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Abstract: In recent years, hard turning has emerged as a burgeoning cutting technology for producing
high-quality finishing of cylindrical-shaped hardened steel for a variety of industrial applications.
Hard turning under dry cutting was not accepted because of the generation of higher cutting
temperatures which accelerated tool wear and produced an inferior surface finish. Nowadays,
minimum quantity lubrication (MQL) is widely accepted in hard turning to reduce the problems
encountered in dry cutting. This research aimed to augment the MQL performance in the hard
turning process of AISI D2 steel by applying a novel concept, namely, a dual jet nozzle MQL system
that supplies the cutting fluid into the cutting zone from two different directions. The performances
of hard turning are discussed using machinability indicator parameters, such as surface roughness,
tool wear, cutting temperature, power consumption, noise emission, and chip morphology. The
dual nozzle MQL greatly reduced the friction between contact surfaces in the cutting zone and
provided improved surface quality (Ra = 0.448 to 1.265 µm). Furthermore, tool flank wear was found
to be lower, in the range of 0.041 to 0.112 mm, with abrasion and adhesion being observed to be
the main mode of wear mechanisms. The power consumption was greatly influenced by the depth
of cut (46.69%), followed by cutting speed (40.76%) and feed (9.70%). The chip shapes were found
to be helical, ribbon, and spiral c type, while the colors were a metallic, light blue, deep blue, and
light golden.

Keywords: hard turning; AISI D2 steel; dual nozzle MQL; surface roughness; surface texture; flank wear;
cutting temperature; power consumption; noise emission; chip morphology

1. Introduction

In recent years, hard turning has become an important machining technology for
hard-to-cut metal materials. This technology has great potential to replace the traditional
grinding process to achieve enhanced productivity, while maintaining superior surface
quality. This process is much easier, more environmentally friendly, economical, and more
flexible than the existing grinding process [1]. Hard turning is referred to as a plain turning
process applied to hardened steel of hardness superior to 45 HRC [1,2]. Previously, hard
turning was mostly accomplished in a dry environment, using cubic boron nitride and
ceramic cutting inserts, which led to increased cutting costs of machining because of the
higher cost of the cutting tools. Nowadays, the economic issue associated with hard turning
us solved by implementing low budget, multi-coated, carbide tools with different cutting
fluid applications.

Hard turning was greatly influenced by cutting tool materials and their geometrical
parameters. In recent technological advancements, many coated carbide tools have been
developed to machine hard-to-cut hardened steels. These tools were developed by applying
suitable coatings on carbide substrates using CVD or PVD coating technology. In the
open literature, the most commonly used coating layers on carbide substrates for hard
turning applications are the following: TiAlN [3], AlTiN [4], Al2O3-TiC [5,6], TiN-AlCrN [5],
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TiAlN-TiN [7,8], Al2O3-TiCN [7,9], TiSiN-TiAlN [10,11], TiCN-Al2O3-TiN [12,13], TiC-TiCN-
Al2O3 [14], TiN-TiCN-Al2O3 [15,16], TiN-Al2O3-TiCN [17,18], TiN-TiCN-Al2O3-ZrCN [19],
TiN-TiCN-Al2O3-TiN [20], etc. These coatings have different physical and mechanical
properties, which greatly affect the hard-turning behavior.

Cutting fluids used in hard turning have negative effects on both the environment
and human well-being. In the domain of metal cutting, there has also been an upsurge
in the extremely high cutting heat and force generation involved in machining hardened
steels. Consequently, research into, and the development of, new, environmentally friendly
cooling and lubrication techniques are needed [21]. In this context, nowadays, the mini-
mum quantity lubrication (MQL) technique is popularly utilized in hard turning to deliver
air–oil mist lubricant into the cutting region. MQL has been classified as an ecologically
approved cooling technique for many different machining processes. The advent of MQL
has enabled it to use less coolants, while increasing lubrication performance at high ma-
chining speeds [22,23]. The important features of MQL include a reduction in cutting
fluid consumption, cost effectiveness, environmental friendliness, and improved overall
cutting performance and machined surface quality [24]. Many experimental studies [25–28]
have reported that MQL has great capability to lessen the friction at machining interfaces,
prevent temperature growth and adhesion, lengthen tool life, and improve surface quality
in several traditional machining operations, such as milling, turning, grinding, and drilling.

The success of MQL technology in cooling applications depends on the characteristics
of the cutting fluid used and the operating parameters of the MQL. The usage of eco-
friendly cutting fluids, namely, vegetable oils, synthetic esters, and fatty alcohols, in MQL
bridged the injurious environmental effect of cutting fluids. Moreover, along with the
environment-friendly characteristics of the cutting fluid, higher heat conductive properties
are also essential for the rapid transfer of generated heat from the machining area to the
environment. The poor heat transfer capability of cutting fluid causes more heat penetration
in the workpiece and the cutting tool, and, thus, results in work-surface damage and tool
failure. According to Bosewell et al. [29], MQL fluids must have high lubricity, stability, and
biodegradability to achieve the conditions of sustainability in machining activity. Many
MQL fluids have been implemented so far to investigate their machinability augmentation
in the hard turning process. Arsene [30] implemented corn oil as a cutting fluid via MQL
in the hard turning of D2 steel. The results revealed that the corn oil developed a strong
anti-friction and anti-wear thin film, and, thus, improved the surface quality (about 10–15%)
and prolonged tool life. Chavan and Sargade [31] implemented different kinds of vegetable
oils, such as coconut oil, soyabean oil, and palm oil, in MQL turning of AISI 52100 hardened
steel with a TiSiN-TiAlN-coated carbide cutting tool. Palm oil-assisted machining provided
a superior performance to that of other vegetable oils to achieve the least cutting force
and machined surface roughness. Das et al. [32] performed experiments to analyze the
effect of cutting fluids (compressed air, water-soluble coolant, nano-cutting fluid) on tool
flank wear, radial and feed forces, and chip thickness. Nanofluid-MQL was observed to
be the most effective in terms of wear, forces, and chip thickness. Mawandiya et al. [33]
made a comparison of machining performances under Caster oil MQL and Molybdenum
disulfide mixed sunflower oil MQSL in machining 4340 steel. Surface roughness and
energy consumption were found to be the least with MQSL when compared to MQL and
dry machining. Sani et al. [34] utilized Jatropha-based vegetable oil with ammonium and
phosphonium-based ionic fluid through MQL in turning 1045 steel. Ammonium-based
ionic fluid exhibited improved results in comparison to phosphonium-based ionic fluid.

