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Abstract: Vegetable oil had been studying to replace mineral-based oil as metalworking fluids (MWFs) as it is
non-toxic, bio-degradable and environmentally friendly. Due to vegetable oil's high viscosity and poor thermal
conductivity, some improvements had been applied to a vegetable oil such as chemically modified and the addition
of additives. This study aims to evaluate the machining capability of modified jatropha oil (MJO) with nanoparticle
additives of 0.025wt% copper oxide (CuO) (MJOc) and 0.025wt% hexagonal boron nitride (hBN) (MJOh) as
metalworking fluids. Through the turning process, the machining performance of MJOc and MJOh was compared
with commercial synthetic ester (SE) in terms of cutting temperature, surface roughness, tool life, and tool wear.
The results indicate that MJOc and MJOh outperformed SE in terms of machining performance. Compared to
MJOc, MJOh has better machining performance in terms of cutting temperature and surface roughness. In addition,
MJOh had the same tool life performance with SE which is at a cutting length of 6000mm and machining time of
42 minutes. In conclusion, the overall best machining performance is MJOh (MJO+0.025wt% hBN) and has the
potential as sustainable MWFs in the lubricant market.
Keywords: Modified jatropha oil, nanofluids, nanoparticles, metalworking fluid, turning, copper oxide, hexagonal
boron nitrate, machining performance

1. Introduction
Machining is the removal of material from the surface of a workpiece by moving it around and applying force to it.
Chip formation during material removal slides on the tool rake face, subjecting it to severe normal and shear stresses, as
well as a high coefficient of friction [1]. During machining, high temperature generated in cutting tools and workpiece
interface significantly will affect the tool life, surface roughness of the workpiece and the efficiency of the machining
process. Such high cutting temperatures and their negative consequences are often controlled in the industry by careful
selection of metalworking fluids, process parameters and cutting tools material [2]. In addition, Metalworking fluids
(MWFs) are used as a lubricant in metal removal operations, including grinding, turning, and milling to reduce friction
between the workpiece and the cutting tool, enhance tool life, and reduce wear [3]. Machining without using
metalworking fluid results in higher power consumption, fast tool wear, and poor surface quality [4].
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Nomenclature
CuO
Copper oxide
C
Carbon
CJO
Crude Jatropha oil
hBN
Hexagonal boron nitride
JME
Jatropha methyl ester
MQL
Minimum quantity lubrication
MJO
Modified Jatropha Oil
MJOh
MJO + 0.025wt.% hBN
MJOc
MJO + 0.025 wt.% CuO

Ra
Tt
TL
TMP
NaOCH3
VB
VBB
VBN
VBMAX

Surface roughness
Total machining time
Total cutting time
Trimethylolpropane
Sodium methoxide
Flank wear
Average flank wear
Notch wear
Maximum flank wear

The use of MWF derived from bio-based oil stems from a growing concern about the sustainability of the
machining process. Sustainable machining requires environmentally friendly machining, including minimal quantity
lubrication (MQL), vegetable-based lubricant, and dry machining [5]. However, mineral-based MWFs have poor
biodegradability, non-renewable resources, and high toxicity, which can negatively impact the environment by
contaminating soil and causing water and air pollution. Furthermore, skin and respiratory illness increased among
workers due to long contact with mineral-based oil [6]. These problems have opened researchers' awareness to explore
vegetable oil as a candidate to substitute mineral-based metalworking fluid.
Vegetable oils are favoured as a sustainable substitute due to their high biodegradability, low toxicity to humans
and the environment, and the fact that they are derived from renewable resources that may be produced constantly [7].
There are three types of sustainability: environmental, economic, and social. In terms of the environment, vegetable oil
waste has no negative impact, particularly soil, where the fluid is transformed to a lower molecular weight component
over time [8]. While economically beneficial, vegetable oils in the industry contribute to the global concern for green
technology. Vegetable oils, such as canola and rapeseed, are more viable candidates for biodegradable lubricant base
stocks [9]. Biodegradable base stocks are less expensive than synthetic base stocks [10]. For social sustainability,
Because vegetable oil is non-toxic, workers are less likely to contract illnesses while using it in machining [11]. The
triglyceride structure in vegetable oil consists of fatty acids, it offers lower volatility, higher lubricity, flash point, and
higher viscosity index and rapid biodegradation [12]. However, the major part of vegetable oils is a triglyceride, which
consists of free fatty acids (FFA) and glycerol, which causes the limitation in vegetable oils usage owing to their poor
thermal-oxidative stability qualities [6]. Vegetable oil's properties can be enhanced in various ways, such as chemical
modification and the addition of nanoparticles to vegetable-based oil.
The addition of nanoparticles to MWFs such as mineral Oil cutting fluid strengthen with various filler fractions of
nanoparticles of copper oxide (CuO) and titanium dioxide (TiO2) has also revealed an improvement in surface finish
and tool life of products [13]. Increase in lubricating characteristics and thermal of the fluids due to the particles. Since
solid particles have greater thermal conductivity due to the higher surface area of the nanofluids, thermal conductivity
is enhanced [14]. Obtaining wear reduction of up to 66% is due to the spreading of hexagonal boron nitride (hBN),
WS2, and MoS2 nanoparticles in MWFs. This was assigned to nanoparticles shearing of trapped nanoparticles and
filling surface valleys at the interface of touching surfaces [15].
Therefore, this study mainly concerns the experimental works through the turning process to investigate the tool
life, cutting temperature, tool wear, and surface roughness using modified jatropha-based nanofluids. The additive uses
are CuO and hBN at 0.025 wt% concentration ratios.

