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Abstract: This study compares the hard turning performance under dual-nozzle minimum
quantity lubrication (MQL) using mineral oil and 1-butyl-3-methylimidazolium chloride-
based ionic fluids. Key performance indicators, including tool life (based on tool wear),
surface roughness, cutting power, cutting temperature, cutting sound, carbon emission,
and circularity error, were evaluated to assess manufacturing sustainability. The results
revealed that ionic fluid-assisted MQL significantly outperformed mineral oil, improving
tool life by 28.75% and reducing surface roughness by 5.58%, attributed to the superior
lubrication and cooling ability of ionic fluids. Additionally, after 85 min of machining, the
power consumption and carbon emission were greatly reduced under ionic fluid conditions,
indicating a lower environmental impact. For precision machining concerns, the ionic fluid
proved more favorable, as circularity error under mineral oil conditions was 2.67 times
higher than with ionic fluids. The weighted Pugh matrix awarded ionic fluid a higher
sustainability score (+7) than mineral oil (+1), establishing it as the superior cooling option
for hard turning, enhancing sustainability in machining difficult-to-cut metals.

Keywords: hard turning; mineral oil; ionic liquid; dual-nozzle MQL; flank wear; surface
roughness; sustainability

1. Introduction
Hard turning is a machining process that involves the turning of workpiece with hard-

ness greater than 45 HRC, serving as a viable alternative to traditional grinding methods.
This technique has gained traction in various industries, particularly in automotive and
manufacturing, due to its efficiency and ability to produce high-quality surface finishes. The
evolution of hard turning has been significantly influenced by advancements in cutting tool
materials and cooling strategies, which enhance tool life and machining performance [1,2].

The turning process during dry cutting shows a higher temperature, which induces a
higher tool wear rate, thus resulting in a shorter tool life, poor surface quality, and larger
dimensional deviations [3,4]. Therefore, to control the temperature, many researchers have
utilized various cooling techniques such as flood cooling, high-pressure cooling, spray
impingement cooling, and minimum quantity lubrication systems. Among these, the MQL
technique is effective, efficient, and economical.

The minimal quantity lubrication (MQL) method is extensively employed in hard
machining to discharge an air–oil mist coolant to the machining zone. MQL technology
is recognized as an environmentally friendly cooling technology for a variety of cutting
processes. This approach reduces coolant consumption while enhancing lubrication per-
formance at higher cutting speeds [5,6]. MQL offers benefits such as reduced cutting fluid
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utilization, cost-effectiveness, environmental affability, increased machining performance,
and surface quality [7]. Several articles have demonstrated MQL’s effectiveness in reducing
friction at machining interfaces, minimizing adhesion and temperature rise, extending
tool life, and enhancing surface quality in conventional cutting processes such as drilling,
turning, milling, and grinding [2,8]. The effectiveness of MQL in cooling applications is
influenced by the choice of lubricant and operating factors. Using environmentally friendly
lubricants, like vegetable-based oils, fatty alcohols, and synthesized esters, helps to reduce
the environmental impact of machining processes. Ionic liquids (ILs) serve as a unique
aid in lubrication and are widely favored in industries for their exceptional properties. ILs
have a melting point below 100 ◦C and are composed of charged delocalized anions [9].
The use of ionic fluids in hard turning processes offers significant advantages, particularly
in enhancing machining performance and sustainability. These fluids improve lubrication
and cooling, leading to better surface quality and reduced tool wear. This method not
only enhances machining performance but also promotes sustainability by reducing the
environmental impact associated with traditional cooling methods [8,10]. Pereira et al. [11]
used natural biodegradable oils as an alternative to traditional canola oils in the MQL
system, comparing five different alternatives such as sunflower oil, high oleic sunflower
oil, castor oil, and ECO-350 recycled oil during the machining of Inconel 718. The result
shows that the use of high oleic sunflower oil improved the machining process compared to
the currently used canola oil and provided an ecofriendly environment during machining.
In another study, Pereira et al. [12] performed a hard turning operation on ASP23 steel
under dry and cryogenic environments using both CBN positive and negative inserts
and compared the results. It was observed that under cryogenic cooling, negative inserts
exhibited a 19.6% improvement in tool life compared to dry cutting, while positive inserts
showed a 69.5% increase in tool life compared to dry conditions. In another study, Pereira
et al. [13] compared the performance of cryo-MQL cooling with other cooling conditions
(wet, dry, MQL, and CO2 cryogenic) in spiral face milling of Inconel 718 alloy. Wet cooling
outperformed the other methods, followed by cryo-MQL. Although wet cooling demon-
strated the best performance, environment regulation makes cryo-MQL the best sustainable
option. Fernández-Abia et al. [14] examined the effects of process variables on cutting
forces, shearing, and edge cutting coefficient using a multi-layered carbide cutting tool in
the turning of austenitic stainless steel. All three machining forces increased linearly with
the feed rate at a fixed cutting speed.