Moreover, MQL operating parameters, like air pressure, pulse duration, and flow
rate, affects the machinability index of different metallic alloys. The number of MQL
nozzles, their positioning, and their directions play a prominent role in augmenting the
machinability process to meet sustainable requirements [35,36]. Several researchers studied
the efficacy of MQL technology used in chip removal activities. Mia and Dhar [37,38]
explored the impact of nozzle positions in tuning Ti-grade 5 alloys and concluded that dual
nozzles are more promising for cooling and lubricating the cutting zone, in comparison
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to a solitary nozzle. According to Sohrabpoor et al. [39], the spraying of MQL fluid was
more efficient when the position of the nozzles was oriented towards the rake surface, and
the flank surface, of the tool, when turning 4340 steel. Many researchers reported that
MQL is a superior cooling technology to dry cutting to lessen cutting tool wear, cutting
forces, and surface roughness, while enhancing tool life [40–44]. Ozbek and Saruhan [45]
concluded that MQL-enabled machining exhibited a great reduction in tool wear (23%),
cutting temperature (25%), and cutting tool vibration amplitude (45%), as compared to
dry cutting. Özbek et al. [46] explored the machinability comparison of Vanadis 10 steel in
dry and MQL conditions. MQL demonstrated notable improvements in measured outputs
(cutting temperature, tooling wear, surface roughness, service life of the tool, and cutting
tool vibration amplitude) compared to dry machining. The cutting speed was the most
effectual in regard to vibration amplitude (46.22%) and tool wear (32.41%). Gürbüz and
Gönülaçar [47] compared the machinability behavior of AISI 4140 steel in MQL, dry and
wet machining conditions. It was concluded that the MQL environment considerably
minimized tool wear when contrasted with wet and dry machining.

According to the literature review, the MQL technique has high potential for effi-
caciously supplying mist lubricant into the cutting region in various metal machining
processes. Most MQL-based research used a single nozzle to deliver cutting fluid into the
cutting zone. Very few works reported on the use of dual nozzle MQL applications in metal
machining. In the context of hard turning, the use of dual nozzle MQL could be a novel
approach to investigate machinability behavior. Moreover, the characteristics of cutting
fluid largely influence the cooling and lubrication performance of MQL. In this research,
eco-friendly and commercially available spring oil was used via dual jet nozzle MQL to
study the cutting characteristics of AISI D2 steel using a CVD-coated (TiCN/Al2O3) carbide
tool. Furthermore, for sustainability concerns, noise emission and power consumption in
hard turning are critical parameters, but very few researchers have investigated these pa-
rameters in hard turning. Therefore, this study addressed several machinability-indicating
factors, like flank wear, surface roughness, surface texture, cutting temperature, noise
emission, power consumption, and chip morphology to analyze the machinability behavior
of AISI D2 steel under a dual nozzle MQL system.

2. Materials and Methods

In this research, a cylindrically shaped AISI D2 steel (57 ± 1HRC), of diameter 45 mm
and length 200 mm was considered as the work specimen on which to perform the hard
turning operation and investigate machinability qualities under a dual nozzle MQL cooling
environment. The elemental composition of AISI D2 steel is Cr (12.2%), C (1.6%), Mn (0.4%),
Si (0.2%), Ni (0.09%), P (0.03%), Co (0.71%), S (0.02%), V (0.96%) and Fe (rest). This material
has a wide range of applications in the mold–die making, automotive, and press tool
industries, etc., but its machining is said to be difficult, due to its high chromium and high
carbon contents [48–50]. Furthermore, the higher hardness of heat-treated D2 steel makes
cutting more difficult, necessitates more cutting force, and results in increased tool wear
during machining. A Kennametal manufactured CVD-coated (TiCN/Al2O3) carbide insert,
of designation CNMG-120408FN with grade KCK05, was used for machining, having a
cutting geometry-like approach angle of 95◦, included angle of 80◦, rake angle (back) of
−6◦, clearance angle of 5◦, an inclination angle of −6◦ and nose radius of 0.8 mm. A tool
holder, having ISO designation PCLNR2525M12, was used to hold the insert rigidly. For the
hard turning operation, a CNC-enabled automated lathe machine, model DX 200 4A (Jyoti
CNC Automation Ltd.), was used, having an adjustable speed range of 50–4000 rev/min
and a power capacity of 7.5 kW.

The experiments were executed using the Taguchi L27 design (27 experiments) with
3 input factors (depth of cut (a) mm, tool feed rate (f ) mm/rev, and cutting speed (V)
m/min) and their 3 variables, as presented in Table 1. Moreover, a newer cooling concept,
namely, a dual nozzle MQL system, was utilized to spray the cutting lubricant into the
cutting region. The cutting lubricant used was LRM 30, which is spring oil. This is



Lubricants 2023, 11, 16 4 of 30

an advanced non-toxic lubricating oil with a viscosity of 32 cSt at 30◦and flammability
point exceeding 200 ◦C. It does not produce any environmental hazards during operation.
The cooling set-up and spring oil were supplied by DropsA, Italy. Furthermore, trial
experiments were carried out to select the most effective MQL operating parameters, such
as those of flow rate, air pressure, and nozzle position. Based on the results, the MQL flow
rate was kept fixed at 50 mL/hr for both nozzles and air pressure was taken as 6 bars.
The first nozzle was placed towards the flank face of the tool with a 30◦ ± 5◦ angle from
the tool axis, while the second nozzle was oriented towards the cutting zone vertically
(with a deviation of ±5◦) from the top side, as shown in Figure 1. The diameter of the
nozzle outputs for both nozzles was 1 mm. The distance of both nozzles from the cutting
zones was kept at 25 ± 5 mm. Many researchers fixed the nozzle distance in the range of
20–30 mm [45,51,52].

Table 1. Details of items required for hard turning tests.

Items Details

Machine tool CNC lathe(DX 2004A)
Work sample AISI D2 steel
Work specimen hardness 57 ± 1 HRC
Work dimension 45 mm diameter, length 200 mm
Machining length 160 mm

Cutting tool CVD coated carbide(TiCN-Al2O3), KENNAMETAL
ISO geometry- CNMG120408FN, Grade- KCK05

Tool holder PCLNR2525M12
Design of Experiment (DOE) Taguchi L27 orthogonal array
Cutting speed (V), m/min 100, 175, 250
Depth of cut(a), mm 0.15, 0.25, 0.35
Feed(f ), mm/rev 0.06, 0.12, 0.18

Cutting environment
Dual Nozzle MQL

Air Pressure—6 bar (Fixed)
Flow rate of each nozzle—50 mL/h (Fixed)

MQL lubricant Spring Oil (LRM 30)

The turning length was fixed at 160 mm for each experiment. For each experiment, a
new tip tool was used. The machinability indicator factors, like surface roughness-Ra (µm),
flank wear-VBc (mm), cutting temperature-T (◦C), cutting power-Pc (kW), noise emission-
Ne (dB), and chip morphology, were measured and the effects of the cutting parameters on
these factors discussed. The surface roughness was measured at three distinct portions of
the finished surface using the SURFTEST (SV-2100) instrument. The same instrument was
used for surface texture measurement. The mean of three roughness readings was taken.
The acceptable surface roughness criteria were set as 1.6 µm. The wear land measurement
on the too-flank face and surface topology of the machined surface was accomplished using
an optical microscope (Olympus STM 6 model). Moreover, SEM and EDS were also carried
out to analyze the mechanics of tool wear. The cutting temperature was measured in the
course of machining. An FLIR T540 thermal camera was used to measure the temperature.
The distance from the cutting zone to the focus lens of the camera was taken as 30 cm.
The emissivity was set to 0.81 before measurement [52]. The maximum temperature was
considered to be near the tool-tip (flank face) for this study. The power consumption in
machining was directly measured using a 3-Phase multi-function power cum energy meter
(RISH Delta Energy, EMT 34). Noise emission in machining was recorded using a fluke
make sound level meter (Model- Fluke 945). This instrument was kept at a distance of
30 cm from the axis of the workpiece during cutting for noise measurement. The average
of five readings of sound value was taken for the assessment of noise emission. The main
effects plot, surface plots, interaction plots, and ANOVA were developed using Minitab 17
software. The details of the experimental setup and instrumental setups are schematically
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given in Figure 1a, while the positioning of the MQL nozzles during machining is shown
in Figure 1b.
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Figure 1. (a) Scheme of the experiments and measurements (b) Nozzle positions.

