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Abstract
To counteract the adverse effects of mineral oil-based cutting fluids, manufacturing industries are aspire toward environ-
ment-friendly and less toxic cutting fluids. The biodegradability and non-toxic characteristics of vegetable oils make them 
an appropriate alternative to mineral oil-based cutting fluids. In this context, this research article presents the results of an 
experimental investigation carried out to improve the machining performance of AISI-1040 steel by utilizing coconut oil (CO) 
as a cutting fluid with minimum quantity lubrication and cooling (MQL) technique. A detailed investigation and analysis of 
tool flank wear, crater wear, cutting tool vibration, surface topography, cutting zone temperature, and chip morphology were 
performed under dry, flood, mineral oil with MQL (MQL-MO), and coconut oil with MQL (MQL-CO) cutting conditions. 
The findings of this investigation revealed that the MQL-CO is highly efficient in minimizing friction and heat dissipation. 
The tool wear was reduced by 52-58%, 33-37%, and 14-17% under MQL-CO as compared to dry, flood, and MQL-MO cut-
ting conditions. In addition, the surface roughness values were reduced by 48%, 24%, and 22% and the cutting temperature 
was reduced by 40%, 22%, and 13% under MQL-CO than that of dry, flood, and MQL-MO cutting conditions. The MQL-CO 
cutting condition showed a considerable reduction in cutting tool vibration acceleration levels and a favorable chip morphol-
ogy which improved the machining performance.

Keywords  Minimum quantity lubrication · Sustainable manufacturing · Crater wear depth · IR thermography · tool 
vibration

Nomenclature
MQL	� Minimum quantity lubrication
CO	� Coconut oil
MO	� Mineral oil
AISI	� American Iron and Steel Institute
IR	� Infrared
θw	� Wetting angle
Ra	� Average surface roughness
VB	� Flank wear
KT	� Crater wear depth
Qc-t	� Heat generated at chip-tool interface

Qw-t	� Heat generated at workpiece-tool interface
νc	� Cutting speed
f	� Feed rate
аp	� Depth of cut

1  Introduction

In the machining process, shearing action of cutting tool 
on work material causes metal to deform plastically which 
generates a large amount of heat. This heat resulted in a 
high temperature at the tool-workpiece interaction zone. As 
a consequence, faster tool wear occurs that directly affects 
the tool life, surface finish quality, power consumption, and 
dimensional accuracy [1]. To dissipate this heat, mineral-
oil-based cutting fluids are extensively used as a coolant. 
However, these fluids are non-biodegradable and highly 
toxic in nature which leads to harmful effects on operators’ 
health and the environmental ecosystem. The vaporization 
and direct contact of these fluids may cause respiratory and 
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skin-related health issues such as chronic bronchitis, asthma, 
airway irritation, folliculitis, etc. Furthermore, these fluids 
possess organic compounds which persist for a longer dura-
tion in water and soil, resulting in higher disposal costs and 
ultimately higher production costs [2–5]. Hence, the utiliza-
tion of mineral oils as a cutting fluid resulted in a slew of 
environmental, financial, and health difficulties. In conse-
quence, the researchers are forced to pay attention to the 
innovation of environment-friendly and less toxic cutting 
fluids to make a step towards sustainable manufacturing. 
Sustainability involves economic, environmental, and social 
aspects of the manufacturing process. The primary goal of 
sustainability is to manufacture the desired product at a low 
cost by reducing the negative impact on the ecosystem and 
human health with minimum wastage of energy and natural 
resources [6–8].

From the perspective of the aforementioned challenges, 
the various attributes of vegetable oils such as biodegrada-
bility, high viscosity index, low volatility, and good lubric-
ity make them a suitable alternative to mineral oil-based 
cutting fluids. In addition, vegetable oils consist of higher 
boiling point temperatures and larger molecular weight char-
acteristics which significantly reduces vaporization. The 
molecular arrangement of vegetable oil consists of a long 
chain molecule of saturated and unsaturated fatty acids. In 
saturated fatty acids, the chain does not contain a double 
bond, hence the molecules can effectively arrange them-
selves in a straight chain that is densely packed on metal 
contact surfaces. This forms a protective layer on the sliding 
contact surfaces thereby causing a reduction in friction and 
wear [9–11]. On the other hand, effectiveness of the cutting 
fluids also depends on the technique of application. In the 
conventional flood pouring technique, coolant is unable to 
penetrate the cutting zone as a result the intended cooling 
performance is not achieved. However, the cooling/lubri-
cating performance can be improved by utilizing minimum 
quantity lubrication and cooling (MQL) technique. In MQL, 
a minute quantity of cutting fluid is sprayed into the cutting 
zone in the form of a pressurized aerosol mist with the help 
of a nozzle. The aerosol mist is created by the atomization 
process in which the pressurized air from the compressor is 
allowed to mix with the cooling media which intern converts 
the liquid into a group of tiny droplets. These tiny droplets 
impinge directly on the interacting surfaces to provide cool-
ing and lubrication. The MQL considerably reduces the con-
sumption of coolant and has proven to be a more economical 
and environment-friendly technique [12].

Numerous experimental investigations have presented the 
significance of vegetable oils with MQL in various machin-
ing processes such as drilling, turning, milling, grinding, 
etc. [13]. Sen et al. [14] investigated the cooling and lubri-
cating performance of palm oil during the milling operation 
of Inconel 690 steel. The experiments were carried out by 