Many studies have used tribometers to evaluate ionic liquids for various material pairs,
including steel and steel [15]. ILs are promising lubricant additives for cutting fluid because
of their special physiochemical characteristics, which include low volatility, high thermal
stability, higher surface adsorption, and increased thermal conductivity. Furthermore,
because of their stronger polarity, the use of ILs as a lubricant additive is a key factor in
improving tribological interactions between various metal sliding pairs. However, it is
interesting to apply ILs as an additive for metalworking fluids for machining applications.

Previously published research indicated that adding ILs to vegetable oils improved
machining performance by retarding friction, surface roughness, and tool wear [16–18].
Gondi et al. [17] evaluated the performance of three different IL-based cutting fluids
(BMIMBF4, BFIMPF6, and BMIM) and reported that ionic liquids performed better than
conventional oils in terms of friction and wear reduction. Sabarinath et al. [19] investigated
the tribological and rheological properties, along with erosion behavior, of sesame oil
enhanced with SiO2 nanoparticles and imidazolium-based ionic liquids. Babu et al. [20]
experimented on H13 tool steel using three different cutting conditions (dry, MQL, and
IL MQL), and reported that IL MQL gives good results as compared to MQL and dry
in terms of reduction in tool wear. Sah et al. [21] examined the impact of halogen-based
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ionic liquids on jatropha oil by evaluating thermophysical and tribological properties.
The study found that tetra butyl ammonium bromide ionic liquids when combined with
jatropha oil, enhanced thermal conductivity and specific heat compared to pure jatropha
oil. Davis et al. [22] used 1-butyl-3-methylimidazolium hexafluorophosphate ILs with
MQL and observed a significant decrease in wear. Furthermore, ILs resulted in lower
surface roughness than dry machining. Srinivas et al. [23] prepared a neem oil-based
emulsion by the addition of 2% wt of trihexyltetradecyl phosphonium bis (2,4,4-trimethyl
pentyl phosphinate) ionic liquid and observed that the produced emulsion contributed to
increased performance in axial force and surface roughness during the drilling process.

Based on the literature survey, it can be summarized that the use of ionic liquids as
additives to metalworking fluids has not been extensively explored. The synthesis of ionic
liquids as additives to mineral oil for machining coolant applications has not yet been
reported, even though mineral oil is widely used as a cutting fluid in the metal machining
industry. Additionally, commercially available ionic liquids are predominantly used for
synthesizing ionic liquid-based coolants. However, no research has reported the process of
ionic liquid synthesis specifically for machining coolant applications.

In recent years, dual-nozzle MQL has gained popularity over single-nozzle MQL
due to its superior cooling and lubrication capabilities. Nonetheless, its application with
ionic liquid coolants in hard turning is noteworthy and unique. Based on these novel
aspects and identified research gaps, the current study focuses on the synthesis of ionic
liquids and ionic liquid-based coolants for the hard turning of AISI D2 steel using dual-
nozzle MQL. Machining responses, such as tool life (based on flank wear), surface quality,
power consumption, cutting temperature, cutting sound emission, carbon emissions, and
circularity error, are compared between mineral oil and ionic liquid-based coolants (ionic
fluid) to identify the most sustainable machining process.