3. Results and Discussions

The measured results of Ra, VBc, T, Pc, and Ne for the Taguchi L27 experiments are
provided in Table 2.

Table 2. Experimental results.

Run

Turning Parameters (Inputs) Performance Indexes (Outputs)

a
(mm)

f
(mm/rev)

V
(m/min)

Ra
(µm)

VBc
(mm)

T
(◦C)

Pc
(kW)

Ne
(dB)

1 0.15 0.06 100 0.533 0.041 62.4 0.424 68.54
2 0.15 0.06 175 0.503 0.049 79.5 0.643 71.28
3 0.15 0.06 250 0.448 0.068 100.6 0.956 74.33
4 0.15 0.12 100 0.584 0.045 52.4 0.683 70.12
5 0.15 0.12 175 0.586 0.053 71.0 0.868 72.56
6 0.15 0.12 250 0.501 0.075 97.0 0.985 75.82
7 0.15 0.18 100 1.024 0.047 56.8 0.628 69.24
8 0.15 0.18 175 0.974 0.055 70.4 0.745 71.30
9 0.15 0.18 250 0.855 0.078 95.5 0.899 75.42

10 0.25 0.06 100 0.614 0.043 48.8 0.464 72.32
11 0.25 0.06 175 0.566 0.054 67.4 0.667 76.61
12 0.25 0.06 250 0.513 0.073 93.6 0.712 79.3
13 0.25 0.12 100 0.783 0.047 40.6 0.524 73.84
14 0.25 0.12 175 0.684 0.059 58.4 0.712 76.52
15 0.25 0.12 250 0.561 0.078 83.7 0.832 79.97
16 0.25 0.18 100 1.048 0.051 50 0.567 75.4
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Table 2. Cont.

Run

Turning Parameters (Inputs) Performance Indexes (Outputs)

a
(mm)

f
(mm/rev)

V
(m/min)

Ra
(µm)

VBc
(mm)

T
(◦C)

Pc
(kW)

Ne
(dB)

17 0.25 0.18 175 0.926 0.062 61.1 0.768 77.37
18 0.25 0.18 250 0.805 0.081 79.1 0.896 79.51
19 0.35 0.06 100 0.845 0.046 65.8 0.755 74.6
20 0.35 0.06 175 0.743 0.061 79.5 0.936 77.6
21 0.35 0.06 250 0.612 0.083 107.1 1.069 80.2
22 0.35 0.12 100 0.874 0.051 58.5 0.932 75.5
23 0.35 0.12 175 0.742 0.066 73.4 1.037 79.64
24 0.35 0.12 250 0.634 0.089 98.2 1.214 81.2
25 0.35 0.18 100 1.265 0.057 73.4 0.901 79.52
26 0.35 0.18 175 1.076 0.071 83.5 1.052 80.14
27 0.35 0.18 250 0.910 0.112 117 1.196 82.7

3.1. Assessment of Finished Surface Quality

The surface quality of the finished part was investigated using surface roughness (Ra),
surface topology, and surface texture. The Ra is said to be vital in machining and strongly
related to cutting tool wear [53]. The Ra denotes the quality standard of the finished part and
affects the working life of the product. The Ra was extensively stimulated by the machining
parameters, tool geometry, and machining environments. Surface topology images can
also be used to visualize surface quality. The larger the groove size, the poorer the surface
quality. Similarly, the surface texture showed irregularities present in the finished surface.
In the current study, the surface quality was discussed by varying the machining parameters
(using Taguchi L27 design) under dual nozzle MQL cooling conditions.

The measured Ra value for each run is displayed in Table 1. The obtained Ra values
followed the normal distribution, as p-value (0.183) exceeded the limit of significance level
(0.05), as displayed in Figure 2a. The smallest and largest Ra values were found to be
0.448 µm and 1.265 µm, correspondingly, with an average value of 0.748 µm and standard
deviation of 0.213, as shown in Figure 1a. According to the results, the obtained Ra values
were significantly lower than the recommended control limit of Ra value (1.6 µm) [54].

The effect of cutting factors on Ra were investigated using main effects plots (Figure 2b),
surface plots (Figure 2c–e), interaction plots (Figure 2f), and ANOVA (Table 2). The main
effects plot indicated that the Ra improved with increasing feed and depth of cut, while it
deteriorated with growing cutting speed. With rising feed and depth of cut, cutting forces
and tool vibration increased accordingly and surface roughness improved. According
to Rajan et al. [55], when turning was performed at higher feed and deeper depth of cut
cutting conditions, the dynamic instability in cutting improved, resulting in non-uniform
interaction between tool and workpiece and higher surface roughness. Moreover, the
surface roughness deteriorated with growing cutting speed, due to the formation of shorter
chip-tool contact lengths at higher cutting speed conditions. At an elevated cutting speed,
thinner chips were generated that brought down the chip reduction coefficient, and, as
a result, cutting strain was lessened and, consequently, surface roughness diminished
and surface quality improved. From the surface plot (Figure 2c), the slope of the surface
exhibited simultaneous improvement in feed and depth of cut, which ensured an increment
in Ra with growing levels of feed and depth of cut. Kulshreshtha [56] also reported a
similar consequence of feed and depth of cutting in turning EN 36 steel. Similarly, the
machined surface slope descended diagonally with leading speed and feed which ensured
that the best surface quality was achieved at the highest cutting speed (250 m/min) and
the lowest feed (0.06 mm/min) rate combination. The surface slope was more with leading
feed, in comparison to a speed which ensured the dominancy of feed on Ra rather than
speed. Moreover, the slope of the surface also reduced diagonally when cutting speed and
depth of cut were leading simultaneously. The lowest Ra was seen with the machining
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conditions of uppermost speed (250 m/min) and lowest depth of cutting (0.15 mm). From
the interaction plots, the consequence of the interactions of all pairs of terms (a*V, a*f, and
f *V) had significant stimulus effects on Ra. This was also validated by the ANOVA analysis
(Table 3), where the p value for each interaction term lowered to a significance level of
0.05. ANOVA reported that all the cutting variables had a relevant impact on Ra as their
corresponding p value was lowered to 0.05. Based on the cutting variables, feed had the
greatest impact (66.70%) succeeded by depth of cut (14.30%) and cutting speed (14.18%).
This result agreed with the theoretical concept that the square of feed is proportional to Ra.
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Table 3. ANOVA for response surface roughness.

