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Abstract: As machining operation is getting crucial, thus nanotechnology has been considered 

in providing more effective performance to reduce friction coefficient and wear protection of both 
workpiece and tool. This study investigated effect of an inclusion of solid nanoparticle additives such 
hexagonal boron nitride (hBN), graphene, copper oxide (CuO) at 0.05 wt.% concentration in 
modified jatropha (MJO) based oil. The performance of nanofluids was evaluated by conducting 
friction and wear test via four-ball test as well as machining process through orthogonal cutting 
process. The attained results were then compared with synthetic ester. This present study revealed 
the MJO nanofluids (MJO + 0.05 wt.% hBN, MJO + 0.05 wt.% graphene and MJO + 0.05 wt.% 
CuO) showed higher lubrication performance as compared to the commercial synthetic ester in term 
of physical properties and tribological behaviour. This condition resulted in the excellent machining 
performance which was explained by the reduction in maximum cutting temperature, chip thickness, 
effect of morphology chip and tool-chip contact length. Therefore, the MJO nanofluids can be 
considered as a potential sustainable metalworking fluid to replace the usage of the currently used 
synthetic ester in machining operation. 

 
Keywords: Modified jatropha oil, hexagonal boron nitride, graphene, copper oxide, nanofluid, 

orthogonal cutting 
 

1.  Introduction 
The increasing concern on the environmental and health 

issues lead to industrial demand of developing 
biodegradable materials and more eco-green products1–3). 
The depletion of fossil fuel resources i.e. petroleum has 
attracted the attention of the research to shift to the 
renewable and biodegradable source4–7). Approximately 
85 % of metalworking fluids (MWFs) in industrial 
applications have been derived from petroleum-based oil 
which are due to their good lubrication capacity and high 
stability with a significant long lifetime8). However, the 
use of vegetable oils as a replacement of the conventional 
MWF is not widely spread in the industrial applications. 
Vegetable oils provide desirable characteristics including 
high biodegradability and low toxicity towards the 
environment and human since it is derived from edible and 
non-edible plants. Nabila et al.9) reported that the non-
edible oils are more preferrable as a feedstock because of 
their availability at a reasonable price as compared to the 
edible oil. This materials selection may also significantly 
minimize the contamination of water sources and the 
burden of sewage treatment. 

Moreover, the advancement of nanotechnology has 
gained significant attention in various industrial 
applications10–14). Recently, nanofluids have been 
introduced as a new production of lubricant since the 
existing lubricant was inefficiency to play their role as an 
anti-friction and wear protection agent during the 
operation process. Nanofluid is a combination of 
nanoparticles which the size typically ranges between 1 to 
100 nm that is added into the based oil fluids either 
mineral oil or vegetable oil15).  

Mishra & Baghel16) reported the turning process of aero 
engineering alloy (Ti-6Al-4V) using of graphene 
nanoparticles in canola oil. The findings revealed that the 
inclusion of graphene nanoparticles in canola oil increased 
the thermal conductivity of the nanofluid as compared to 
pure canola oil. This scenario suggested a better reduction 
of friction among the tool and chip contact surface was 
significantly provided by incorporating the nanoparticles 
into the oil. It was recorded that the graphene-based 
nanofluids exhibited good machining performance by 
recording the decrement to the cutting force, cutting 
temperature and increasing tool life and wear of the 
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cutting tool. Kumar et al.17) performed a research work on 
the tribological behaviour of copper (Cu) nanoparticles in 
refined soybean oil (RSBO) with 1 vol.% Zinc 
dialkyldithiophosphates (ZDDP) at the concentration of 
0.04, 0.05, 0.1 and 0.2 wt.% though pin-on-disc tribotester. 
The finding reported that 0.05 wt.% was considered as the 
optimum concentration of copper oxide (CuO) 
nanoparticles by showing the reduction of wear compare 
to pure base oil and other CuO nanofluids concentration. 
The COF reduced at all concentrations of CuO and 
0.1wt.% provided lowest COF at 120 N and 1,500 rpm.  
Further explanation stated that the lubricant with addition 
of nanoparticles might induce a development of thin layer 
in which the mating of two rough surfaces could be 
avoided and it acts a carrier for the proportion of load, 
thereby separating the surfaces from mating to each other 
and resulted in wear reduction.  