2. Synthesis of Cutting Fluids and Experimental Details
2.1. Synthesis of Ionic Liquids

The ionic liquid synthesis was carried out using a two-step methodology as shown in
Figure 1. Initially, an equimolar mixture of 1-chlorobutane (n-BuCl) and n-methylimidazole
(n-MIM) was prepared by adding 5.23 mL of n-BuCl and 3.5 mL of n-MIM to 50 mL of
acetonitrile. The resulting solution was stirred at room temperature for 20 min. Further,
the mixture was refluxed at 80 ◦C for 2 days. Subsequently, the solution was evaporated
using a rotary evaporator to obtain the ionic liquid. Further, to confirm whether the synthe-
sized ionic liquid was 1-butyl-3-methylimidazolium chloride or not, 1H-NMR testing was
performed using an NMR spectrometer (JNM-ECZ400S/L1:400MHz, JEOL). The 1H-NMR
spectrum of [C14mim][Cl] in CDCl3 used as a solvent is shown in Figure 2 as 77.88 (3H,
triplet), 18.82 (2H, doublet), 136.73 (2H, doublet), 12.91 (1H, singlet), 121.89 (3H, triplet), and
128.41 (1H, singlet). The obtained data for the synthesized ionic liquid in this test are like the
literature [24]. Therefore, the synthesized liquid is 1-butyl-3-methylimidazolium chloride.



Lubricants 2025, 13, 166 4 of 19Lubricants 2025, 13, x FOR PEER REVIEW 4 of 19 
 

 

 

Figure 1. Synthesis of ionic liquid. 

 

Figure 2. 1H-NMR spectra of the developed ionic liquid. 

2.2. Ionic Liquid-Based Cutting Fluid Preparation 

A two-step methodology was implemented to prepare the ionic liquid-based new 
cutting fluid. The preparation methodology is shown in Figure 3. Initially, 500 g of mineral 
oil (LRT 30, Supplied by DROPSA, Vimodrone Italy) was placed in a glass beaker and 
stirred using a magnetic stirrer at a speed of 1200 rpm. The 15 g (3 wt% concentrations) of 
ionic liquid was then gradually added to the base oil, and stirring continued for 2 h at the 
same speed. Further, ultrasonication was performed for 3 h. The sonication process uti-
lized ultrasonic pulses of 50 W power and a frequency of 40 kHz. In this way, the ionic 
liquid coupled with cutting fluid was prepared. Further, the stability, viscosity, and ther-
mal conductivity of the newly developed cutting fluid were measured. The synthesized 

Figure 1. Synthesis of ionic liquid.

Lubricants 2025, 13, x FOR PEER REVIEW 4 of 19 
 

 

 

Figure 1. Synthesis of ionic liquid. 

 

Figure 2. 1H-NMR spectra of the developed ionic liquid. 

2.2. Ionic Liquid-Based Cutting Fluid Preparation 

A two-step methodology was implemented to prepare the ionic liquid-based new 
cutting fluid. The preparation methodology is shown in Figure 3. Initially, 500 g of mineral 
oil (LRT 30, Supplied by DROPSA, Vimodrone Italy) was placed in a glass beaker and 
stirred using a magnetic stirrer at a speed of 1200 rpm. The 15 g (3 wt% concentrations) of 
ionic liquid was then gradually added to the base oil, and stirring continued for 2 h at the 
same speed. Further, ultrasonication was performed for 3 h. The sonication process uti-
lized ultrasonic pulses of 50 W power and a frequency of 40 kHz. In this way, the ionic 
liquid coupled with cutting fluid was prepared. Further, the stability, viscosity, and ther-
mal conductivity of the newly developed cutting fluid were measured. The synthesized 

Figure 2. 1H-NMR spectra of the developed ionic liquid.

2.2. Ionic Liquid-Based Cutting Fluid Preparation

A two-step methodology was implemented to prepare the ionic liquid-based new
cutting fluid. The preparation methodology is shown in Figure 3. Initially, 500 g of mineral
oil (LRT 30, Supplied by DROPSA, Vimodrone, Italy) was placed in a glass beaker and
stirred using a magnetic stirrer at a speed of 1200 rpm. The 15 g (3 wt% concentrations)
of ionic liquid was then gradually added to the base oil, and stirring continued for 2 h at
the same speed. Further, ultrasonication was performed for 3 h. The sonication process
utilized ultrasonic pulses of 50 W power and a frequency of 40 kHz. In this way, the ionic
liquid coupled with cutting fluid was prepared. Further, the stability, viscosity, and thermal
conductivity of the newly developed cutting fluid were measured. The synthesized cutting
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fluid exhibited stability for up to 96 h, after which sedimentation of the ionic liquid began.
Using a Brookfield viscometer (Model LVDV-1), the viscosity of the cutting fluid was
determined at room temperature (27 ◦C) and found to be 32.46cP. Its thermal conductivity
was assessed using a Transient Hot Wire instrument (Model THW-12), yielding a value of
0.173 W/mK.
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2.3. Experimental Details

