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 A B S T R A C T 

The demand for bio-degradable lubricants has been increasing nowadays 
due to concerns on pollution free environment. Vegetable oil-based 
lubricant is one of promising sources of lubricant that can fulfill the 
requirement, especially when combined with eco-friendly nanomaterial 
additives. On the other hand, tribo-layer formation as the mechanism of 
friction and wear reduction in a tribo-pair has been generally accepted in 
tribology field. The tribo-layer layer can be formed due to the tribo-
chemical reaction during friction process and its formation can be 
enhanced with incorporation of nanomaterials as additive. In this study, 
the tribo-layer characteristics formed on self-mated AISI52100 contact 
pair were investigated. The contact pair were lubricated by two kind of 
lubricant’s specimens, i.e. palm methyl ester (PME) and palm methyl ester 
containing graphene nanosheet additive. It is found that in the case of 
palm methyl ester without graphene additive, the tribo-layer comprises 
oxidative layer of Fe and O elements. With the presence of graphene 
nanosheets in the lubricant, the tribo-layer was formed in a comparatively 
wider contact area. Carbon element was more observable in the layer 
besides oxygen, emphasizing the role of graphene nanoparticles. In both 
cases, the friction coefficient and wear are relatively similar.  
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1. INTRODUCTION  
 
Efficient operation of components in a mechanical 
system requires effective lubrication of the 
interacting parts to protect them from excessive 
friction and wear. Mineral oil has been used as 
lubricant based material and with the use of 
additives, thanks to the developments in material 
technology that provides various functional 
materials in nanometer dimension as additives, its 

performance has been significantly improved. 
However, mineral oil-based lubricants, beside its 
reserve’s exhaustion issue, possess significant 
environment threats due to disposal contamination 
problems. It has toxicity problem and not readily 
bio-degradable [1,2], contaminating the soil, air, 
water source and ecological life in a wide extent. 
Therefore, the demand for eco-friendly lubricants is 
increasing, together with people’s expectation for 
pollution-free environment.  
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Vegetable oils have been treated as the main 
option to achieve this requirement of 
environment friendly lubricants. Among the 
sources are coconut, sesame, soybean, corn, 
rapeseed, jojoba, olive, jatropha, castor oil, palm, 
cotton seed, sunflower, etc. Many of them are 
found to have great potential to be used as 
lubricant due to their desirable property of good 
lubricity [3], besides renewability and bio-
degradability ready. One of the most widely used 
vegetable oils in automotive and industry 
nowadays is palm oil [4]. This is because it can be 
readily used as a substitute for diesel engine fuel 
and therefore also potential as a lubricant base 
material. The total production of crude palm oil 
was 63.4 million tons in 2020 [5] and a significant 
percentage of it was processed for biodiesel fuel.  
 
Researches about tribological properties of palm 
oil have been conducted by many researchers. 
Palm oil, in esterified form of palm methyl ester, 
is found beneficial when used as either a mixture 
in mineral diesel fuel or additive in mineral oil 
lubricant. Pure palm methyl ester, when used as 
lubricant to cast iron tribo-pair, produced lower 
wear than mineral diesel fuel [6]. When used as 
additive in mineral oil lubricant, it also reduced 
the friction and wear of the tribo-pair compared 
to the lubricant in its original state [7]. Lower 
friction and wear can be achieved due to the 
formation of protective film on the contact 
interface by tribo-chemical reaction [8,9]. 
 
Nanomaterials, on the other hand, have also been 
incorporated into oil-based lubricants to achieve 
desirable tribological properties of the 
lubricants. Nanomaterials as additives can be 
classified into three groups, i.e. nanometal-based, 
nanocarbon-based, and nanocomposite-based 
[10]. One of emerging nanomaterials, graphene, 
has been found to be highly effective as a 
lubricant additive due to its high specific surface 
area, weak interlayer interaction, good chemical 
stability, and eco-friendly nature. Tiny amount of 
graphene additive in a lubricant could reduce the 
friction on a tribo-pair. This can be achieved due 
to the nanoparticle’s capability to produce nano-
scrolls [11] or nano-bearing layer acting as 
protective film [12,13] at the sliding surfaces. In 
addition, graphene nanoparticle also has a 
capability to create transformation at the 
microscale level that promotes interlayer sliding, 
and such a synergetic effect resulted in significant 
reduction of friction and wear [14,15,16].  

