behavior was 
observed where the motion of the journal was 
complex and did not settle to a limit cycle. 
Barret et al. (1976) investigated the effect of 
unbalance and ambient pressure on a journal 
bearing for both cases of operation below and 
above the linear stability threshold speed. They 
found that, for operation above the stability 
threshold speed, increasing the rotor unbalance 
magnitude resulted in the decrease of rotor 
amplitude motion and force transmitted.  This 
observation suggested the possibility of   
suppressing oil whirl in journal bearing by 
increasing the magnitude of the rotor unbalance 
force. Bannister and Makdissy (1980) examined 
the effect of unbalance on the stability and non-
synchronous whirling of a rotor supported by 
journal bearings. They found that an increase in 
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unbalance magnitude improved the stability of 
the rotor-bearing system, concurring with the 
findings of Barrett et al. (1976). The work of 
Lund and Nielsen (1980) on the stability of an 
unbalanced rigid rotor mounted on short journal 
bearings also revealed that rotor unbalance 
raised the threshold of instability especially at 
high values of the modified Sommerfeld 
number. Khonsari and Chang (1993) utilized a 
model of a perfectly balanced shaft supported 
by two identical cavitated journal bearings to 
investigate the stability boundary of these 
nonlinear bearings. Numerical results showed 
that the initial conditions for the eccentricity and 
attitude angle of the journal in the bearing were 
important parameters that influenced the 
stability of the system. They further showed the 
possible existence of unstable orbits for values 
of the rotor-bearing system operating 
parameters which had been determined to be 
stable based on the linearized stability theory. 
Wang and Khonsari (2006) utilized the Hopf 
bifurcation theory to predict the stability 
envelope of a rigid rotor mounted on journal 
bearings. This method required less 
computational time to predict the stability 
envelope as compared to an earlier work 
reported in Khonsari and Wang (1993) that 
employed a trial-and-error method. El-Shafei et 
al. (2007) performed experimental work to 
investigate the effect of unbalance magnitude, 
oil supply pressure and coupling misalignment 
on the threshold of instability of a flexible rotor 
supported by journal bearings. They found that 
angular misalignment of the coupling was the 
most effective method to delay the onset of 
instability in the rotor-bearing system.    
 
In the present work, linear stability analysis of 
an unbalanced rigid rotor supported by 
nonlinear journal bearings is undertaken using 
the Floquet theory, and verified using the 
numerical integration method. The threshold of 
instability of the unbalanced rotor, which is 
determined for a range of practical values of 
static eccentricity ratio and rotor unbalance 
magnitude, is compared to that of the balanced 
rotor, and the influence of the magnitude of 
rotor unbalance on the instability threshold is 
examined.  
 
2. THEORETICAL TREATMENT 
 
2.1 Equations of Motion 
 
The rotor, which has a mass of 2m, is mounted 
in two identical journal bearings.  The purely 
static unbalance of the rotor is represented by 
the eccentricity (u) of its center of mass (G) 

from its geometric center of rotation, which in 
the case of the rigid rotor is identical to the 
geometric center of the journal, OJ. The 
Cartesian coordinates (X, Y) are fixed in space 
and centred at OB, the bearing center. The 
notation and the coordinate frames used in the 
analysis of the rotor-bearing system are shown 
in Figure 1. In the derivation of the equations of 
motion of a rigid rotor in journal bearings, the 
following assumptions are made: (i) the rotor is 
rigid and symmetric, (ii) unbalance of the rotor 
is purely static and located in its midspan plane, 
(iii) gyroscopic effects are neglected, (iv) rotor 
motion in the axial direction is neglected, (v) 
short bearing approximation based on Reynolds 
equation for incompressible flow is valid, and 
(vi) cavitation is modeled as π-film and 
therefore the contribution below ambient 
pressure to the oil-film forces is neglected. 
 

 
 

Figure 1 Journal bearing coordinate systems. 
 
With the external forces acting on the journal 
that include the oil-film forces (FX and FY), 
gravity, and unbalance force, the equations of 
motion of the journal center become 
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The pressure (P) distribution in a cavitated (π-
film) short journal bearing derived from the 
Reynold’s equation is given in rotating 
coordinates as 
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ε and  ̇ respectively denote the radial 
displacement and velocity of the journal, and ω 
and 휙̇ are respectively the journal’s rotational 
and whirl velocity. θ is the angular coordinate 
measured from the position of maximum film 
thickness in the direction of rotor angular 
velocity. L denotes the length of the bearing, c 
the bearing’s radial clearance, z the position in 
the axial direction of the bearing, and μ the 
dynamic viscosity of the lubricant. The resulting 
oil-film forces due to the motion of the journal 
in a bearing are usually expressed naturally in 
polar coordinates.   
 
The forces in the polar coordinates can be easily 
transformed into the Cartesian coordinates by 
the following equations. 
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   and   are the radial and tangential oil-film 
forces, respectively. These forces are obtained 
by integrating the pressure distribution, given in 
(2), over the entire bearing surface, and can be 
expressed as functions of (   ̇ 휙̇) by Equation 
(4). 
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The integrals I1, I2 and I3 can be evaluated 
analytically in closed form, (Booker, 1965). θ1 
denotes the angular position of the start of 
positive pressure region measured from the 
position of maximum oil film thickness in the 
direction of rotor angular speed. Inserting 
Equations (4) and (5) into Equation (3), and the 
result into Equation (1), and dividing the 
resulting equation by 푚휔 푐, and substituting 
the appropriate non-dimensional parameters into 

the final equation, we obtain the non-
dimensional governing equations for a rigid 
rotor mounted in cavitated short journal 
bearings. 
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where, 
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The modified Sommerfeld number (σ), a 
parameter that is widely used as a characteristic 
number for journal bearing performance, 
determines the static equilibrium position of the 
journal in the bearing. It depends on the 
lubricant viscosity (μ), journal rotational 
velocity (ω), journal radius (R) and length (L), 
bearing radial clearance (c) and the bearing load 
(W). Higher loads and lower speeds will result 
in a lower σ, whilst lighter loads and higher 
speeds results in higher σ. The parameter M is 
the dimensionless mass of the journal. The 
product σM is known as the journal mass 
parameter. The journal mass parameter, which 
is also known as the stability parameter, is 
proportional to the square of the rotor’s 
operating speed. The unbalance parameter (U), 
which is a measure of the rotor unbalance, is 
defined as the ratio of the eccentricity (u) of the 
rotor center of gravity (G) from its geometric 
center of rotation, to the radial clearance of the 
bearing (c).  τ is the non-dimensional time. 
 
2.2 Floquet Analysis 
 
The stability of periodic solutions can be 
examined using Floquet theory. The state 
variables of the periodic solution are perturbed 
about its steady state, resulting in a system of 
linearized equations with periodically varying 
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coefficient. The stability of the original system 
of nonlinear equations is then determined by the 
eigenvalues of the monodromy matrix, which is 
obtained from the solutions of these linearized 
equations over one period, with the identity 
matrix as the initial conditions. The eigenvalues 
of the monodromy matrix are known as Floquet 
multipliers. The periodic solution is stable if the 
magnitude of all the multipliers is less than one. 
The periodic solution loses its stability when at 
least one of the multipliers has a magnitude 
greater than one. Detailed expositions of the 
Floquet theory are found in Nayfeh and 
Balachandran (1993) and Seydel (2009). 
 
The Floquet theory was used to evaluate the 
threshold of instability of the periodic solutions 
of the rotor-bearing system for a range of rotor 
unbalance magnitudes and eccentricity ratios. 
The threshold of instability is determined from 
the corresponding value of M when the 
magnitude of the leading Floquet multiplier 
traverses the line of unity. An example, shown 
in Figure 2, which depicts the magnitude of the 
leading Floquet multiplier for ε = 0.3 and U = 
0.2, gives the threshold of instability of M = 6.5 
(Note that the exact value of the threshold of 
instability lies between M = 6.5 and M = 7. 
Since the simulation was undertaken at interval 
of 0.5, the value of M immediately before the 
rotor becomes unstable is considered as the 
threshold of instability). 
 

 
 

Figure 2 Magnitude of leading Floquet 
multiplier for ε = 0.3, U = 0.2 and the critical 

value of M is 6.5. 
 
3. RESULTS AND DISCUSSION 
 
For a given value of the unbalance parameter U, 
the instability threshold of the dimensionless 
journal mass M is determined for increasing 
values of the eccentricity ratio ε. ε, which is the 
ratio of the journal’s static equilibrium position 

to the bearing’s radial clearance, can be related 
to the modified Sommerfeld number σ (Lund 
and Saibel, 1967). The stability parameter σM is 
then plotted against σ to obtain the stability 
curve. The lower limit of ε is set to 0.1, 
determined by the validity of the Reynolds 
boundary condition, (Frene et al., 1997). The 
upper limit of ε, on the other hand, is set to 0.75, 
as practical operation of such bearings at values 
exceeding this is not recommended to avoid 
possibility of rubbing between the journal and 
the stationary bearing sleeve. 
 
The stability of the rotor for several unbalance 
magnitudes ranging from 0.05 to 0.4 was 
investigated in this work. The influence of 
unbalance magnitudes on the stability of the 
rotor is shown in Figure 3 for U = 0.05, 0.1 and 
0.15 corresponding to small unbalance 
magnitude and Figure 4 for U = 0.2, 0.25, 0.3, 
0.35 and 0.4 corresponding to moderate to large 
magnitudes of unbalance. As shown in Figure 3, 
the threshold of instability computed for the 
case of small unbalance magnitude is lower than 
that determined from the linear stability curve 
(corresponding to U = 0.0). The deviation is 
seen to be more significant at lower values of σ, 
which corresponds to journal bearing operation 
at higher values of eccentricity (0.55 ≤ ε ≤ 
0.75). 
    