In this research, two different cutting conditions (mineral oil and ionic fluid) were
used through dual-nozzle MQL in turning hardened tool steel (AISI D2 of diameter 48 mm
and machining length 200 mm). A CNC turning machine, model DX 2004A (Jyoti CNC
Automated Ltd., Rajkot, India), was used for the turning tests. LRT 30 is an industrial-
grade mineral oil while ionic fluid is a mixture of 3 wt% of 1-butyl-3-methylimidazolium
chloride ILs and LRT 30. The comparison of both cooling technologies was assessed using
increasing machine time with fixed cutting parameters (a = 0.15 mm, f = 0.06 mm/rev,
v = 100 m/min). A CVD carbide tool, coated with TiCN/Al2O3 and with an ISO signature
of CNMG 120408, was used for turning. Its geometry included a 0.8 mm nose radius, a
95◦ approach angle, a −6◦ back rake angle, a 0◦ neutral clearance angle, a 0◦ side relief
angle, a 6◦ end cutting edge angle, and an 80◦ included angle. A dual-nozzle setup of MQL
was used to deliver coolant into the cutting zone. The lubricant flow speed of both nozzles
was equal to 50 mL/h with an air pressure of 6 bars. The first nozzle was oriented from
the flank face direction (30◦ from the tool holder axis) and the second nozzle was placed
vertically to-wards the rake face or cutting zone. The nozzle distance from the heat source
(tool–workpiece contact) was fixed at 25 ± 3 cm. The experimental facilities are shown in
Figure 4.

The machinability performance under both cooling situations was examined using
results of tool wear, surface quality, cutting power, cutting temperature, cutting sound,
carbon emission, and circularity error. An Olympus STM6 optical microscope was used
to measure wear length, while surface roughness was recorded by a roughness tester
(Mitutoyo made Surface SV-2100). The cut-off value for surface roughness measurement
was set to 0.8 mm. For both measurements, the mean of five readings was considered.
An FLIR thermal camera was used to monitor temperature variations in the cutting zone,
with the maximum recorded temperature considered for analysis. The experimentally
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determined emissivity value of 0.81 (using the black tape method) was set in the thermal
camera before the final measurement. A Fluke-made noise meter was used to measure the
noise emission, and a three-phase energy meter was used to record the cutting power value.
Circularity error was evaluated using a Mitutoyo coordinate measuring machine.
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3. Results and Discussion
The results of flank wear (VBc), surface roughness (Ra), power consumption (Pc),

Temperature (T), cutting noise (Cn), and carbon emission (Ce) concerning machining time
are displayed in Table 1.

Table 1. Measured results of responses studied.

Mt
(min)

VBc (mm) Ra (µm) Pc (kW) T (◦C) Cn (dB) Ce (Kg CO2)

Mineral
Oil

Ionic
Fluid

Mineral
Oil

Ionic
Fluid

Mineral
Oil

Ionic
Fluid

Mineral
Oil

Ionic
Fluid

Mineral
Oil

Ionic
Fluid

Mineral
Oil

Ionic
Fluid

5 0.056 0.045 0.562 0.288 0.430 0.412 58.0 54.4 71.6 68.5 0.025 0.024
25 0.074 0.069 0.681 0.426 0.896 0.838 64.3 60.1 73.2 72.9 0.265 0.248
45 0.107 0.092 0.805 0.667 1.436 1.345 68.7 68.6 74.6 74.5 0.765 0.716
65 0.129 0.108 0.937 0.804 1.954 1.867 76.4 71.3 76.7 77.2 1.503 1.436
85 0.358 0.157 1.342 0.985 2.463 2.386 81.4 73.5 83.5 79.4 2.477 2.400
105 -- 0.321 -- 1.267 -- 2.885 -- 79.3 -- 82.7 -- 3.585

