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Abstract: Nonedible vegetable-based oil was recently explored due to the demand for a 

sustainable element in a machining process. The aim of this study is to critically analyse the 
tribological performance of nanofluid from nonedible (modified jatropha oil, MJO) nanofluid added 
with activated carbon nanoparticles. The tribology test was conducted through four-ball test using 
various concentration ratios of nanoparticles. According to the findings, MJOa2 (0.025wt.% 
activated carbon in MJO) showed the lowest coefficient of friction and mean wear scar diameter, 
produced a smoother surface with low surface roughness value, followed by MJOa3 (0.05wt.% 
activated carbon in MJO), MJOa1 (0.01wt.% activated carbon in MJO) and synthetic ester (SE). 
Therefore, MJOa2 was considerably suitable for metalworking fluid application which emphasizing 
the element of sustainability. 
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1.  Introduction  
A lubricant has been functionally used in various usages 

in reducing friction, minimizing wear, releasing heat, 
eliminating impurity and enhancing the efficiency in 
between two contact surfaces1). Lubricant can act as anti-
oxidants, rust and corrosion inhibitors, anti-wear agent 
and viscosity index improver. Tribological performance in 
lubrication is the study of controlling and managing the 
lubricity, friction and wear.  

Nowadays, a utilization of petroleum based-oil as the 
lubricant is very common in the machining industry. 
However, a choice of environmental-friendly oil has been 
introduced to gradually phase out the use of petroleum 
based-oil in the machining process as the latter type of oil 
has depleted due to the high demand in this era2),3). This 
phenomenon was due to the increasing demand for the 
sustainable element in the machining industry. The usage 
of petroleum based-oil as metalworking fluid (MWF) is 
harmful and it may lead to polluting the environment, 
subsequently increase the disposal costs after the usage of 
the oil4),5).  

At present, vegetable oils are considered as 
environmental-friendly lubricants as it is highly 
biodegradable, harmless, sustainable as well as good 

lubricity6),7). Nonedible oil such as jatropha oil was 
reported to have good lubrication properties. Nevertheless, 
there are several disadvantages including low  thermal 
and oxidative stability8). This condition is due to the 
presence of triglycerides in the vegetable oil, where the 
glycerol particles with three long-chain fatty acids 
connected to the hydroxyl group through ester 
linkages9),10). The long carbon chain might contain one, 
two, or three double bonds of fatty acids like oleic, linoleic, 
and linolenic. 

Shashidhara & Jayaram11) suggested that some 
appropriate modifications of the vegetable oil have to be 
performed to solve the adverse effect of the vegetable oil. 
Talib et al. 12) have confirmed that the modified jatropha 
oil (MJO) played a crucial role in the tribological 
performance on the metal sliding pairs in the aspects of 
superior wear and friction reduction. In addition, it is 
crucial to mix the vegetable oil with nanoparticle which 
can produce a better lubricant in establishing a protective 
layer between the contact surfaces1). In this condition, 
nanoparticles can provide a rolling effect at the mating 
surfaces that may alter sliding friction into both sliding 
and rolling friction. Furthermore, the addition of 
nanoparticles in the nanofluids enhance the thermal 
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stability and lubricating properties13–15). Previously, 
Sayuti et al.16) reported that nanoparticles in nanofluid 
formed good protective films, provided a effect of rolling 
between the contact surfaces and formed tribofilms by 
depositing the nanoparticles at the contact surfaces. 
Subsequently, the friction between the two contact 
surfaces can be productively diminished. Moreover, the 
existence of nanoparticles in the base fluids might 
contributed to enhance a flow of mixing and provide 
higher thermal conductivity 17),18).   

Sharma et al.19) reported  the usage of nanoparticles in 
nanofluid during the turning process improved the 
tribological properties by reducing the friction coefficient, 
thus reduced the machining force and tool wear. Whilst, 
Singh et al.20) discovered that the addition of nanoparticles 
enhanced the thermal conductivity and viscosity of the 
nanofluid. They revealed that the nanofluid significantly 
improved the performance of turning operation in 
connection with machining force and surface roughness. 