Terms DF Adj-SS AdJ-MS F P % Contribution Significant

a 2 0.16854 0.084272 205.54 0.000 14.30 Yes
f 2 0.78621 0.393103 958.77 0.000 66.71 Yes
V 2 0.16714 0.083570 203.82 0.000 14.18 Yes
a × f 4 0.02168 0.005420 13.22 0.001 1.84 Yes
a × V 4 0.02133 0.005332 13.00 0.001 1.81 Yes
f × V 4 0.01040 0.002600 6.34 0.013 0.88 Yes
Inaccuracy 8 0.00328 0.000410
Aggregate 26 1.17858

Summary: R2 = 99.72%; R2 (adjacent) = 99.10%; R2 (prediction) = 96.83%.

The surface topology images for Run 3 (lowest feed, lowest depth of cut, and highest
cutting speed) and Run 25 (largest feed, largest depth of cut, and lowest cutting speed)
are displayed in Figures 3a and 3b, respectively. Finer feed marks were observed in Run 3
versus Run 25, due to lower feed with high-speed combination machining, resulting in
an improved surface finish. At higher feed with the lowest speed machining condition,
the spacing between two consecutive feed marks was found to be greater, resulting in a
relatively rough surface. The quality of the surface was addressed using surface texture
measurement results, displayed in Figure 4. The assessment of surface texture was scientifi-
cally important for real application of the part produced. The surface texture measurement
results of the finished part showed the profile of peak and valley distribution, amplitude
distribution curve, and bearing area curve. The texture study was accomplished for the
least and largest surface roughness samples, as revealed in Figures 4a and 4b, respectively.
The distribution of peak and valley for both samples was non-uniform because of the
presence of fine particles adhered to the machined surface. The gap between the two
consecutive peaks, as well as the valley, was lowered when machining at the lowest feed
(0.06 mm/rev) and highest speed (250 m/min), thus providing better surface quality in
comparison to machining at the highest feed (0.18 mm/rev) with lowest cutting speed
(100 m/min). As thicker material (0.35 mm) required removal with the lowest cutting
speed (100 m/min), more cutting force was generated and, as a result, higher surface
roughness (1.265 µm) was recorded in Run 25, in comparison to Run 3 (0.448 µm). The
ADC provides the overall morphology of the finished sample. According to Smith [57],
symmetric curve distribution confirms uniform variation of texture on the finished part,
whereas non-symmetric distribution shows skewed amplitude dissemination onto the
machined surface. Skewness gives rise to the differences in peaks and valleys present in
the finished part. Referring to ADC graphs (Figure 4a,b), the curves were unsymmetrical in
both conditions, Run 3 and Run 25, indicating that the surface profile was not uniform for
both experimental conditions. Similarly, the BAC plot indicates (Figure 4a,b) the quality of
finishing obtained on the machined part. According to Zhu and Huang’s study [58], if the
shape of BAC is ‘S’ and the slope is lower this indicates higher surface quality. Cîrstoiu [59]
also stated that the closer the shape is to an ‘S’ and the lower slope of BAC the better the
surface quality. Referring to these opinions, it can be said the BAC for Run 3 had a lower
slope with a shape close to an ‘S’ shape, therefore the surface quality for this condition
was better and, hence, it had the experimentally lowest surface roughness (0.448 µm).in
comparison to Run 25, where the slope was higher, relatively, and the shape did not follow
an ‘S’ shape.

3.2. Assessment of Tool Flank Wear

The state of tool wear determines how well the hard-turning test performs. Higher
tool wear causes higher tooling costs, lower productivity, poor surface quality, and higher
dimensional errors, making it unsuitable for hard machining. Flank wear is a gradual
mode of tool wear that frequently occurs in hard turning due to continuous rubbing
of the tool flank surface with the finished work surface [60,61]. This wear cannot be
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eliminated, but it can be controlled by applying suitable cutting parameters, appropriate
tool materials, and advanced cooling technology. In addition, there are several other
modes of wear, such as adhesion, diffusion, chipping, notching, and catastrophic tool-tip
breakage, in hard turning [61,62]. Adhesion and diffusion wear are temperature dependent
and usually analyzed with the help of images taken by a scanning electron microscope
(SEM), characterized by energy dispersive X-ray spectroscopy (EDS). Chipping and tool-tip
breakage occur, due to higher cutting load subjected to the tool tip during cutting.

In this study, the tool flank wear was measured after each run and the results are
shown in Table 2. The obtained wear value for the entirety of the experiments followed
normal distribution as the p-value (0.121) exceeded the limit of significance level 0.05,
as displayed in Figure 5a. As the tool’s edge was broken in run 27, its wear width was
higher as a result and its value can be seen to be outside the normal distribution curve
displayed in Figure 5a. In the entire experiment, the lowest and highest flank wear widths
were noted as 0.041 mm and 0.112 mm, respectively. These wears using a double nozzle
MQL strategy were very promising in terms of hard turning concerns, due to the mist
coolant in the interfaces of the tool-work and tool-chip [63]. The smallest wear width (0.041
mm) was obtained when machining was executed at low levels of input cutting variables,
whereas the cutting edge was broken when machining was executed at the highest levels
of machining parameters. Figure 5b shows that the wear width increased with growing
levels of v, a, and f. The higher growth in wear was noticed with leading cutting speed,
The wear width was growing almost linearly with improved cutting speed. The surface
slope for wear (Figure 5c–e) sloped diagonally upwards with increasing levels of pair of
cutting terms f-a, V-a, and V-f, simultaneously. Similarly, the highest levels of cutting terms,
f-a, V-a, and V-f, exhibited the largest flank wear (0.112 mm). It was also observed that the
stimulus of the pair of parameters V-a on tool flank wear was greatest in comparison to
other pairs of terms and this was also evident in the interaction plots (Figure 5f), where the
interaction effect of terms a × V potentially existed. ANOVA (Table 4) also presented the
significant contribution (2.67%) of interaction terms V*a on flank wear with a significant
level limitation of 0.05. ANOVA also showed the contribution of cutting variables towards
flank wear. Cutting speed was the most important factor (74.58%), followed by the depth of
cut (12.40%) and feed (6.95%). All of these variables had significant impact on flank wear.
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Figure 5. Assessment of tool flank wear (VBc) using (a) Probability plot; (b) Main effects plot;
(c–e) Surface plots; (f) Interaction plots.

Table 4. ANOVA for response tool flank wear.