 
 

Figure 3 Stability curve for small unbalance 
magnitudes. 

 
The stability curves for the case of moderate to 
high value of unbalance magnitudes, 0.2 ≤ U ≤ 
0.4, are shown in Figure 4. These stability 
curves showed a general trend of increasing 
instability threshold with the increase of 
unbalance magnitudes for moderate to large 
values of σ, which corresponds to lightly to 
moderately loaded operating regime of the 
journal bearing (0.1 ≤ ε ≤ 0.5). With the 
exception of U = 0.2 and 0.25, the curves 
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representing other values of U indicated that the 
instability threshold was higher than that 
predicted for the case of the balanced rotor (U = 
0.0) for large values of σ. For moderate values 
of σ, on the other hand, the threshold of 
instability for U = 0.35 and 0.4 was seen to be 
higher as compared to the threshold predicted 
for the balanced rotor. 
   

 
 

Figure 4 Stability curve for moderate to high 
unbalance magnitudes. 

 
For the case of ε = 0.3 and U = 0.2, whose 
leading Floquet multiplier and stability map are 
respectively shown in Figures 2 and 4, the rotor 
response determined from direct numerical 
integration of the governing equations are 
presented using Poincaré map, time series, whirl 
orbit and power spectrum plots in Figure 4 for 
M = 6.5, corresponding to synchronous response 
and M = 7, corresponding to period-2 response.  
For this set of rotor-bearing system parameters, 
the loss of stability is due to period-doubling 
bifurcation as the value of M is increased from 
6.5 to 7.  
 
The results presented in Figures 3 and 4, which 
generally indicate that increasing rotor 
unbalance magnitude stabilizes an otherwise 
unstable rotor in journal bearings, concur with 
the findings of other authors; Barrett et al., 
(1976), Bannister and Makdissy (1980) and 
Lund and Nielsen (1980). A comparison with 
the stability curve of the balanced rotor showed 
that rotor unbalance increases the threshold of 
instability only for moderately to large values of 
σ, which corresponds to lightly to moderately 
loaded journal bearing operating regime. This 
fact is however not true for small values of σ, 
which corresponds to heavily loaded journal 
bearing operating regime, as clearly seen in 
Figures 3 and 4. The threshold of instability in 
this operating regime is much lower than that 
predicted for the balanced rotor. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

            
             M = 6.5                         M = 7  
 

Figure 5 Rotor response for ε = 0.3, U = 0.2,   
M = 6.5 (stable) and M = 7 (unstable), (a) time 

series, (b) whirl orbit, (c) Poincaré map, (d) 
power spectrum.  

 
4. CONCLUSIONS 
 
The threshold of instability of the unbalanced 
rotor supported by nonlinear journal bearings 
was determined using Floquet analysis, and 
further verified using the numerical integration 
method. For small magnitude of rotor unbalance 
and operation in the lightly to moderately 
loaded regime, the threshold of instability was 
found to be almost similar to that predicted for 
the balanced rotor. For moderate to large values 
of rotor unbalance and operation in the same 
regime, however, the instability threshold values 
were observed to be much higher than that 
predicted for the balanced rotor.  For journal 
bearings operation in the highly loaded regime, 
the instability threshold values of the 
unbalanced rotor were observed to be lower 
than that of the balanced rotor. Although it has 
been recognized that journal bearing instability 
can be suppressed by rotor unbalance force, this 
work has shown that the rotor unbalance 
magnitude required for this purpose is 
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considerably large, exceeding the permissible 
unbalance level for rigid rotor.  
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NOMENCLATURE 
 
c bearing radial clearance, m 
FR oil-film force in radial direction, N 
FT oil-film force in tangential direction, N 
FX oil-film force in X-direction, N 
FY oil-film force in Y-direction, N 
G center gravity of rotor   
g gravitational acceleration, ms-2 

h dimensionless oil-film thickness  
L bearing length, m 
M dimensionless mass of the journal 
m half mass of rotor, kg 
P pressure, Nm-2  
R journal radius, m 
U unbalance parameter 
W bearing load, N 
x non-dimensional displacement of the 

center of the rotor in the X-direction 
y non-dimensional displacement of the 

center of the rotor in the Y-direction 
z position in the axial direction of the 

bearing 
ε eccentricity ratio 
 ̇ radial velocity of journal, rads-1 

θ angular coordinate measured from the 
position of maximum film thickness, rad 

θ1 angular position of the start of pressure 
region measured from θ, rad 

μ dynamic viscosity of lubricant, Nsm-2 

σ modified Sommerfeld number 
τ non-dimensional time 
ϕ  angular position of line connecting 

eccentric position of the journal centre to 
the bearing centre, rad 

I  whirl velocity, rads-1 
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ABSTRACT 
 
The current method of harvesting the Oil Palm 
Fruit Bunch (FFB) from the tall oil palm tree of 
10 feet and above is by using long aluminum pole 
and curved knife (C-Sickle) mounted at the upper 
end of the pole. This method although found to be 
lightening for the workers as the old method is by 
using steel pole or bamboo which is very heavy, 
still can be improved in order to increase the 
worker’s productivity per acre by reducing all 
kind of  forces required. These forces are such as 
to carry the pole, to hold the pole before and 
during cutting and to cut the fruit bunch, are quite 
tiring to deal with. A new machine shall be 
invented to incorporate all these trouble shooting 
aspects which using pneumatic system to easily 
lengthen and shorten the pole using telescopic 
pole when the worker wants to locate the 
pneumatic cutter on the fruit bunch stalk. As soon 
as the cutter reached the FFB stalk, it can easily 
cut the stalk by pressing the button at the lower 
end of the pole. The cutter blades movement 
inside the housing is made frictionless by 
arranging closely 20 mini ball bearings along its 
path. The huge forces during cutting are 
transferred to these multiple mini ball bearings 
which in turn transferred to the bearing shafts 
without generating any undesired frictional force 
to the blade edges. As for the telescopic pole, the 
compressed air is supplied into the pole’s hollow 
section to push the pole’s segments in the process 
to lengthen it to reach the fruit bunch. The friction 
between the teflon sleeve and the pole is reduced 
by the air cushion film in between sleeve and 
aluminum pipe thus smoothen the movements of 
the pole segments inside each other. 
 
 
 
 

Keywords: telescopic oil palm fruit cutter, 
pneumatic cutter, oil palm harvester, efficient 
harvesting device 

1. INTRODUCTION 

Malaysia is the 2nd largest Palm Oil producer of 
the world. There are more than 2,000,000 acres of 
Oil Palm plantation in Malaysia. Oil palm tree 
takes about 2 years before its fruit can be 
harvested and in Malaysia when the oil palm trees 
become too old, in average about 20 years, it 
height could reach as high as 20 feet.  In order to 
harvest FFB from these high trees, in current 
practice a light and long harvesting aluminum 
pole is needed. At the end of the pole, a carbon 
steel sickle cutter is mounted for cutting the Full 
Fruit Bunch (FFB) stalk or leaves trunk. Before 
this about 20 years ago,  the pole was much more 
heavier as it was made of either steel pipe or 
bamboo or straight timber trunk or stem. 
 

The harvester workers are normally 
immigrant workers from Indonesia. Quite seldom, 
the workers are Malaysian, or immigrant workers 
such as Bangladeshi or Pakistanis or  Philipinos or 
Naples. These Indonesian oil fruit harvesters are 
normally work in group consist of 2 to 3 person 
per group. One person cut down the FFB while 
other person will collect the loose fruit on the 
ground and fill it up in a netting sack before 
collected by the lorry or trailer passing by at other 
time round by other group. 

2. OBJECTIVES 
 

i. To develop the harvestor mechanism  that 
can be easily used to cut the FFB by having 
a sickle that instead of manually operated is 
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Ausing mechanized system but still as 
robust as the manual type. 
 

ii. To help increase  the productivity of Oil 
Palm  plantation by reducing energy 
required for harvesting FFB by reducing 
usage of direct human mascular forces.  

 
iii. To develop the FFB harvester that can be 

used without having the need to train the 
new worker for a long period due to its 
simple operation using electrical and 
electronic control buttons. 

 
iv. To develop the FFB harvester pole that can 

be  shorten and lengthen as and when 
required by means of telescopic system in 
order to ease burden to carry it all day long 
in large the Oil Palm estate. 

 
3. PROBLEM STATEMENTS 

Harvesting job is quite tiring as the worker need to 
carry this long aluminum pole all day long to 
harvest as many acres of palm oil plantation area 
as possible. Every time when the worker want to 
cut down the FFB, they have to find the suitable 
position to put the sickle on the FFB stalk and pull 
down the pole to cut the stalk. This requires quite 
a great amount of muscular force which is in long 
run a bit fatigue.  

The cutting of the stalk manually and 
positioning and cutting of the stalk requires 
certain skill, experience and power which is a 
common attributes of all Indonesian workers. 
Malaysian, Bangladeshi, Naples, Pakistanis and 
Philippinos do not have this attributes to 
permanently enjoy doing the job for long period 
of time. By experience, the longest they (non 
Indonesian workers) can work is only one month 
after which they complaint of “too tiring”, “too 
hard” and worst complaint is “not worth it” which 
end up with resignation or missing in action.  

The length of the pole is too long to carry 
all day long in between all closely planted oil 
palm trees. For uneven height of trees, the 
workers need to carry more than one type of pole, 
i.e. One is shorter than the other. Too long 
harvester pole also tends to have high deflection 
both either during carrying horizontally or during 
vertical standing, thus quite troublesome to easily 
and accurately position the sickle on the FFB 

stalk.  