Activated carbon is a processed carbonaceous materials 
with uniform surface morphology, outstanding 
biocompatibility, good mechanical strength and 
stability21),22). Pertaining to the previous study by Kaggwa 
et al.23),  activated carbon in nanofluid has significantly 
increased the lubricant viscosity and improved the heat 
transfer efficiency. Furthermore, Ayuma et al.24) found that 
the activated carbon generated a tribofilm between two 
contact surfaces thus prevented wear and friction during 
the pin-on-disc test. The carbon-based tribofilm adhered 
at the contact surfaces which prohibited the adhesion to 
occur.  

Jamaluddin et al.25) conducted tribological performance 
of MJO based nanofluids by mixing with hexagonal boron 
nitride and graphene at three different concentration of 
0.01 wt.% to 0.05 wt.%. The result signified that MJO 
incorporated with 0.025 wt.% of graphene was the best 
among other MJO samples by providing low coefficient 
of friction (COF). Meanwhile, MJO with 0.025 wt.% hBN 
showed the lowest mean wear scar diameter (WSD) 
although their coefficient friction value was slightly 
higher than the other MJO samples. The presence of 
nanoparticles as filler to fill asperity valleys between two 
sliding surfaces, resulted in a reduction of COF as well as 
WSD.   

Hence, this current study was emphasized on the 
tribological analysis of nanoparticle from activated carbon 
added in nonedible metalworking fluid from MJO using 
different concentration ratios which was evaluated 
through the four-ball test. This new nanofluid formulation 
can provide new opportunities for machining operation 
particularly in minimizing a quantity lubrication-based oil. 

 
2.  Research Procedure 
2.1 Development of nanofluid 

The nanofluid was formulated using modified jatropha 
oil (MJO) which was synthesized through two-step acid-

based catalyst transesterification process involved crude 
jatropha oil and trimethylolpropane12). The activated 
nanoparticles (size <100 nm) as shown in Fig.1 from 
bamboo was used as an additive as it offered a very high 
removal capacity for organic components and considered 
as cost-effective with good lubrication performance. Table 
1 indicates the physical properties of activated carbon. 
Initially, MJO was blended with activated carbon 
nanoparticles at different concentration ratios (i.e. 0.01, 
0.025, and 0.05 wt. %) in order to develop the nanofluids 
as shown in Table 2. The blending process was regulated 
at a fixed stirring rate of 700 rpm using a magnetic stirrer 
for an hour at 60 °C. The nanofluid oil was stirred well 
again prior to every new test in order avoid agglomeration 
and sedimentation of nanoparticles in the base oil. The 
nanofluids were compared with commercial Unicut Jinen 
MQL which was a synthetic-based oil (SE). 

 
 
 
 
 
 

Fig. 1: Activated carbon nanoparticle from bamboo 
 
Table 1. Physical properties of activated carbon23). 

Properties Description 

Density (g/cm3) 3.3 

Size (nm) 50 

Melting point (°C) 1772 

Solubility in water Insoluble 

Thermal expansion coefficient (K-1) 3.6 × 10-6 

 
Table 2. Samples of nanofluid. 

Sample Description 

MJO+ 0.01wt.% activated carbon  MJOa1 

MJO+ 0.025wt.% activated carbon MJOa2 

MJO+ 0.05wt.% activated carbon MJOa3 

 
2.2 Four ball testing 

The tribology testing was performed using four-ball 
tribotester equipment, DUCOM TR-30L based on ASTM 
D4712. Four steel balls made of AISI 52100 with the 
hardness of 64 to 66 HRC and the diameter of 12.7 mm 
were used in each testing. 10 ml of oil sample was poured 
into the ball port. As shown in Fig. 2, the three stationary 
balls were clamped in the ball pot assembly. The rotating 
ball was placed inside the collet. Then, it was squeezed 
into the spindle. Further, the ball port was fitted in the 
tribotester machine and slowly, a normal load of 392 ± 2 
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was applied to avoid any intense stress. The heating 
temperature of oil was fixed at 75 ± 2 °C. After reaching 
the required temperature, the rotating ball was operated 
for 60 minutes at the constant speed of 1200rpm. 
Subsequently, the steel balls were taken out from the ball 
port and washed using acetone to remove the oil stain. 
From the testing, the coefficient of friction (COF) was 
determined using Winducom software. The stationary 
steel balls were observed and the mean wear scar diameter 
(MWSD) was measured using a scanning electron 
microscope (SEM, Toshiba S-3000N) equipped with 
energy-dispersive X-ray spectroscopy (EDX). The worn 
surface roughness (Ra) was measured using surface 
roughness measuring set (Mahr Perthometer PGK 120). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Illustration of the clamped balls 12) 

