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Abstract: Magnesium alloys have broad applications, including medical implants and the aerospace
sector owing to their great density and high strength-to-weight ratio. Dry cutting is a frequent
technique for machining this material. However, it always leads to an excessive rise in temperature
due to the absence of cooling at the cutting zone, which affects the machined surface integrity and
chip morphology. In this study, chip morphology and surface integrity of the AZ31 magnesium
alloy were investigated in the turning process using an internal cooling method called submerged
convective cooling (SCC) to overcome the absence of cooling in dry cutting. This method can exploit
the advantage of the high specific heat capacity of water as a cooling fluid without any reaction
between water and magnesium to create a cooling element in the cutting zone. The chip morphologies
and surface integrity were analyzed experimentally with varying cutting speeds under SCC and
dry cutting. The experimental results revealed that SCC and dry cutting produced saw-tooth or
serrated chip formation. The chips produced in dry cutting were continuous, while SCC was short
and discontinuous as a result of a severe crack on the back surface of the chip. It was discovered that
the grain refinement layer on the machined samples was thinner under SCC turning. SCC machining
increased the microhardness of the AZ31 magnesium alloy by 60.5% from 55 HV to 88.3 HV, while
dry turning exhibited a 49% increase in microhardness. The result revealed that surface roughness
improved by 10.8%, 9.4% and 4.7% for cutting speeds (V) of 120, 180, and 240 m/min, respectively,
under the SCC internal cooling. Based on the result obtained, SCC cutting outperformed dry cutting
in terms of chip breakability, grain refinement, microhardness, and surface roughness.

Keywords: chip morphology; surface integrity; internal cooling; magnesium alloy; dry cutting

1. Introduction

Magnesium alloys such as AZ31 are widely used in cutting-edge applications, includ-
ing medical implants [1,2] and the aerospace industry [3] due to their excellent density and
high strength-to-weight ratio [4]. Magnesium and its alloys possess good machinability,
making dry machining a practical option [5,6]. Nonetheless, previous research has shown
various risks in machining Mg alloys such as self-ignition and strong reactivity of mag-
nesium and oxygen to produce hydrogen gas, especially in dry cutting and water-based
coolant applicants, respectively [7]. The size of the β-Mg17Al12 phase in the magnesium
composition was found to affect the ease of self-ignition, leading to chip combustion [8].
Several studies were conducted previously to resolve problems in machining Mg alloys.
Yu et al. proposed using a non-aqueous coolant to prevent chip ignition by dissipating
heat from the cutting zone [9]. Blanco et al., on the other hand, utilized a sustainable
cooling method (minimum quantity of lubricant (MQL), cold compressed air (CCA), and
cryogenic machining in drilling Mg-Al and Mg-Ti [10]. The results depicted that MQL and
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cryogenic machining produced superior outcomes compared to dry cutting. In another
study, a combination of cryogenic and MQL, which is known as CryoMQL, produced
lower surface roughness than cryogenic and MQL alone when turning magnesium-based
composite. However, cryogenic and CryoMQL resulted in higher cutting force than MQL
due to the strain hardening of the work material that was caused by lower temperatures in
cryogenic cooling [11]. Turning AZ31 magnesium alloy under cryogenic cooling reduced
surface roughness by 56% compared to dry cutting [12]. Dinesh et al. conducted a turning
experiment on ZK60 magnesium alloy under cryogenic and dry cutting [13]. Their study
revealed that cryogenic turning improved surface roughness by 25% to 40%. Extremely low
temperatures from cryogenic cooling demonstrated an excellent surface finish in turning
AZ31 magnesium alloy. The strong adhesive effect between tools and magnesium was
eliminated compared to dry cutting [14]. In another study, Dinesh et al. investigated the
effect of dry and cryogenic conditions on the orthogonal cutting of the same alloy. They
found a comparable increase in surface roughness on the sample machined under cryogenic
conditions [15]. In addition, Eker et al. observed that surface roughness was significantly
better under MQL cutting due to lower cutting temperature and less friction between the
tool and work material than dry cutting [16]. A previous study revealed that the surface
roughness of AZ91HP improved at lower feed rates and high cutting speeds. However, the
depth of cut had a negligible impact on the surface parameters measured [17]. Gao et al.
assessed cutting parameters in turning AZ31B and found that surface roughness was most
affected by feed rate, followed by the depth of cut and cutting speed [18].