4. LITERATURE REVIEW 

Throughout the past decades many 
machines were invented for oil palm harvesting by 
Malaysian palm oil board (MPOB) but none of 
them was made commercial due to its 
inefficiency. This was because the harvester 
operator faces difficulty in positioning the 
mechanical cutter to the bunch stalk during cutting 
process. The operator takes a lengthy time (7-15 
min) just to adjust the position of the cutter and 
grabber to perform the harvesting process, 
compared to a worker who manages to harvest a 
tree in just three to five minutes using a chisel. 
Not only was the operation taking a long time, but 
also the operator experiences neck aches and body 
pain after harvesting operation on only one palm 
tree. Therefore, the ergonomic of the operator is 
also an issue here. A lot of time was wasted in 
locating the fresh fruit bunch (FFB) and 
eventually decreasing the overall productivity 
(helena et al, 2010). 

 
Study carried out by Helena, Jayaselan 

and Wan Ishak above is more towards reducing 
the number of worker used to harvest the FFB by 
using 3D hydraulic arm harvester as shown in 
Figure 1. However, in this study the number of 
worker is remain the same except the mechanism 
to harvest is made more comfortable to be 
operated such as lighter, less energy required to 
carry the harvesting pole, to cut the FFB bunch 
stalk, length of pole can be lengthened and 
shortened easily without the need to lift the pole. 

 
                                        

           
 
  
Figure 1.  3D Hydraulic Arm Harvester 
 
 
Another harvesting concept developed by  

Abdul Razak Jelani of Universiti Putra Malaysia 
which was given a Trade Mark “Cantas”. The 
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concept is using the telescopic pole which 
comprises of basic pole and extension pole, 
telescopic shaft and bearing, while the two-stroke 
engine of 1.3 hp is used as the power source. Most 
of the components are made of aluminum alloy 
for its light weight (Jelani A.R. et al ,2008). This 
is illustrated in detail in Figure 2 below. 

 
                           

      
 
 
 
 
Another method is the Aluminum pole 

and knife (APK) method to replace bamboo pole. 
In this method, a 40 mm diameter aluminum tube 
replaces the bamboo pole of the BPK method. It 
works very well and even faster than the BPK 
method for trees of height below 5.5 m. Above 
this height, bending of long harvesting poles that 
carry relatively heavier cutting knives on top 
constitutes a very serious problem as it becomes 
very difficult to engage the stalks of palm fronds 
and bunches. Harvesters’ hand-pole slippage 
while cutting with the pole also constitutes 
another serious problem as the harvester 
inevitably sweats on his palms while on the job. 
For these reasons, the APK method is yet to enjoy 
wide application. Generally, once the harvester 
reaches the tree crown, it is a lot easier to cut 
(fronds and fruit bunches) using the cutlass than it 
is using the Malaysian knife (Adetan et al, 2007).  

 
Indeed, a lot of time and energy (and 

therefore production cost) goes into oil palm 
harvesting. Such an enormous amount of energy is 
required for harvesting oil palm that even cutting 
a single frond alone, using the sickle cutter (the 
Malaysian knife), could require the exertion of a 
force as much as 18,048 N for the most matured 
frond (Jelani et al., 1999). Further, Bevan and 
Gray (1969) reported that in a study on palms 
aged between 9 and 25 years in Malaysia, between 
43.5 and 45.4 % of the total annual man-days is 
spent on harvesting. Harvesting from the older 
trees took more man-days. The situation, most 

likely, has not changed today because harvesting 
is still being done manually (Adekoya 1990). 

 
Many attempts have been made to reduce 

the drudgery of the harvesting of oil palms. Webb 
(1976) worked on an oil palm tree climbing cycle. 
Test results showed that the cycle was not 
efficient for palm trees and it was not comfortable 
for the harvester to use. A lot of energy and time 
was required by the method. Hartley (1977) 
reported that harvester-carrying booms mounted 
on track or high-floatation wheel tractors have 
been tried in Honduras and Costa Rica. The 
booms take the harvesters to the crowns of palms 
up to 12 m in height, and the bunches are cut to 
fall into a trailer drawn behind the tractor. The 
economics of using this method as compared to 
the existing methods is yet to be established 
(Adetan et al, 2007). 

 
To solve the above problem and 

inconveniences, Adetan et al has designd a 3 
segment pole which can be dismantled and 
assembled as required based on the tree height. 
This is as shown in Figure 3 below, 

 
                                      

 
                 
        Figure 3. 3 segments Aluminum 

pole with sickle knife  
Based on the results obtained by 

Adetan’s team, the harvesting of tall oil palm tree 
can be made easier and lighter by using 
Aluminum Alloy material and adjustable 3 
segment of pole. However, still the energy to cut 
is the same. This study on developing Mechanized 
system is therefore is to reduce the energy for 
cutting by using pneumatic telescopic aluminum 
pole and multiple pneumatic mini disc cutter.  

 
 

5. METHODOLOGY 

Figure 2.  Motorized Cutter, CantasTM 
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Conceptual designs were prepared in the process 
to build prototype of Pneumatic Telescopic 
Harvester Pole with multiple pneumatic circular 
disc cutter by conducting  a series of brain 
storming session among the research team using 
concept screening and concept scoring tables 
methods. Concept Screening would short list all 
the conceptual designs into smaller number for 
selection in the Concept Scoring using more 
general grading, while the gradings in the concept 
scoring which take more longer time  for 
brainstorming are more detail and meticulous in 
order to distinghuish the best among the best 
concepts. 
 

After brainstorming session completed, 2 
new conceptual design are obtained as Figure 4 
and Figure 5 as shown below. 

 
 

Figure 4.  Concept Generation – Hyraulic Cutter 
Sickle (HC) 

The concept in Figure 4  uses hydraulic 
power source from a mini power pack. A 
hydraulic activated Sickle Cutter is mounted to the 
upper end of the  3 segment pole. The sickle blade 
is divided into two portion with the  cutter blade 
located at the extreme end of the sickle. When the 
worker want to cut the FFB by pressing the button 
which activate the selanoid control valve, the 
hydraulic cylinder will move forward and pull the 
stainless steel string so that the cutter blade will 
bend down and cut the FFB stalk. 

While the concept in Figure 5 uses 
pneumatic power source from a mini compressor. 
There are 5 mini pneumatic circula r cutter 
mounted along the sickle internal curvature. This 
pneumatic mini circular cutter is specially design 
in such a way that it can be easily inserted 
inbetween the oil palm leave trunk. When the 
worker want to cut the FFB by pressing the button 
which activate the selonoid control valve, the  
compressed air will turn the mini circular cutter at 
a high speed high torque motion. This motion will 

rapidly cut the FFB stalk and any blocking 
material. 

For those critical parts that need  
important design such as strength and smoothness 
of the operation,  theoratical  force  analysis shall 
be carried out  to identify the best configuration 
required. (To be carried out in Part II). Once the 
best design with the use of computer simulations 
results were fine tuned, details design of the 
prototype  to be built incorporating all critical data 
(To be carried out in Part II) shall be executed. 

 
Fabrication of  the best design as per 

detailed out on engineering drawings (To be 
carried out in Part III) shall be carried out 
followed by testing the prototype in the real field 
and improve it again and again until the most 
practical FFB harvesting is acheived and its 
practicality can be accepted by the plantation 
people ( To be carried out in Part III). 

 
5.1  Conceptual Design brainstorming, 

Screening, Scoring and Selection 
 
Various practical conceptual design had been 
newly generated  as shown in Figure 1, 2, 3, 4 and 
5 were brainstormed to select the best design. The 
method of brainstorming was by using tabulated 
screening and scoring method to compare 
quantitatively and qualitatively among the 
conceptual design. The final conceptual design is 
a fine tuned main concept with some mix of minor 
element of other not selected concept.    

 
6. RESULTS AND DISCUSSION 
 
The Concept Screening Table 1 and Concept 
Scoring Table 2 represent the whole evaluation 
process that has been carried out.    

 
6.1 Concept Screening 
 

      Figure 5.  Concept Generation – Mini Multiple 
            Pneumatic Circular Cutter Sickle (M2PC2) 
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The concept screening process has lead to the 
short listing of the concepts as in Table 6.1 

 
Table 1. Concept screening 

 
 

 
 
 
 
 
 

SELECT
ION 

CRITER
IA 

 
CONCEPT VARIANTS 

 
 
3Segm
ented 

Alumin
um 
Pole 
with 

Sickle 
(APS) 

 

 
 

Telesc
opic 

Canta
s TM 

Sickle 
(TCS) 

 
3D 
Ar
m 

with 
sciss
or 

(3D
AS) 

 
3 

Segme
nted 

Alumi
num 
Pole 

Hydra
ulic  

Cutter 
Sickle  
(HCS) 

 
Pneu
matic 
Telesc
opic 
Pole 
with 
Mini 
Multi

ple 
Pneu
matic 
Cicula

r 
Cutter 
Sickle 
(M2P
C2) 

 
Light 
Weight 

+ + - + + 

Ease of 
Handling 

0 0 - 0 0 

Ease of 
Use 

- 0 + 0 + 

Speed of 
cutting 

0 + + + + 

Ease of 
Manufac
turing 

0 0 - 0 0 

Flexural 
Strength 

0 0 + 0 + 

Costs + 0 - 0 0 
Cutting 
position 
flexibility 

0 0 + 0 + 

PLUSES 2 2 4 2 5 
SAMES 5 6 1 6 3 
MINUSE
S 

1 0 4 0 0 

NET 0 2 0 2 5 
RANK 3rd 2nd 4th 2nd 1st 
CONTIN
UE? 