 
3.  Result and discussion 
3.1 Coefficient of friction and mean wear scar 

diameter 
Fig. 3 displays the reading of COF and MWSD for each 

oil sample. MJOa1, MJOa2 and MJOa3 were improved by 
50.6%, 44.9%, 59.6%, respectively in term of COF as 
compared to commercially used SE. Whilst, the MWSD 
reading of MJOa1, MJOa2 and MJOa3 were reduced from 
a range of 45 to 51% compared to SE. The fatty acids in 
MJO provided effective lubrication performance26). MJOs 
contained fatty acids that can form a thin lubrication layer 
that sticks on the contact surfaces. The polar carboxyl 
group in the fatty acids remained closely packed thus 
provided adequate lubrication film that might reduce the 
friction27). As illustrated in Fig. 4, the inclusion of 
nanoparticles (activated carbon) significantly provided a 
rolling mechanism that changed the sliding effect into the 
rolling effect, thus reduced the friction at the contact 
area28). Moreover, among three concentration ratios, 0.025 
wt.% of activated carbon nanoparticle in MJO (MJOa2) 
offered a significant improvement of COF (0.036) and 
smallest MWSD (457.63µm). This phenomenon was 
attributed to a sufficient concentration of nanoparticles 
that offered a rolling effect between the friction area, thus 
reducing the COF value12). However, the addition of 0.01 
wt.% and 0.05 wt.% of activated carbon nanoparticles in 
MJO produced poor tribological performances. The 

smallest concentration of nanoparticles (0.01 wt.%) 
provided an insufficient protected layer between the 
friction surfaces and increased the exposed area thus 
resulted in increment in the COF and produced larger 
MWSD. Concurrently, the presence of 0.05 wt.% 
nanoparticles caused particles agglomeration that 
substantial effect the quality of the lubricant. Due to the 
relatively high concentration of added nanoparticles, the 
lubrication film became thick thus increased the COF and 
MWSD29).  

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3: COF and MWSD for all samples 
 

 
 
 
 
 
 
 
 
 

Fig. 4: Schematic diagram of lubrication film30) 
 

3.2 Worn surface analysis 
Fig. 5 depicts the SEM image of MJOa1, MJOa2 and 

MJOa3 at 100x magnification. As can be observed, MJOa1 
surface showed a large complete round shape of wear scar 
with a deep groove on the worn surface with a material 
transfer, whereas, MJOa3 surface showed a mixture of 
shallow and deep grooves at the worn surface. Furthermore, 
MJOa2 surface showed a small complete round shape and 
a shallow groove. This phenomenon showed that the 
presence of the carbon (C) element from the activated 
nanoparticles in the nanofluid was capable to provide 
better thin lubrication film between the contacts surfaces 
thus improved the value of COF and MWSD. In addition 
of providing a rolling element at the contact surfaces, the 
addition of the nanoparticles in the nanofluid led to a 
formation of an absorption layer that protected the surfaces. 
According to Fig. 7, the worn surface of the steel ball 
which was lubricated using the optimum concentration of 
nanoparticle of MJOa2 showed the highest absorption of 
8.22 wt.% of C elements in contrast to the pure MJO 
without additive which had low C content compared to 
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MJOa2 with only 5.15 wt.% (Fig. 6). This finding showed 
the deposition of activated carbon nanoparticles occurred 
at the friction surface area thus offered the reduction on 
friction and wear. Meanwhile the depositions of C element 
at the contact areas of the worn surface on the steel ball 
which was lubricated by MJOa1 and MJO3 were 4.79 
wt.% (Fig. 8) and 5.49 wt.% (Fig. 9) respectively. 