Yildirim et al.18) studied the performance of the turning 
process for Nickel-based Inconel 625 using nanofluid 
MQL made from commercial vegetable oil with 
concentration of 0.5 and 1 vol% hexagonal boron nitride 
(hBN) nanoparticles and the result was compared with 
pure MQL and dry cutting condition. The nanofluids MQL 
with 0.5vol% hBN showed the highest tool life with 
minimum amount of wear with reduction of 43% 
compared with pure MQL and dry cutting condition. 
Additionally, a smooth surface quality was achieved with 
addition of 0.05vol% hBN in MQL-based oil.  The better 
lubricating performance of nanofluids MQL was 
corresponded to the ability of the nanoparticles to retain 
and hold the particle of oil, avoiding the cutting oil to 
immediate release from the cutting zone. According to the 
recent work by Singh et al.19), Sirin & Kivak20) and Sirin 
et al.21), they proved that the effectiveness of the 
nanofluids as a lubricant medium in machining process 
under MQL technique by providing better reduction in 
friction and wear, thus lowered the cutting force and less 
tool damage. Shuang et al.22) mentioned that the 
temperature at cutting tool may be reduced due to the 
presence of nanoparticles in nanofluid, thus contributed to 
reduce friction at cutting zone and therefore, hardness and 
sharpness of cutting tool used can be maintained. 

Therefore, this current works aimed to produce a new 
formulation of nanofluids from non-edible vegetable oil. 
The current study performed modification of the crude 
jatropha oil and combined with several types of 
nanoparticle additives which were hBN, graphene and 
CuO at a concentration of 0.05wt.% to enhance the 
tribological behaviour in machining performance as 
sustainable metalworking fluids. 

 
2.  Materials and Methods 
2.1  Nanofluids preparation  

Nanofluids-based lubricant were prepared from crude 
jatropha oil by following the previous study from 
Jamaluddin et al.23). In the present investigation, crude 

jatropha oil was chemically modified to improve the 
thermal-oxidation stability of the crude oil. The MJO was 
produced through a transesterification process between 
jatropha methyl ester (JME) and trimethylolpropane 
(TMP) with a JME-to-TMP molar ratio of 3.5:1. Sodium 
methoxide (CH3NaO) that acted as a catalyst was used in 
order to minimize the saponification of esters. 

A formulation of nanofluids was prepared by dispersing 
solid nanoparticle additives including hBN, graphene, 
CuO in the MJO at a constant concentration of 0.05 wt.% 
The blending process was conducted when the base oil 
reached 60 °C and stirred at 750 rpm for at least 30 
minutes. Table 1 tabulates the common physical properties 
of each solid nanoparticle additives and Table 2 provides 
the lubricant designation for this study. 

The physical testing was conducted after the 
preparation of the lubricants, for example, kinematic 
viscosity and viscosity index (VI). The obtained data for 
all the MJO nanofluids were compared with the 
commercial synthetic ester (SE). SE is a metalworking 
fluid for minimum quantity lubricant (MQL) supplied by 
Nippon Oil Cooperation. The measurement of kinematic 
viscosity was done based on to ASTM D445 using a 
portable viscometer (Viscolite 700) at 40 °C and 100 °C. 
VI was determined using both kinematic viscosity results 
of 40 and 100 °C in accordance with ASTM D2270. 

 
Table 1. Common physical properties of nanoparticles. 

Properties 
Types of nanoparticles 

hBN Graphene  CuO 

Average size of 
nanoparticles (nm) 

40 – 80 

Shape of 
nanoparticles 

Nearly spherical Spherical 

Solubility in water Insoluble 

Density (g/cm3) 2.3 2.27 6.31 
Thermal expansion 
coefficient (°C-1) 

1×10-6 -8×10-6 1.9×10-6 

 
Table 2. Description of lubricant samples. 

Designation Details 

SE Synthetic ester 

MJOh MJO+0.05wt.% hBN 

MJOg MJO+0.05wt.% graphene 

MJOc MJO+0.05wt.% CuO 

 
2.2  Tribological Testing 

The four-ball tribotester machine was used to measure 
friction and wear in accordance with ASTM D4172. The 
four-ball test was the most predominant tribological test 
in evaluating the friction and wear mechanism which 
commonly used in the lubricant oil industry. Table 3 
shows the details of test condition for conducting four-ball 
test. Prior to the tribological performance, coefficient of 
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friction (COF) was automatically calculated using 
Winducom 2010 and an optical camera was used to 
measure the wear scar diameter (WSD) of the stationary 
steel balls.  