No Yes No Yes Yes 

 
The above “-“ (MINUS), “0” (SAME) and “+” 
(PLUS)  rating were further enhanced by the 
following grading details with the respective 
points or marks.  
MINUS ( - ) :   -1, -2, -3, -4 and -5    
(Weaknesses)  
SAME ( 0 ) :   0  ( Average or  common 
features among competitors)  

PLUS ( + ) :  +1, +2, +3, +4 and +5 ( Extra or 
advantageous) 
  
6.2    Concept Scoring 
  
By replacing the above grading details into Table 
1 for the concepts which has passed through the 
screening process, the results can be transformed 
into concept scoring as shown in Table 2. 

 
Since all concepts use alloy Aluminum 

pole, “+” (PLUS) rating are given to the concept 
APS, TCS, HCS and M2CP2. While concept 
3DAS is given “-“(MINUS) rating as it is 
considered as heavy equipment which requires 
extra power to operate using heavy hydraulic 
machine. Therefore only TCS, HCS and M2PC2 
passed through the screening process. In the 
criteria of Ease of Handling, APS is given the 
SAME rating as its only advantage is that its 
length can be varied in 3 stages of segment. The 
rest are about the same as they use fixed length 
aluminum pole coupled with the same Malaysian 
invented manual Sickle knife. While telescopic 
CantasTM or TCS, HCS and M2PC2 are given 
SAME rating as their motorized telescopic and 
hydraulic telescopic and pneumatic telescopic are 
having about the same feature.  
 
 
In the criteria of  Ease of  Use, APS is given 
MINUS as it provides only slight improvement 
onto the old bamboo pole with Aluminum alloy 3 
segment pole. While  the other three concepts 
TCS, 3DAS and HCS  are given SAME rating as 
they posses about similar advantage which is easy 
to handle in their own respective  ways. However 
concept M2PC2 has more advantage as its uses 
pneumatic system which uses air hence lighter and 
renewable as the air is a free resource. The 
compressed air provides a tribological cushioning 
to the sliding surfaces of the telescopic pole 
segments. The circular cutter which using multiple 
mini roller bearings provides smooth and flexible 
cutting process. Speed of cutting is the best in 
M2PC2 as it is design in such a way that its shape 
is just like C-Sickle but with multiple mini 
pneumatic circular cutter. Its pneumatic telescopic 
is easy to be operated as it uses control buttons 
which can shorten or lengthen its pole length 
within a few seconds only. The mini  cutter 
circular blades can be operated by pressing the 
button that activate the pneumatic valve. 
 
Table 2.  Concept Scoring 
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For the cost criteria which encompass 

manufacturing cost, operational cost and 
maintenance costs, only 3 concepts have a more 
acceptable marks which are TCP, HCS and 
M2PC2. As the detail cost is not available, it is 
safe to assume the costs among the three concepts 
are about the same. Finally the criteria for the 
cutting position flexibility. This is one of the most 
important criteria as the FFB fruit bunches are 
normally located behind the oil palm leave trunk 
therefore it needs a flexible cutter to cut the FFB 
in whatever location. In M2PC2 concept, the 
multiple pneumatic mini circular cutter with mini 
roller bearings can be placed wherever position 
during cutting the FFB     

 
7.0   CONCLUSION 

 
From Table 2, it is evident that the concept 
M2PC2 is more  advantageous as compared to the 
other concepts. Concept Screening and Concept 
Scoring Method has helped in zooming in into 
criteria specifications that can solve the problem 
statements. Therefore the detailing of the design 
from now on can be focussed into only M2PC2  
concept design, after carrying out theoratical 
analysis in the next phase of research.   
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ABSTRACT 
 
Nano-zinc oxide (ZnO) reinforced ultra high molecular 
weight polyethylene (UHMWPE) composites with 
different filler loading were prepared using hot 
compression moulding. The tribological behaviours of 
nano-ZnO filler loading in UHMWPE under abrasive 
condition were studied. The mechanical properties 
were investigated using hardness and compression test. 
The tribological behaviours were investigated using 
pin-on-disc test rig. The pin shaped samples were slide 
against 400 grit SiC abrasive papers which were pasted 
on the stainless steel disc under dry sliding conditions. 
The worn surfaces of the composites were observed 
under the field emission scanning electron microscopy 
(FESEM). Experimental results show that the 
reinforcement of nano-ZnO filler into UHMWPE 
improve the mechanical properties and hence reduce 
the wear rate. The optimum filler loading of 
ZnO/UHMWPE composite for the mechanical and 
tribological performance is found to be approximately 
10 wt%. The worn surface shows the wear mechanism 
of UHMWPE turns from adhesive wear to mild 
abrasive wear upon reinforcing with nano-ZnO filler.   
 
Keywords: Nano-ZnO, UHMWPE, Composite, 
Abrasive wear, Wear mechanism 
 
1. INTRODUCTION 
 
In recent years, the better performance of ultra high 
molecular weight polyethylene (UHMWPE) such as 
good wear resistance in relative to other thermoplastics 
(Stein, 1999); bio-compatibility; chemical inertness 
and high impact resistance (Steven, 2004, Dangsheng, 
2005); have pushed forward the UHMWPE’s 
popularity compared to conventional PE. Its wide 
industrial applications includes engineering bearing 
(Guofang et al., 2004), valves (Stein, 1999), 
automotive part (Steven, 2004) and etc. However, their 
low hardness and elastic modulus remains a major 
concern, especially in biomedical implant (Steven, 
2004, Dangsheng, 2005). Moreover, the wear is a 
major failure for UHMWPE total joint replacement 
bearing component (Dangsheng, 2005). In order to use 
UHMWPE for the intended usage, it is therefore 

necessary to minimize the wear problem and improve 
the mechanical properties such as elastic modulus and 
strength. In the industry, components made from 
UHMWPE are subjected to assorted wear conditions, 
but abrasive wear remains the main issue. This is due 
to the daily abrasive environment surrounding the 
components. Numerous studies have been done to 
improve the abrasive wear resistance of UHMWPE 
composites. Tong et al., (2006) reported that 
UHMWPE filled with wallastonite fiber had improved 
the abrasion resistance. Liu et al., (1999) also reported 
that the wear resistance of UHMWPE was improved 
significantly after reinforcement with quartz powder 
under abrasive wear conditions.  
 

The incorporation of nano-material 
reinforcement into polymer has introduced a new 
pathway in engineering composites. Nano-sized filler 
can significantly alter the structure of the polymer 
matrix due to its large surface to volume ratio. Hence, 
it offers additional advantages in the physical and 
mechanical performances of polymer composites. As a 
new reinforcement material, nano-zinc oxide (ZnO) 
exhibits high strength, toughness, heat resistance, wear 
resistance, electric conductor, antibacterial (Zhang et 
al., 2008, Liu et al., 2009) etc. Research shows that the 
tribological properties of the polymer can be improved 
by filling appropriate amount of nano-sized fillers into 
the polymer matrix. Li et al., (2001) made known that 
the wear and friction of polytetrafluoroethylene (PTFE) 
were reduced by incorporating 15 vol.% nano-particles 
ZnO. Wang et al., (2009) had researched on the 
tribological behaviour of nylon composites filled with 
ZnO whiskers and particles. Results have shown that 
both ZnO whiskers and ZnO particles give significant 
improvement in the mechanical and tribological 
properties of the nylon composites. ZnO nano-particles 
are bio-compatible material which has the potential for 
UHMWPE modification. In this work, nano-ZnO 
reinforced UHMWPE composites were prepared using 
hydraulic hot press. The effect of nano-ZnO into 
UHMWPE matrix on the mechanical and tribological 
performances under abrasive conditions was studied. 
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2. EXPERIMENTAL  
 
2.1 Materials 
 
The UHMWPE grade GUR 4120 was supplied by 
Ticona Ebgineering Polymer, China, in powder form 
with molecular weight of 5 x 106 gmol-1 and density of 
0.93 g/cm3. ZnO nano particles and 3-
Aminoproplytriethoxysilane (3-APTES) were supplied 
by Sigma Aldrich (M) Sdn. Bhd.   
 
2.2 Sample Preparation  
 
The treatment on nano-ZnO surface was carried out by 
adding the appropriate amount of coupling agent (3-
APTES) in ethanol-water mixture, and the mixture was 
then stirred for 3 hours to ensure the silane group 
becomes reactive (Chang et al., 2011). The solution 
was adjusted to pH 4 with the addition of acetic acid. 
After 3 hours, nano ZnO were gradually added into the 
solution and heated at the temperature of 40ºC for 3 
hours. The resulting solution was then refluxed at 80ºC 
overnight. After that, the nano-ZnO colloidal solution 
was centrifuged and washed several times with ethanol 
to drive off excessive silane. Treated nano-ZnO was 
obtained after being dried in an oven at 100ºC. Nano-
ZnO filler was then mixed with UHMWPE using a 
mechanical ball milling. Subsequently, the samples 
were pre-heated 30 minutes, hot pressed for 20 minutes 
and cooled to room temperature. The composite 
samples were then trim and cut for testing.      
 