2. Methodology
2.1 Preparation of Vegetable oil-based Nanofluid Lubricant
In the production of MJO, CJO undergoes a chemical modification process. First, crude Jatropha Oil (CJO)
undergoes a two-step acid-based catalyst esterification process to produced Jatropha methyl ester (JME), as shown in
the schematic diagram in Figure 1(a). Figure 1(b) shows the transesterification process where JME will react with
trimethylolpropane (TMP) with the presence of sodium methoxide (NaOCH3) and produced modified Jatropha oil
(MJO). For the preparation lubricant sample, MJO was mixed with the additives to formulate the nanofluids. The
additives used was copper oxide nanoparticle (CuO) and hexagonal boron nitride (hBN). The concentrations of
additives were 0.025 wt.%. The size of additives ranging from 90 nm to 100nm. The additives were blended with MJO
using a magnetic stirrer at 700 rpm and temperature 60°C for 30 minutes. Table 1 shows the MJOs used in this
experiment and were compared with the synthetic ester (SE, Unicut Jinen MQL) as benchmark oil.
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(a)

(b)

Fig. 1 - (a) Two-step acid base catalyst transesterification process and (b) transesterification process for reaction
of JME with TMP [16]
Table 1 - Oil samples
Modified Jatropha oil (MJO)
Benchmark oil
MJO + CuO (MJOc)

Synthetic ester (SE)

MJO + hBN (MJOh)

2.2 Machining Setup
The workpiece used in the experiment was AISI 1045 Steel with a diameter of 100mm and length of 200mm as
shown in Figure 2(a). The cutting tool used was uncoated cermet (TNGG220408R-UM) with a relief angle and a nose
radius of 0° and 0.8mm, mounted on the tool holder MTQNR2525M22N. The turning process was performed using a
Numerically Controlled (NC) lathe machine (Alpha Harrison 400) with the machining parameter listed in Table 2. The
lubricant supplied using MQL along the cutting edge of the workpiece with input pressure of 0.4 MPa and highvelocity flow at 0.16 l/hr. The nozzle with an inner diameter of 0.25mm was placed about 8mm to the cutting edge with
a 45° angle, as shown in Figure 2(b).
The maximum cutting temperature was measured using thermal image camera FLIR T640 placed opposite the
workpiece. The data was analyzed on the laptop using FLIR Tool software. Surface roughness, Ra was measured using
Mitutoyo Surface Roughness Tester (model SJ-400). The measurement procedure was conducted according to
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ISO4288:1996. Progression of VBB, VBmax, and VBN was observed at the cutting edge of the flank face using a tool
maker microscope (Nikon MM60). The tool life was recorded based on the total machining time, 𝑇𝑇𝑡𝑡 and total cutting
length, 𝑇𝑇𝐿𝐿 . The tool wear was inspected through a tool maker microscope (Nikon MM60) at rake face, flank face and
nose face.
Table 2 - Machining parameter

Description

Values

Cutting speed, VC (m/min)

300

Feed rate, fr (mm/rev)

0.2

Depth of cut (mm)

1

Oil flow rate (1/hour)

0.16

Workpiece material

AISI 1045

Cutting tool

Uncoated cermet

(b)