using mineral-based oil with flood pouring and palm oil with 
MQL technique. The authors highlighted that the palm oil 
with MQL resulted in a better surface finish and lesser tool 
wear than the mineral-based oil. Revuru et al. [15] examined 
the performance of soyabean oil as a cutting fluid with MQL 
while turning 4140 steel. The dry, flood with mineral-based 
oil, and palm oil with MQL was considered as cutting con-
ditions during the experiments with various cutting speeds 
and feed rates while the depth of cut remained constant. 
The study concluded that palm oil with the MQL showed a 
considerable reduction in surface roughness, tool wear, and 
cutting zone temperature compared to other cutting condi-
tions. Özbek and Saruhan [16] carried out an experimental 
investigation on the performance evaluation of vegetable-
based SAMNOS ZM-22W as a cutting fluid under MQL 
while turning AISI D2 steel. The tool vibration, cutting tem-
perature, tool wear, and surface roughness were utilized as 
a performance indicator and the results are compared with 
dry cutting conditions. The authors concluded that consider-
able reduction in tool vibration, cutting temperature, and tool 
wear with better surface finish quality were observed under 
vegetable-based cutting fluid in comparison with dry cutting 
condition. Krishna et al. [17] experimentally investigated 
the cooling performance of water-soluble oil (SAE-40) and 
coconut oil during the turning of AISI 1040 steel. Both the 
coolants were supplied with a gravity-feed lubrication setup. 
Their results showed a considerable decrease in cutting zone 
temperature, flank wear, and surface waviness with coconut 
oil as a cutting fluid in comparison with water-soluble oil. 
Wang et al. [18] presented a review on the sustainability of 
vegetable oil-based cutting fluids in turning operation. The 
authors have discussed the effect of physical and chemical 
properties of vegetable oils in the machining process. Their 
review summarizes that the viscosity, fatty acid composition, 
and carbon chain length are the key factors to enhance the 
cooling and lubricating performance of vegetable oils. Liu 
et al. [19] proposed a surface roughness prediction model 
during the milling operation. The influence of stepover ratio, 
minor cutting-edge angle, corner radius, and feed per tooth 
on surface roughness was analysed through numerical simu-
lation. The milling operation was carried out to verify the 
proposed surface prediction model and compared it with sur-
face 3D topography based on the Z-map prediction model. 
The authors have concluded that the average width of the 
surface profile (Rsm) and average height deviation of surface 
profile (Ra) parameters were accurately predicted with the 
proposed model.

The tool-workpiece-chip interaction at the cutting region 
generates a high cutting temperature during the machin-
ing process which directly influences the surface integrity, 
geometric accuracy, and most importantly the tool wear/
life [20]. Thus, the assessment of cutting temperature is 
of vital importance during the turning operation. Several 
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experimental investigations showed the reliability of infrared 
(IR) thermography to measure the cutting zone temperature. 
Paramasivam [21] utilized the IR thermography technique 
to evaluate the cutting zone temperature during the boring 
operation. The investigation showed that IR thermography 
can measure the tool temperature with higher accuracy. Fur-
ther, the tool temperature will be increased with the increase 
in tool wear. Arrazola et al. [22] employed IR thermogra-
phy to determine the tool side face and tool chip contact 
temperature during the metal cutting operation. The study 
showed that IR thermography can be used to measure the 
cutting temperature with a high degree of accuracy. They 
also revealed that the tool-chip contact region showed a 
maximum temperature than that of the tool side face. Prasad 
et al. [23] proposed a tool condition monitoring technique 
based on tool vibration and cutting temperature analysis 
to evaluate the tool wear while turning AISI 316L steel. A 
laser Doppler vibrometer was used to acquire the vibratory 
signals and a FLIR IR thermal camera is used to record the 
cutting temperature. The results concluded that as the tool 
wear progresses, the amplitude of vibration signals and cut-
ting temperature increased uniformly.

On the other hand, rotation of the workpiece along with 
the action of cutting tool results in vibration during the 
machining process. It is one of the important considerations 
in machining which influences tool wear and cutting zone 
temperature. The cutting process interruptions, tool wear, 
and other machining-related disturbance are the immedi-
ate results of vibration, which indeed reduces the surface 
quality and thereby minimizes the cutting tool life [24, 25]. 
Several studies had been carried out to measure the tool 
vibrations by using various types of sensors. Orhan et al. 
[26] conducted an experimental study to detect tool wear 
during turning operation by using vibration monitoring tech-
niques. The authors concluded that the increase in tool wear 
can be correlated to the increase in rms values of the cutting 
tool vibration signals. Rmili et al. [27] proposed an auto-
matic tool wear monitoring system based on mean power 
analysis of the vibration signals. A tri-axial piezo-electric 
accelerometer was used to acquire the vibration signal of 
the tool holder during the turning operation and an optical 
microscope was used to measure the flank wear. The three 
conventional phases of tool life, viz., tool breaking-in, stabi-
lization, and acceleration of wear, were distinguished from 
vibration signal response based on mean power analysis. 
The authors concluded that the mean power analysis of the 
vibration signals is a relevant parameter to correlate with 
the tool wear. Ragai et al. [28] have correlated the turning 
process parameters with cutting tool vibration and energy 
consumption. The authors concluded that the cutting speed 
showed a substantial impact on tool vibration response while 
the change in feed rate affected the energy consumption in 
machining operation. Sivalingam et al. [29] examined the 

impact of MQL technique on cutting tool vibration, surface 
integrity, and tool life while turning Inconel 718 steel. The 
machining performance parameters were evaluated in a dry 
and MQL cutting environment. The authors highlighted that 
the MQL technique significantly minimized the tool which 
resulted in lesser tool vibration amplitude and an improved 
surface finish than that of the dry cutting condition.

It is perceived from the review of various literature that 
the application of vegetable oils can enhance machining per-
formance. However, limited research articles have addressed 
machinability in terms of crater wear depth KT, cutting tool 
vibration, cutting temperature with IR thermography, and 
3D topography of the machined surfaces. Hence, the pri-
mary objective of this study is to evaluate the effects of veg-
etable oil along with MQL technique on the machinability of 
AISI-1040 steel. The presence of more than 90% molecular 
weight of saturated fatty acids within the coconut oil (CO) 
and the highest concentration of lauric acids compared to 
any other vegetable oil, makes it a special category of veg-
etable oil known as lauric oils [30–32]. The CO also consists 
of superior oxidative and thermal stability compared to other 
commonly used vegetable oils which motivated us to choose 
it as a cutting fluid. Thus, the experimental investigation 
was conducted to analyze the performance of CO during the 
machining of AISI-1040 steel. The objective was to present a 
comparative analysis of different cutting conditions, namely 
dry, flood, MQL with mineral-based oil (MQL-MO), and 
MQL with coconut oil (MQL-CO). Several parameters were 
assessed to evaluate the machining performance, including 
tool flank wear, auxiliary flank wear, crater wear, surface 
finish, cutting temperature, tool vibration, chip morphology, 
and sustainability. Through this investigation, we aimed to 
provide insights into the potential benefits and effectiveness 
of CO-based MQL in enhancing the machinability of AISI-
1040 steel during the turning process. The comprehensive 
analysis of various performance parameters provided valu-
able information to compare the performance of MQL-CO 
with other commonly used cutting methods for optimizing 
machining processes.