2.3 Mechanical and Tribological Properties 
 
Compression and hardness test were carried out to 
evaluate the mechanical properties of the samples. The 
compression test was performed using Instron 3360 
universal testing machine with a crosshead speed of 0.5 
mm/s. The hardness test was performed using 
Rockwell hardness tester. An average reading of 5 
samples were taken. The tribological properties of the 
samples were performed using pin-on-disc tester 
according to ASTM G-99-01 under abrasive 
conditions. SiC abrasive paper of grit 400 (~20 µm) 
was adhered on the disc surface to act as abrasive 
agent. The test samples were cut from hot press 
moulded samples into square pins with dimensions of 9 
x 9 x 30 mm. The samples were tested in a dry sliding 
condition using different variables i.e. sliding speed 
(0.033, 0.368 m/s) and applied load (10, 20, 30N). The 
weight loss due to wear of each sample was measured 
using Sartorius electronic analytical balance with 
0.001g accuracy. During the test, the deflection of 
voltmeter reading was recorded and the average 
friction coefficient was calculated from the data.    
 
2.4 FESEM Micrograph Analysis on Worn Surface 
 
The worn surfaces of the samples were characterized 
using the Zeiss Supra 55VP filed emission scanning 
electron microscope (FESEM). The worn surfaces of 

samples were prior coated with Au-Pd by using the 
Sputter Coater Polaron SC 515.  
 
3. RESULT AND DISCUSSION 
 
3.1 Compressive Strength of the ZnO/UHMWPE 
Composites   
 
From Figure 1, the compressive strength increases with 
the nano-ZnO filler loading. The compressive strength 
reaches the maximum value at 10 wt% of nano-ZnO 
whereby there is an increase of 190.6% from the pure 
UHMWPE. There is no significant change in the 
compressive strength from 10-15wt% loading. The 
compressive strength then decreases dramatically when 
the filler loading increases above 15 wt%. This proves 
that 10-15 wt% is the optimum filler loading. Above 15 
wt%, the effective interfacial interaction between filler 
and matrix decreases due to the reduction of the 
continuous matrix phase. Therefore, the poor stress 
transfer between the matrix and filler results in the 
reduction of the compressive strength.  
 

 
 

Figure 1 Effect of filler loading on Compressive 
strength of ZnO/UHMWPE composites  

 
3.2 Hardness and Elastic Modulus of the 
ZnO/UHMWPE Composites   
 
The tribological properties of the UHMWPE 
composites may depend on its mechanical properties, 
especially the surface properties (Liu et al., 2008). 
Figure 2 shows the variation of the hardness and elastic 
modulus of ZnO/UHMWPE composites with respect to 
the nano-ZnO filler loading. As can be seen, the 
hardness increases with the nano-ZnO filler loading. 
The hardness and elastic modulus reaches the 
maximum at 10 wt% filler loading with an increase of 
5.2% and 36.4% respectively from pure UHMWPE. 
However, once the filler loading exceeded 10 wt%, the 
hardness and elastic modulus decreases. This proves 
that by adding optimum amount of nano-ZnO fillers 
into UHMWPE would cause the composite to become 
stiffer. Therefore, the surface properties of the 
UHMWPE could be improved by adding optimum 
amount of nano-ZnO into UHMWPE i.e. ~10 wt%. 
The continuous increase of elastic modulus from 5 to 
10 wt% filler loading is because of the mobility 
restriction of UHMWPE composites molecular chains 
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by nano-ZnO fillers. The elastic modulus decreases for 
filler loading above 10 wt%. This shows that 
agglomeration and poor dispersion of filler occurred.  
 

 
 

Figure 2 Effect of filler loading on hardness and elastic 
modulus of ZnO/UHMWPE composites 

 
3.3 Effect of Applied Load, Filler Loading and 
Sliding Speed on the Wear of the Composites  
 
Figure 3 shows the various effect of the applied load on 
the abrasive wear of the ZnO/UHMWPE composites as 
a function of filler loading. Three load variables i.e. 10, 
20, 30 N, and two variables of sliding speed i.e. 0.033, 
0.368 m/s are applied in this study. As can be seen, 
there is a greater weight loss to the composites upon 
applying 20 to 30 N load compared to 10 N. This is 
due to the increase in the real contact area between the 
composites surface and abrasive surfaces when using 
higher applied load (Van De Velde and De Baeas, 
1997). Increase in the applied load has also led to 
surface softening from the frictional heating 
(Dangsheng, 2005) and increase the degree of plastic 
deformation of the composites. This subsequently 
causes severe plastic deformation, adhesive wear and 
abrasive wear.  
 

The graph in Figure 3 shows that pure 
UHMWPE has higher weight loss than the reinforced 
UHMWPE for both sliding speeds and under all 
applied loads. During the sliding wear test, the sample 
was subjected to load and shear stress from sliding 
action by the counter-face. The detached mass from 
UHMWPE matrix surface caused by the sliding action 
of hard asperities of the abrasive paper formed a 
transfer film at the interface. The function of nano-ZnO 
fillers is to act as stress transfer medium, preventing 
the stress from directly transferring to the UHMWPE 
matrix. Thus, addition of nano-ZnO into UHMWPE 
matrix would increase the required sliding force for 
composite surface mass to detach from the bulk 
composite body. Therefore, the decrease in the weight 
loss is observed after the incorporation of nano-ZnO 
fillers into UHMWPE matrix. The weight loss 
decreases to a minimum at 10 wt% filler loading before 
increasing again. This can be explained by the close 
relationship between the wear of the composites and 
the filler loading. The fillers embedded in UHMWPE 
matrix and the distribution of fillers are approximately 

uniform when the fillers quantity is below a certain 
amount (Tong et al., 2006). Likewise, the dispersion of 
the filler became poor when the filler loading is above 
the optimum amount i.e. 10 wt% in this work. This is 
because at higher filler loading, the filler inter-particle 
distance is reduced and particles tend to agglomerate 
(Klaus et al., 2005). The agglomeration of fillers would 
cause severe abrasive wear and the ZnO fillers could 
be easily detached from the matrix due to the lower 
continuous phase of the UHMWPE matrix in high filler 
loading condition. Therefore, the increase in the filler 
loading above the optimum level will contribute to a 
higher weight loss of the composites. 
 

Figure 3 Weight loss of the ZnO/UHMWPE as a 
function of filler loading (a) 0.033 m/s (b) 0.368 m/s 

 
The weight loss was also seen to increase with 

increasing sliding speed, as in Figure 3. The effect of 
sliding speed on weight loss due to wear is affected by 
the composite interfacial temperature (Barrett et al., 
1992). The frictional interface at higher sliding speed 
would cause more friction-induced heat. This condition 
causes the softening of ZnO/UHMWPE composites 
that would accelerate wear.  
 

The wear behaviour is also related to the 
hardness of the composite. As displayed in Figure 2, 
the hardness of the composite at 10 wt% loading is the 
highest compared to others. According to Ge et al., 
(2005) whom uses the Archard’s equation prediction 
concludes that the wear rate of UHMWPE composite 
decreases when the hardness of a composite increases. 
This is because by increasing the composites hardness, 
the plastic contact area for composites surface to 
abrasive asperities counter-face will reduce (Ge et al., 
2005). Therefore, the wear resistance increases.  
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3.4 Effect of Applied Load, Filler Loading and 
Sliding Speed on the Friction Coefficient of the 
composites  
 
Table 1 shows the friction coefficient of 
ZnO/UHMWPE composites as function of filler 
loading, applied load and sliding speed. When the 
samples slide against abrasive paper, the friction of all 
samples fluctuated at a higher degree during the 
beginning of the test due to the high friction of the 
contacts between the sample and the sharp ridges on 
the abrasive paper. As the test progresses, the friction 
becomes steady.  The wear debris from the composites 
will cushion the sharp ridges on the abrasive paper, 
thus formed a transfer film between the samples 
surface and abrasive paper. Therefore, there will be 
less friction and the steady stage was approached. 
From the results obtain in Table 1, all the 
ZnO/UHMWPE composites have almost the same 
friction coefficient which fluctuated in a very small 
extent compared to the pure UHMWPE. This may be 
due to similar surface roughness of the counter-face 
and the transfer film formed by the wear debris on the 
counter-face for all the samples having the identical 
composition. Therefore, similar trend of friction 
coefficient data is obtained in Table 1.   
 
Table 1 Friction coefficient of ZnO/UHMWPE as 
function of filler loading  

Load Pure 5% 10% 15% 20% 
Sliding speed : 0.033 m/s 

10N 0.8020 0.8010 0.8012 0.8017 0.8017 

20N 0.4006 0.4006 0.4007 0.4009 0.4007 

30N 0.2671 0.2673 0.2673 0.2673 0.2672 

Sliding speed : 0.368 m/s 

10N 0.8016 0.8014 0.8018 0.8017 0.8016 

20N 0.4003 0.4008 0.4008 0.4008 0.4006 

30N 0.2671 0.2673 0.2672 0.2673 0.2673 
 

Figure 4 shows the friction coefficient as a 
function of the applied load. It was noticeable that, the 
friction coefficient of the ZnO/UHMWPE composites 
decreases with the increasing applied load. The average 
friction coefficient fells within the range of 0.8010–
0.8018, 0.4003–0.4009 and 0.2671-0.2673 for 10, 20 
and 30 N respectively. The average friction coefficient 
fell approximately 65 % from 10 N to 30 N applied 
load. This is due to the smearing effect on the transfer 
film and frictional induced heat on the sliding interface 
at higher applied load. Under high applied load 
condition, the temperature of the composites surface 
rises rapidly and caused the composite surfaces 
softening. Hence, the friction coefficient reduces when 
the applied load increases. The real contact between the 
surface of composite and abrasive asperities is also the 
reason that cause a decrease in friction coefficient with 
increasing applied load (Song et al., 2010). 

 

 
Figure 4 Friction coefficient of the nano-

ZnO/UHMWPE as a function of applied load under 10 
wt% ZnO, 0.368 m/s, 5 min. 