3.1. Tool Wear Assessment

The tool wear of the turning tool was analyzed based on the tool flank wear criterion
(VBc = 0.3 mm). Flank wear increases with machining time under booth cooling scenarios
as displayed in Figure 5. This result may be attributed to uninterrupted use, leading to
higher friction and heat generation, thereby accelerating tool flank wear. Under both
cooling scenarios, abrasive marks are produced due to rubbing of hard phases, such as
the austenite in AISI D2 steel, against the tool tip. Moreover, as cutting progressed, the
cutting load and temperature increased, leading to micro-chipping of the cutting edge,
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which eventually resulted in tool tip fracture, as shown in Figure 5. Considering the flank
wear criterion (VBc = 0.3 mm), the tool life under ionic fluid was found to be approximately
103 min, which is 28.75% longer than that of the mineral oil (80 min). Ionic fluids excel
in reducing friction between materials, offering high specific heat capacity to effectively
dissipate heat from the machining zone to the environment. Their ionic structure forms
a barrier on surfaces, minimizing abrasion, enhancing heat conductivity, and delaying
machining wear [22,25]. Moreover, due to their ionic structure, ionic fluids exhibit a strong
propensity for adsorption and rapid surface interaction, forming a robust, protective barrier
between mating surfaces of tool and workpiece. This ionic shielding effect minimizes direct
metal-to-metal contact, consequently reducing wear. Additionally, the superior thermal
conductivity of ionic fluids facilitates effective heat transfer, thereby diminishing abrasive
wear within the cutting region and prolonging tool life [22]. In the tool life estimation, as
the cutting process continues, the tool’s flank face is constantly rubbed by hard particles
(C, Cr, Si, etc.) present in the work material. This phenomenon leads to micro-abrasion,
which progressively erodes the tool surface and accelerates flank wear [26]. Once the
wear exceeds the limiting value of 0.3 mm, the tool coating layers, along with parts of
the carbide substrate, are removed from the tool tip, resulting in catastrophic tool failure
under both cooling scenarios. During the initial machining stages, abrasive scratches were
noticed followed by adhesion between the tool and workpiece portion, eventually leading
to tool-tip breakage.
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The mechanics of flank wear were analyzed using SEM, mapping, and EDS analysis
of the tool tip at the end of its tool life, as shown in Figure 6. The SEM image revealed
catastrophic tool-tip failure caused by high stress and elevated temperatures. The coating
layers (TiCN and Al2O3) were removed, exposing the carbide substrate, and significant
tool edge loss was observed. Mapping results further confirmed the removal of coating
layers. The SEM image also indicated the adhesion of workpiece elements on the worn
tool rake surface. Workpiece components like Cr, Fe, and C were found by EDS analysis
on the worn tool surface; this was probably caused by adhesion under extreme heat and
stress. Furthermore, the exposure of the carbide substrate near the end of the tool’s life was
confirmed by the presence of cobalt and tungsten carbide on the broken tool tip.
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Figure 6. SEM, mapping, and EDS test results of failure tool tip under mineral oil conditions.

Similarly, as shown in Figure 7, SEM, mapping, and EDS analysis were carried out on
the tool tip under ionic fluid at the end of tool life. The carbide substrate (W) was visible in
the SEM image, which conformed that the coating layers had been removed from the tool
tip. Mapping and EDS results further revealed the adhesion of workpiece elements, such
as Fe and C, on the tool tip, indicating the occurrence of adhesion wear as the dominant
mechanism at the end of the tool’s working life.
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3.2. Surface Roughness and Surface Texture Assessment