1.1 � Cooling and lubricating mechanism of MQL‑CO 
during the metal‑cutting operation

The frictional interaction of workpiece-tool-chip surfaces 
and the permanent deformation of work material generate a 
large amount of heat during the metal-cutting process. The 
majority of the heat generated is dispersed through the chips 
Qc-t and the heat remains at workpiece-tool interface is Qw-t 
as shown in Fig. 1. When the CO is allowed to flow with 
MQL technique, high-pressurized micro-droplets of CO are 
impinged directly in the tool-workpiece interaction zone. 
The high content of saturated fatty acids present in the CO 
offered higher viscosity which resulted in longer retention 
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of lubricating film, therefore better lubricating performance 
[33]. The physical properties and chemical composition of 
CO are presented in Table 1 and Table 2. The CO possesses 
a straight-line backbone structure of molecular chains, which 
are arranged in a perpendicular direction to the surface pro-
viding a high strength to the lubricating film as depicted 
in Fig. 1. The formation of thick lubricating film on the 
workpiece-tool-chip interfaces resulted in the reduction 

of friction and wear. Furthermore, the long chain structure 
of fatty acids provided a higher cohesion between the CO 
molecules, which facilitated greater load-bearing capacity of 
CO than mineral oil-based cutting fluids. The polar group 
present in the triglycerides of CO molecules showed bet-
ter adsorption in the cutting region, and the micro-droplets 
entering between the interacting surfaces have excellent 
chemical and physical adsorption with the workpiece and 
tool. Thus, better cooling and lubricating performance can 
be achieved with CO as compared to mineral oil-based cut-
ting fluids [34–36].

2 � Materials and methods

2.1 � Workpiece, machine, and cutting tool

In the experimental investigation, AISI 1040 steel was con-
sidered as the workpiece material with dimensions of Ø 65 
mm and 450 mm in length. This grade of steel is widely 
used in the manufacturing of shafts, keys, couplings, bolts, 
nuts, etc. The mechanical and physical characteristics of 
the workpiece material are listed in Table 3. All the turning 
experiments were carried out on a PACTURN-360 center 
lathe driven by a 2.4 kW AC motor. A PVD-TiAlN/TlN 
coated rhombic ZCC carbide insert rigidly fastened on an 
ISO-designated (SDJCR 2020 K11 WIDAX) tool holder was 
utilized as a cutting tool. The complete specification of cut-
ting tool insert is provided in Table 4. 

A schematic illustration of the experimental procedure is 
depicted in Fig. 2. The turning experiments were performed 

Fig. 1   Schematic representa-
tion of interacting surfaces with 
vegetable oil molecules

Table 1   Physical properties of coconut oil [37]

Specifications Range

Saturated fatty acids 90–94%
Unsaturated fatty acids 6–10%
Viscosity index (VI) 142
Viscosity in cSt at 40 °C 28.56
Viscosity in cSt at 100 °C 6.76
Refractive index at 25 °C 1.448–1.450
Specific gravity at 25/25 °C 0.915
Flash point (°C) 278
Cloud point (°C) 27
Melting point (°C) 21
Pour point (°C) 20

Table 2   Chemical composition of coconut oil [38]

(C XX:Y) represents a fatty acid chain, where XX indicates the num-
ber of carbon atoms and Y represents the number of double bonds

Component Fraction (%)

Lauric acid (C 12:0)* 51.0
Myristic acid (C 14:0) 18.5
Caprilic acid (C 8:0) 9.5
Palmitic acid (C 16:0) 7.5
Oleic acid (C 18:1) 5.0
Capric acid (C 10:0) 4.5
Stearic acid (C 18:0) 3.0
Linoleic acid (C 18:2) 1.0

Table 3   Mechanical and physical properties of AISI 1040 steel

Ultimate 
tensile 
strength 
[MPa]

Modulus of 
elasticity 
[GPa]

Density 
[kg/m3]

Hardness 
[HV]

Melting 
point [°C]

Thermal 
conductivity 
[W/mK]

500–800 190–210 7850 199–258 1520 50.7
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under four distinct cutting conditions, namely dry, flood, 
MQL with mineral oil-based cutting fluid (MQL-MO), 
and MQL with coconut oil (MQL-CO). Servo-cut soluble 
mineral oil (6–8% concentrated) diluted in pure water was 
utilized as a cutting fluid for flood pouring and MQL-MO 
cutting environments. In the flood-cutting condition, coolant 
was supplied to the cutting region with a gravity feed setup 
in which cutting fluid was kept in a container and placed 
over the machine tool at a height of 3 meters. The container 
was open to the atmosphere; hence the flow of cutting fluid 
was because of its self-weight and atmospheric pressure. A 
flow-adjusting valve was used to regulate the flow rate. Dur-
ing the trials, it was noted that for selected cutting param-
eters, a flow rate of 10 ml/min is adequate. The MQL setup 
was configured to 4–6 bar compressor pressure and a flow 
rate of 50 ml/h. In MQL, the coolant/lubricant was sprayed 
through a brass nozzle of Ø1 mm at a spray angle of 45o and 
50 mm apart from the cutting region. The pictorial represen-
tation of an experimental set-up is shown in Fig. 3.

In order to effectively evaluate the machining perfor-
mance, the turning experiments were carried out for over 
50 minutes of cutting operation under selected cutting con-
ditions. For each condition, a fresh cutting tool insert was 
utilized, and after every 10 minutes of cutting operation 
tool flank wear was measured. The required feed, speed, 
and depth of cut were selected based on preliminary experi-
ments and the tool maker’s recommendation. The machining 
parameters considered in this study are presented in Table 5.