 
Table 3. Conditions for four-ball testing. 

Description Details 

Ball material Chrome steel ball (AISI 52100) 

Diameter of ball (mm) 12.7 

Hardness of ball (HRC) 64 to 66  

Temperature (°C) 75±2 

Speed (rpm) 1200  

Duration (min) 60  

Normal load (N) 392±2 

 
2.3  Setup for orthogonal cutting 

Machining evaluation was conducted through 
orthogonal cutting process using a computer numeric 
control (CNC) turning machine (model: ROMI C420) at a 
constant feed rate of 350 rpm and cutting speed (0.08 
mm/rev) as displayed in Fig. 1. Table 4 indicates the 
machining parameter involved in the orthogonal cutting 
process. In this current study, a new surface of cutting tool 
and workpiece material were mounted to the jig at every 
beginning of each series of experiment. The cutting tool 
used was uncoated carbide (Kennametal SPGN120308) 
that was installed to the modified tool holder used 
(CSDPN 2525M12). 

The outputs machining parameter i.e., maximum 
cutting temperature, tool-chip contact length, chip 
thickness and chip morphology were collected. The 
maximum cutting temperature from the thermal imager 
camera (FLIR T640) was observed at a range of 0 to 
1000 °C. The camera was focused particularly on the axial 
direction during the machine operation. The setting of the 
camera in respect of emissivity and reflected ambient 
temperature were subjected to 1 and 28°C, respectively. 
The chip thickness was measured using tapered nosed 
micrometer and the average value was calculated from ten 
samples of the deformed chip produced during the cutting 
process. Finally, the tool maker microscope was used to 
measure tool-chip contact length.  

 
Table 4. Machining conditions for orthogonal cutting process. 
Description Details 

Cutting speed, Vc (m/min) 350 

Feed rate, fr (mm/rev) 0.08 

Width of cut, w (mm) 2 

Rake angle, α (o) +5 

MQL input pressure (MPa) 0.4 

Nozzle angle (o) 45 

Nozzle distance (mm) 8 

Nozzle inner diameter (mm) 2.5 

Oil flow rate (l/h) 0.16 
 

 
Fig. 1: (a) Setup for orthogonal cutting process, (b)location 

of the MQL nozzle 

 
3.  Results and Discussion 
3.1  Physicochemical properties of nanofluids  

Table 5 and Fig. 2 presents kinematic viscosity 
measured at both 40 and 100 °C and calculated value of 
viscosity index for SE and MJO nanofluids. As can be 
observed, at 40 °C, the kinematic viscosity of SE for was 
around 19.14 mm2/s which was markedly higher than the 
MJO nanofluid. This scenario showed the SE that was 
formulated with the inclusion of various packages of 
additives such as viscosity improver, anti-wear additives 
and corrosion inhibitor, thus resulted in increasing 
viscosity of SE24). Meanwhile, MJO samples showed 
lower kinematic viscosity which was attributed to the 
change of MJO composition after undergoing a chemical 
modification. The intermolecular forces on the hydrogen 
bond was weakened, thus  reduced the viscosity of the 
oil25). Interestingly, the the kinematic viscosity was 
improved with the addition of nanoparticles in MJO. 
Apparently, the highest kinematic viscosity at 40 °C was 
recorded by MJOg, followed by MJOh and MJOc. 
Meanwhile, MJOg possessed the highest kinematic 
viscosity at 100 °C (i.e., 5.23 mm2/s) among the other 
samples. This phenomenon was explained by its high 
viscosity index of 272. Increasing viscosity of the 
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lubricant resulted in increasing VI value, as the VI was 
significantly affected by the lower coefficient of thermal 
expansion of graphene (-8×10-6/°C)26) compared to hBN 
(1×10-6/°C)27) and CuO (1.9×10-6/°C)28). 

 
Table 5. Physicochemical properties for all studied samples. 
Sample 

lubricant 
Kinematic 
viscosity at 

40 °C 

Kinematic 
viscosity at 

100 °C 

Viscosity 
index 
(VI) 

SE 19.14 4.33 138 

MJOh 18.00 5.11 242 

MJOg 18.38 5.49 272 

MJOc 17.67 5.00 237 
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Fig. 2: Result of kinematic viscosity and VI for all studied 

samples. 