Surface roughness was assessed based on roughness criteria of 1.6 µm [8]. At the
end of the tool’s life, the surface roughness was acceptable under both cooling conditions.
The surface roughness under both cooling conditions was snowballing with cutting time
due to growing temperature and tool wear (Figure 8). Considering the tool failure crite-
ria (VBc = 0.3 mm), the surface roughness under ionic fluid conditions was found to be
5.58% lower than mineral oil. After 85 min of machining, the surface roughness under
ionic fluid was 26.60% lower than mineral oil. With the use of a dual jet nozzle system,
the lubricant seeps deeper into the work–tool interface, hence there is declining friction
between workpiece and tool resulting a significant reduction in cutting temperature and
surface roughness. Due to these reasons, the Ra was found to be lower for hard turning.
Furthermore, the ionic fluid comprises positively charged cations and negatively charged
anions, which interact to form a lubricating molecular film between the tool and workpiece.
This ultra-thin boundary layer minimizes direct contact thus effectively minimizing friction
in the cutting zone. As a result, surface roughness is considerably diminished, leading
to improved machining performance. Babu et al. [20] conveyed that the adhesion of the
ionic fluid components within the machining zone played a crucial role in expressively
lowering the coefficient of friction. This fall in friction coefficient directly contributed to an
improvement in surface quality by minimizing the roughness of the machined component.
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Moreover, the surface texture of the machined surface under both cooling conditions
was studied as displayed in Figures 9 and 10, respectively. Under both cooling conditions,
the surface texture has uniform spacing, but in mineral oil conditions, the surface profile
curve is increased suddenly due to the presence of chip debris on the surface. The ADC
(amplitude density curve) under both cooling conditions is non-symmetric showing non-
uniform variations in roughness heights. This is probably due to the breakage of the tip of
the tool at the end of its working life under both cooling conditions. Moreover, the BAC
(bearing area curve) under both cooling conditions does not follow the S-shape resulting in
more variations in surface roughness throughout the measuring length.
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3.3. Cutting Power Consumption Assessment

Power consumption in machining is one of the important aspects that affect the total
machining cost of a product. Furthermore, it affects the generation of carbon footprint
during machining. However, to achieve sustainable machining, power consumption should
be as low as possible [27]. Power consumption under both cooling conditions increased
with machining time (Figure 11). However, as the working life of the tool under ionic liquid
was higher, higher power consumption as compared to mineral oil was noted at the end
of the tool’s life. The decrease in cutting power consumption under ionic fluid conditions
can be attributed to the formation of an ultra-thin, low-shear lubrication film at the tool–
workpiece interface. This protective layer minimizes direct contact, effectively lowering
friction and facilitating smoother cutting. As a result, machining resistance decreases,
leading to a significant reduction in power consumption [28]. After 85 min of machining,
the power consumption under ionic fluid conditions was found to be 3.12% smaller than
that of mineral oil.
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Figure 11. Machining time vs. power consumption comparison.

3.4. Cutting Temperature Assessment

The temperature increased with machining time, as depicted in Figure 12. Thermal
images captured under both cooling conditions, recorded after 5 min of machining and at
the end of the tool’s working life (determined by a tool wear criterion of VBc = 0.3 mm),
are presented in Figure 13. With an increase in time, the friction between the tool and
workpiece increased as a result temperature increases with machining time. After 5 min
of machining, the cutting temperature under ionic fluid was found to be 6.20% lower
than mineral oil. Similarly, after 85 min of machining, the tool life under ionic fluid was
observed to be 9.4% lower than mineral oil. However, a significant amount of reduction
in temperature was noticed with the use of ionic fluid in comparison to mineral oil. The
ionic liquid molecules, densely packed within base oil, create a protective thin film at the
tool–workpiece interface. This layer effectually lessens abrasion, leading to a considerable
decrease in temperature [29]. According to Syahir et al. [30], the enhanced wettability
characteristics of ionic cutting fluid facilitates smooth interaction between the surfaces and
promotes rapid heat dissipation from the cutting zone thus producing lower temperature
during hard part turning. Research by Banbam and Gajrani further confirms that adding
ionic liquid to base mineral oil improves heat removal by promoting the evaporation of
fine droplets, which reduces machining temperatures [17].
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3.5. Cutting Noise Assessment

In recent years, noise emission during machining has also been a challenging aspect of
achieving sustainable manufacturing. Many researchers have recommended controlling
the noise emission within 85 dB to avoid any severe hearing loss to the operators while
doing the machining [31]. In the current study, the cutting noise grows with machining
time due to the enlarging contact region between the workpiece and tool. With the progress
of machining time, the tool wear increases; thus, the contact region between the tool and
workpiece increases resulting in more friction and thus more noise generation. At the end
of the tool’s working life, noise emissions were recorded as 83.5 dB under mineral oil con-
ditions and 82.7 dB under ionic fluid conditions, both remaining below the 85 dB threshold.
Figure 14 illustrates that the noise levels for both cooling conditions are almost identical.
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3.6. Carbon Emission Assessment