2.2 � Measurement techniques

A USB digital microscope AM 4113ZT (Dino-Lite) was 
adopted to evaluate the development of flank wear on the 
tool inserts. The tool wear mechanism and chip morphology 
were analyzed by using a field emission scanning electron 

microscope (FE-SEM; Zeiss LEO440). The crater wear 
depth was analyzed with a 3D optical profilometer. The sur-
face roughness was measured with the help of TESA rugo-
surf 10-G gage. The average surface roughness value (Ra) 
was measured along the axial direction of the machined sur-
face and same was considered to evaluate the surface finish 
quality. The 3D surface topography of the machined surface 
was also obtained using a phase-view optical profilometer. 
To acquire the cutting tool vibration in the tangential direc-
tion of the workpiece rotation, a uniaxial accelerometer sen-
sor (CTC AC 102) with a sensitivity of 100.92 mV/g was 
mounted with the help of a magnetic stud on the top surface 
of the tool holder. The accelerometer was coupled with a 
dewetron data acquisition system (DEWE 43 A) to amplify 
the acceleration signals. The amplified voltages were then 
sampled using a computer through DeweSoft X2. The vibra-
tion data acquired during turning operation consisted of a 
tangential component of acceleration sampled at a frequency 
of 10 kHz.

2.2.1 � Assessment of cutting temperature with IR 
thermography

The heat transfer effects of radiation during the machining 
can be analyzed by using IR thermography. The thermogram 
plots obtained by using an IR technique can be utilized to 
assess the cutting temperature. In IR thermography, infra-
red detectors are used to absorb the infrared radiation emit-
ted during the metal-cutting process without coming into 
contact with the test specimen [39]. The temperature values 
below the visible light spectrum can be measured by using 
an infrared camera. The estimation of thermal radiation from 
the test object is carried out by using the “Stefan-Boltzmann 
law; which states that the total radiation emitted by a body 
is directly proportional to the fourth power of its absolute 
temperature,” given in Eq. 1 [40].

where P-total power radiated (Watts), ε-emissivity of the 
material, σ = 5.67 × 10−8 W/m2K4 (Stefan-Boltzmann’s 
constant), T-absolute temperature of the body (Kelvin) 
respectively.

The workpiece-tool-chip interface temperature was 
obtained by using a Fluke TiX580 infrared camera with 
an optical resolution of 640×480. Its temperature meas-
urement ranges from −20 to 1000 °C with an accuracy 
of ±2 °C. Figure 4 depicts the temperature measurement 
setup with IR thermal imager. Firstly, the IR camera was 
calibrated with the help of a K-type thermocouple and 
IR temperature gun to minimize the errors. Then, it was 
utilized to assess the cutting zone temperature. The IR 
camera generates a thermogram of the cutting region with 

(1)P = ��T4

Table 4   Specification details of cutting tool insert

Parameters Values

Manufacturers with ISO designation ZCC cutting tool-
DCMT11T304

Model YBC251
Coating PVD-TiAN coated
Shape Rhombic- 2 sided
Major cutting-edge angle 55°
Clearance angle 7°
Nose radius 0.4 mm
Cutting edge length 11.6 mm
Insert thickness 3.97 mm
Corner radius 0.8 mm
Fixing hole diameter 4.4 mm
Inscribed circle diameter 9.525 mm
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Fig. 2   Schematic illustration of experimental setup and workflow
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distinct color-coded signposts. This thermogram depicts 
temperature gradients on the workpiece-tool-chip interface 
without interrupting the heat flow in the machining pro-
cess. The thermogram was then post-processed by using 
SmartView software to acquire the cutting temperature.

3 � Results and discussion

3.1 � Wettability analysis

The capability of a liquid to adhere on a surface can be 
determined by its wettability. The wettability is represented 
by the wetting angle formed by the liquid medium at the 
solid-liquid-gas phase interface. It can be controlled by the 
intrinsic characteristics of the liquid medium, surface tex-
ture, and thermal conditions of the substrate [30, 41]. The 
schematic representation of wetting angle measurement over 
a surface is illustrated in Fig. 5.

At thermodynamic equilibrium, the Young-Dupre Eq. 2 
gives the wetting angle (θ) of a liquid medium placed on an 
ideal solid surface:

where γgl, γsl,and γsg indicates the surface tension of gas-liq-
uid, solid-liquid, and solid-gas surfaces. Though, the Young-
Dupre equation applies only to a perfect solid surface. The 

(2)cos � =
�sg − �sl

�gl

Fig. 3   Pictorial representation of an experimental setup

Table 5   Technical specification 
of work material, cutting 
parameters, and cooling 
conditions

Category Specification

Machine tool PACTURN-360 center lathe (2.4 kW, spindle speed: 45-1800 RPM)
Material AISI 1040 steel (C = 0.36–0.45%, Mn = 0.6–1%, Si = 0.2–0.3%, S 

= 0.025%, P = 0.015%)
Feed rate, f (mm/rev) 0.10
Cutting speed, νc (m/min) 125
Depth of cut, аp (mm) 1
Cutting conditions Dry, flood, MQL-MO, and MQL-CO
Flow rate 10 ml/min (flood pouring); 50 ml/h (MQL)

Fig. 4   Temperature measurement with IR thermal camera during the 
turning operation
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actual surface consists of different behaviour due to their 
surface properties. So, the Wenzel equation provides the 
wetting angle on a real surface formed by a liquid medium 
which is given by Eq. 3.

where the wetting angle measured on an actual surface 
denoted by θw and the average surface roughness is indicated 
by r. The value of r is unity for ideal surfaces, whereas it 
would be always greater than one for actual surfaces. Prac-
tically, the liquid wets the solid substrate only when θw is 
lesser than 90°. On the other hand, when θw is greater than 
90°, the liquid will not wet the solid surface.

For the wetting angle measurement, a droplet volume of 
10 μl was taken with the help of a microliter syringe at room 
temperature and dropped over a tungsten carbide substrate 
having a surface roughness (Ra) of 0.45 μm. The wetting 
angle was then measured by using a contact angle goniom-
eter. The measured wetting angle of pure water, mineral oil, 
and coconut oil are 75.4°, 68.1°, and 33.7° as depicted in 
Fig. 6. It is observed that the wetting angle of CO is much 
lower than that of MO and pure water. The lower wetting 
angle of CO indicated the larger wetting area on the carbide 
substrate with respect to the droplet volume. This facilitates 

(3)cos �w = rcos �

a better lubricating performance of CO at the workpiece-
tool-chip interaction region.