(a)

MQL Nozzle

FLIR
T640

Workpiece AISI 1045

45°

MQL
Cutting Tool

Fig. 2 - Turning process setup

3. Results and Discussion
3.1 Cutting Temperature
Figure 3 shows the result of the maximum cutting temperature of MJOh, MJOc and SE. From the graph, it is
shown that the highest temperature between the three oil samples is SE with 198.8°C follow by MJOc, which is 160°C
and lastly MJOh with 154.6°C. The cutting temperature of MJOc and MJOh decreased by 20% and 22% respectively
than the cutting temperature of SE. When compared to SE with carbon chains ranging from C8 to C10, MJOs with
carbon chains ranging from C16 to C20 exhibited a higher adsorption capacity. In addition, MJOs also generated TMP
triester branches in oil molecules, which contributed to the high molecular weight and more polar structure [17].
Moreover, good adsorption of acid promoted by fatty acid content in MJO could generate lubrication film resulting in
low friction between the cutting tools and workpiece interfaces [16,18]. This is also due to the low viscosity index of
SE (139) which leads to insufficient formation lubrication film thus cause higher friction. The heat generated during
machining also increased due to an increased in friction [12].
The cutting temperature of MJOh is recorded 4% lowered than cutting temperature MJOc. This is because the
thermal expansion coefficient of hBN nanoparticles is lower which is 1 X 10-6/°C [19] compared to the thermal
expansion coefficient of CuO 1.9 X 10-6/°C [20]. The cutting temperature is influenced by the thermal expansion
coefficient of additives.The cutting temperature drops due to the material's a high thermal expansion coefficient [21].
The presence of hBN particles in MJOs enhanced thermal conductivity and heat transfer coefficient, resulting in higher
heat dissipation capacity [17]. Furthermore, the hexagonal crystalline form of hBN nanoparticles in which boron and
nitrogen atoms located on the same layer were densely packed and securely linked together demonstrated exceptional
thermal stability [22].
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Cutting Temperature (°C)

200

150

100

50

0

MJOh

MJOc

SE

Sample

Fig. 3 - Cutting temperature

3.2 Surface Roughness
Figure 4 shows the surface roughness values for MJOh, MJOc, and SE. From the graph, the surface roughness of
SE is 2.86 µm, the highest value compared to MJOh and MJOc. The flow resistance is higher as the viscosity of SE is
high at 19 mm2/s compared with MJOs (<19 mm2/s) thus resulting in higher energy losses [17]. Due to higher flow
resistance, the lubrication capability worsened and cause surface quality deterioration.
In addition, MJOc and MJOh exhibit lower surface roughness than SE because of the addition of additives in the
MJOs. The increase in surface quality was more noticeable when nanofluid was used. Nano-solid lubricants are
considered to penetrate better to the tool-chip and tool-work-piece interfaces, while nano-additives are better able to
remove heat from the cutting zone by improving the cutting liquid's thermal conductivity. In addition, oil particles are
retained by nano-additives, which prevent the cutting oil from being released immediately from the cutting zone,
resulting in greater lubrication [23]. Thus, reduce friction and improve the surface quality of the workpiece. Besides
that, Copper nanoparticles have gained prominence because of their ability to reduce material wear and friction through
a recovery mechanism, as well as their ability to build a long-lasting sustainable protective layer [24].
MJOh records the lowest surface roughness with a reduction of 62% compared to SE. By occupying the valleys at
the sliding interfaces with the least amount of hBN particles (0.05 w.%), hBN particles minimize interfacial interaction
at tool-workpiece interfaces while forming a thin powder lubrication layer [17]. In addition, the hBN particles in
lamellar powder formed a boundary layer that attached to the contact surfaces and slid over each other to reduce
friction [25].