 
3.5 SEM Observation on Worn Surfaces  
 
When ZnO/UHMWPE composites slide against the 
abrasive paper under applied load, the wear debris is 
formed which is caused by sliding action of the 
asperities of abrasive paper. This causes plastic 
deformation, adhesive wear and abrasive wear on the 
samples surfaces. Figure 5 presents the SEM 
micrograph observation of the worn surfaces on 
ZnO/UHMWPE composites sample. There are 
stretches grooves and furrow on all worn surfaces of 
the composites samples which were caused by plastic 
deformation. The severity of adhesive wear and 
abrasive wear of UHMWPE has changed by 
reinforcing of nano-ZnO into UHMWPE. Figure 5(a) 
shows SEM micrograph of worn surfaces of pure 
UHMWPE. It shows that existence of deep plowed and 
wider grooves on pure UHMWPE worn surface 
compared to ZnO/UHMWPE composites. Polymer 
flakes were also observed in the fraction surfaces. 
Smaller grooves and smoother surface is observed for 5 
wt% ZnO/UHMWPE compared to pure UHMWPE as 
showed in Figure 5(b). SEM micrograph for 10 and 15 
wt% filler loading are quite similar as shows in Figure 
5 (c and d) respectively. It can be seen that the 
composite surface exhibiting plowed stretch cause by 
the plastic deformation. The wear mechanism was 
transforms to mild adhesive and abrasive wear. The 
white portions are nano-ZnO rich phase. The nano-
ZnO acts as a stress transfer medium to resist the 
detachment of UHMWPE surface mass from the bulk 
composite body. Therefore, minor groove and furrow 
was observed on ZnO/UHMWPE composite surfaces 
compared to pure UHMWPE. The ZnO/UHMWPE 
composites hardness also affects the wear mechanism. 
The increase in hardness and modulus would increase 
the sliding resistance and lead to less wear debris. 
Therefore, the grooves and furrow is smaller for 10 
wt%.  
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Figure 5 SEM image of the worn surfaces on pure and 
ZnO reinforced UHMWPE after 5 min test duration. 

(a) Pure UHMWPE (b) 5% ZnO addition (c) 10% ZnO 
addition (d) 15%ZnO addition (e) 20% ZnO addition. 

The white arrows show the sliding direction. 
 

The worn surface of 20 wt% ZnO/UHMWPE 
in Figure 5 (e) shows numerous fractures of brittleness 
break and wear debris. Besides that, the worn surface 
of this composite seemed like exfoliated. This result 
inferred that the nano-ZnO filler agglomerates at 20 
wt% loading. High filler loading would tend to cause 
agglomeration, brittle failure of the composites and 
formation of larger debris. Agglomeration would also 
cause debonding between the matrix and filler, 
incorporating brittleness to the composites. That is the 
reason why the mechanical behaviour and wear 
resistance of 20 wt% ZnO is not good enough in 
comparison to 5, 10 and 15 wt% filler loading.  
 
 

4. CONCLUSIONS 
 

The tribological properties of UHMWPE under 
abrasive conditions can be improved by filling 
appropriate amount of nano-ZnO. It was found that the 
weight loss shows a minimum at 10 wt% filler loading. 
The friction coefficient was found to be comparable for 
pure UHMWPE and the ZnO/UHMWPE composites.  
The addition of nano-ZnO in UHMWPE would reduce 
the severity of adhesive wear and abrasive wear.       
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ABSTRACT 
 
WC-Co is one of the major cutting tool 
materials used in machining application other 
than high speed steels (HSS), ceramics, cubic 
boron nitride (CBN) and polycrystalline 
diamond (PCD). WC-Co cutting tool insert was 
used in high speed machining, with a working 
range between 30-360 m/min. This study is 
made to evaluate the tool life as well as the wear 
behaviour of sintered WC-C powders, which is 
very important to determine the tool life of the 
cutting tool insert. In this work, the powders are 
mixed together via wet mixing process, 
compacted and undergo cold-isostatic pressing 
(CIP) before the samples are sintered in the 
temperature range of 1350-1450°C under 
nitrogen-based atmosphere. The physical and 
mechanical properties of the WC-Co sintered 
powders were analysed and the tool life 
performance were reported. Based on the work 
done, the WC-Co sintered powders has a higher 
density and mechanical properties but the 
sample experienced catastrophic failure during 
the machining test. 
 
Keywords: WC-Co, powder metallurgy, tool 
life, wear behaviour 

 
1. INTRODUCTION 
 
Manufacturing industries relies heavily on 
cutting tool industries, which form the backbone 
of manufacturing operations. The needs to 
perform the machining process are crucial to 
obtain the end product. Therefore, there is 
constant demand to enhance cutting tool insert 
properties in order to improve operating 
performance while reducing costs. 
 

Major cutting tool materials can be 
categorized into five, which are high speed 
steels (HSS), cemented carbide, ceramics and 
cermets, cubic boron nitride (CBN) and 

polycrystalline diamond (PCD). Although CBN 
and PCD can perform machining process at 
higher working speed, WC-Co is the most 
common materials used for manufacturing 
operations. While HSS can work up to 30 
m/min, WC-Co have a working range between 
30-360 m/min (Sharma, 2001) 

 
Continuous improvement of WC-Co 

cutting tool inserts have been done. In recent 
years, the main focus is on finer grained WC-Co 
in order to increase its hardness. Thus, 
submicron and ultrafine WC powders are used 
to produce the sintered powders. Submicron 
cemented carbide are characterised by level of 
strength, hardness and wear resistance that leads 
to long tool life. However, finer grade are prone 
to WC grain growth during consolidation 
process (Izura et. al., 2007). 

 
The sintering process of WC-Co is 

usually carried out at high temperature, in which 
liquid phase formation is available. This is 
because extensive wetting of the system is 
necessary to aids the densification process. 
Complete densification is important due to the 
high relationship between pore presence and the 
material’s toughness. Cobalt was used as the 
bonding matrix due to its wetting ability during 
liquid phase sintering, which leads to 
achievement of high density products. 

 
Despite many analyses made on the 

properties of WC-Co, few researches have been 
done on the actual machining application itself. 
The needs to study about the useful tool life and 
wear behaviour of the cemented carbide during 
the machining process is critical in order to 
apply the researches done commercially. Hence, 
this research paper relates on the properties of 
the WC-Co composites with useful tool life of 
the insert. 
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2. METHODOLOGY 
 
2.1 Raw Materials 
 
Submicron grades of WC powders were used, 
which is less than 1 µm. The size of WC, Co 
and C powder particles obtained using CILAS 
Particle Size Analyzers at D50 are 0.8 µm, 3.51 
µm and 70.39 µm respectively. Fine size of 
cobalt powders was used due to its effectiveness 
in reduction of residual porosity and cobalt 
pooling. The microstructures of the powders 
observed are shown in Figure 1. 
 

 
(a) WC powders 

 

 
(b) Cobalt powders 

 

 
(c) Graphite powders 

 
Figure 1 Microstructure analysis of raw 

materials. 
 
2.2 Experimental Procedure 
 
Two types of WC-Co sintered powders are 
produced. The compositions of the sintered 
powders are given in Table 1. Usually cobalt 

composition use is less than 15%, depending on 
the application.  
 

Table 1 The composition of WC-Co powders 
 

Samples Composition (wt%) 
WC Co C 

WC-Co 94.0 6.0 - 
WC-Co-C 93.8 6.0 0.2 
 

Reducing cobalt content helps to reduce 
tool wear rate (Matsuda et. al., 1993). However, 
insufficient cobalt will provide difficulty for 
liquid sintering process to take place as the 
binder unable to surround the WC grains. Small 
amount of free carbon are added for the second 
formulation to inhibit grain growth during liquid 
phase sintering (Yao et. al., 1998). 

 
Wet mixing technique was used for the 

consolidation of WC-Co powders. Wet mixing 
process is preferred over milling because of 
shorter mixing time that gives almost similar 
sample properties (Selamat et. al., 2010). Wet 
mixing is preferable compared to dry mixing 
because it is more suitable for powder size 
below than 1 µm. 

 
The powders were mixed using turbula 

mixer for three hours, with addition of paraffin 
wax, heptanes and tungsten balls. The mixed 
powders were compacted in a 16 mm x 16 mm 
mould using uniaxial pressing application at 625 
MPa. Then the green bodies were subjected to 
cold-isostatic pressing at 200 MPa to reduce 
porosity and to obtain a denser and uniform 
green density distribution. 

 
The compacted powders were sintered 

for 1 hour at temperature range between 1350 - 
1450°C. The sintering process took place in tube 
furnace under the presence of nitrogen-based 
atmosphere (95%N2+5%H2). The heating 
schedule used for the sintering process is as 
shown in Figure 2. 

 

 
 

Figure 2 Heating schedule used for WC-Co 
sintering process. 
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Density of the sintered WC-Co powders 
was obtained using Specific Density Meter via 
immersion method. Mechanical properties of 
the samples were investigated in term of 
hardness and transverse rupture strength using 
Vickers hardness tester and universal testing 
machine respectively. The microstructure of the 
samples are observed using Scanning Electron 
Microscopy (SEM), in which the samples were 
cut, ground, polished and etched (using 
Murakami solution) prior to the SEM analysis. 

 
As preparation for tool life performance 

test, sintered WC-Co powders were ground to 
standard indexable insert geometry (SPUN 
120308). The prototype inserts were mounted 
on Sandvick CS BPR 25/25 M12 tool holder.  