The incorporation of nanoparticles as lubricant 
additive in palm oil has also been the subject of 
investigations. The tribological properties of 
palm oil are found improved by incorporation 
of Boron Nitride nanoparticles [17], while CuO 
and MoS2 nanoparticle additive also increased 
the anti-wear property of chemically modified 
palm oil in extreme pressure condition [18]. 
Carbon coated aluminum nanoparticles [19] 
and nano-graphene oxide particles [20] were 
also found beneficial as additive in palm oil 
diesel fuel due to their capability to improve 
the diesel engine’s emission performance. 
 
Despite various reports on the application of 
nanoparticle as additives in palm oil, the 
tribological properties of palm methyl ester 
with graphene nanoparticles as additives has 
not much been discussed, particularly from the 
point of view of tribo-layer formation. In this 
study, graphene particles in nanosheet form 
was added to palm methyl ester to study the 
tribological behaviour of a tribo-pair lubricated 
by the modified fluid. The investigation focuses 
on the tribo-layer characteristic formed on the 
sliding interface of self-mated bearing steel 
(AISI52100). The result is compared to that in 
the case of palm methyl ester without the 
graphene nanoparticles. 

 
 

2. LUBRICANT PREPARATION AND 
EXPERIMENTAL SETUP 

 
This study consists of several steps, i.e. 
preparation of the lubricant and friction material, 
friction test, and wear evaluation. Each step is 
explained as follows:  
 
2.1 Lubricant preparation 
 
Two lubricant samples (S1 and S2) were 
prepared for this study (Fig. 1). The sample S1 
is palm methyl ester (PME). The methyl ester 
has a viscosity of 4.415 mm2/s at 40oC. Its main 
components are methyl palmitate, oleic acid, 
and methyl stearate [8]. A small amount of 
glycerol can be expected as the side products of 
transesterification process. The palm methyl 
ester was obtained commercially. 
 
Lubricant sample S2 (Fig. 1) was prepared by 
mixing 1 mg of graphene particles into 50 ml of 
PME. The graphene particles used, shown in 
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Fig. 2, is in sheet form with approximate 
thickness of 0.1 m. To achieve a good mixture 
between the graphene and PME, the solution 
was put in the ultrasonic bath for an hour. 
 

 
Fig. 1. Lubricant specimens: S1 (palm methyl ester), 
S2 (palm methyl ester + graphene). 
 

 
Fig. 2. Graphene nanosheets. 

 
The stability of the mixture (lubricant sample 
S2) is evaluated using sedimentation method, 
i.e. by evaluating the image captured after 
certain sedimentation periods (Fig. 3). This 
method of evaluation is simple yet effective and 
has been applied elsewhere, for example in 
[21,22]. Fig. 3 shows that sedimentation of 
graphene particles has already been visible at 
one day after the mixture preparation. Most of 
the graphene particles have already sedimented 
after 8 days. Apparently, this is caused by the 
lumped condition of the graphene sheets. As 
seen in Fig. 2, despite extremely thin, the 
graphene sheet is in folded form that can have a 
size of several hundreds micrometers. The size 
of graphene flakes is not uniform and it does not 
have the ability to maintain its planar shape 
after dispersion into lubricants [23]. 

 
Fig. 3. Stability of the lubricant sampleS2. 
 

2.2 Friction test 
 
The friction tests were conducted using a 
reciprocating pin-on-disk tribometer (Fig. 4a). The 
tribometer consists of a cantilever beam used as the 
force sensor and the disk holder installed on a 
reciprocal moving table. The cantilever beam is 
supported by a shaft installed on two radial 
bearings so that the normal load can be applied 
using gravitational weight. A pin is installed on the 
cantilever beam and put in contact with the disk 
moving in back and forth direction. A small amount 
of lubricant can be supplied to the contact interface. 
 
The material of both pin and disk are SUJ2 
(AISI52100, E = 210 GPa, Poisson’s ratio = 0.3), 
commonly used for bearing material. The pin is 5 
mm in diameter and has a hemispherical contact 
surface with a contact radius of 10 mm. The disk 
is 40 mm in diameter and 5 mm thick. The surface 
of contact areas of both the pin and the disk were 
polished using emery paper up to grid #10000.  
 
