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Abstract

Metalworking fluids were applied during the machining process to lubricate and cool 
the machine tool in order to reduce wear, friction, and heat generated. The increasing 
attention to the environment and health impacts leads to the formulation of eco-friendly 
metalworking fluids derived from vegetable oils (Jatropha and palm oils) to substitute 
the use of mineral-based oil. The present work focuses on the performance of refined bio-
based metalworking fluids during tapping torque and orthogonal cutting processes. Bio-
based metalworking fluids were formulated using 0.05 wt.% of hexagonal boron nitride 
(hBN) and 1 wt.% of phosphonium-based ionic liquid [P66614][(iC

8
)

2
PO

2
] in a modified 

Jatropha and palm olein oils and were examined for their rheological properties in com-
parison with a commercially obtained synthetic ester (SE)-based cutting fluid. The tap-
ping torque performance of the refined bio-based metalworking fluids was evaluated for 
their torque and efficiency. In addition, the performance of these bio-based metalwork-
ing fluids on orthogonal cutting parameters such as cutting force, cutting temperature, 
chip thickness, tool-chip contact length, and specific cutting energy was highlighted. The 
results obtained revealed that the rheological properties of the newly formulated bio-
based metalworking fluids were improved. From the tapping torque and orthogonal cut-
ting performances, it was proven that the modified palm and Jatropha oils possess good 
anti-wear and anti-friction behavior compared to SE. In conclusion, the newly formu-
lated bio-based metalworking fluids are suitable for the use as a new advanced renew-
able metalworking fluid for machining processes that correspond to the energy-saving 
benefits and environmental concerns.

Keywords: boron nitride, environmentally adapted metalworking fluid, ionic liquid, 
renewable sources, sustainable machining
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1. Introduction

Sustainability has become an important element to be considered in the manufacturing indus-
try. Sustainable manufacturing has led machining industries to replace petroleum-based 
lubricants with bio-derived lubricants. Normally, the conventional lubricants consist of the 
combination of petroleum-based lubricant and additives that are toxic to the environment 
and difficult to be disposed of after the consumption [1]. The widespread use of petroleum-
based lubricant may cause a negative effect to human such as dermatitis, acne, asthma, and 
a variety of cancers [2]. Hence, lubricants from vegetable oils are favorable as a sustainable 
alternative to the conventional petroleum-based oil. Vegetable-based lubricant offers signifi-
cant environmental benefits with respect to resource renewability, biodegradability, as well 
as providing satisfactory performance in a wide array of applications [3].

In the machining process, metalworking fluids (MWFs) are typically used to separate tool-work-
piece interface. MWFs provide lubrication, reduce the friction and wear, cool, and protect metal 
surfaces against corrosion. Tribology process occurs at the contact area between tool and work-
piece, which related to friction, lubrication, and wear of interacting surfaces in a relative motion. 
Tribology process can be classified as physical, physical-chemical (adsorption), or chemical in 
nature (tribochemistry) [4]. The absence of MWFs will result in acceleration of tool wear, resid-
ual stress, dimensional error, and poor surface finish [5]. Previous researchers have identified 
that MWFs made of canola/rapeseed, palm, and sunflower oils provided greater lubricating 
properties and showed comparable performance with currently used petroleum-based MWFs 
regarding cutting force, cutting temperature, surface finish, tool wear, and tribological behavior 
[6–8]. Vegetable-based MWFs have high viscosity and viscosity index that significantly influ-
enced the machining performances that provide effective lubricating properties on the tool-chip 
contact surfaces [8]. Vegetable-based MWFs formed a thin film between tool and workpiece that 
offers good boundary lubrication condition with a low coefficient of friction [9].

Normally, MWFs contain a combination of base oil and additives. There are various functions of 
additives being used to enhance the MWFs performance such as antiwear, antifriction, extreme-
pressure, antioxidant, and anticorrosion [10]. The addition of additives in base oil could give 
either beneficial or detrimental effect on the tribological behavior depending on the types of 
additive, particle size, and concentration. Hence, to have a better understanding on the lubri-
cation and tribology, modified vegetable oils (modified Jatropha oil and modified RBD palm 
olein) were added with various types of additives (hexagonal boron nitride and phosphonium-
based ionic liquid). The effects of various formulations of modified vegetable oils were exam-
ined through rheological properties, tapping torque, and orthogonal cutting performances.