 
3.2  Coefficient of friction and wear scar diameter  

Fig. 3 indicates the tribological behavior of COF and 
WSD of the studied lubricant samples. The excellent 
tribological performance recorded by the MJO nanofluids 
in contrast with SE. This finding was due to the formation 
of molecular chains and branched in the MJO that 
provided a stronger protective film than SE27). Fig. 3 
shows the improved the lubricant performance of MJO 
nanofluids provided a significant reduction of both COF 
and WSD in between 37.4–50.6% and 35.4–47.7% 
respectively. This observation explained that the addition 
of the nanoparticles in MJOs filled the inter-asperity 
valley of the sliding metallic surfaces which were not 
smooth, thus providing rolling mechanism and could 
result in a formation of thin transfer films that led to an 
effective lubrication29). Clearly, MJOc showed the lowest 
COF (0.0442) followed by MJOg (0.0531) and MJOh 
(0.056). The spherical profile of the CuO nanoparticles 
was uniformly retained after the diffusion which was 
attributed to the higher density of bulk nano CuO than the 
graphene and hBN nano particles, hence contributed in 
lowering the frictional coefficient30). However, MJOc 
offered the highest WSD compared to MJOg and MJOh. 
In addition, MJO incorporated with hBN and graphene 

produced low COF during the contact between the ball 
surfaces. This scenario was due to their two-dimensional 
(2D) layered materials that might provide lower interlayer 
friction and lower ability to accommodate relative surface 
velocity31). 
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Fig. 3: COF and WSD for all lubricant samples. 
 

3.3  Maximum Cutting temperature  
Fig. 4 shows that SE offered lowest lubricant 

performance with the maximum cutting temperature of 
244.1 °C in comparison to the MJO nanofluids. This 
finding was explained by its low VI of 138 thus resulted 
in incapability of the SE to sustain its characteristics at 
high operating temperatures. Remarkably, the MJOs 
sample provided the highest VI within the range of 237 to 
272°C. The better performance of lubricating oil required 
the higher VI to remain stable with a slight change in 
viscosity within the temperature range. It can be further 
explained that the higher VI provided a more stable 
molecule in the oil, thus resulted in higher lubrication over 
the operating range of temperature and provided a longer 
lubricant life32). 

According to this current study, the inclusion of 
nanoparticle additives in the MJO offered a reduction of 
the maximum cutting temperature in a range of 9.9 to 
13.4% as compared to the SE. This phenomenon might be 
attributable to the nanoparticles additive in MJO 
significantly prevented the rough faces from a direct 
sliding contact by filling the asperities valley as well as 
provided rolling friction. Consequently, lower maximum 
cutting temperature was generated by MJOg (211.5 °C) 
and MJOh (213.0 °C), whereas the maximum cutting 
temperature of MJOc was 220 °C. The hBN and graphene 
nanoparticles were well-known 2D layered materials 
which possessed low ability of interlayer friction and low 
ability to accommodate relative sliding surface velocity, 
thus resulted in the reduction of friction and heat 
generation31). 
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Fig. 4: Cutting temperature for all lubricant samples. 

 
3.4  Chip thickness  

Fig. 5 shows SE had the highest chip thickness of 
0.223 mm as compared to the MJO nanofluids which 
demonstrated that the contact area at the shear zone was 
reduced during the machining process. This situation was 
due to the lubrication film that was developed by MJO in 
which significantly reduced the friction.  

The presence of nanoparticle additives such as hBN, 
graphene and CuO in MJO showed the reduction in chip 
thickness by 19.7 to 21.0 % which was significantly lower 
than SE. This finding was attributed to the nanoparticles 
in MJO significantly reduced the deformation of chip 
thickness. The reduction of chip thickness led to the 
thinner shear plane and greater shear angle, thereby, 
lowered the cutting force and the COF between the tool-
chip contact surfaces. MJOh offered the lowest chip 
thickness of 0.184 mm, followed by MJOg (0.187 μm) and 
MJOc (0.187μm). The reduction of chip thickness of 
MJOh was due to the alignment of the hBN particles on 
the metal surfaces in which parallel to the direction of 
motion. On the other hand, graphene with its 2D structure 
was easily transferred between the sliding surfaces 
including shears. This phenomenon explained the layer 
formed during the sliding was covalently bound to the 
layer in graphene, resulted in the reduction of friction, 
hence less heat was generated by the friction force16). 
Moreover, the CuO nanoparticles might provide the 
lessened chip thickness due to the spherical shape of CuO 
nanoparticles that might offer a cushion effect. This effect 
explained how the nanoparticles absorbed the abrupt 
impact that diminished the cutting force fluctuations33). 

