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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


2 

 

 

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 27
o
C. 

 

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 82
o
C-101

o
C 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 101
o
C to 
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287
o
C. 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 204
o
C to 

287
o
C. 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 200
o
C, 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 

204
o
C, 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


1

1
ln                 (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)(




                (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: 

         











2

1
1

kA

F
E

o

o
a


                (3) 

 

where Ao is the cross-sectional area of the 

powder and  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/m
3
) 498 525 574 

Tapped density (kg/m
3
) 588 625 666 

True density (kg/m
3
) 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 R
2
 

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 R
2
 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 m
2
 

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 

  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 300
o
C to 

700
o
C for about 10 s at every 100

o
C 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 
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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 219.4
o
C at 700

o
C, 

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 

Void 

Void 

Micro crack 

YPSZ layer 

NiCrAl layer 

AC8A 

Void 

Micro crack 
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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 

mailto:wyhliew@ums.edu.my
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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 30
0
.  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 

Flank face  Tool center 

      

Rake face 
Flank width 
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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 
o
C. 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 
o
C 

making the temperature below 60
o
C; 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/m
3)

 
ASTM D4052 884 

Viscosity, Kinematic 

40°C (mm²/s) 
ASTM D445 157.71 

Viscosity, Kinematic 

100°C (mm²/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 50
o
C 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 

50
o
C until it began to drop when it reached 60

o
C 

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 

mailto:almaslow@vlsi.eng.ukm.my
mailto:talibria@sirim.my
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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 

CBS
b
 1.9 

TMTD
c
 0.9 

6PPD
 d
 2.0 

Alumina 10 

 
a
Parts per hundred rubber 

b
N-cyclohexylbenthiazylsulphenamide 

c
Tetramethylthiuram disulfide 

d
N-(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 

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

1
st
 recovery run 647 417 288-82 

Continuous and cooling 

ON 

2
nd

 measurement 667 417  Repeat initial measurement 

Wear run 667 417 193-204 
Intermittent braking 10 s 

ON, 20 s OFF 

3
rd

 wear measurement 667 0  Repeat initial measurement 

2
nd

 fade run 667 417 82-343 Continuous and heater ON 

2
nd

 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 (cm
3
/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/cm
3
), and fm is the average friction force (N). 
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Table3 Test Results 

Sample 
Porosity 

(%) 

Hardness 

(Shore D) 

Friction Coefficient Wear Rate 

(cm
3
/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 

 
250 

 
200 

 
150 

 
100 

 
50 

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
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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 

(mm
2
/s) 

280  

(mm
2
/s) 

Melting point <10°C <10°C 

Density at 

20°C (g/m
3
) 

0.92 0.98 

Phosphorus  4.8% - 

Nitrogen  2.7% 4.5% 

Flash point 135°C 185°C 

Solubility 

limits at 5°C 

(wt. %) 

 Mineral 

oil 

 Ester 

 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

  
 

rW

T




3

6
  (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 



49 

 

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

W
FTP

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 
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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/cm
3
) 

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 

file:///C:/Users/Local%20Settings/Temp/kameil@fkm.utm.my
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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 mm
2
) 

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 



66 

 

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:  

 

 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.  

 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.  

 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. 

 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.  

 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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