1.1. Green solid additive

The green solid particles such as hexagonal boron nitride (hBN), aluminum oxide (Al
2
O

3
), 

molybdenum disulfide (MoS
2
), carbon nanotube (CNT), and nano-diamond were added in 

various neat MWFs to increase thermophysical properties and generate a protective film on 
the contact surfaces [11]. These solid particle additives composed of environmentally benign 
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lamellar powders that have low interlayer friction, ability to form protective boundary layers, 
and accommodate relative surface velocities [12].

Zhang et al. [13] examined the effect of vegetable-based oils (soybean oil, palm oil, and rape-
seed oil) as base lubricants containing nanometer-sized particles as additives and hence, the 
name nanofluids, during minimum quantity lubrication (MQL) grinding of 45 steel work-
piece in comparison with liquid paraffin. The results indicated that palm oil-based nanoflu-
ids mixed with MoS

2
 nanoparticles produce the best lubricating property in the nanoparticle 

jet MQL condition due to the high saturated fatty acid and high film-forming property of 
the carboxyl groups in palm oil. They noted that high viscosity of nanofluids induced good 
lubricating effect but significantly reduced heat transfer performance. The combination of 
green solid particles in vegetable oil provided a strong absorption capability and high film 
strength which enhanced the lubricating property and heat transfer performance. Li et al. 
[14] performed an experiment on minimum-quantity lubricant cooling (MQLC) grinding of a 
Ni-based alloy. Palm-based oil was added with different volume fractions of carbon nanotube 
(CNT) nanoparticles in between 0.5 and 4%. The results found that the volume fraction of 2% 
of CNT nanoparticles in palm-based oil had achieved the optimal lubrication and heat trans-
fer performance. They initiated that thermal conductivity and viscosity of nanofluids signifi-
cantly influence the heat transfer properties. Nam et al. [15] conducted an experiment on MQL 
micro-drilling with the addition of nano-diamond particles in paraffin and vegetable-based 
oils. The experimental results show that 2 vol. % of nano-diamond particles in the vegetable-
based oil significantly reduce the magnitudes of average drilling torques and thrust forces.

At present, the potential of hBN particle as an additive in MWF has been discovered. This 
solid additive acts as a viscosity, friction, and wear modifiers in many polar and nonpolar oils. 
Nguyen et al. [16] conducted an experiment on the 3-axis vertical milling center and the lubri-
cant was supplied through MQL method. The results showed that 0.5 wt. % of hBN particles 
concentration in vegetable-based oil (Unist-Coolube 2210) reduced flank and central wear. 
A paper by Abdullah et al. [17] has studied the effect of hBN and Al

2
O

3
 in diesel engine oil 

by mixing 0.5 vol. % of the solid particles in SAE 15 W40 with the particle size of 70 nm. The 
results showed that the viscosity index of nano-oil with hBN was improved by 3% compared 
to nano-oil without additive and nano-oil of Al

2
O

3
. This finding was due the lower thermal 

expansion coefficient of hBN (1 × 10−6/°C). The hBN particles were completely dispersed in the 
SAE 15 W40 oil and maintained the lubrication properties of the base oil. Furthermore, Talib 
et al. [18] conducted an experiment on four-ball tribology test of modified Jatropha oil with 
hBN particles as an application for MQL oil. The modified Jatropha oils were added with the 
various concentration of hBN particles between 0.05 and 0.5 wt. %. The results revealed that 
the addition of 0.05 wt. % of hBN particles in the modified Jatropha oil had exhibited excellent 
tribological performances of the four-ball tribology test in terms of low coefficient of friction, 
small wear scar diameter, smooth surface roughness, and low volume of wear rate. They indi-
cated that the presence of 0.05 wt. % hBN particles tended to reduce the friction that occurred 
on the sliding surfaces. The lubrication effect of the MQL oil changed from sliding friction 
to rolling friction due to the presence of the small amount of hBN particles, which led to the 
reduction of friction and wear.
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1.2. Ionic liquids

Ionic liquids are chemical compounds composed of cations and anions that have melting points 
lower than 100°C. The cations are usually organic compounds such as nitrogen or phosphorus, 
and the anions are the weakly coordinating compounds like bis(trifluoromethylsulfonyl)imide 
or hexafluorophosphate [19–21]. For many years since the first ionic liquid (IL) was reported in 
1982, the research and development of ILs have been rapidly evolving in the research works 
and in various industrial applications [19, 21–24]. IL lubricants are found in lubricant industries 
as neat lubricant or lubricant additives for various mechanical lubrication purposes [20, 25, 26].

