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ABSTRACT 

 

Biodiesel, as an alternative fuel, is getting more 

acceptances in automotive applications. The 

tribological behavior of biodiesel is crucial for 

its application. In the present study, friction and 

wear characteristics of palm biodiesel were 

investigated by using four-ball wear machine. 

Biodiesel (B100), diesel (B0) and three different 

biodiesel blends like B10, B20, B50 were 

investigated. Tests were conducted at 75ºC 

under a normal load of 40kg for 1h at four 

different speeds viz, 600, 900, 1200 and 1500 

rpm. Worn surfaces of the balls were 

investigated by SEM. Results showed that wear 

and friction were decreased with increasing the 

concentration of biodiesel.  

 

Key Words: Four-ball, Wear and friction, Palm 

biodiesel. 

 

1. INTRODUCTION 
 

For engine fuel, lubricity is essential to prolong 

the machine life through providing protection to 

the moving surfaces against wear. Good 

lubricity is also important to cut down the 

energy consumption by reducing friction of 

automotive parts (Tung and McMillan, 2004). 

For some specific components of automobile 

such as fuel injectors and pumps, the lubricity 

issue is very important as they are lubricated by 

the fuel itself (Celik and Aydin, 2011).  The 

temperature of the fuel contacted with these 

components is appeared to be over 60˚C (Has-

imoglu et al., 2008) which can also influence 

the lubricity. In fact, the lubrication function for 

diesel fuel is provided by its natural components 

such as sulfur, aromatics and other heterocyclic, 

polar compounds (Sperring and Nowell, 2005). 

However, due to environmental protection and 

human health reasons, the sulfur  content  of 

diesel  fuels is  reduced  to  50  ppm  in  the 

European Union  beginning with 2005 and the 

limit is further tightened (≤ 10 ppm) for 2005-

08 (Shiroyama, 2007). The reason for the poor 

lubricity of low-sulfur petrodiesel is not the 

removal of the sulfur-containing compounds 

rather than the reduction of polar compounds 

containing other heteroatoms such as oxygen 

and nitrogen (Dimitrakis, 2003). Consequently, 

the lubricity of diesel fuels is decreased after 

being modified for the safety of environment. 

Apart from this, rapid growth of modernization 

and technological developments are leading 

towards the depletion of limited fossil fuel 

resources of the world. Therefore, it is very 

important to develop such an alternative fuel 

which can meet these growing concerns.  

 

Increasing qualitative requirements of the fuels 

of modern diesel engine can be satisfied a lot by 

using biodiesel or its blends with diesel. It is 

one of the most promising alternative fuels to 

meet the required fuel properties and to protect 

the engine and environment (Demirbas, 2009). 

It can be used in diesel engine with little or no 

modification. It also offers some technical 

advantages as compared to conventional diesel 

fuel. The most common advantages of biodiesel 

over petroleum diesel are derivation from a 

renewable feedstock and domestic origin, 

biodegradability, higher flash point, reduced 

exhausted emission and toxicity (Ozsezen and 

Canakci, 2011; Fazal et al. 2011). Although 

these attributes of biodiesel have drawn 

attention as an alternative fuel, there exist some 

significant drawbacks which have limited its 

commercial applications. These include auto-

oxidation, corrosive nature, lower volatility, 

reactivity of unsaturated hydrocarbon chains 

(Gan and Kiat, 2010; Haseeb et al. 2010a) 

which are more prone to influence the 

lubricating parameters, wear of various engine 

components and so on. The impact of these 

issues can also be varied for different 

concentration of biodiesel in diesel blends. 

Besides, the adaptation of a selected alternative 

fuel to suit diesel engine is considered more 

economically attractive in using it as blend with 

diesel fuel than in its pure form (Fraer et al. 

2005).  Several laboratory works have reported 

better performance of biodiesel as an additive in 

lubricating oil (Maleque et al., 2000; Masjuki 
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and Maleque, 1997). Such effectiveness was 

also reported for even lower (<1% biodiesel) 

blend levels (Karonis et al., 1999; Anastopoulos 

et al., 2001). At the same time, some inferior 

properties of biodiesel have also been reported. 