According to the current work, it can be seen that both 
oil and nanoparticles consisted of polarity led to their 
competing adsorption on the contact surfaces. However, 
the lower concentration of nanoparticles was unable to 
absorb much onto the steel ball surface. In this scenario, 
the formation of film through tribochemical reaction was 
considerably unstable which influenced the formation film 
by the base oil alone that contributed rougher worn surface 
due to an inhibition of the adsorption of lubricants. 
Meanwhile, the optimum concentration of nanoparticles 
might provide higher capability of the nanoparticles to be 
adsorbed in a greater amount and form more stable films 
via tribochemical reaction with the steel ball surface, thus 
contributed smoother worn surface31). A physical film was 
created over the nanoparticles as the nanoparticles of the 
lubricant filled the grooves of the contact surfaces. The 
absorption only occurred when the physical film was 
constructed under sufficiently high temperature and real 
contact pressure to initiate a reaction between the materials 
of lubricant, surface and nanoparticles32),33). Therefore, 
MJOa2 achieved well-deposition of nanoparticles which 
associated with decreased friction and provided flatter, 
flatter and smoother surface.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Fig. 5: SEM image of worn surface at the magnification of 

100x: a) MJOa1, b) MJOa2 and c) MJOa3 

Fig. 6: EDX spectrum at the worn surface for MJO 
 
 
 
 
 
 
 
 
 

 
 

   Fig. 7: EDX spectrum at the worn surface for MJOa2 
 
 
 
 
 
 
 
 
 
 
 

  Fig. 8: EDX spectrum at the worn surface for MJOa1 
 
 
 
 
 
 
 
 
 
 
 

  Fig. 9: EDX spectrum at the worn surface for MJOa3 
   

3.3 Surface roughness 
Fig. 10 showed the surface roughness (Ra) of oil 

samples. As can be observed, MJOa2 recorded the smallest 
Ra value of 0.239 μm among the other oil samples which 
contributed smoother worn surface. This phenomenon was 
due to the shallow grooves that were produced at the steel 
ball surface which led to the lowest surface roughness 
among the other oil samples clearly demonstrated in Fig 
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5(b). The activated carbon nanoparticles were welded on 
the sliding surfaces, thus reacted with the steel ball to 
create a protective film on the contact surfaces. The 
nanoparticles functioned similarly as the small bearings on 
the rubbing surfaces thus reducing the friction and wear 34).   

Whereas, MJOa1 contains the low concentration of 
activated carbon nanoparticles (0.01 wt.%) provided 
insufficient lubrication film thus increased the unprotected 
area 25). Fig. 5(a) shows the exposed area resulted in 
adhesion wear occurrence which indicated the material 
transfer at the worn surface. Moreover, the high Ra value 
of MJOa1 (0.3055µm) was attained due to the insufficient 
lubrication oil film thus producing a deep groove at the 
worn surface.  

Apparently, Moreover, it can be seen that the 
agglomerated in 0.05 wt.% activated carbon nanoparticles 
in the MJOa3 resulted in rougher worn surface thus 
increased in Ra value of 0.278µm. This phenomenon was 
explained by the existing of the deep groove as shown in 
Fig. 5(c). The agglomerated nanoparticles produced poor 
lubrication oil film thus affected the lubricity 
performance35).   

 
   
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10: Surface roughness for all samples 
 

4.  Conclusions 
According to this present work, it was explained that the 

nature of the lubricant and concentration of nanoparticles 
which acted as an additive mainly influenced the 
tribological characteristics of the nanofluid. MJOa2 
(0.025wt.% of activated carbon nanoparticles in MJO 
based oil) provided the highest improvement of the 
lubrication performance in terms of COF (0.036), MWSD 
(457.63 μm), worn surface analysis and surface roughness 
value (0.2390 μm). This finding was attributed to the 
adequate concentration of nanoparticles that provided 
excellent lubrication film layer at the contact surfaces. At 
this optimum lubricating performance, MJOa2 can be 
applied in substituting the existing petroleum based-oils as 
MWF thus emphasizing the element of sustainability in the 
machining application.  
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