ILs exhibit remarkable properties such as nonflammable, nonvolatile, low melting point, high 
thermal stability, highly miscible with organic compound, and better intrinsic properties [27, 
28]. Use of ILs as lubricant additives may eliminate further requirements of using detergents, 
defoamers, antioxidants, or even antiwear and antifriction additives in enhancing the per-
formance of the conventional lubricant in current additive formulation processes [27–29]. 
Thanks to the abovementioned advanced characteristics of ILs, they have been proven to not 
only improve the tribological properties (friction and wear) [28–30] of different polar and 
nonpolar base oils, but also enhanced their physicochemical properties (viscosity, thermal 
and oxidative stability, pour point) [20, 31].

Pham et al. in 2014 examined the effect of two imidazolium-based ILs ([EMIM] [TFSI] & [BMIM]
[I]) as neat lubricants in micro end milling [32]. They suggested the potential use of these ILs 
as green lubricants that exhibit extremely low volatile organic compounds as well as for the 
use in MQL systems. A study by Davis et al. in 2015 uses water-based lubricant with an addi-
tive of a 0.5 wt. % of [BMIM-PF

6
] IL when cutting titanium round bars using MQL system 

[33]. They found out that the lubricant mixture has effectively reduced the tool wear by 60% 
when compared to dry cutting and 15% more than MQL without the IL. Goindi et al. [34] have 
recently proposed the use of imidazolium-based ILs with two different anions in minute quan-
tity being mixed in a canola vegetable oil during orthogonal milling of a plain medium carbon 
steel via MQL method. They reported that the small quantities of the two imidazolium-based 
ILs ([BMIM]+ with [PF

6
]− & [BF4]

−) have significantly affected the tribological conditions of the 
milling process by reducing the peak and mean machining forces in finish as well as rough 
machining conditions.

Somers et al. [35] tested the application of various imidazolium-, phosphonium-, and pyrro-
lidinium-based ILs as lubricant additives in different polar and nonpolar base oils including 
vegetable oil, polyolesters, mineral oil, and polyalphaolefin and found that the miscibility of 
ILs in these base oils depends highly on the molecular structures of the ILs used. High misci-
bility in both polar and nonpolar base oils is apparent for ILs that comprise quaternary struc-
tures with relatively long hydrocarbon chains of the cations and anions [20, 30]. Several recent 
studies have confirmed this finding and provided reports on their tribological investigations 
using lubricant mixtures on different material sliding pairs [36–39].

To date, tailor-made ILs investigated for the application as lubricants and/or lubricant addi-
tives have known to play an important role in enhancing tribological interactions between slid-
ing materials. The application of IL-based MQL machining may be explored for other nontoxic, 
fully miscible, and biocompatible ILs as neat as well as lubricant additives in various base oils 
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for different metalworking applications [20]. Halogen-containing anions such as [PF6] or [BF4] 
contain rich fluorine compound that is moisture-sensitive [20, 40]. They can cause corrosion 
on the steel surface under humid conditions, thus may release toxic and corrosive hydrogen 
halides to the environment. In this work, a biocompatible with low-toxic level of phosphonium-
based IL, trihexyl (tetradecyl) phosphonium bis (2,4,4-trimethylpentyl) phosphinate, [P66614]
[(iC8)2PO2] (PIL) was investigated as an oil-miscible IL in polar base vegetable-based lubri-
cants. The application of 1 wt. % of PIL is anticipated to be adequately sufficient in improving 
the lubrication performance of the base oil when used on the metal sliding surfaces [30, 31].