Masjuki et al. (1997) found that above 5% palm 

oil methyl ester (POME) in lubricant caused 

oxidation and corrosion. According to Maleque 

et al., (2000) for 5% POME in lubricant, the 

total acid number (TAN) increases at 

temperatures above 80˚C. They found that at 

higher temperature (above 80˚C), oxidation of 

the lubricants caused increased wear. These 

results seem to imply that lubrication properties 

of biodiesel can be varied depending on its 

concentration in blend as well as test condition. 

The present study aims to characterize the 

lubricity in terms of friction and wear for 

different concentration of biodiesel in blends as 

compared to that of diesel fuel.  

 

2. EXPERIMENTAL 

 
Friction and wear characteristics of palm oil 

methyl ester were investigated by four ball wear 

machine, IP 239/85. The test parameters in the 

present study were regulated by ASTM D4172 

standard except the speed which was 600 – 

1500 rpm instead of 1200 rpm. Details of the 

test conditions are described in Table 1. Palm 

oil methyl ester used in this study meets 

EN14214 specifications and was supplied by 

Golden Hope Biodiesel Sdn Bhd, Malaysia. The 

analysis report provided by the supplier is 

summarized elsewhere (Haseeb et al. 2010b). In 

addition to pure diesel (B0) and biodiesel 

(B100), three different blends such as B10 (10% 

biodiesel in diesel), B20, B50 were made on 

volume basis for investigating the lubricity. 

 

The schematic diagram of four-ball wear 

machine is seen in Figure 1. Among the four 

balls, the lower three were held in fixed position 

against each other in a steel cup by means of a 

clamping ring. Another ball into the upper 

chuck was rotating one. Testing fuel was poured 

in sufficient amount (approx 10 ml) to cover the 

balls to a depth of at least 3 mm. During each 

test, friction torque was recorded in order to 

calculate the friction coefficient. The wear scar 

diameters were measured before removing the 

balls from the cup. The results reported here are 

mean wear scar diameter of three balls. For 

removing the worn products, the worn surfaces 

were scrubbed lightly in a stream of water with 

polymer brush so as not to mechanically abrade 

the original surface. These were then degreased 

with acetone. The cleaned worn surfaces of 

balls were then investigated by using scanning 

electron microscopy.  

 

 
 

Figure 1: Schematic diagram of four ball wear 

geometry: 1-rotating gripper for upper ball, 2-

test fuel, 3-cup for griping stationary three balls, 

4-rotating single ball, 5-stationary ball. 

 

Table 1. Conditions for the four-ball wear test 

Test parameters  

Applied load (kg) 40 

Rotation (rpm) 600, 900, 1200, 1500 

Fuel temperature (ºC) 75 

Test duration (s) 3600 

Test Ball  

Materials  Chrome alloy steel 

Composition  C: (0.95-1.10)%, Cr: 

(1.3-1.6)%, Fe: balance 

Diameter  12.7 mm 

Hardness  62 HRc 

Surface roughness (Ra) 0.040 μm 

 

3. RESULTS  

 

The variation of friction coefficient, calculated 

form recorded torque has two parts, one is run-

in period and another one is steady state. Figure 

2 shows that at the very beginning of each test 

(during run-in period), the friction coefficient 

was unstable with time and few minutes later it 

came to a stable condition.  

 

1 

2 

3 

5 

4 
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Figure 2: Variation of friction coefficient with 

respect to time (for first 1500s) at speeds (a) 600 

rpm and (b) 1500 rpm. 

 

Figure 3 shows that run-in period decreases with 

increasing the concentration of biodiesel. 

Decreasing trend of run-in period is faster for 

the blend containing up to 20% biodiesel and 

beyond that concentration it becomes very slow.  

However, it is seen that the overall run-in period 

decreases with decreasing speed. 

 

 
Figure 3: Fall in run-in period with increasing 

biodiesel concentration in blends as well as with 

decreasing speed. 

 

Steady state friction coefficient for the last 

1000s of each test was calculated from the 

recorded torque. It is seen in Figure 4 that at 

higher percentage of biodiesel (>20%), the 

steady state friction coefficients are almost the 

same for all speeds and concentrations of 

biodiesel at about 0.083FC.   