Terms DF Adj-SS AdJ-MS F P % Contribution Significant

a 2 0.000916 0.000458 41.86 0.000 12.40 Yes
f 2 0.000513 0.000256 23.42 0.000 6.95 Yes
V 2 0.005509 0.002754 251.66 0.000 74.58 Yes
a × f 4 0.000103 0.000026 2.36 0.141 1.39 No
a × V 4 0.000195 0.000049 4.46 0.035 2.64 Yes
f × V 4 0.000063 0.000016 1.45 0.304 0.85 No
Inaccuracy 8 0.000088 0.000011
Aggregate 26 0.007387

Summary: R2 = 98.81%; R2 (adjacent) = 96.15%; R2 (prediction) = 86.50%.
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Further, the mechanism of tool flank wear was evidenced using optical images
(Figure 6). Figure 6 displays the obtained flank wear images of the 27 experiments. In
the majority of test conditions, abrasion marks on the tool flank face were seen. The abra-
sive marks were obtained due to the relative interaction of the tooltip with the hardened
workpiece in machining at various cutting speeds. During the turning process, the hard
phase of carbon and chromium present in D2 hardened steel was rubbed with a sharp and
clean tooltip, hence rubbing marks were produced on the tooltip, referred to as abrasive
marks. The width of abrasive marks increased with leading speed and, thus, the tool flank
wear increased with time. In some tests (Run 18 and Run 22), chipping on the tool edge
was seen due to higher vibration and load on the tool by removing higher-depth material
at higher feed conditions. Moreover, wear analysis for the conditions of the lowest and
highest cutting parameters was addressed by means of SEM and EDS analyses. To examine
the wear morphology in comparison to a fresh tool, SEM with EDS testing was performed
for the fresh tool, as displayed in Figure 7. From this analysis, it was confirmed that the
cutting tool had TiCN + Al2O3 coatings with elements Ti, C, N, Al, and O having 31.8%,
15.0%, 21.3%, 22.8%, and 9.0% weight, respectively. Abrasive marks were seen in the SEM
image (Figure 8a) of the tool (Run 1—lowest cutting parameters), while broken fine chip
materials adhered to the tool edge. Similarly in the SEM image (Figure 8b) of the tool
Run 27, having the highest cutting parameters, the tool edge was lost, due to the generation
of higher mechanical load during cutting at the highest depth of cut (0.35 mm), fastest tool
feed (0.18 mm/rev) and largest cutting speed (250 m/min) cutting conditions. Due to the
higher cutting temperature, the chip materials welded over the rake surface, shown in
Figure 8b.
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Moreover, the EDS test was executed at three different spots for both worn tools (Run 1
and Run 27), as shown in Figure 9. The interpretation of the EDS results for Run 1 was as
follows: in all spots, elements ‘Fe’ and ‘W’ were shown in the elemental chart. The presence
of element ‘Fe’ confirmed the adhesion of work material on the tool edge. Similarly, the
presence of ‘W’ confirmed the rubbing of tool coatings by abrasive action and, as a result,
tool substrate ‘W’ was slightly exposed. Further, a great reduction in elements ‘Ti’ and N
was seen in each spot, due to the transfer of tool coatings with formed chips. In spot 1,
the % of element ‘C’ was reduced due to the rubbing of the tooltip, while in other spots
(2 and 3), the weight % of ‘C’ increased, which ensured the adhesion of C elements from
the workpiece to the tooltip. At each spot, the element ‘O’ was associated with Al2O3 (top
coating) and seemed to be higher in comparison to the fresh tool. This might have been
due to non-uniformity in the distribution of ‘O’ in the Al2O3 top layer. Furthermore, an
increase in the weight percentage of ‘O’ was observed due to the formation of oxidative
wear caused by a chemical reaction between the tool surface and the oxygen available in
the environment. An increment in % weight of element ‘Al’ (Spot 1–2) was seen due to
non-uniformity in the distribution of ‘Al’ in the Al2O3 top layer, while the reduction in
‘Al’ % weight might have been due to abrasion. In spot 2, the workpiece element ‘Mo’ was
seen on the tool-tip because of the adhesion of very finely formed chips over it. Overall,
the key wear mechanisms responsible for the occurrence of flank wear at the lowest levels
of cutting parameters were abrasion and adhesion.
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Figure 9. EDS test of worn tool (at different spots) obtained in Run1.

Additionally, the illustration of the EDS result (Figure 10) for the largest wear (obtained
at the highest level of process variables) is discussed as follows. In each spot on the cutting
tool, the elements of the work, such as ‘Cr’, ‘Fe’, and ‘Mo’, were seen, which indicated the
adhesion of the chip’s materials on the cutting edge and rake face of the tool due to the
high temperature generated at the highest speed–feed–depth of cut condition. Similarly,
the % weight of ‘C’ on the tool-tip was enhanced in all spots, indicating the adhesion
of workpiece element ‘C’ over the tool-tip region. The presence of the ‘W’ element in
the EDS report of all spots indicated the exposure of the substrate tool material (W) due
to catastrophic breakage of the tool-tip at the highest cutting parameters. Catastrophic
breakage of the tool edge occurred because of high mechanical load or stress over the
tool edge at the highest cutting parameters. An increment in ‘O’ at spot 1 and spot 2 was
evident in the oxidation layer formation over the tool edge. Spot 2 lay on the coating
removed part of the tool, hence the % of ‘O’ was decreased as it was associated with Al2O3
coating. In Spot 3, the element ‘N’ was not present and the % of Ti, ‘Al, ‘O’, and C were
very low, hence it was evidence of the partial removal of tool coatings (TiCN + Al2O3)
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from the tool-tip. Overall, at the highest cutting conditions, adhesion, oxidation wear, and
catastrophic tool-tip failure were found.
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3.3. Assessment of Cutting Temperature

The generation of high-magnitude temperatures in hard turning is a crucial issue for
the machinist. High temperatures generated during machining cause severe tool wear
in the form of plastic deformation, adhesion, diffusion, and thermal cracking. It is also
responsible for chip adhesion on the finished surface, surface deformation, surface damage,
and built-up formation, especially in hard turning. Therefore, several cooling strategies
have been applied in the past to control the intensity of temperature evolving in hard
turning. This research applied a novel cooling approach, called dual nozzle MQL, to
explore the machining characteristics enacted in the hard turning procedure of AISI D2
steel with a CVD-coated carbide cutting tool.