Surface Roughness,Ra (µm)

3.0
2.5
2.0
1.5
1.0
0.5
0.0

MJOh

MJOc

SE

Sample

Fig. 4 - Surface roughness

3.3 Tool Life
Tool life value is observed until it exceeds the tool wear criteria base on ISO 3685:1993. In this experiment, the
progression of wear, machining time and cutting distance for MJOh and SE only are observed. This is because from
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Average Flank wear,
VBB (mm)

cutting temperature and surface and roughness testing, MJOh shows better results compared to MJOc. Thus, only
MJOh undergoes this testing and is compared with benchmark oil, SE.
From Figures 5,6, and 7 the maximum flank wear (𝑉𝑉𝑉𝑉𝐵𝐵 max), average flank wear (𝑉𝑉𝑉𝑉𝐵𝐵 ) and notch wear (𝑉𝑉𝑉𝑉𝐵𝐵 )
have been recorded for SE and MJO+hBN oil samples. The tool lubricated with SE, reach 0.6mm for notch wear, 𝑉𝑉𝑉𝑉𝑁𝑁
could be seen as a tool failure due to the maximum value of notch wear in tool life criteria and it took 6000mm of
cutting length with 42 minutes of machining time for the tool fail. Low tool life of SE can be attributed to lower carbon
chain length and poor absorption endurance at tool-chip contacts. SE was burnt during the machining process due to
increased heat production before it was lubricated [17].
Meanwhile, the tool lubricated with MJO+hBN reach 0.3mm for average flank wear, 𝑉𝑉𝑉𝑉B could be seen as a
tool failure, follow the tool life criteria and took 6000mm of cutting length with 42 minutes of machining time for the
tool to fail. A previous study stated that the correct mixture is that low concentration (0.5 vol%) of hBN particles, in
terms of tool life and reduce friction in the tool-chip interface [23].
0.4
0.3
0.2
0.1
0

100

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Cutting Length (mm)
SE

MJO+hBN

Maximum Flank
wear, VB max (mm)

Fig. 5 - Progression of average flank wear, VBB of SE and MJOh
0.6
0.4
0.2
0

100

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Cutting Length (mm)
SE

MJO+hBN

Notch wear, VBN
(mm)

Fig. 6 - Progression of maximum flank wear, 𝑽𝑽𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎 of SE and MJOh

3.4 Tool Wear

1

0.5
0

100

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Cutting Length (mm)
SE

MJO+hBN

Fig. 7 - Progression of notch wear, 𝑽𝑽𝑽𝑽𝑵𝑵 of SE and MJOh

The micrograph of the cutting tool lubricated by MJOh oil samples is shown in Figure 8 after the machining
process at the end of the tool life. From the observation, the cutting tool failed because of the notch formation, flank,
and crater wear. Crater wear happened by abrasion, adhesion (attrition) and diffusion, while, flank wear happened by
abrasion and microchipping. The progression of wear influences the growth of friction and temperature at the tool-
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workpiece interfaces [2]. Constant movement and touching of the workpiece and chips surfaces cause great friction that
leads to material removal [26]. Meanwhile, abrasion wear happens mostly when a hard rough surface peeled off the
tool material, between the tool-chip interfaces, or emerging from workpiece or cutting tool material [27].
Both oxidation and chemical wear cause notch wear, where the thermo-mechanical stress gradient was high [2].
The basic wear types, notch and flank wear were found on the line of chipping and cutting depth. The main type of
wear that harms cutting tools in the machining of nickel-based superalloys, especially at low cutting speeds, was
reported to be notch wear at the tool's tip and depth of cut [28].
(a)

Crater

Adhesion

(b)

(c)

Notch wear

Abrasion

Flank

Nose radius wear

Fig. 8 - (a) rake face; (b) flank face; (c) nose face of the cutting tool for MJOh sample at total machining time of
42 minutes

4. Conclusion
In this study, the new formulations of modified jatropha oil (MJOs) were successfully developed with CuO and
hBN as additives at concentrations of 0.025wt%. The turning performances of MJOh and MJOc were investigated in
comparison with SE. Overall, the turning performances of the MJO samples with both additives (CuO and hBN) were
better compared to SE. The addition of additives enhances the lubrication performance. It can be observed that MJOh
has the best machining performance in terms of cutting temperature and surface roughness. The addition of hBN
particles gives greater thermal conductivity, improves heat transfer rate, and reduces the cutting temperature.
Further, the result recorded that MJOh and SE have the same tool life (6000mm, 42 min). Maximum notch wear
(VBN) was shown as a tool failure mode for SE while average flank wear (VBB) was shown as a tool failure mode for
MJOh. Abrasion and adhesion were found as the dominant wear mechanism at the flank and rake faces of the tool
lubricated using MJOh. In conclusion, the results showed that the modified jatropha oils with the addition of 0.025wt.%
of hBN nanoparticles additives depicted excellent machining performances. Thus, modified Jatropha oil +hBN can be a
potentially sustainable and environmentally friendly metalworking fluid.
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