 

Figure 4: Change in steady state friction 

coefficient (FC) in different fuels for last 1000s 

of each test. 

 

Figure 5 shows that the average friction 

coefficient decreases with increasing the 

concentration of biodiesel. For pure diesel and 

biodiesel, the increasing rates of average friction 

coefficient with speeds are almost linear while 

for blends are not.  

 
Figure 5: Effect of speed on average friction 

coefficient in different fuels under a fixed load 

at temperature 75 ºC for 1 h. 

 

It is seen in Figure 6 that the wear rate increases 

with increasing the speed. On the other hand, 

with increasing biodiesel concentration, wear 

rate is decreased. The increasing trends of wear 

rates follow the increasing trends of friction 

coefficient as shown in Figure 5. 

 
Figure 6: Effect of speed on Wear Scar 

Diameter in different fuels under a fixed load of 

40 kg at temperature 75 ºC for 1h. 

 

Figure 7 shows the SEM picture of worn 

surfaces of the balls. Figures 7(a) to (d) 

demonstrate that wear scar diameter decreases 

with increasing the concentration of biodiesel. 

Deformation of surface is also decreased with 

increasing biodiesel. Abrasive wear is found for 
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the sample in B100 while for B0, the wear can 

be categorized as adhesive type. 

 

! !

! !

 

Figure 7: Scanning electron micrographs (50X) 

of worn surfaces of used balls at speed 1500 

rpm.  

 

4. DISCUSSION 

 
During run-in period for each speed, the wear 

rate and friction coefficient are initially quite 

high but as the contact surfaces become 

smoother and more prominent asperities are lost 

or flattened, the wear rate falls. With increasing 

biodiesel concentration, the run in period for 

each speed is also reduced. This suggests that 

biodiesel can successfully reduce the scuffling 

period and thereby reduce the friction 

coefficient. It is found that the run-in period 

decreases slightly with decreasing the speed. 

But the effect of each speed on steady state 

friction coefficient for higher concentration 

(>20%) of biodiesel are almost similar. 

However, the average friction coefficient in 

diesel is found to be higher than that in 

biodiesel. It is found that under a rotate speed of 

1500 rpm, the average friction coefficients of 

diesel and biodiesel are 0.0857 and 0.0889 

respectively. This suggests that the films 

provided by biodiesel at the contact surface are 

more effective than that of diesel to reduce the 

friction. According to Wain et al., (2005) 

biodiesel containing more oxygen can reduce 

friction as compared to diesel fuel. 

 

Though the variation of friction coefficients for 

different fuels is in small scale, it is found that 

the increasing trends for friction coefficient with 

speed are almost linear for B0 and B100 fuels 

while for blends are not. This is more likely 

attributed to the non-uniform availability of the 

concentration of heteroatom (e.g. oxygen, 

sulfur) in different blends which plays important 

role in creating the lubricating film. It was 

reported that the formation of several 

compounds on the frictional surface of steel 

such as FeS, FeSO4, COH, COOH could be the 

main mechanism in reducing friction (Xu et al., 

2007).  

 

This study demonstrates that for each fuel, 

higher wear occurs for higher speeds and the 

increasing trends exactly follow the way of 

increasing trends of friction. This may be 

attributed to generation of higher heat between 

the contact surfaces as a consequence of higher 

speed which results higher wear. It is found that 

pure biodiesel or higher biodiesel blends cause 

less wear than that in lower biodiesel blends or 

diesel. This indicates that the reduced wear 

seems to happen due to presence of biodiesel. 

Friction and wear in higher biodiesel blends are 

more likely to be reduced by having a 

comparatively more stable film to separate the 

adjacent surfaces and limit metal to metal 

contact. This can be attributed to the presence of 

aliphatic fatty acid of general formula 

CnH2n+1COOH, such as stearic acid in POME 

which can enhance lubricating property by 

controlling friction and wear between contact 

surfaces through developing of lubrication films 

(Masjuki and Maleque, 1996). The protective 

films can reduce thermal energy in sliding 

contact and thereby improve lubricity (Choi et 

al., 1997).  