 
Tool life performance test was carried 

out using centre lathe machine with a 70 mm 
diameter and 500 mm long tool steel bar (185 
HV) as the workpiece. The performance test 
was carried out without using cutting fluid at 
speed range of 40-60 m/min with feed rate of 
0.254 mm/rev and cutting depth of 1.0 mm. 
 
3. RESULT AND DISCUSSION 
 
3.1 Properties of WC-Co Sintered Powders 
 
The sintering process took place through several 
sintering steps. The first holding step at 450°C 
is to eliminate residual gases and the second 
holding step at 1320°C is to promote melting 
and homogeneous distribution of cobalt (Lee et. 
al., 2006). The holding step introduced during 
the sintering process is crucial to enhance 
densification and development of rigid skeletal 
structure. 
 

 
 

Figure 3 Density comparison between WC-Co 
with and without addition of carbon. 
 
Addition of 0.2wt%C to WC-Co proves 

to have an effect on the physical and mechanical 
properties of the composite. Figure 3 and Table 

2 shows the density, hardness and transverse 
rupture strength (TRS) for both WC-Co and 
WC-Co-0.2C. 

 
Although the density of both composites 

are comparable at 1450°C, WC-Co has 
relatively higher density compared to WC-Co-
0.2C, as shown in Figure 3. The increment in 
density also can be observed at 1400°C for both 
WC-Co and WC-Co-0.2C. This phenomenon is 
likely caused by cobalt distribution which 
actively closing pores during 1350-1400°C 
intervals. Thus, enhance densification process. 

 
Table 2 Properties of WC-Co sintered powders. 

 
Properties WC-Co WC-Co-0.2C 

Hardness (HV) 
1350°C 1630 1419 
1400°C 1710 1793 
1450°C 1680 1703 

 TRS (MPa) 
1350°C 772 850 
1400°C 1340 1357 
1450°C 1673 1265 

 
WC-Co-0.2C has slightly higher 

hardness than WC-Co as shown in Table 2. 
Both WC-Co sintered powders achieved highest 
hardness at 1400°C before it is slightly drop at 
1450°C. Higher hardness in WC-Co-0.2C is 
strongly related to its grain size, which will be 
explained later. 

 
Even though WC-Co-0.2C exhibit higher 

hardness, the TRS value is much lower 
compared to WC-Co. This is due to the fact that 
adding free carbon increases carbon content, 
which leads to hard but brittle materials. 

 
Based on the results, the optimum 

sintering temperature for WC-Co is 1450°C. 
Meanwhile, the hardness and TRS value for 
WC-Co-0.2C dropped after 1400°C. This is 
probably due to the addition of the free carbon 
which shifted the optimum sintering 
temperature from 1450°C to 1400°C. 

 
3.2 Microstructure Analysis 
 
Kang (2005) explains the liquid phase sintering 
mechanisms in three steps, which could be 
relate with WC-Co sintering mechanism. The 
three steps are particle arrangement, liquid 
reprecipitation and solid state sintering. During 
liquid phase sintering, cobalt spread over WC 
particles through particle arrangement by liquid 
flow. This is followed by contact flattening 
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between cobalt and WC particles through 
solution reprecipitation mechanism. Then, solid 
state sintering takes place. 
 

Backscattered electron was used to 
analyse the topography of the WC-Co sintered 
powders. Phases present in the composite also 
can be differentiate using backscattered. 
 

 
(a) WC-Co 

 

 
(b) WC-Co-0.2C 

 
Figure 4 Microstructure of WC-Co (a) and WC-

Co-0.2C (b) sintered at 1450°C respectively. 
 

Figure 4 shows faceted WC grains 
dispersed in cobalt matrix. WC grains can be 
differentiate based on their brighter appearances 
compared to darker cobalt matrix. The SEM 
micrograph indicates that WC-Co-0.2C has 
slightly smaller WC grain size than WC-Co. 
The difference in grain size between these two 
composites can be further observed in Figure 5, 
at higher magnification. 

 
The average WC grain size observed in 

WC-Co is between 0.5-0.8 µm. Meanwhile, WC 
grain size observed in WC-Co-0.2C is between 
0.5-0.6 µm. Smaller WC grains observed in 
WC-Co-0.2C is most likely due to the small 
addition of free carbon, which inhibits grain 
growth during liquid phase sintering (Yao et. 
al., 1998). 

 
(a) WC-Co 

 

 
(b) WC-Co-0.2C 

 
Figure 5 Microstructure of WC-Co sintered 

powders at 20,000X magnification. 
 

3.3 Tool Life Performance Test 
 
The objective of tool life performance test is to 
determine useful tool life and types of wear 
exhibit by the sintered powder in actual 
application. Based on the optimum sintering 
temperature of the sintered samples, uncoated 
cutting tool insert prototypes were produced. 
 
Table 3 Properties of prototype and commercial 

cutting tool insert. 
 
Sample Density 

(g/cm3) 
Hardness 

(HV) 
TRS 

(MPa) 
WC-Co 14.82 1680 1673 
WC-Co-0.2C 14.86 1793 1357 
Commercial 14.65 1575 1700 
 

Cutting speed is set as the variable 
parameter for the tool life performance test. 
This is because cutting speed is the most 
dominant factor influencing tool life. To 
determine the useful tool life, the time is taken 
from the start of the machining process until the 
insert is wear out or experience catastrophic 
failure. 
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Table 4 Tool life study of prototype and 
commercial uncoated WC-Co insert. 
 

Cutting 
Speed, 
m/min 

Useful tool life, min 
WC-Co WC-Co-

0.2C 
Commercial 

40 74 14 - 
50 55 15 22 
60 38 10 6 

 
Based on Table 4, WC-Co cutting tool 

insert lasted longer compared to insert. This is 
likely due to the reduction in grain size of WC-
Co and the holding steps introduced during the 
sintering process. The holding steps proved to 
be important for uniform cobalt distribution as it 
improves the mechanical properties of the 
cutting tool insert.  

 
Although WC-Co-0.2C undergoes the 

same sintering process and grain size reduction, 
the addition of free carbon could cause the 
insert to be more brittle than WC-Co. Therefore, 
failed to sustain the force during machining. 
However, WC-Co-0.2C useful tool life is still 
comparable to commercial insert. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 6 Catastrophic failure experienced by 

WC-Co cutting tool insert 
 

All the WC-Co insert including 
commercial experienced catastrophic failure 
during the machining process. Figure 6 show 
the images of the catastrophic failure 
experienced at the edge of the cutting tool 
insert. 

 
 

 
 
 
 
 

4. CONCLUSION 
 

Submicron powders of WC-Co and WC-Co-
0.2C were produced using powder metallurgy 
technique. It is found that WC-Co exhibit better 
physical and mechanical properties than WC-
Co-0.2C and was successfully tested in tool life 
performance test. Comparison with commercial 
insert indicates that introducing several holding 
steps during the sintering process enhances 
uniform distribution of cobalt and improves the 
mechanical properties of the cutting tool insert.  
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ABSTRACT 
 
Wollastonite (CaO.SiO2 or CaSiO3) is an 
industrial mineral comprising of calcium, 
silicon and oxygen. Synthetic wollastonite was 
synthesised via solid state reaction using 
Malaysian limestone and silica sand. The in- 
vitro bioactivity was investigated by soaking the 
synthetic wollastonite pellet in simulated body 
fluid (SBF) solution for 1, 3, 5, 7 and 14 days at 
36.5oC.  XRD revealed the presence of 
hydroxyapatite phase as the soaking time of 
synthetic wollastonite pellet in SBF was 
increased. SEM coupled with EDX showed the 
formation of granules of agglomerated apatite 
particles on the surface of the soaked synthetic 
wollastonite pellet. During the formation of 
apatite, phosphate ions from SBF solution were 
consumed and this was confirmed by ICP where 
the concentration of the ions decreased after the 
soaking process. FTIR showed that the peaks 
for phosphate and carbonate ions increased 
when the apatite layer formed on the surface of 
synthetic wollastonite pellet. This study 
indicated that synthetic wollastonite produced 
from Malaysian limestone and silica sand was 
bioactive and may be used for preparation of 
implantable biomaterial. 
 
Keywords: synthetic wollastonite, in vitro 
bioactivity, limestone, silica sand  

 
1. INTRODUCTION 
 
Malaysian has abundant limestone (CaCO3) and 
silica sand (SiO2) resources. According to 
Malaysian Minerals Year Book 2009, the 
production of limestone and silica sand in 2009 
is 35,808,507 tonnes and 630,394 tonnes 
respectively. Malaysian limestone is used 
mainly in construction and agriculture industry 
while Malaysian silica sand is widely used in 
glass industry. Therefore, it is essential to 
diversify the usage of Malaysian limestone and 
silica sand into advance technology such as in 
biomaterial applications. 
 

Bioactive material can elicit a specific 
biological response at the interface of the 
material, which results in the formation of a 
bond between the tissues and the material 
(Hench and Wilson,  1999). Recent studies (Liu 
and Ding, 2004) have shown that calcium 
silicate material has the potential to be used as 
biomaterials due to their excellent bioactivity. 
Some calcium silicate material such as 
wollastonite (E-CaSiO3), pseudowollastonite (D-
CaSiO3) and larnite (Ca2SiO4) can bond to bone 
when in contact with simulated body fluid 
(SBF) (Gou and Chang, 2004). 