2. Methodology

2.1. Lubricant preparation

The crude vegetable oils were modified to enhance certain limitations such as low thermal and 
oxidative stability due to unsaturation in oil molecule. There are various methods of modifica-
tion that have been identified by Shashidhara and Jayaram [41] which included reformulation 
of additives, chemical modification, and genetic modification of oilseed. Prior to this experi-
ment, fatty acid methyl esters (FAMEs) from Jatropha oil and RBD palm olein were chemically 
modified through transesterification process to develop modified Jatropha oil (MJO) and modi-
fied RBD palm olein (MRPO) [18, 31]. They are the product of the transesterification process 
(ester) between FAMEs from the vegetable oils with a polyol of trimethylolpropane (TMP) and 
better known as the TMP triester. After the transesterification process, the absence of hydrogen 
atom at carbon-β in the structure of the ester oil has enhanced the thermal and oxidative sta-
bility [42]. Both MJO and MRPO were mixed with two different types of additives; hexagonal 
boron nitride (hBN) and phosphonium-based ionic liquid (PIL). A small amount of 0.05 wt. % of 
hBN particles were blended in the base oils using a magnetic follower at a temperature of 60°C 
for 30 min. Meanwhile, 1 wt. % of PIL was heated at 70°C to reduce its viscosity prior to the 
mixing procedure with the base oils. Next, the preheated PIL was poured into the base oil and 
heated at 60°C and stirred rigorously by using the magnetic follower for 30 min. The modified 
oils were compared with a commercial synthetic ester (SE, Unicut Jinen MQL) as a reference oil.

2.2. Rheological properties

The rheological properties were determined through kinematic viscosity (ASTM D445) and 
viscosity index, VI (ASTMD2270). The kinematic viscosity was measured using a viscometer 
at 40 and 100°C. It was calculated from the ratio of dynamic viscosity over density at the same 
temperature. The correlation between viscosity and temperature was further associated with 
VI. The testing was repeated for three times and the average value was recorded.

2.3. Tapping torque test

Tapping torque tests (ASTM D5619) were carried out on a CNC machine, installed with a tap-
ping torque set up, as shown in Figure 1. The tests were conducted using AISI 1215 cylindrical 
low carbon steels at the machining speed of 400 rpm as shown in Table 1. The workpieces 
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were predrilled with 5 mm diameter drill bit size. Tapping was performed using an uncoated 
high-speed steel tapping tool with the size of M6x1.0. The workpiece attached on the jig was 
later mounted on a dynamometer, Kistler 9345A. The dynamometer was amplified via a mul-
tichannel amplifier, Kistler 5070. Approximately, 20 ml of the lubricant sample was poured 
into the container to lubricate the tools during the tapping process. The result of the torque 
was recorded using the Dynoware software. Each tapping process was repeated five times for 
each lubricant sample, prior to averaging the torque values. The efficiency of tapping torque 
was calculated according to Eq. (1).

  Efficiency  (%)  =   
Average torque of reference oil

   
___________________________

   Average torque of lubricant sample    (1)

Description Value

Spindle speed (rpm) 400

Feed rate, f
r
(mm/rev) 1

Hole depth (mm) 12 (through hole)

Tapping tool High speed steel, M6

Lubricant volume (ml) 30

Workpiece material AISI 1215 steel

Workpiece dimension (mm) Ø37×12

Table 1. Tapping torque test parameter.

Figure 1. Tapping torque set-up [18].
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2.4. Orthogonal cutting

Orthogonal turning process was conducted on an NC lathe machine (Alpha Harrison 400) to 
cut a steel disk of AISI 1045 plain medium carbon steel. The tool used was a square shape insert 
with a positive rake angle of 5°, clearance angle of 11°, and a model number of SPGN120308. 
The tool insert was fixed on a modified tool holder of CSDPN 2525 M12 in a way that the 
chip will flow freely without any hindrance on the rake surface of the cutting insert during 
the chip formation process. The steel disk has an initial diameter and width of 150 and 2 mm 
respectively. The complete cutting parameter is shown in Table 2.