For hard turning concerns, the measured cutting temperature was found to be very
low (Table 2). This was possibly due to the simultaneous impingement of spring oil into the
tool–work contact region from two different directions (from the top of the cutting region
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and towards the flank surface of the tool). Due to the spraying form of the coolant, the
maximum amount of generated heat was used to vaporize the sprayed coolant, resulting in
a significant reduction in temperature in the cutting region. In MQL, the coolant impinged
with higher frequency, resulting in an improved Nusselt number and, thus, improved heat
transfer [64]. The double nozzle system discharged a sufficient amount of coolant, thus
providing efficient cooling, and, as a result, temperature significantly reduced. In this CNC
lathe, the tool rake face is on the bottom side, hence the tendency of chip movement is in a
downward direction, and, as a result, the contact area between the tool and chip is reduced
so temperature produced in the cutting region is greatly reduced. Tool-tip temperature
(on the flank face) was recorded to have lowered, as displayed in Figure 11a (Run 1) and
Figure 11b (Run 27), respectively.
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The mean temperature in the entire 27 runs was found to be 74.99 ◦C, with a standard
deviation of 19.48 ◦C. All the obtained data followed the normal distribution with a p value
of 0.747, as displayed in Figure 12a. Thus, these are referred to as statistically significant.
According to Figure 12b, the temperature rapidly grew with increasing cutting speed, due
to inadequate penetration of the mist lubricant into the shearing zone at a higher cutting
speed [65]. The low-temperature range was observed when machining was accomplished
with a moderate level of feed (0.12 mm/rev) and cutting depth (0.25 mm). This was also
observed in surface plots (Figure 12c), where the slope of the surface was reduced at a
moderate level of feed and cutting depth. From surface plots, the temperature increased in
tandem with increases in cutting speed–feed (Figure 12d) and cutting speed–depth of cut
(Figure 12e). The interaction effect of pairs of cutting factors is illustrated in Figure 12f. The
interaction consequence of terms a-f occurred strongly because the graphs are non-parallel,
whereas the interaction stimulus of other pairs of terms on temperature did not exist and
their graphs were parallel. ANOVA results confirmed these findings. According to the
results of ANOVA (Table 5), the interaction term a-f was significant (p < 0.05), whereas the
other pairs of interaction terms a-V and f -V were insignificant (p > 0.05) for temperature.
ANOVA also showed that the cutting speed was the most influential cutting term with a
contribution of 75.84% followed by the depth of cut and feed with contributions of 17.18%
and 3.12%, respectively. All the input terms were noteworthy, as their p-values are lower
than 0.05. Moreover, the interaction effects of the terms a-f were said to be significant,
accounting for 2.44% of the total.
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Figure 12. Assessment of cutting temperature (T) using (a) Probability plot; (b) Main effects plot;
(c–e) Surface plots; (f) Interaction plots.

Table 5. ANOVA for cutting temperature.

Terms DF Adj-SS AdJ-MS F P % Contribution Significant

a 2 1695.29 847.64 87.80 0.000 17.18 Yes
f 2 307.62 153.81 15.93 0.002 3.12 Yes
V 2 7481.62 3740.81 387.46 0.000 75.84 Yes
a × f 4 241.11 60.28 6.24 0.014 2.44 Yes
a × V 4 27.58 6.89 0.71 0.605 0.28 No
f × V 4 34.28 8.57 0.89 0.513 0.35 No
Inaccuracy 8 77.24 9.65
Aggregate 26 9864.73

Summary: R2 = 99.22%; R2 (adjacent) = 97.46%; R2 (prediction) = 91.08%.
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3.4. Assessment of Power Consumption

In machining activity, the consumption of electric current is one of the main factors
affecting sustainability. The consumption of electricity is referred to as power consumption
in machining on the shop floor and contributes significantly to the overall machining cost.
Electric consumption in metal machining industries is increasing day by day. According
to the International Energy Agency (IEA), electricity consumption has increased by 1.5%
per year from 2007 and is expected to do so till 2030, with the United States alone account-
ing for 50% of electricity consumption by 2030 [66]. The report also stated that China and
India would use the greatest amounts of power by 2030. Therefore, nowadays, there is a
noteworthy challenge to manufacturers to minimize the utilization of electricity in various
machining activities to overcome global electricity shortages in the future. Taking these
factors into account, the current study provided a thorough examination of power con-
sumption in hard turning of AISI D2 tool steel, by varying the levels of cutting parameters
under dual nozzle MQL conditions.

The power consumption (Pc) was recorded for each test run (as per Taguchi L27 design)
with a fixed turning length of 160 mm, as noted in Table 2. The range of Pc was found to
be between 0.424 to 1.214 kW, with an average of 0.8172 kW and a standard deviation of
0.2088, as displayed in the probability graph (Figure 13a). The probability graph confirmed
that the recorded Pc data followed a normal distribution curve, as the p-value (0.947) was
superior to the significance level (0.05) value. The lowest Pc (0.424 kW) was obtained
at the least value of cutting terms (a = 0.15 mm; f = 0.06 mm/rev and V = 100 m/min).
Nur et al. [67] also got the least power consumption at the lowest level of cutting speed
and feed. The largest Pc (1.214 kW) was obtained when machining was executed at the
greatest depth of cut (0.35 mm), moderate feed (0.12 mm/rev), and highest cutting speed
(250 m/min). From the main effects plot (Figure 13b), the cutting power was almost
proportional to cutting speed, due to the higher energy used to rotate the workpiece
at a higher speed [68]. The cutting power was relatively higher at the lowest depth of
cut (0.15 mm), in contrast to the 0.25 mm depth of cut. A small depth of cut frequently
increases the friction between the tool and workpiece when cutting the hardened layer of a
workpiece, Therefore, it is advised to increase the depth of the cut as much as the machine
power permits so that chipping and abnormal wear are prevented. In the current study,
the chipping and abnormal tool wear at the highest depth of cut conditions were seen in
terms of relatively higher power consumption and temperature being found at the highest
depth of cut. Additionally, it is probable that when the MQL dual nozzles were used in the
cutting zone, the cutting fluid’s lubricating and cooling efficiency increased at moderate
depths of cut, which greatly reduced cutting friction and lowered cutting temperature
and power. The power consumption was drastically enhanced when the depth of cutting
was enhanced from 0.25 to 0.35 mm, which might have occurred due to the higher force
required to remove high-depth material from the parent material [68]. The cutting power
was relatively higher at the lowest depth of cut (0.15 mm), in contrast to the 0.25 mm depth
of cut. This might have been due to the effective lubrication effect of dual nozzle MQL
during machining. Similarly, a relevant gain in power consumption was seen when the
cutting feed was improved from 0.06 mm/rev to 0.12 mm/rev, while later on the power
consumption was marginally bridged with increasing feed (0.18 mm/rev). Valera and
Bhavsar. [69] also reported that the power consumption progressively improved when
cutting feed was improved in turning EN 31 steel. From the surface plots (Figure 13c), a
sharp increment in slope was seen after the middle level of depth of cutting (0.25 mm),
which ensured the drastic increment in power consumption due to requiring greater cutting
force to remove the higher stock of material. The slope of the curve rose at moderate feed
(0.12 mm/rev) with the lowest level of depth of cut (0.15 mm), which ensured higher
power consumption due to the development of built-up edge formation at this parametric
condition. Similarly, from Figure 13 it can be seen that, with simultaneous increment in
cutting speed–feed, the power consumption increased, due to the higher metal removal
rate (MRR) at higher cutting speed and feed conditions. Sangwan and Kant [70] reported
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more power consumption due to increasing MRR, cutting force, and temperature at higher
speed and feed conditions. Again, from Figure 13e, the power consumption was increasing
with simultaneous increment in cutting speed–depth of cut. Further, the interaction plots
(Figure 13f) show the existence of the interaction of terms (a × f and a × V) on Pc as the
one line is non-parallel to the others, but the strength of their effect was poor and the same
was confirmed by ANOVA (Table 6). Referring to the ANOVA results, all interaction terms
(a × f , a × V, and f × V) had less than 0.05 p-values. Therefore, the effect of interaction terms
on Pc was considered irrelevant. Additionally, ANOVA was used to estimate the percentage
effect of input variables on Pc. The depth of cutting had the largest significant consequence
(46.69%) on Pc, followed by cutting speed (40.76%) and feed (9.70%). Considering the 95%
confidence level, all the cutting terms had a significant consequence on Pc. Şahinoğlu and
Rafighi [71] discovered that depth of cut (64.83%) had the greatest significant effect on Pc,
followed by cutting speed (16.81%) and feed (11.80%) in the hard turning process of AISI
4140 using multiple layered coated carbide tool.
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Table 6. ANOVA for power consumption.