 
Wollastonite or monocalcium silicate is an 
industrial mineral that appears in three forms of 
mineral. Two forms which occur naturally at 
low temperature are wollastonite and 
parawollastonite (β CaO.SiO2 or β CaSiO3). At  
high temperature, pseudowollastonite 
(CaO.SiO2 or α CaSiO3) can be obtained from 
the mixture of lime and silica and also when 
either of low temperature mineral are 
synthesised to above temperature of 1125oC 
(Lea, 1970). Pseudowollastonite is very rare in 
natural wollastonite. The binary phase diagram 
for system CaO-SiO2 system is shown in Figure 
1 (Lea,  1970). Currently, wollastonite mineral 
is widely used in ceramics, paint, friction 
products, joint compounds, refractories, rubber, 
wallboard and metallurgical.  
 
In this study, a solid state reaction has been used 
to synthesis synthetic wollastonite from 
Malaysian limestone and silica sand. The in-
vitro bioactivity of the synthetic wollastonite 
was evaluated by soaking them in simulated 
body fluid (SBF) solution. The objective of this 
study is to examine the formation behaviour of 
hydroxyapatite on the surface of synthetic 
wollastonite powder.  
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Figure 1 System CaO-SiO2 

 
2. METHODOLOGY 
 
2.1 Preparation of Synthetic Wollastonite 
Powder 
 
Theoretically, synthetic wollastonite powder can 
be synthesised by solid state reaction according 
to the equation: 
 
   CaCO3 + SiO2          CaSiO3 + CO2            (1) 
  
Malaysian limestone from Simpang Pulai, Perak 
and silica sand from Kota Tinggi, Johor were 
ground to obtain finer particle size 100% 
passing through -75 Pm. The batch mixture of 
Malaysian limestone and silica sand with molar 
ratio of 1: 1 was synthesised at 1450oC for 4 
hours at a heating rate of 5oC/min (Modutemp). 
The wollastonite powder was characterised by 
X-ray diffraction (XRD) [Bruker D8 Advanced 
XRD] [Bruker] and Scanning electron 
microscopy (SEM) coupled with Energy-
dispersive X-ray spectroscopy (EDX) [Supra 
40VP].  
 
2.2 In-vitro Bioactivity Evaluation of 
Synthetic Wollastonite Powder 
 
An amount of 1 g of synthetic wollastonite 
powder was pressed into a disc of 13 mm in 
diameter and 7 mm in thickness. The SBF 
solution was prepared by dissolving reagent 
grade sodium chloride (NaCl), sodium hydrogen 
carbonate (NaHCO3), potassium chloride (KCl), 
di-potassium hydrogen phosphate trihydrate 
(K2HPO4.3H2O), magnesium chloride 
hexahydrate (MgCl2.6H2O), calcium chloride 
(CaCl2) and sodium sulphate (Na2SO4) in 
distilled water at 36.5oC. The details of the 
composition of the SBF solution are given in 
Table 1 (Kokubo and Takadama, 2006). The ion                       

Table 1 Reagent for preparing the simulated 
body fluid solution 

 

 
concentrations of SBF were adjusted to those in 
human blood plasma (Table 2) with 
hydrochloric acid (HCl) and tris-hydroxymethyl 
aminomethane  ((HOCH2)3CNH2) (Tris)) at pH 
value of 7.30 ±  0.05 (Kokubo and Takadama, 
2006). The pellets of synthetic wollastonite 
powder were soaked in SBF for 1, 3, 5, 7 and 14 
days at 36.5oC. The soaked and dried synthetic 
wollastonite pellets were characterised by X-ray 
diffraction spectrometer (XRD) [Bruker D8 
Advanced XRD], Scanning electron microscopy 
(SEM) [Supra 40VP] and Fourier transform 
infrared spectrometer (FTIR) [Bruker Optics]. 
The concentration of Ca,Si and P in the SBF 
solution was determined by Inductive coupled 
plasma spectrometer (ICP) [Perkin Elmer].  
 

Table 2 Ion concentrations of SBF in 
comparison with human blood plasma 

  

 
3. RESULT AND DISCUSSION 
 
3.1 Characteristics of Limestone, Silica Sand 
and Synthetic Wollastonite Powder 
 
Figure 2 shows the XRD patterns of limestone, 
silica sand and wollastonite powder. The peak 
of crystalline calcite and quartz was respectively 
obtained from Malaysian limestone and silica 
sand. Pseudowollastonite was found as a major 
phase in the XRD pattern of synthetic 
wollastonite.  

Order Reagent Amount Purity 
(%) 

1 NaCl 8.035 g 99.5 
2 NaHCO3 0.355 g 99.5 
3 KCl 0.225 g 99.5 
4 K2HPO4.3H2O 0.231 g 99.0 
5 MgCl2.6H2O 0.311 g 98.0 
6 1.0 M HCl 39 ml - 
7 CaCl2 0.292 g 95.0 
8 Na2SO4 0.072 g 99.0 
9 Tris 6.118 g 99.0 

10 1.0 M HCl 0-5 ml - 

 Concentration (mmol/l) 
 SBF Human Blood Plasma 
Na+ 142.0 142.0 
K+ 5.0 5.0 
Ca2+ 2.5 2.5 
Mg2+ 1.5 1.5 
Cl- 147.8 103.8 
HPO4

2- 1.0 1.0 
HCO3- 4.2 27.0 
SO4

2- 0.5 0.5 
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Figure 2 XRD patterns of (a) limestone (b) 
silica sand and (c) synthetic wollastonite 
 
Figure 3 illustrates SEM micrograph and EDX 
spectrum of limestone, silica sand and synthetic 
wollastonite. It indicates the irregular shape of  
Malaysian limestone and silica sand grains 
whereas synthetic wollastonite exhibits a 
needle-like structure. The EDX spectrum 
confirmed the chemical composition for 
limestone, silica sand and synthetic 
wollastonite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2 Characteristics of soaked synthetic 
wollastonite 
 
Figure 4 shows the XRD patterns  of synthetic 
wollastonite pellet after soaking in the SBF 
solution for various periods. The peaks for 
hydroxyapatite started to appear in the XRD 
pattern after the pellet is left 1 day soaked in the  
 
 

 
 
 
 
 
 

 
Figure  4  XRD patterns of (a) 0 day, (b) 1 day, 
(c) 3 days, (d) 5 days, (e) 7 days and (f) 14 days 
of soaked synthetic wollastonite in the SBF 
solution. 
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Figure 3  SEM micrographs and EDX spectrum of (a) limestone (b) silica sand and 
(c) synthetic wollastonite 
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SBF solution. With prolonged soaking time 
from 1 day until 14 days, the intensities of 
hydroxyapatite increased which indicate the 
formation of hydroxyapatite on the surface of 
wollastonite powders. 
 
Figure 5 shows the SEM micrographs and EDX 
spectrum of wollastonite pellets  after soaking in   
the SBF solution for various soaking time. As a  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

comparison with the structure of synthetic  
wollastonite before soaking in the SBF solution, 
it shows formation of granules agglomerated 
apatite particles on the surface of synthetic 
wollastonite. These tiny granules of 
agglomerated particles of apatite started to form 
after 1 day it was soaked. Moreover, it was also 
found that by increasing the soaking time,  
larger granules of agglomerated particles of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 SEM micrographs of synthetic wollastonite after soaking in the SBF 
solution for (a) 1,  (b) 3, (c) 5, (d) 7 and (e) 14 days. 
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apatite appeared on the surface of synthetic 
wollastonite. It involves the precipitation 
process during the deposition of apatite layer on 
the surface of synthetic wollastonite.  
Observation of the SEM micrographs is 
confirmed by the EDX spectrum. It shows the  
changes in chemical composition of elements 
during the formation of apatite layer on the 
surface of synthetic wollastonite powder. The 
increase of intensity of P peak and the ratio of 
Ca/P obtained (Table 3) show that the formation 
process of apatite has occurred for every 
soaking time.   
 
Table 3 The Ca/P ratio of synthetic wollastonite 
powder after soaking in the SBF solution for 
various periods 

  
The FTIR spectrums (Figure 6) show the  
change of  absorption bands of silica and 
carbonate to apatite. When the soaking time 
increased, the intensity of silica rich layer 
started to decrease.  It indicates that the silica 
rich layer has provided a favorable site for 
apatite nucleation (Hench and Wilson, 1999). 
The C-O stretching carbonate is increased as the 
soaking time increased. It promotes the 
formation process of carbonate-containing 
apatite layer on the surface of synthetic 
wollastonite. The P-O stretching of phosphate 
started to reduce after 1 day. It shows that 
during the soaking time, phosphate ions in the 
 

 
Figure 6 Soaked spectrum of synthetic 
wollastonite in SBF solution for (a) 0, (b) 1 day, 
(c) 3 days, (d) 5 days, (e) 7 days and (f) 14 days. 

SBF solution are consumed when the apatite 
layer is formed (Gou and Chang,  2004).   

 
Figure 7 shows the change in concentration of 
Ca, Si and P in the SBF solution measured by 
ICP after synthetic wollastonite is soaked for 
various periods. Calcium ions and silicate ions 
are released from the synthetic wollastonite 
powder while phosphate ions is used to form the 
Ca-P layer. The Ca, Si and P concentrations 
became almost constant after prolonged  
soaking period. It shows that an equilibrium 
state  is obtained between the dissolution of 
synthetic wollastonite powder and the formation 
of apatite layer. 

 
 

 
 
 
 

 
 

 
 
 

 
 
 
 
Figure 7 Changes of Ca, Si and P concentrations 
in the SBF solution.  
 
4. CONCLUSION 
 
This study led to the following conclusions: 
 
y A solid state route can be successfully applied 
for the preparation of synthetic wollastonite 
from Malaysian limestone and silica sand. 
y Apatite layers formed on the surface of 
synthetic wollastonite suggest that synthetic 
wollastonite possess good bioactivity.  
y Malaysian limestone and silica sand may be 
potentially used as implantable biomaterial. 
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