The cutting tool was fixed on a dynamometer, Kistler 9275BA in order to measure the cut-
ting forces. The forces measured were amplified by using the Kistler 5070 amplifier and were 
recorded on a PC for data analysis. The lubricants were supplied via an MQL system directly to 
the cutting edge at the tool-workpiece interfaces. The air supply pressure was fixed at 4 bar and 
the flow rate was set at 0.16 l/hr. The MQL nozzle with an outlet diameter of 2.5 mm was located 
at a distance of 8 mm between the nozzle outlet and the tool-workpiece interfaces and inclined 
at 45° to the cutting edge plane. The maximum cutting temperature was captured by using an 
infrared thermal camera (FLIR T640) within a temperature range of 0–1000°C. The camera was 
located parallel to the axial direction of the lathe machine facing toward the cutting zone. The 
schematic diagram of the complete setup assembly on the lathe machine is shown in Figure 2.

Each cutting test was conducted twice using each of the lubricant sample and new cutting edge 
to reduce measurement error during the results analysis. At the end of each cutting operation, 
the cutting forces were recorded and the chips were collected for cutting force evaluation and 
chip thickness measurement analysis respectively. The cutting force was determined in the 
Z-axis during the chip formation process. At least 10 chips were measured for their thickness 
by using a digital micrometer. The specific cutting energy, U, was calculated using Eq. (2), 
where F

c
 is the cutting force, w is the cutting depth, and t

o
 is the undeformed chip thickness [43].

  U =   
 F  
c
  
 _____ 

 t  
o
   ⋅ w    (2)

Description Value

Cutting speed, v
c
 (m/min) 350

Feed, f (mm/rev) 0.12

Cutting depth, w (mm) 2

Disk diameter (mm) 150

Disk thickness, d (mm) 2

MQL lubricants SE; MJO + hBN0.05%; MJO + PIL1; MRPO + hBN0.05%; MRPO + PIL1%

MQL supply pressure (MPa) 0.4

MQL flow rate (l/hr) 0.16

Nozzle inner diameter (mm) 2.5

Nozzle distance (mm) 8

Table 2. Cutting parameter of the orthogonal lathe machining.
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Finally, the sliding region on the tool insert’s rake face was analyzed under an optical micro-
scope and the tool-chip contact length was measured for data analysis. Scanning electron 
microscope (SEM) was used to further analyze the surface morphology of the sliding regions.

3. Results and discussions

3.1. Rheological properties

Figure 3 displays the kinematic viscosity values and the calculated viscosity index (VI). The kine-
matic viscosity of the reference oil (SE) at 40 and 100°C are 21.5 and 5.6 mm2/s, respectively. It 
can be seen that MRPO + hBN0.05% shows the highest kinematic viscosity values of 22.2 mm2/s 
at 40°C and 6.35 mm2/s at 100°C. The addition of hBN particles in MRPO-based oil improves 
the viscosity values due to lower thermal expansion coefficient of hBN particles (1 × 10−6/°C), 
thus enhanced the thermal stability [17]. Meanwhile, MRPO + PIL1% recorded the kinematic 
viscosity values of 22.21 mm2/s at 40°C and 6.25 mm2/s at 100°C. Both MRPO-based oils demon-
strated the highest kinematic viscosity value compared to MJO-based oils and SE due to the high 
saturation of fatty acids in the MRPO-based oil. MRPO-based oil contains high composition of 
saturated fatty acid (palmitic acid, C15H31COOH) at 50–70% [44]. Meanwhile, both MJO-based 
oils had the lowest kinematic viscosity values at both temperatures. This can be explained by the 
presence of unsaturated fatty acids (oleic acid, C17H33

COOH and linoleic acid, C17H31COOH) in 
MJO-based oil [45]. Moreover, MRPO + PIL1% demonstrates the highest VI value of 259 which 
was 17% higher than SE. The high VI is desirable as it indicates little changes in viscosity across a 
wide range of operating temperature. Both MJO-based oils had the lowest VI values which had 
5% reduction compared to SE.