3.2 � Wear analysis of tool flank surface

Machinability attributes which include cutting forces, tool 
vibration, and cutting temperature have a significant effect 
on the occurrence of tool wear in the machining process. The 
abrasion takes place on the cutting edge of a tool insert and 
freshly cut workpiece material resulted in flank wear. The 
flank wear which occurs on the major cutting edge and the 
minor cutting edge of the tool insert is termed as flank wear 
and auxiliary flank wear respectively [31, 32]. Furthermore, 
the flank wear is categorized into average flank wear (VBavg) 
and maximum flank wear (VBmax). The actual cutting action 
takes place from the flank surface of the tool insert, while 
the auxiliary flank surface influences the dimensional devia-
tion and surface finish quality of the machined workpiece 
[42]. The occurrence of various types of wear on the cutting 
tool insert is depicted in Fig. 7.

SEM micrographs of the flank surface and auxiliary 
flank surface of the cutting tool inserts under distinct cut-
ting conditions are depicted in Fig. 8. Flank wear devel-
oped on the flank surface of the tool increased gradually 
with the increase in machining time. The adhesive and 
abrasive wear mechanism was dominant in the dry cutting 
leading to the adhered chips and built-up edge formation 
on the cutting tool inserts as shown in Fig. 8a and b. This 
can be correlated to the high cutting temperature in the 
absence of coolant. However, in a flood-cutting environ-
ment, some amount of heat is dissipated by the application 
of coolant, which does not penetrate the workpiece-tool 
interaction zone. This results in notch wear on the flank 
and auxiliary flank surface of the tool insert as shown in 
Fig. 8c and d. With the application of MQL technique, the 
pressurized mist directly impinges on the workpiece-tool-
chip interfaces providing effective cooling in the cutting 

Fig. 5   A graphical representation of wetting angle measurement at 
the solid-liquid interface

Fig. 6   Wetting angle measurement of a pure water (θw= 75.4°), b mineral oil (θw= 68.1°), and c coconut oil (θw= 33.7°) on the carbide surface 
of the cutting tool insert
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zone. The larger heat dissipation results in a significant 
reduction of tool wear and considerable improvement in 
the machining process.

In flood cooling, the temperature of the cutting zone is 
reduced by forced convection only, whereas the MQL tech-
nique does multiple contributions. Firstly, the mist gener-
ated by MQL wets the cutting surface with a layer of oil, 
which reduces friction. Secondly, the evaporation of cool-
ant droplets enhances the heat transfer from the cutting 
zone. During turning with the MQL-MO cutting environ-
ment, mineral oil-based coolant does not provide sufficient 
lubrication between the tool-workpiece interface which 
might lead to an increase in the coefficient of friction. This 
can be the reason for adhered chip and larger tool wear in 
MQL-MO cutting condition when correlated with MQL-
CO as depicted in Fig. 8e and f. It was noted that after 50 
min of turning operation, lesser flank wear was observed 
in the MQL-CO cutting environment as depicted in Fig. 8g 
and h. This shows the effective cooling and lubrication 
capabilities of coconut oil. The tool flank wear obtained 
under MQL-CO cutting showed a significant reduction of 
52%, 33%, and 17 % respectively in comparison with dry, 
flood, and MQL-MO cutting conditions.

The maximum flank wear (VBmax) and the average flank 
wear (VBavg) generated on the cutting tool inserts and the 
variation of flank wear with the machining time under dis-
tinct cutting environments are depicted in Fig. 9a and b. 
The reduction in auxiliary flank wear can be attributed 
to the decrease in flank temperature which reduces abra-
sion and maintains tool hardness during the MQL cut-
ting environment. Furthermore, a high-pressurized jet of 
CO impinges at the chip-tool contact interface, results in 
a notable reduction in flank surface wear of the cutting 
tool insert ascribed to its unique properties, viz., excellent 
lubricity, high thermal stability, high viscosity index, and 
greater oxidation stability.

3.3 � Wear analysis of tool rake surface

The constant interaction among the chips and the tool sur-
face interface causes crater wear on the rake surface of 
the cutting tool insert. The crater wear was observed at a 
particular distance from the cutting edge at which the chip 
strikes the crater surface of the tool insert. This striking 
can generate a high coefficient of friction resulting in high 
temperature at the chip-tool intersection zone. Based on the 
temperature distribution, abrasive, adhesive, and diffusion 
wear mechanisms are the principal causes of crater wear, 
which propagates on the crater surface of a tool insert [43]. 
The crater wear is assessed by measuring the crater wear 
depth KTmax.

SEM images of the rake surface and the correspond-
ing 3D images observed under dry, flood, MQL-MO, 
and MQL-CO are depicted in Fig. 10. In dry cutting, 
a chip adhesion of the workpiece material with higher 
crater wear was observed as shown in Fig. 10a and b. 
During the flood-cutting environment, due to the lack of 
penetration of coolant at the chip-tool interaction zone 
results in considerable crater wear as shown in Fig. 10c 
and d. While the MQL-assisted cutting environment, a 
high-pressure jet of coolant/lubricant efficiently removed 
the chip from the cutting zone resulting in shorter inter-
action of the chip with the tool rake face. This resulted 
in lesser friction between chip-tool interaction surfaces 
resulted in comparatively lesser crater wear which is 
clearly depicted in Fig. 10e–h. A moderate crater wear 
that appeared on the crater surface has a negligible effect 
on machining performance. However, the crater forma-
tion led to a high effective rake angle of the cutting tool 
insert causing a reduction in cutting forces. On the other 
hand, excessive crater wear depth weakens the cutting 
edge resulting in failure or fracture of the tool cutting 
edge. The extent of crater wear is measured by the crater 

Fig. 7   Illustration of various 
types of tool wear: flank wear, 
crater wear, and notch wear
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depth KT. The variation of crater wear depth KT along the 
path drawn on rake surface of the cutting tool insert is 
depicted in Fig. 11. It was observed that the crater depth 
is not uniform along the rake face of the tool. A consider-
able reduction of 58%, 37%, and 15% was observed in the 
crater wear depth under MQL-CO cutting in comparison 
with dry, flood, and MQL-MO cutting conditions.