Terms DF Adj-SS AdJ-MS F P % Contribution Significant

a 2 0.52923 0.264617 95.82 0.000 47.53 Yes
f 2 0.08959 0.044793 16.22 0.002 8.04 Yes
V 2 0.46201 0.231004 83.64 0.000 41.5 Yes
a × f 4 0.01642 0.004104 1.49 0.293 1.47 No
a × V 4 0.00955 0.002388 0.86 0.525 0.86 No
f × V 4 0.00461 0.001152 0.42 0.792 0.41 No
Inaccuracy 8 0.00209 0.002762
Aggregate 26 1.11350

Summary: R2 = 98.05%; R2 (adjacent) = 93.67%; R2 (prediction) = 77.80%

3.5. Assessment of Noise Emission

Noise emission (Ne) is a major concern for human health in the metal machining
industries. On the machining shop floor, there are usually several sources of noise emissions,
and cutting noise emissions is one of them. Cutting noise can be controlled by employing
the right cutting variables and cutting fluid strategy. Moreover, cutting noise emissions
are an important indicator of sustainability, so they should be as low as possible to achieve
sustainable machining. The interaction between the cutting insert and the workpiece in
dynamic conditions causes noise emission during the cutting action. Therefore, it can be
stated that tool wear and surface quality are closely associated with the intensity of noise
produced during machining [71].

In this study, the noise emission in each run was recorded and found to be in the range
of 68.54–82.7 dB (Table 2) with an average of 75.94 dB and a standard deviation of 3.885,
as disclosed in Figure 14a. All of the obtained noise data followed the normal probability
curve with a p value of 0.450 (higher than the significance level of 0.05). The recorded
noise emission value included the total noise emitted by the MQL system, CNC lathe, and
cutting action. The obtained noise emission results were found to be lower than the human
hearing limit (85 dB), which could be attributed to the perfect dynamic interaction of tool
and workpiece, as well as the dual nozzle MQL’s effective cooling and lubrication potential
during machining. Therefore, from the perspective of human health, all the combinations of
input terms in the L27 design were acceptable to provide controlled noise emission during
hard turning.

Additionally, parametric impact on noise emission (Ne) during cutting was dis-
cussed using main effects plots, surface plots, interaction plots, and ANOVA. Referring to
Figure 14b, the noise emission was enhanced by increasing all the input parameters’ values.
A great increment in noise emission was seen when the depth of material removal was
enhanced from 0.15 to 0.35 mm. This might be because of the increasing interface surface
area between the tool-tip and the work surface with the increasing depth of penetration of
the tool inside the workpiece. This may also cause excessive cutting force and vibration
and, as a result, more noise generation. The noise emissions were also stimulated by cutting
speed, which improved linearly with increasing cutting speed due to the generation of a
greater amplitude of vibration with the speed. [72,73]. Feed rate also affected noise emission
as it increased with tool feed, but depth of cut and cutting speed were more dominating
than tool feed in the aspect of noise emission. According to Karaaslan and Şahinoğlu [74],
the sound emission in machining increased with rising feed and depth of cut. Surface plots
display the effect of pairs of terms on noise emission. The slope of the surface (Figure 14c)
gradually increased in a diagonal direction, showing that noise emission rose with incre-
ment in the depth of cutting and feed together. The highest noise emission was recorded
at the highest level of depth of cut (0.35 mm) and feed (0.18 mm/rev). Similarly, noise
emission increased with a simultaneous increment of a-V (Figure 14d) and V-f (Figure 14e).
From the interaction plot (Figure 14f), it can be said that the interaction of term a-f on
noise emission strongly existed in comparison to other interaction terms, and the same
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consequence was reported in ANOVA (Table 7), where the interaction term a × f had a
significant effect on noise emission with a p-value below the significant limit (0.05). The
other interaction terms (a × V and f × V) had greater than 0.05 probability value, and
therefore their effects on noise emission were irrelevant. Additionally, referring to the
ANOVA (Table 7) result, all the individual input terms (a, f, and V) had a relevant effect
on noise emission as their p values were lower than 0.05. The contribution of the depth
of cut on noise emission was seen to be the largest (57.57%), followed by cutting speed
(34.52%) and feed (3.66%). The interaction term (d-f ) had a significant impact on noise
emission with a contribution of 2.12%. Şahinoğlu and Rafighi [71] also found the same
effect of cutting terms (a, f, and V) and the interaction term (a-f ) on noise emission in hard
turning of 4140 steel.
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Figure 14. Assessment of noise emission (Ne) using (a) Probability plot; (b) Main effects plot;
(c–e) Surface plots; (f) Interaction plots.



Lubricants 2023, 11, 16 23 of 30

Table 7. ANOVA for Noise emission.

Terms DF Adj-SS AdJ-MS F P % Contribution Significant

a 2 225.883 112.941 271.58 0.000 57.57 Yes
f 2 14.360 7.180 17.26 0.001 3.66 Yes
V 2 135.452 67.726 162.85 0.000 34.52 Yes

a × f 4 8.333 2.083 5.01 0.026 2.12 Yes
a × V 4 1.602 0.401 0.96 0.477 0.41 No
f × V 4 3.425 0.857 2.06 0.178 0.87 No

Inaccuracy 8 3.327 0.416
Aggregate 26 392.383

Summary: R2 = 99.15%; R2 (prediction) = 97.24%; R2 (adjacent) = 90.34%.

3.6. Assessment of Chip Morphology

Chip morphology is an important parameter that affects the machinability behavior of
the test material. It demonstrates the nature of the tool–workpiece interaction in machining
and the material’s mechanical behavior, as it correlates with the material output in cutting
and its permanence. Saw-tooth chips were observed in each trial of hard-turning tests. In
the cutting process, at higher cutting speeds, shear unsteadiness induced thermal softening
versus strain hardening, whereas adiabatic behavior was observed at lower speeds, result-
ing in the formation of shear localized chips [75]. Furthermore, the saw tooth profile on the
chip edge was formed due to lower ductility work material, which reduced the required
cutting forces, despite the increased strength of hardened steel [76]. The chip’s shape was
either continuous helical (with small and large curl radius), discontinuous helical (with
small and large curl radius), curly Ribbon, flat ribbon, or broken spiral (c type). Similarly,
the obtained chips were either metallic, light blue, deep blue, or lightly golden in color.