Figure 2. Orthogonal lathe cutting set-up.
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3.2. Tapping torque performance

Figure 4 shows the tapping torque and efficiency for all lubricant samples. The reference oil 
(SE) had the highest tapping torque at 129 Nm. The results reveal that the tapping torque for 
all modified vegetable oils exceeded the tapping torque of SE. MJO + PIL1% had the lowest 
tapping torque of 104 Nm correlated with the highest tapping torque efficiency of 124%. The 
presence of PIL as an additive improves the tapping torque performance. This is because 
of the addition of PIL in MJO-based oil, which is thermally more stable than SE. The alkyl 
chain length and hydrogen bonding between the cation and the anion seem to influence the 
tribofilm formation of PIL [29]. Meanwhile, MJO + hBN0.05% recorded tapping torque of 
117 Nm with the tapping torque efficiency of 110%. The presence of hBN particles provided 
a thin lubrication film that allows the particles to change from sliding friction to the rolling 
friction [18]. Moreover, the presence of long carbon chain length of MJO-based oil and MRPO-
based oil which is between 16 and 18 carbon number had enhanced the adsorption ability 
of the fatty acids on the metal surfaces, thus exhibited better tapping torque performance. 
MRPO + hBN0.05% and MRPO + PIL1% had tapping torque efficiency of 107 and 106%. It can 
be seen that the addition of PIL and hBN particles as the additive in MRPO-based oil did not 
significantly affect the tapping torque performance compared to the MJO-based oils. This sce-
nario is due to the weak tribo-chemical reactions of additives with the MRPO-based oil, thus 
reduced the adsorption ability of the lubricant molecules on the metal surface [46].

3.3. Orthogonal cutting performance

The orthogonal lathe cutting operations were conducted at a constant speed and feed. The 
cutting force, cutting temperature, chip thickness, specific cutting energy, and tool-chip con-
tact length are the main outputs of this experimental section analysis. The results for each 
lubricant mixture were compared with the conventional cutting fluid, synthetic ester (SE).

Figure 3. The kinematic viscosity values at 40 and 100°C and the calculated viscosity index value.
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3.3.1. Cutting force and temperature analysis

Figure 5 shows the results of cutting force, F
c
 measured in the Z-axis and the maximum cut-

ting temperature results after the orthogonal cutting operations. It is shown that SE produced 
the highest cutting force and cutting temperature at ca. 612 N and 308°C respectively. SE 
generated poor lubrication condition on the cutting zone as compared to the other lubricant 
samples. MJO + PIL1% produces the greatest reduction of cutting force (2% reduction) as well 
as the cutting temperature (10% reduction) compared to the SE which corresponds to the 
good lubrication ability of the PIL additive contained in the base oil, MJO. The addition of 
0.05 wt. % hBN solid particles also improved the lubrication ability of the MJO base oil. It is 
anticipated that the different type of lubricant used with the addition of the same additive did 

Figure 5. Cutting force and temperature results.

Figure 4. Tapping torque and torque efficiency value of all lubricant samples.
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give similar improvement effect as shown by the results of MRPO base oil. MRPO + PIL1% 
and MRPO + hBN0.05% show a reduction in both cutting force and cutting temperature when 
compared to the SE in a range between 0.4 and 8% decrement respectively.

The addition of 1 wt. % PIL has enhanced the antifriction and antiwear properties of the base 
oil by reducing the scuffing effect and the abrasive wear mechanism [25]. The polarity of the 
phosphonium-based IL additive has resulted in the increased adsorption rate of the additive 
molecules on the metal surface. The result is also corroborated by the tapping torque and 
efficiency values reported in the previous section. The tribofilm formed helps lower the fric-
tional torque of the base oil corresponding to the reduction of friction coefficient. It acts as a 
 separation layer between the metal asperities and kept them apart from direct contact, thus 
reduces the cutting force and generates less heat.

The addition of 0.05 wt. % hBN solid particles in the base oil reduces the average cutting force 
as well as the heat generated within the cutting zone by separating the metal asperities contacts 
during the sliding processes. However, the ability of the particles in reducing the frictional force 
and the heat generation is greatly affected by the particles filling rate in the asperity valleys 
which enabled them to align in parallel to the relative sliding motion, thus reducing the stress 
concentration on the contact surfaces [31]. Therefore, the high polarity of the PIL and the ability 
of its anionic moieties that can quickly adsorb on the sliding metal surfaces via strong electro-
static interactions even at high temperature and load working conditions has become the most 
attractive contribution of the PIL additive toward the formation of tenacious lubricant films on 
the metal surface that greatly reduces friction and wear [20]. This type of lubricant additive has 
successfully improved the tribological performance of the polar oil of MJO- and MRPO-based 
lubricant samples during the machining of the plain medium carbon steel of AISI 1045 [47].