3.4 � The influence of MQL‑CO on the surface 
topography

The average surface roughness parameter (Ra) of a material 
represents the height deviation of a surface relative to the 
mean line. The surface finish of the workpiece machined by 
using various machining processes, viz., turning, milling, 

Fig. 8   SEM micrographs of the 
flank face and auxiliary flank 
face of the cutting tool under 
distinct cutting conditions: a, b 
dry, c, d flood, e, f MQL-MO, 
and g, j MQL-CO
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grinding, is assessed by using Ra values which affect the 
machining performance, tool life, and manufacturing cost 
[44]. Surface finish mainly depends on feed rate, cutting 
speed, and depth of cut during the metal cutting operation. 
Also, the application of the coolant/lubricant plays a crucial 
role in enhancing the machined surface quality [45].

The microscopic images of the machined surface and 
their 3D topographies under distinct cutting conditions are 
depicted in Fig. 12. Analysing the surface topography of the 
machined component will significantly contribute to enhanc-
ing the tribological behavior of the coolant/lubricant [46]. It 
was observed that the MQL-CO cutting environment has the 
lowest peak–to–valley height while the dry cutting has the 
highest. In a flood-cutting environment, this peak-to-valley 

height is lower than that in dry cutting, this value further 
reduces under MQL cutting conditions. The tribological 
interaction of the chip-tool interface will affect the surface 
topography of the machined component. Furthermore, une-
ven feed marks and debris particles were reduced with the 
application of MQL, which results in a better surface finish 
of the machined component.

The variation in surface roughness values Ra of the 
machined workpiece under selected cutting conditions is 
depicted in Fig. 13. The application of the MQL results in a 
considerable reduction in Ra values. The MQL cutting envi-
ronment had lower surface roughness values compared to 
dry and flood-cutting conditions. Further, the implementa-
tion of CO with MQL significantly reduces surface rough-
ness. A better surface finish with a reduction of 48%, 24%, 
and 22% was obtained with MQL-CO cutting when corre-
lated with dry, flood, and MQL-MO cutting conditions. The 
effective cooling and lubrication effect of MQL-CO results 
in chip curling and enhanced lubricant penetration into the 
cutting zone is primarily responsible for the decrease in sur-
face roughness.

3.5 � The influence of MQL‑CO on the cutting 
temperature

The measurement of cutting zone temperature was per-
formed to examine the tribological influence of CO with 
MQL on the friction between tool-workpiece interfaces. 
During turning operation, the workpiece-tool-chip tempera-
ture was obtained by using an IR camera. The IR thermal 
images of the cutting zone were acquired from a constant 
measuring distance. IR Thermographic images of the work-
piece-tool-chip interface under distinct cutting conditions 
are depicted in Fig. 14. Results showed the highest cutting 
temperature of 290 °C during the dry turning operation due 
to the severe heat generation in the cutting zone. As the 
coolant is allowed to flow in the cutting zone during a flood-
cutting environment, it carried away the heat which signifi-
cantly reduces the temperature to about 221 °C. On the other 
hand, when MQL is incorporated, the cooling action of the 
throttled air along with coolant further decreases the cutting 
zone temperature and washed away the chips which are car-
rying a large amount of heat from the cutting zone.

Variation of the cutting zone temperature values with 
respect to machining time obtained under distinct cut-
ting conditions is depicted in Fig. 15. The cutting tem-
perature increased with machining time irrespective of 
the application of coolant. In dry cutting, the tempera-
ture values increase rapidly with time due to the continu-
ous interaction of chip-tool-workpiece interfaces. While 
under the application of coolant, a large amount of heat 
is carried away and temperature increases gradually with 
time. The cutting temperature was considerably reduced 

Fig. 9   Flank wear observed under distinct cutting conditions. a Maxi-
mum flank wear VBmax and average flank wear VBavg and b flank wear 
VBmax progression with machining time
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by 40%, 22%, and 13% under MQL-CO cutting in com-
parison with dry, flood, and MQL-MO cutting condi-
tions. The lowest cutting zone temperature in MQL-CO 
is owing to the formation of oil film between the inter-
acting surfaces and its constituents results in excellent 
lubricity. Also, the presence of polar head molecules 
shows a great chemical affinity for metal surfaces by 
attaching themselves perpendicularly along the metal 

surface like magnets. This generates a thick and dense 
film layer of lubricant on the metal surface which fur-
ther reduces the friction between tool-workpiece inter-
faces. From Fig. 15, it can be seen that after 10 min. of 
machining operation under MQL, the temperature values 
were always constant with respect to the machining time 
which can be attributed to better heat transfer coefficient 
of CO than that of MO.

Fig. 10   SEM micrographs and 
3D surface plot of rake surface 
of cutting tool insert illustrat-
ing crater wear under distinct 
cutting conditions: a, b dry, c, 
d flood, e, f MQL-MO, and g, h 
MQL-CO
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3.6 � The influence of MQL‑CO on cutting tool 
vibration

In the metal cutting process, the dynamic interaction 
between the cutting tool and an elastic system results in 
the relative displacement of the tool and the workpiece 
leading to the cutting tool vibration. Vibration in metal 
cutting is one of the most prominent parameters, which 
influences machined surface quality, cutting forces, tool 
wear/life, and the residual stresses of the machined surface 
[47, 48]. Hence the monitoring and analysis of cutting 
tool vibration is of utmost importance during the metal-
cutting process. The temporal waveform of vibration sig-
nal acquired during the cutting process is converted into 
frequency domain by using the Fourier transform (FT) 
function. FT indicates the vibration signal energy on fre-
quency amplitudes in natural frequency region of the tool 
holder. This frequency amplitude indicates the tool wear 
severity with respect to the increase in flank wear/crater 
wear propagated on the cutting edges of the tool inserts 
[49]. The FT converts time domain signals into the fre-
quency domain then analysis decomposes a signal into its 
frequency components to determine its relative strengths. 
The FFT of a time domain signal is given by Eq. 4.