The continuous helical with small curl radius chips were obtained at the lowest depth
of cut with the lowest feed conditions (Runs 1–2). The color of these chips was metallic,
as displayed in Figure 15. At Run 3, as the cutting speed was highest (250 m/min), hence
ribbon type deep blue colored chips were produced. Similarly, at moderate feed with the
lowest depth of cut (Runs 4–5), short helical chips with a small curl radius were introduced.
The color of these chips was metallic. In run 6, spiral c-type chips, deep blue in color were
obtained, due to machining at the highest speed and at moderate feed cutting conditions
(Figure 16). In Runs 7 and 10, short helical chips with large curl radius and a metallic
color were produced. In Runs 8, 11, and 12, the spiral c-type chips, metallic in color, were
obtained. In Run 9 and Runs 13–16, the pattern of chips was spiral c-type with blue or
dark blue color (at 250 m/min). The spiral c-type with light golden colored chips were
obtained in Runs 17–18 and Runs 25–26. In Runs 19–20, long helical chips with high curl
radius were obtained. The colour of these chips was metallic. In Runs 21–24, due to the
highest depth of cut (0.35 mm), spiral c-type chips with a blue colour were produced. In
the last test (Run 27), the shape of the chips was a flat ribbon with light golden colour,
as seen in Figure 17. Overall, metallic colored chips were produced at smaller levels of
cutting parameters due to the generation of lower temperatures, while blue or deep blue
colored chips were generated at higher cutting speeds (250 m/min and 175 m/min), due
to the generation of higher cutting temperatures. Chips of a golden colour with a broken
spiral c shape were generated due to more feed and higher cutting speed conditions. The
continuous helical chips and curly ribbon chips were not recommended, as such types of
chips rub the finished surface causing surface roughness [77]. The broken spiral c-type chip
was more advantageous, as such types of chips were simply eliminated from the cutting
zone and prevented any surface scratching in machining [78].
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Additionally, from the EDS test (Figure 15) of the helical type chip, the presence of tool
coating materials (C, Al, and O) on the chip (Spot 1 and Spot 2) were evidenced, as shown
in Figure. This could be due to diffusion of these tool-coating elements into the chip [79].
The presence of ‘O’ might be possible due to the oxidizing layer formed in machining.
The higher weight %s of ‘Fe’ and ‘C’ were due to these being major elements in D2 steel.
Similarly, from the EDS test (Figure 16) of a broken spiral c-type chip, the element of tool
substrate element ‘W’ and tool coating element ‘O’ were seen on the tool (Spot 1) due to
the diffusion of these elements onto the chip. At spot 2 of the same chip, there were many
elements of the cutting tool (C, W, N, O, and Ti) seen, possibly due to the diffusion of
tool elements with the generation of higher temperatures at the largest cutting speed and
highest feed cutting conditions. Similarly, an EDS test was also carried out for the flat-type
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ribbon chips (Figure 17). The results confirmed the presence of tool materials (C, W, Ti, N,
O, and Co) on the chip due to diffusion of these elements as a result of high cutting stress
and temperature. As anticipated, ‘C’ and ‘Fe’ held greater % weights in comparison to
tool materials.
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4. Conclusions

The current research investigated the hard turning performance of heat-treated AISI
D2 steel (57 ± 1 HRC) under a novel dual nozzle MQL environment. The performances
of the hard turning process were studied by using many important machinability factors,
like surface roughness, tool flank wear, cutting temperature, power consumption, noise
emission, and chip morphology. The following inferences were made in light of the
experimental findings:

• The dual nozzle MQL discharged an adequate amount of cutting fluid in the cutting
region, thus significantly reducing the friction between the pairs of tool–workpiece
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and tool–chip interfaces, resulting in reduced cutting temperature, tool wear, and
surface roughness.

• The obtained surface roughness in the entire 27 runs ranged from 0.448 to 1.265 µm
and was heavily influenced by tool feed (66.70%), followed by the depth of cut (14.30%)
and cutting speed (14.18%).

• The lowest and highest flank wear values were 0.041 mm and 0.112 mm, respectively,
which were extremely beneficial for hard turning concerns. Abrasion, adhesion, and
chipping were the main wear mechanisms found. The tool edge was broken when
machining was executed at the highest depth of cut (0.35 mm) with the largest cutting
speed (250 m/min) and feed (0.35 mm/rev), due to a severe load on the tool edge. The
greatest influence on tool flank wear was exerted by cutting speed (74.58%), followed
by the depth of cut (12.40%) and feed (6.95%).

• In the MQL cooling process, mist coolant impinged with higher frequency, resulting
in an improvement in Nusselt number, and, thus, a significant reduction in cutting
temperature (40.6 to 117 ◦C). The cutting temperature was largely impacted by cutting
speed (75.84%), followed by the depth of cut (17.18%), tool feed (3.12%), and the
interaction of depth of cut—-feed (2.44%).

• The power consumption was found to be lower in a range of 0.424 to 1.214 kW, due
to the easy shearing of metal by delivering the mist lubricant into the shearing zone
through a double nozzle. The depth of cut had the largest influence (46.69%) on power
consumption, followed by cutting speed (40.76%) and feed (9.70%).

• The noise emission in machining was found to be in the range of 68.54–82.7 dB,
which was lower than the human hearing limit (85 dB). All of the input terms in
the L27 design were acceptable for providing controlled noise emission during the
hard turning process. The depth of cut had the greatest influence on noise emission
(57.57%), followed by cutting speed (34.52%), feed (3.66%), and interaction depth of
cut–feed (2.12%).

• The chip’s shapes were discovered to be either helical (long and short), curly ribbon,
flat ribbon, or broken spiral (c type), and their colors to be metallic, light blue, deep
blue, or lightly golden.

Overall, the use of dual nozzle MQL was advantageous in improving the machin-
ability of AISI D2 steel in hard turning. Spring oil was also discovered to be an effective
lubricant for lessening friction between tool–work and tool–chip interfaces in hard turning.
Therefore, it can be recommended for industrial applications involving difficult-to-cut
metal machining. In the future, different types of nano-additives can be appended to spring
oil and the machinability behavior of AISI D2 steel studied. Cutting force, tool life, tool
vibration, and residual stress could all be studied in the future under a dual nozzle MQL
environment. Future research could also look into machined surface hardness assessment
in hard turning under a dual nozzle MQL environment.
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73. Karaaslan, F.; Şahinoğlu, A. Determination of Ideal Cutting Conditions for Maximum Surface Quality and Mini-mum Power
Consumption During Hard Turning of AISI 4140 Steel Using TOPSIS Method Based on Fuzzy Distance. Arab. J. Sci. Eng. 2020, 45,
9145–9157. [CrossRef]
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