Fig. 6 shows the effect of the formation of chip curling 
for all studied samples. As can be observed, MJOs 
nanofluids showed the smallest chip curvature radius 
compared to SE. This finding explained the smaller chip 
curling radius could reduce the frictional heat due to the 
formation of tribo-layer and higher penetration of 
nanofluid at the chip-tool interface34). 
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Fig. 5: Chip thickness for all lubricant 

 

   
Fig. 6: Chip curling effects  

 
3.5  Tool chip contact length  

According to Fig. 7 and Fig. 8, SE observed the longest 
tool-chip length (376.8 µm) as compared to the other 
studied MJOs. This situation was described by the shorter 
length of the carbon chain hence, resulted in a weaker 
adsorption durability between the interfaces of the tool 
and chip35). This condition was confirmed that the 
lubricant film of SE was completely broken and could not 
sustain the force acting between the tool and chip. It was 
observed that MJO incorporated with nanoparticle 
additives exhibited higher lubrication property as the tool-
chip contact length was slightly reduced by 12.3 to 16.3 % 
in contrast with SE. MJOh displayed the shortest tool-chip 
contact length of 315.3 µm followed by MJOg (317.2 µm) 
and MJOc (330.2 µm). This condition was contributed to 
the less frictional heat generation during the deformation 
on the secondary shear zone, thus resulting in the shorter 
tool–chip contact length. An enhanced lubrication was 
achieved by incorporating nanoparticles in MJO based oil 
as the sliding region on the rake face was considerably 
reduced. Furthermore, the nanoparticles in MJO improved 
the tribological and thermo-physical properties 
attributable to their mechanism including the formation of 
tribo film and ball-bearing effect that decreased the 
friction generation. Thus, it can be concluded that the 
effectiveness of the nanoparticles was shown a significant 
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enhancement on the friction between the chip and tool 
contact, thus providing an enhanced lubrication that might 
decrease cutting force and heat generation36). 
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Fig. 7: Tool-chip contact length for all lubricant sample. 

 

 
Fig. 8: Optical images of tool-chip contact length 

 
4.  Summary 

The formulation of nanofluid by selecting of a bio-base 
such jatropha oil and addition of solid nanoparticles 
additives which considered as a carrier fluid for a 
sustainable metalworking fluid. A possible explanation for 
this lubricant development could be attributed to promote 
lower friction and wear together with improved machining 
process. From this current work, the important 
conclusions drawn were summarized as follows: 

 
a) MJO nanofluids (MJO+0.05wt.% hBN, MJO 

+0.05wt.% graphene and MJO+0.05wt.% CuO) 
offered the most significant improvement of physical 
properties by increasing the kinematic viscosity and 
viscosity index. MJOg exhibited highest VI (272) 
followed by MJOh (242) and MJOc (237). The VI 
index was highly required in ensuring the 
sustainability of the lubricant properties during high 

temperature operation.  
b) MJO of MJOg, MJOh and MJOc showed the lower 

COF and WSD as compared to the commercially used 
SE. This situation suggested that MJO nanofluids 
might provide improved performance particularly on 
the tribological behaviour.  

c) MJO nanofluids enchanced machining performance 
as compared to SE that showed a reduction of 
maximum cutting temperature, tool-chip contact 
length and chip thickness.  

d) Attributable to the significantly enhanced 
performance provided MJO nanofluids (MJOg, 
MJOh and MJOc) in both tribological and machining, 
thus it can be suggested that MJO asa new potential 
candidate in substituting the currently used SE as a 
sustainable MWF in machining application.  
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Nomenclature 

COF Coefficient of friction 
Cu Copper 
CuO Copper oxide 
hBN Hexagonal boron nitride 
JME Jatropha methyl ester 
MWF Metalworking fluids 
MQL Minimum quantity lubrication 
MJOc MJO+0.05wt.% CuO 
MJOg MJO+0.05wt.% graphene 
MJOh MJO+0.05wt.% hBN 
MJO Modified jatropha oil 
RSBO Refined soybean oil 
SE Synthetic ester 
TMP Trimethylolpropane 
VI  Viscosity index 
WSD Wear scar diameter 
ZDDP Zinc dialkyldithiophosphate 
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