Nowadays, low carbon emissions during machining are desirable to meet the global
demand. There are many sources for generating carbon emissions in a machining plant.
In the current study, the carbon emission measurement while cutting was estimated. The
carbon emission during cutting is greatly influenced by energy consumption. However, for
a complete cycle of machining, the carbon emission is estimated by multiplying the energy
consumption by the carbon emission factor. The carbon emission factor for the Indian
power grid is taken as 0.71 Kg CO2/KWh [32]. The estimated cumulative carbon emission
after each interval is shown in Table 1. The carbon emission grows with machining time as
energy consumption increases with cutting time (Figure 15). Under ionic fluid conditions,
the carbon emission was relatively less than mineral oil due to the easy shearing of material
and thus lesser energy consumption. After 85 min of machining, the carbon emission under
ionic fluid conditions was 3.1% lower than mineral oil. Although the % difference is lower,
for mass production, ionic fluid-assisted machining may be more favorable than mineral
oil in machining hardened AISI D2 steel.
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3.7. Circularity Assessment

Precision machining is one of the most important outputs for sustainable manufac-
turing as it directly affects the applicability of the finished product [32]. In the current
study, circularity measurement was performed at the end of the tool’s working life. The
circularity under mineral and ionic fluid conditions was found to be 0.022 mm (Figure 16)
and 0.006 mm (Figure 17), respectively. However, the circularity error under mineral oil
conditions was 2.67 times higher than ionic fluid. This might have happened due to the
better lubrication capability of ionic fluid than mineral oil. Moreover, at the end of the
tool’s working life under mineral oil, the contact between the tool and workpiece was not
uniform throughout the run due to more auxiliary wear by the removal of thicker material
from the tool edge resulting in higher circularity error. Under mineral oil conditions, a
lobe in the circular profile can be seen in Figure 16. The formation of this lobe can be
explained as follows: according to Denavit–Hartenberg principles [33], lobes in circularity
error arise due to variations in kinematics parameters, such as small deviations in tool
positioning or unexpected backlash in feed drives. These factors introduce a non-uniform
cutting path, leading to lobe formation on the circular profile. Additionally, spindle er-
rors and inaccuracies in guideway movement cause uneven radial displacement, further
contributing to lobed circularity errors. Poor stiffness in the CNC lathe can also lead to
self-excited vibrations, resulting in irregular cutting forces that promote lobe-shaped er-
rors. Additionally, heavy cutting forces may cause tool deflection, leading to non-uniform
material removal and the formation of lobes in the circular profile [34]. According to
Ghorbani et al. [35], tool vibration during the cutting activity may arise from improper joint
alignment, leading to non-uniform machining and lobe formation. Tunc et al. [36] stated
that inadequate cutting tool stiffness increases tool wear, resulting in machining inaccuracy
that may contribute to lobe formation. According to Diaz-Tena et al. [37], stiffness error,
geometric error, thermal error, kinematic error, and bending deformation error affect the
quality of final product. Stiffness error is more pronounced when the machine tool lacks
rigidity, while geometrical error arises from improper axis alignment, joint misalignment,
and slideways wear. Thermal error is caused by friction between mating surfaces, such
as gear to gear contact, feed mechanisms, power transmission through the motor, heated
chips, and workshop temperature fluctuations. Kinematic error results from improper tool
positioning due to uncertainty in machine slide movement, backlash, couplers, and motors.
Bending deformation error occurs due to tool deflection, distortion of the lathe machine,



Lubricants 2025, 13, 166 15 of 19

and deformation of its components. In this study, lobe formation in the circular profile may
have occurred due to these errors in the CNC lathe machine tool.
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4. Sustainability Assessment
Sustainability assessment of the machining process is vital to meet global demands.