One of the most important characteristics of a 
lubricant is its ability to protect the contact 
interface during a severe contact condition. Such 
condition occurs either at an extremely high 
contact pressure or a low sliding speed where 
significant amount of material direct contact on 
the contact interface takes place. In such condition, 
the lubrication’s performance is decided by the 
ability of the fluid to form a protective layer on the 
contact interface to protect the material from 
excessive friction and wear. To simulate such 
severe contact condition, in this study, the friction 
tests were conducted at a normal force of 10 N, 
resulting in the initial Hertzian contact pressure of 
1.2 GPa to the contact pair. The friction tests were 
conducted at temperature of 652oC.  
 
In the friction test, the disk moves in reciprocating 
direction. The sliding distance of one complete 
cycle is 15 mm, completed in 3 s. The sliding 
velocity is 0.2 m/s except at the edges of the sliding 
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track, which is 0 m/s. A friction test was conducted 
for a total of 4 hours with a sampling frequency of 
10 Hz; 4800 cycle or 72 m sliding distance. The 
friction force was acquired using two strain gauges 
installed on the beam. KYOWA EDX-10B/15-A 
system was used to record the friction data. 
 

 
(a) 

 
(b) 

Fig. 4. Reciprocating pin-on-disk tribometer (a), friction 
coefficient acquired from one-sliding-cycle: negative 
value of friction indicates sliding in reverse direction (b). 

 
Fig. 4b illustrates the recorded friction data from 
a few sliding cycles. A U-shape curve can be 
observed in each half-cycle friction curve, 
indicating the static friction coefficient at the 
point where sliding velocity reaches zero. A 
complete cycle consists of both positive and 
negative Coefficient of Friction (CoF) value. 
Negative value of friction coefficient indicates the 
sliding in the reverse direction. 

2.3 Wear analysis 
 
Since the pin was in constant contact during the 
sliding, the wear analysis focused on the worn 
area of the pin. The analysis was conducted 
with Scanning Electron Microscope together 
with Energy-dispersive X-ray Spectroscopy.  
 
 

3. RESULTS AND DISCUSSION 
 
Fig. 5 shows the friction coefficient of both S1 and 
S2 condition for the entire 4800 test cycles; 72 
meter sliding distance. In general, the friction 
curves show a relatively similar behaviour, i.e. 
started from a value of about 0.1 and gradually 
increased to an average of 0.2 at sliding cycle 
around 1000. The friction coefficient curves 
indicate a similar value from sliding cycle around 
1400. The comparison between the friction 
coefficient curves of condition S1 and S2 at different 
sliding cycles can be observed in more detail in Fig. 
5(b) to Fig. 5(e), respectively. Obviously, some 
differences in the friction coefficient curves of the 
two condition can be observed at the beginning of 
sliding and at sliding cycle between 1000 to 1500, 
as shown in Fig. 5(b) and Fig. 5(c)-(d).  
 
Fig. 6(a) shows the result of friction tests 
comparing the coefficient of friction (CoF) for 
both lubricants S1 (PME) and S2 
(PME+Graphene) for the first 3 sliding cycles 
shown in Fig. 5(c). One sliding cycle consists of 
CoF value in both positive and negative. Fig. 
6(b) indicates the CoF value for the 1st half 
cycle. It can be observed that both CoF curves 
show the values increasing towards the right 
side; in the case of S1 the value increases from 
0.06 to 0.12. This indicates that during the 
friction test, the disk tilted to the right side.  
 
Fig. 6(b) shows that the inclusion of graphene 
particles in the methyl ester reduced the CoF 
significantly, an average of 40%, starting the 1st 
sliding cycle. This CoF reduction clearly indicates 
the role of graphene nanosheet in reducing the 
interfacial shear strength on the contact 
interface. Being two-dimensional in the structure 
and having a good chemical stability, graphene is 
known as having high specific surface area and 
weak interlayer interaction. Therefore, the 
graphene sheets of sub-micrometre thick could 
easily slide into the asperities in contact to reduce 
the interlayer contact resistance. It has been 
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reported that the super lubricity at the tribo-pair 
produced by graphene is attributed to the 
formation of nano-scrolls at the sliding interface 

[11]. Graphene in tiny amount as additive can 
also produce a nano-bearing layer to reduce the 
friction at the tribo-pair [12]. 