From the transform F(ω), the time domain signal can 
be obtained by inverse FT given by Eq. 5

(4)F(�) = ∫
∞

−∞

x (t)e−j�tdt

The vibration signals were acquired from the cutting tool 
holder to indicate wear occurred on the tool insert during the 
machining process. Figure 16a and d depict time waveforms 
of vibration signals acquired under dry, flood, MQL-MO, 
and MQL-CO cutting conditions respectively. The y-axis 
indicates acceleration amplitude in m/sec2 whereas the 
x-axis shows time in seconds. The time waveform obtained 
from dry and flood conditions showed higher vibration 
amplitudes than that of MQL-MO and MQL-CO condi-
tions. These higher vibration levels can be attributed to the 
absence of cutting fluid which resulted in increased friction 
coefficient values between tool and workpiece during dry 
machining conditions. Whereas, in flood-cutting condition, 
though coolant is allowed to impinge on tool and workpiece 
interfaces, the quantity, pressure, and flow conditions fail to 
provide appropriate lubrication. As a result, an increase in 
friction values is observed in flood-cutting condition which 
intern causes higher vibration levels. The MQL provides 
a microjet of high-pressure coolant on the tool-workpiece 
interface. This microjet of coolant in the atomized form 
around 5 bar pressure penetrates into the tool-workpiece 
interface during machining, which resulted in better cooling 
and lubrication than that of dry and flood cutting conditions. 
Further, the mist particles of CO with high pressure and 
velocity impinge on tool-workpiece interfaces.

The CO molecules which consist of triglycerides form 
a strong protective layer on the tool-workpiece interface 
region which resulted in a considerable decrease in fric-
tion, wear, and temperature on the flank surface of a tool 
insert thereby causing a reduction in cutting forces, better 
surface finish, and favourable chip morphology than that 
of dry, flood, and MQL-MO machining conditions. A con-
siderable reduction in friction between the flank face and 
machined work surface due to the MQL-CO condition led 
to minimizing wear on the tool edge thereby causing lower 
vibration levels. The vibration temporal waveform depicted 
in Fig. 16d indicates a significant reduction in the vibration 
amplitudes. Further, Fourier transform (FT) technique was 
used to convert the time waveform of acceleration signals 
into the frequency domain. The FT plot indicates fundamen-
tal resonant frequency bands which are associated with tool 
wear severity.

Figure 17a–d depict the FT plots of vibration signals 
acquired under dry, f lood, MQL-MO, and MQL-CO 
respectively. The vibration amplitude in m/sec2 is shown 
on the x-axis and the frequency in Hz is indicated by 
y-axis. The fundamental resonant frequency band of the 
tool holder is shown around 2–4 kHz in Fig. 17a, which 
belongs to the dry cutting condition. The severe flank 
and crater wear were observed in dry cutting conditions 

(5)x (t) = ∫
∞

−∞

F(�)ej�td�

Fig. 11   Crate wear depth (KT) under distinct cutting conditions
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leading to an increase in vibration frequency amplitudes 
around 2kHz. Further, a significant reduction in tool 
wear was observed in flood, MQL-MO, and MQL-CO 

respectively. A reduction in vibration frequency ampli-
tudes at the fundamental resonant frequency region is 
shown in Fig. 17b−d.

Fig. 12   Machined surface and 
their 3D topographies under 
distinct cutting conditions
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3.7 � The influence of MQL‑CO on chip morphology

The chip was generated due to the permanent deformation 
of work material during the metal-cutting process. The chips 
produced during machining also have a direct influence on 
machining parameters such as tool wear/life, surface finish 
quality, and cutting zone temperature [50]. The chips are 

produced in various varieties of shapes and sizes depending 
on the cutting environment. A chip morphological study was 
conducted to investigate the tribological effects of cutting 
environment on the chip generation mechanism. The chip 
morphology provides essential information on the cutting 
mechanism which is closely associated with the surface 
waviness of the workpiece. To analyze the morphology of 
front and back sides of the chip, SEM images were obtained 
from the chip samples as depicted in Fig. 18a–d. The front 
side comprises of serrated rough edges generated due to the 
shearing action on work material. While back side of the 
chip surface slides over the rake face of the tool inserts. This 
sliding action generates a high frictional force and contact 
pressure between the chip-tool interface thereby resulting in 
a flat and clear back surface.

When the front side of the chips is evaluated, large serra-
tion is identified in the dry cutting condition, which implies 
a higher friction coefficient between chip-tool interfaces. 
On the other hand, small serration occurred under MQL-
CO cutting condition shows the good lubricity of CO which 
results in the decrease of friction coefficient. When the back-
side of the chip was evaluated, it is observed that significant 
scratches occurred under dry cutting, indicating the high 
friction coefficient between the chip and rake face of the 
tool. During the flood-machining environment, serration and 
scratches were present on the front and back sides of the 
chip surface as shown in Fig. 18b, which can be attributed 
to insufficient penetration of coolant in the tool-workpiece 

Fig. 13   Surface roughness variation under distinct cutting conditions

Fig. 14   IR thermal images illus-
trating the cutting temperature 
under distinct cutting conditions
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interface. On the other hand, front and back chip surfaces 
obtained under MQL-MO and MQL-CO are indicated in 
Fig. 18c and d respectively. A significant reduction in ser-
ration and scratches can be observed in the micrographs. 
The pressurized coolant droplet impinges on the tool and 
the workpiece resulting in a considerable reduction in fric-
tion and temperature. The MQL cutting environment led to 
superior lubricity and cooling, as a result, a flat and shiny 

back face of the chip is observed in micrographs in Fig. 18c 
and d which contributed to better surface finish and extended 
tool life in turning operation.

4 � Sustainability assessment of cooling 
approaches

To develop and achieve sustainable machining, the health 
and environmental effects of the utilized cooling/lubrica-
tion approach must be addressed along with machining 
performance. The application of conventional fluids during 
flood cooling creates threat to human health due to the pos-
sibility of infectious diseases such as cancer, skin disorder, 
etc. Besides, large quantities of synthetic fluid used in flood 
cooling severely affect human health. In contrast, vegetable 
oils, including coconut oil, are derived as organic products 
from plant seeds and contain triglycerides with long chains 
of fatty acids. The direct exposure of the operator to these 
biodegradable oils does not create any health issues. Addi-
tionally, the application of vegetable oil through MQL pos-
sesses minimal effect. Traditional cutting fluids are a mix-
ture of oils, water, and additional substances. The disposal 
of these cutting fluids causes serious environmental issues 
in the form of water and soil pollution. At the same time, 
coconut (vegetable) oil fulfills the sustainability criteria 
with its biodegradable and renewable nature and possesses 
significantly less toxicity. Also, conventional cutting fluids 

Fig. 15   Cutting temperature variation with machining time under dis-
tinct cutting conditions

Fig. 16   Cutting tool vibration 
spectra in the time domain 
under distinct cutting conditions
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demand separation and filtration processes for their recy-
cling and disposal, thus consuming part of energy during 
lubrication. Whereas the minute quantity of vegetable oil 
supplied under MQL evaporates during machining and does 
not require separate measures for recycling and disposal.