3.3.2. Chip thickness analysis

The average chip thickness after the machining processes is exhibited in Figure 6. During 
the material removal process, the chip is formed due to the elastic, elastic-plastic, and plastic 
deformation processes of the workpiece material. It is mainly influenced by the heat generation 
under high stresses and temperature arisen due to the high deformation resistance between 
the cutting insert and the workpiece material being cut [48]. The chip thickness is one of the 
parameters that affected the chip formation mechanisms with the shearing angle between the 
uncut chip thickness and the cutting forces required during the material removal process [39].

An effective surface lubrication on the cutting zone has helped reduce the chip thickness pro-
duced after the machining operations by reducing the thermal stresses that occurred on the 
sliding surfaces. As presented in the previous subsection, the reduced friction due to high 
lubrication effect of MJO + PIL1% compared to the SE has successfully decreased 20% of the 
chip size which indicates the reduced tensile strain on the outer surface of the chip during 
bending. The specific thermal effects were reduced due to the adequate lubricant being sprayed 
and penetrated the sliding interfaces [49]. In addition, the fast and strong electrostatic inter-
actions between the lubricant and additive molecules with the metal substrates had formed 
the tenacious lubricant film that reduced the contact area at the shear zone, thus resulting in 
the reduction of frictional force [20, 30, 38]. Furthermore, this phenomenon also contributed 
to thinner chips being cut with large shear angle and low cutting energy. These results were 
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comparable to the findings reported by Somers et al. [35]. They identified that the more polar 
IL additive has improved the properties of the polar vegetable oil. They also indicated that the 
ILs can form low-shear layers of anions and cations when adsorbed onto the metal surface and 
they can also break down to form a protective tribolayer by reacting with the exposed metal. 
The more polar ILs induced physical and chemical interactions with the metallic surface by 
adsorption at the sliding contact, thus contributing to the reduction of friction.

3.3.3. Evaluation of specific cutting energy

The calculated specific cutting energy following Eq. (2) of the orthogonal lathe machining 
is presented in Figure 7. Specific cutting energy is correlated with the energy during plastic 
deformation and friction [43, 48]. It indicates the amount of energy required to perform plas-
tic deformation and overcome friction in the machining process [39]. Specific cutting energy 
decreases with temperature as the shear stress of the material in the shear plane decreases 
with the reduction of the chip thickness compression ratio [48].

It is clearly seen from Figure 7 that the SE poses the highest cutting energy which correlates with 
the production of high shear stresses in the shear plane. The shear angle is also a predominant 
factor controlling the distribution of stresses together with the chip compression ratio and the 
rake angle. The lubrication characteristics of the lubricant mixtures have considerably reduced 
the shear stresses between metal surfaces when they were in relative motions by providing 
adequate lubrication film with high load carrying capacity, thus reducing the requirement of 
the cutting energy [43]. As mentioned earlier, the formation of tribofilm by the active end of the 
lubricant molecules and the additives on the metal surfaces has directly enhanced the lubrication 
properties on the contact zone. The complex and branched chain of TMP triester and the additive 
molecules caused a superior lubricity behavior and a high thermal stability which offered bet-
ter tribological behavior regarding friction reduction and lower the generated thermal stresses.

Figure 6. Result of the measured chip thickness.
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3.3.4. Evaluation of tool-chip contact length

The tool-chip contact region was analyzed underneath an optical microscope and the average 
contact length was measured and presented in Figure 8. The interaction between the metal 
chip and the tool rake face produces two contact regions of sticking and sliding friction dur-
ing the orthogonal cutting process [43, 48]. The contact length and cutting forces are greatly 
influenced by the cutting lubricants applied on the cutting zone. The total contact length, L

c
 

has been reported to depend most strongly on the deformed chip thickness h
c
 and propor-

tional to the product of the chip thickness and the effective friction coefficient. Here, the lubri-
cation effect by using different MQL lubricant mixtures had improved the tool/chip contact 

Figure 7. Specific energy of the orthogonal cutting process lubricated with all lubricant samples.

Figure 8. Results of the measured tool-chip contact length.
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length compared to the surface lubricated with SE. It was clearly seen that the various types 
of the metalworking fluids clearly affected the tool-chip contact length. The poor lubrication 
effect of the SE has resulted in the high frictional sticking contact with the workpiece mate-
rial and produces high shear and strain stress on the cutting edge, which leads to the high 
frictional stress and longer contact length [39, 49].