 

 
Fig. 5. Result of friction tests indicating friction coefficient of the entire 4800 sliding cycles (a), friction coefficient at the 
first 10 sliding cycle (b), sliding cycle 960 to 970 (c), sliding cycle 1300 to 1310 (d), and sliding cycle 4790 to 4800 (e). 

 
However, it seems that this low friction condition 
in the case of S2 did not persist at the latter stage 
of sliding. As illustrated in Fig. 7(a)-(b), both the 
CoF graphs of sample S1 and S2 indicate a 
relatively similar values at sliding cycle no. 1300, 
i.e. sliding distance of 22.5 m. This result implies 
that the presence of graphene nanosheet in the 
palm methyl ester does not affect the CoF value of 
self-mated AISI52100 in the long run.  
 
Despite the similar value of CoF for both sample 
S1 and S2 at the latter stage of sliding distance, 
it is obvious that the worn surface of the metal 
under S2 consisted of a more uniformly 

distributed tribo-layer (Fig. 8). In the case of S1, 
the tribo-layer is found on localized spot and 
less distributed (Fig. 8(a)-(b)). But in the case 
of S2, the tribo-layer is found scattered and 
distributed in a relatively wider area on the 
worn scar (Fig. 8(d)) compared to that in the 
case of S1. The tribo-layer in the case of S2 (Fig. 
8(d)) also seems thinner than that in the case of 
S1 (Fig. 8(b)). The distribution of the tribo-
layer on the contact interface can also be 
observed in Fig. 9(a) and Fig. 10(a) as the 
“blackish” layer of the worn area. It seems that 
such blackish layer is denser and covers a wider 
area in the case of S2 compared to that in S1.  
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Fig. 6. At early sliding cycles, the friction coefficient 
decreases due to the presence of graphene nanosheets 
in the methyl ester. CoF at the first 3 sliding cycles (a), 
at the fist sliding half-cycle (b). 

 
Energy-dispersive X-ray Spectroscopy images 
indicate that the tribo-layer is dominated by 
Oxygen at both S1 and S2 condition, as observed 
in Fig. 9(d) and Fig. 10(d). However, the trace of 
Oxygen is found in a wider area in the case of S2 
(Fig. 10(d)), which confirms the wider formation 
area of the tribo-layer in the case of S2.  
 
Despite the presence of graphene in the lubricant, 
carbon element is hardly noticed on the contact 
interface. However, a closer look at Fig. 9(c) and 
Fig. 10(c) indicates a possibility of scattered 
carbon elements on the contact area where the 
tribo-layer located. The carbon traces seem also 
denser in the case of S2 (Fig. 10(c)) compared to 
that in the case of S1 (Fig. 9(c)); an indication of 
the presence of graphene particles in lubricant S2. 
 
Based on the results, the wear mechanisms for the 
case of S1 (PME) can be proposed as tribo-layer 
formation by tribo-chemical oxidation process. The 
tribo-layer, which is oxygen rich, could be formed 
by the tribo-chemical process involving oxidation of 
metallic elements from the bulk material. 

 
Fig. 7. At 22.5 m sliding distance (cycle no 1300 to 
1303), the friction coefficient shows a similar value for 
both PME (S1) and PME+graphene (S2) condition. CoF 
at sliding cycles no. 1300 to 1303 (a), detail of CoF for 
sliding cycle no. 1300 (b). 

 
A tribo-chemical reaction between the lubricant 
additives and the surface of the friction pair can 
form a chemical reaction film [24]. It has been 
shown that a solid tribofilm can be produced by a 
base oil, particularly if it is catalically active [25]. 
In this study, the palm methyl ester has a 
significant amount of oxygen content and it could 
immediately react with the metallic material once 
it is released due to friction process, especially as 
high contact pressure. Here, carbon material 
seemed not involved in the process. The tribo-
layer, developed on a concentrated location on the 
worn area, seems in ductile behaviour; a further 
indication of the absence of carbon in it. In the case 
of SUS304 material tribo-pair, the oxidation 
process involved the manganese material from the 
bulk that is more reactive than iron [9]. However, 
in this case, it seems that the oxidation layer is 
composed of Fe-O, as shown in Fig. 9(d).  
 