 

According to Brajendra et al. (2008) the ester 

ends of the fatty acid chain are adsorbed to 

metal surfaces, thus permitting monolayer film 

formation with the hydrocarbon end of fatty 

acids oriented away from the metal surface. The 

fatty acid chain thus offers a sliding surface that 

prevents the direct metal-to-metal contact. 

However, the stability of these films also 

depends on operating conditions such as load, 

temperature, speed as well as fluid viscosity and 

composition (Maleque et al., 2000).  In an 

another explanation, trace components found in 

biodiesel fuels including free fatty acids, 

monoglycerides, diglycerides are reported to 

improve the lubricity of biodiesel (Hu et al., 

2005). Oxygenated moieties, degree of 

unsaturation, chain length of molecules in 

biodiesel also play an important role in 

increasing lubricity. Geller and Goodrum, 

(2004) have observed that lubricity is increased 

with increasing of the degree of unsaturation. 

They found that methyl linolenate (C18:3) in the 

C18 series demonstrated the best performance 

as a lubricity enhancing component and methyl 

stearate (C18:0) was the least effective. In an 

another explanation, unhindered electrons in the 

form of free electron pairs or double-bond 

(a) In B0 

(b) In B20 

(c) In B50 

(d) In B100 
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electrons toward the end of a chain of C atoms 

are likely to be effective in enhancing lubricity 

(Barbour et al., 2000).  

 

Lubricity can also be influenced by oxidation 

process. This is because the oxidation process 

reconverts esters into different fatty acids 

including formic acid, acetic acid, propionic 

acid, caproic acid etc. (Tsuchiya et al., 2006) 

which seems to cause improved lubricity 

(Haseeb et al., 2010c). Apparently, in short term 

test, oxidation process can provide better 

lubricity but in case of long term application, it 

causes degradation of fuel and is therefore 

results in reduced lubricity, enhanced corrosion 

and degradation of materials (Tsuchiya et al., 

2006). So, it is assumed that effect of oxidation 

on lubricity is crucial. This possible mechanism 

will be explored in future studies.    

 
Surface morphology of the worn scar shows that 

layers of debris from the surfaces have been 

extruded sideways, while flacks of debris are 

extruded out from the contact interface in the 

sliding direction of the rotating ball. It is seen 

that the edge of the surface at B0 has been 

plastically deformed and elongated with more 

cracks and wear debris. This deformation has 

been gradually decreased in the following 

samples in B20, B50. It seems that the cavities 

are much bigger than 20μm and the particles 

removed from the cavities are also more likely 

bigger than 20μm in size. According to the 

definition given by Robinowicz (1994), removal 

of wear debris bigger than 20μm results 

adhesive wear. This indicates that the wear for 

sample in B0, B20, B50 can be categorized as 

adhesive wear. But for the sample in B100, no 

such type of severe damages is seen. No cracks 

are found like other samples and also the edges 

are not so elongated and irregular. Some thin, 

regular and radial scratches are seen on the 

surface which result abrasive wear. Removal of 

small particles (<20μm) with a few surface 

features results abrasive wear (Sperring and 

Nowell, 2005). This study shows that the 

severity of the wear is reduced with increasing 

the concentration of biodiesel in blends and 

better surface is found for pure biodiesel.  

  

 

5. CONCLUSIONS 

 
The following conclusions can be drawn from 

this study: 

 

(1) Both wear and friction decrease with 

increasing the concentration of biodiesel. This is 

more likely attributed to the presence of 

oxygenated moieties, degree of unsaturated 

molecules, free fatty acid components etc. in 

biodiesel. 

 

(2) Lubricity in terms of wear and friction 

decreases with the increase of rotating speed. 

However, at the concentration of biodiesel 

above 20%, the steady state friction coefficients 

are almost similar in each speed. 

 

(3) Deformation of the worn surfaces decreases 

with increasing the concentration of biodiesel in 

blends. The sample in pure biodiesel is 

subjected to abrasive wear while in diesel it is 

subjected by adhesive wear.  
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