The lubricant forms an intrinsically hydraulic wedge between the chip and the rake face of the 
tool insert, which may prevent seizure between the tool-chip interfaces and thus greatly lower 
the cutting force [48]. The addition of additives has successfully reduced the total stresses on 
the sticking and sliding regions during the chip formation processes [26, 36]. The tribofilm 
formed on the sliding surfaces acts as a wear-protected film and the lubricant spray mist 
penetrates to the tool cutting edge. It reduces the friction stress and subsequently shortens 
the tool/chip contact length and improved chip control [43, 48]. Sticking or seizure occurs at 
the tool edge interface and the chip then slides beyond the sticking region. The occurrence 
of material transfer or adhesion on the rake face indicates the material wear mechanism and 
the lubrication effects of different lubricant samples during the material removal process. The 
surface topography of the sliding region is presented in Figure 9.

Figure 9. Optical and SEM images of the selected surface morphology on the cutting tools rake face at 50×, 75×, and 200× 
magnifications respectively; (a, a’, a”) SE; (b, b’, b”) MJO + PIL1% and (c, c’, c”) MRPO + hBN0.05.
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The lubrication characteristics of metalworking fluids considerably reduced the friction between 
surfaces when they were in relative motions, thus reducing the requirement of cutting energy 
[48]. SE contributed to poor lubrication behavior where oxidization at high operation tempera-
ture could easily take place [18]. MRPO + hBN0.05% shows a decrement of 0.4% in specific cut-
ting energy under the given cutting condition, while MJO + PIL1% shows superior performance 
with 2% improvement compared to the SE. The presence of solid additive of boron nitride parti-
cles in the vegetable base oils did help to increase the base oil performance, however, the higher 
adsorption rate of PIL than the hBN particles are seen to impose better lubrication effect. The 
poor lubrication film of the SE and MRPO + hBN0.05% was contributed by a low formation of 
protective layers on the contacting surfaces and also corresponds to the decreased of spray pen-
etration into the cutting zone which leads to the direct contact of metal asperities that produces 
high friction between the tool and workpiece surfaces. In conclusion, the low energy required 
posed by the lubricant mixtures clearly proved the ability of these lubricant additives to be used 
as new formulations for an advanced renewable bio-based MWF from Jatropha and palm olein 
oils. They may become an attractive alternative to the world dominating mineral-based MWFs.

4. Conclusions

From the experimental data analyzed in this work, the following conclusions are obtained:

• The presence of polyol ester and fatty acids in the newly refined biodegradable lubricants 
from Jatropha and palm olein oils plays a significant importance to the tribological behavior 
on the metal sliding pairs in terms of wear and friction reduction. The presence of alkyl groups 
affects the good tribological behavior posed by the vegetable-based oils, MJO & MRPO.

• The MJO & MRPO lubricants proved to be more effective in enhancing their machining 
performances during the tapping torque tests and the orthogonal cutting experiments with 
the addition of a small quantity of an oil-miscible ionic liquid and hBN solid particles as 
lubricant additives.

• Good synergistic effect on the tribological and machining performance of the lubricant mix-
tures was shown by enhanced machining performances with improved physical properties 
and lubrication effects. All lubricant mixtures have shown reduced tapping torque, im-
proved tapping efficiency, low cutting force and cutting temperature, reduced specific cut-
ting energy and tool-chip contact length compared to the conventional synthetic ester, SE.

• The addition of phosphonium-based ionic liquid (1 wt. % PIL) into the MJO and MRPO is 
found to impose better lubrication ability than the addition of hBN solid particles (0.05 wt. %) 
in improving the tribological and machining performances of the base oils.

• The low amount of the additives used in the MJO & MRPO has great potential to be used as 
lubricant additives in the bio-based cutting fluids for metalworking applications.

• ‘Greener’ manufacturing activities by using renewable sources and low amount of biocom-
patible additives resulted in good energy efficiency and cleaner environment. In terms of 
sustainable machining operation, MJO + PIL1% & MJO + hBN0.05% are found to be a good 
alternative as reference for replacing the industrial dominating mineral oil-based lubricants.
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