This study compared mineral oil and ionic fluid performance in hard turning using a
sustainability score derived from a weighted Pugh matrix. The Pugh matrix aids decision-
making by evaluating alternatives against weighted criteria, balancing subjective and
objective parameters for optimized solutions [38,39]. The weighted Pugh matrix approach
evaluates sustainable manufacturing parameters using mathematical scores. Criteria are
assigned weights ranging from 10% to 20%, reflecting their importance in decision-making.
Weight percentages are converted into integer scores, and alternatives are compared against
a baseline. Performance scores are assigned on a scale of −2 (worst), −1 (poor), +1 (good),
and 2 (excellent), which are multiplied by the weight scores to calculate weighted scores
for each parameter.

In this analysis, the sustainability of mineral oil and ionic fluids was evaluated based
on seven key parameters measured after 85 min of machining (Table 2): tool wear, surface
quality, cutting power, cutting temperature, cutting noise, carbon emissions, and coolant
cost. Lower tool wear is desirable as it increases tool life and reduces replacement costs.
Ionic fluid outperforms mineral oil with significantly lower tool wear, receiving a score of
+2 compared to +1 for mineral oil. Lower surface roughness indicates better surface quality,
critical for part precision. Both fluids meet the industrial standard of 1.6 µm, but ionic fluid
demonstrates superior surface quality, scoring +2, while mineral oil scores +1.

Table 2. Estimated sustainability scores.

Key Factors Weight (%) Weight
Score

Mineral
Oil

Ionic
Fluid

Score
(Mineral

Oil)

Weighted
Score

(Mineral Oil)

Score
(Ionic
Fluid)

Weighted
Score (Ionic

Fluid)

Tool wear (mm) 20 2 0.358 0.157 +1 +2 +2 +4

Surface
roughness (µm) 20 2 1.342 0.985 +1 +2 +2 +4

Cutting
power (kW) 10 1 2.463 2.386 +1 +1 +1 +1

Cutting
temperature (◦C) 10 1 81.4 73.5 +1 +1 +2 +2

Cutting
noise (dB) 10 1 83.5 79.4 −2 −2 −1 −1

Carbon emission
(KgCO2) 20 2 2.477 2.400 −2 −4 −1 −2

Coolant cost
(USD) 10 1 6.13 6.64 +1 +1 −1 −1

Total Score +1 +1 +4 +7

Lowering power consumption reduces energy costs. Ionic fluid slightly outperforms
mineral oil in this aspect, but both receive a score of +1 due to the marginal difference.
Lower cutting temperature improves tool life and surface quality. The ionic fluid shows
significantly lower cutting temperatures, scoring +2, while mineral oil scores +1. Lower
noise levels contribute to a safer working environment. Ionic fluid produces less noise,
scoring −1, while mineral oil is assigned −2. Carbon emissions are critical for sustainability.
Ionic fluid produces lower emissions, scoring −1, compared to −2 for mineral oil. Lower
coolant costs enhance cost efficiency; mineral oil scores +1 for its slightly lower cost, while
ionic fluid scores −1. Ionic fluid outperforms mineral oil in key areas, achieving a total
weight score of +7, compared to +1 for mineral oil. The sustainability comparison is
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graphically represented using the Kiviat radar plot shown in Figure 18. The scores indicate
that the ionic fluid is a more favorable sustainable cooling approach for hard turning.
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In this study, a comparative evaluation of the performance of mineral oil and ionic

Taguchi-based cutting fluids in hard turning was conducted. The following major observa-
tions were made:

• The tool life under ionic fluid was found to be approximately 103 min, which is 28.75%
higher than that of mineral oil (80 min). Abrasion and adhesion were identified as the
dominant wear mechanisms leading to tool failure;

• The surface roughness, power consumption, cutting temperature, and carbon emis-
sions under ionic fluid conditions were relatively lower compared to mineral oil,
attributed to the better shearing ability of material, reduced tool wear, and extended
tool life;

• Cutting noise emission improved with machining time and remained below 85 dB,
making it safer for operators in terms of hearing health;

• A significant improvement in circularity error reduction was observed under ionic
fluid conditions, with the error being 267% lower than that with mineral oil;

• The weighted Pugh matrix approach gave a higher sustainability score to ionic fluid
(+7) compared to mineral oil (+1), making ionic fluid the more sustainable cooling
option for hard turning.
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