Sustainability assessment of cooling/lubrication tech-
niques is essential to develop clean and environmentally 
benign machining processes. In addition to manufactur-
ing aspects, the sustainability assessment involves the cost 
of coolants, the effect on the environment and workers’ 
health, recycling and disposal needs, surface quality of the 
machined part, part cleaning requirements, etc. (Fig. 19).

Therefore, this work has made an effort to assess sustainabil-
ity through the Pugh matrix approach. The Pugh matrix can be 
utilized to compare the available alternatives through pairwise 
comparison [51]. In the current work, the sustainability of the 
process under various cooling environments is evaluated by con-
sidering operator health, cost of coolant, environmental effect, 
part cleaning requirement, recycling and disposal needs, and 
surface quality. The weightage between −2 and +2 is considered 
to compare the parameters [52–54]. Hence, “−2” is assigned 
for poor results, and “+2” is considered for superior results for 
the selected criteria. Table 6 presents the assigned score for the 
selected alternatives.

Without using any coolant in dry machining, a score of 
“+2” is assigned for effect on operator health and environ-
ment. Whereas a score of “−2” is assigned to flood cool-
ing as a large amount of cutting flood is consumed dur-
ing machining, which produces harmful emissions in the 
surrounding environment. A score of “−1” is considered 
for MQL-MO and MQL-MO as it has utilized the least 
amount of cutting fluid and created less harmful emissions 

and effects on workers’ health and environment. Machin-
ing under dry machining comes with cost-benefit related 
to the coolant and thus assigned with “+2”. In contrast, 
due to the excessive application of cutting fluid under flood 
cooling, a score of “−2” is considered. Also, it add-up the 
additional cost of cleaning and filtering. The application of 
MQL reduced the coolant requirement; thus, “+1” is con-
sidered. Further, dry machining without coolant requires 
no recycling and disposal and is assigned a score of “+2.” 
With the large quantity of cutting fluid used in flood cooling, 
separate recycling and disposal provision are needed during 
machining and assigned a score of “−2.” A small quantity of 
cutting fluid is applied during MQL and evaporates without 
any need for recycling and disposal and thus is considered 
with “+2.” Considerable efforts are required for part clean-
ing debris from the surface after operation in dry machining 
and assigned with a weight of “−2.” While MQL is assigned 
with a “+1” score as the application of compressed air blows 
away the debris and the cutting fluid with a small quantity 
evaporates during machining and hence requires little clean-
ing. A comparison of surface quality in the earlier section 
showed the superiority of MQL-CO compared to dry and 
flood cooling; therefore, a score of “+2” is assigned. From 
the total score presented in Table 6, MQL-CO has achieved 
the highest score (6) followed by MQL-MO (5), dry machin-
ing (4), and flood cooling (−8). It can be summarized that 
applying MQL with coconut oil is a feasible alternative to 
achieve machining with less impact on cost, the health of 
the operator, and the environment. However, to make such 
a choice, further efforts can be made in this direction by 
considering total machining and energy cost, carbon emis-
sions, etc.

Fig. 17   Cutting tool vibration 
spectra in frequency domain 
under distinct cutting condi-
tions: a Dry, b flood, c MQL-
MO, d MQL-CO
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5 � Conclusion

The objective of this investigation is to evaluate the impact 
of different cutting conditions during the machining of AISI-
1040 steel in terms of flank wear, crater wear surface rough-
ness, cutting temperature, cutting tool vibration, and chip 
morphology. The following conclusions are drawn based on 
experimental results:

1	 The coconut oil has shown a much lesser contact angle 
than mineral-based oil which resulted in the effective 

wetting capability of coconut oil during the machining 
process.

2	 The adhesion and abrasion wear mechanisms were 
observed on the cutting tool inserts while machining 
in the selected cutting conditions. The maximum flank 
wear was reduced by 48%, 26%, and 12% while the aver-
age flank wear was reduced by 52%, 32%, and 21% with 
MQL-CO cutting when compared with dry, flood, and 
MQL-MO cutting conditions.

3	 A significant reduction of 59%, 38%, and 15% in crater 
wear depth was observed under MQL-CO in comparison 

Fig. 18   SEM micrographs of 
the front and back surface of 
the chip
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with dry, flood, and MQL-MO cutting conditions. The 
reduction in tool wear can be attributed to the reduction 
in friction coefficient provided by the CO molecules at 
the workpiece-tool-chip interfaces.

4	 A smooth machined surface was identified under MQL-
CO cutting with an improvement of 48%, 31%, and 19% 
in correlation with dry, flood, and MQL-MO cutting 
conditions. This improvement was facilitated by the 
formation of thick lubricating film on the workpiece 
surfaces by the CO molecules which led to reduce the 
friction between the interacting surfaces.

5	 The temperature at the cutting region was decreased by 
56%, 37%, and 21% with MQL-CO cutting in compari-
son with dry, flood, and MQL-MO cutting conditions. 
This reduction in cutting temperature can be ascribed 
to the effective heat dissipation of CO molecules along 
with pressurized air with the MQL technique.

6	 The application of MQL-CO resulted in lesser tool 
vibration during the metal-cutting operation compared 

to other selected cutting conditions. The reduction in 
friction between the interacting surfaces and effective 
removal of chips from the cutting region resulted in 
lesser cutting forces and ultimately lesser tool vibration 
levels.

7	 Chip morphology obtained under the MQL-CO condi-
tion showed small serrations and fewer scratches than 
that of other selected cutting conditions.

8	 The sustainability assessment showed that the MQL-
CO appears to be a feasible alternative to conventional 
mineral-based cutting fluids with less impact on human 
health and environmental ecology.

6 � Future scope of work

This study presented the aptness of vegetable oil with MQL 
to improve the machining performance of AISI-1040 steel. 
In this domain, the effect of various sizes and different con-
centrations of nanoparticles on the machinability of hard-
ened steel can be considered in the future. Also, the other 
assessment models such as life cycle assessment (LCA), 
economic analysis, total cycle time, and productivity can be 
explored in the future to investigate the effects of nanofluids 
on the environmental and economic aspects.
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