On the other hand, for the case of S2 
(PME+graphene nanosheets), the graphene 
particles could enter the surface in contact soon 
after the sliding starts. It seems they have acted as 
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the protective layer to reduce the shearing force 
among the asperities to reduce the friction. 
Graphene is two dimensional in structure and when 
used as additives in lubricant, it can easily enter the 
surface in contact, be adsorbed on asperities, and 
form the tribo-layer or transfer film [26]. As a 
result, low friction was achieved from the beginning 
of sliding (Fig. 6(b)). During the relative motion of 

friction, the graphene particles are subjected to 
both normal and shear forces. Due to the two 
dimensional and extremely thin laminated 
structure, the layers can effectively engage in the 
lubrication process to form the tribo-layer thus 
protecting the material from excessive wear 
[27,28]. Such mechanism seems occurred in this 
case of PME+graphene test condition. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 8. Wear scar on the pin under S1 (a)-(b) and under S2 (b)-(c) with arrows pointing tribo-layer. 

 
However, as the sliding progressed, tribo-
oxidation occurred. But here in this case, the 
tribo-layer formed on the contact interface 
could mix with the graphene particles, resulting 
in a less ductile film. Therefore, the tribo-layer 
was formed in a smaller size and spread in a 
relatively wider contact area, as indicated in 
Fig. 8(d) and Fig. 10(a). The lumped form of 
graphene sheets, as shown in Fig. 2, could also 
be broken to smaller pieces of particles as 
friction continues, and involved in the tribo-
oxidation process at a local spot. 

Therefore, the tribo-layer in this case could 
constitute carbon, oxygen, and metallic material 
from the bulk. As it can be observed from Fig. 
10(c), the carbon elements on the contact 
interface is more observable that that in Fig. 9(c).  
 
Other possibility is that smaller graphene 
particles adsorb to the micropores on the contact 
interface to form the protective film. Smaller 
sheet diameter also has more degree of defect 
and easily transferred by the lubricant to a region 
not covered by graphene [29].  
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(a) (b) 

  
(c) (d) 

Fig. 9. EDX map of the wear scar on the pin under S1 (a). The map shows elements of Fe (a), C (b) and O (d). The 
map indicates the presence of oxygen-rich tribofilm on the contact interface (b). 

 

  
(a) (b) 

  
(c) (d) 

Fig. 10. EDX map of the wear scar on the pin under S2. The map shows elements of Fe (a), C (b) and O (d). The 
map shows the presence of oxygen-rich tribofilm on the contact interface.  
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In both S1 and S2 condition, the friction tests show 
a relatively similar value of coefficient of friction 
for the half end of the sliding distance. This implies 
that palm methyl ester alone has the ability to 
protect the contact interface from severe friction 
and wear. PME, without additional additives, has 
an ability to stimulate a frictional chemical reaction 
to form a chemical reaction film that prevent direct 
contact between sliding surfaces, preventing 
excessive friction and wear. Nevertheless, the 
presence of graphene particle as additive can 
further improve the tribological performance by 
enhancing the formation of protective film more 
uniformly across at contact interface.  
 
 

4. CONCLUSION  
 
An investigation on the tribo-layer characteristic 
formed on the contact interface of self-mated 
AISI52100 bearing steel lubricated by palm 
methyl ester containing graphene nanosheet has 
be conducted. The characteristics were 
compared to those lubricated by palm methyl 
ester without the nanoparticles. The results can 
be summarized as follows: 

1. The friction and wear characteristics of 
AISI52100 bearing steel were not much 
different with or without the presence of 
graphene nanosheet in the palm methyl ester. A 
relatively similar values of friction coefficient 
were achieved for both conditions after sliding 
distance of 72 m at 1.2 GPa initial contact 
pressure. The effect of graphene to friction was 
effective only at the beginning of sliding, 
presumably due to the ability of graphene 
nanosheet entering the contact interface 
immediately after the friction started. 

2. Tribo-chemical oxidation seems occurred 
during the friction at both conditions. In both 
cases, the tribo-layer comprises of oxygen and 
metallic material, presumably Fe-O. However, 
with the presence of graphene nanosheet in 
the lubricant, the tribo-layer was formed 
scattered on a wider contact area with more 
observable carbon element. It seems that the 
graphene nanosheet broke into smaller pieces 
and incorporate into the local spot tribo-layer.  

3. The results imply that palm methyl ester can be 
used effectively as a lubricant, with or without 
graphene particles as additives, because it 
possesses an ability to form a protective film on 
the contact interface by tribo-chemical reaction. 
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