Grain refinement at the subsurface of many materials is caused by the extreme plastic
deformation that occurs during machining, including nickel alloy [19] and AZ31 magne-
sium alloy [20]. The grain refinement from the machining process has improved surface
integrity of the machined samples in terms of microstructure, microhardness, and residual
stress [20,21]. Changes in the microstructure of any material can alter material properties
such as hardness, strength, ductility, and corrosion resistance [2,22,23]. Microstructural
changes generated by mechanical processing such as severe plastic deformation on the
free surface of a workpiece are primarily characterized by the presence of deformed grains
and grain refinement. Cutting parameters such as tool wear, cutting speed, feed rate and
cooling affect the degree of plastic deformation [24]. Under aggressive cutting conditions,
the high mechanical stress causes severe plastic deformation of the workpiece, resulting
in a grain refinement layer on the machined surface layer. This grain refinement layer is
also referred to as a “featureless layer” since there are no visible grain boundaries. In other
words, the featureless layer is known as a white layer as it appears white after etching [25].

Coupled thermo-mechanical processes determine the thickness of white layers, which
are affected by cutting parameters and material properties that determine mechanical
stresses and cutting temperatures. Pu. et al. observed that the thickness of the white
layer on AZ31 magnesium alloy increases with tool edge radius due to the increased
deformation energy imposed on the machined surface [26]. Another study on machining
AZ31 magnesium alloy revealed similar grain refinement under the machined surface [27].
The thickness of the white layer was 30 µm under dry cutting, while the cryogenic condition
had a thickness of 20 µm. The reduction in white layer thickness following cryogenic
turning was attributed to the additional impact of quenching caused by the flow of liquid
nitrogen at the machining zone [28]. Dinesh et al. obtained comparable results while
conducting cryogenic and dry-turning experiments on ZK60 magnesium alloy [13]. They
observed that the featureless layer was created during cryogenic and dry turning operations
on ZK60 magnesium alloy. However, the thickness of the featureless layer was decreased
from 70 µm to 30 µm during cryogenic turning. The application of LN2 reduces the grain
size to nano size and limits grain growth, resulting in the formation of a featureless layer.
A prior study found that the cryogenic machining of AZ31 magnesium alloy significantly
influenced microhardness and microstructure [26]. The hardness beneath the machined
surface was found to be the highest and gradually decreased to the nominal hardness
when cutting AZ31 magnesium alloy [27]. The increase in microhardness was mainly
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related to the effect of work hardening [13]. The cryogenic cooling, which was applied in
cutting AZ31 magnesium alloy, produced the highest microhardness (97 Hv) compared to
dry cutting, which recorded 86 Hv due to the hardening effect from the low temperature
of cryogenic cooling [26]. Cryogenic cooling significantly enhanced grain refinement
and surface integrity, resulting in better performance of machined components [26]. On
the other hand, the microhardness of turned samples of AZ31 magnesium alloy under
dry turning exhibited a declining trend with an increased cutting speed [21,27]. This
situation was attributed to the dominance of the thermal softening effect which resulted
from high temperature [29]. Machining of magnesium alloys often leads to a change in
grain deformation near the machined surface [30,31].

Magnesium alloys have a distinct chip characteristic, with a lamellar structure that
is visible on the free surface and a smooth surface at the tool-chip contact side [32]. Kucz-
maszewski et al. conducted a study on milling AZ31 and AZ91HP magnesium alloy, and it
was found that fragmented chips were obtained after the cutting process [3]. Saw-tooth and
particle-type chips were observed during the turning of magnesium-based metal compos-
ites. The cutting speed was found to be the most significant factor that influenced the chip
morphology and formation mechanism [33]. Pu et al. reported that serrated chips were
formed in dry cutting and cryogenic cooling when turning AZ31 magnesium alloy. Adding
a cooling element in the cutting zone was undeniably beneficial to the machinability of
magnesium alloy [34,35]. In order to exploit the high specific heat capacity of water as
heat absorbent in cutting magnesium alloy, internal cooling is a favorable approach as it
avoids contact between water and magnesium. Bogajo et al. proposed an indirect cooling
system whereby the cooling fluid flowed under the cutting zone [36]. The result of the
study revealed a 12% improvement in surface roughness and a 12% reduction in cutting
forces. Wu et al. designed a closed internal cooling tool by creating a cooling channel below
the cutting insert, where water acted as a cooling fluid. The design successfully reduced
the tool temperature by 60% [37]. Isik et al. conducted a turning experiment on nickel alloy
using internally cooled cutting tools. A unique cooling channel was designed to remove
heat from the cutting zone underneath the insert. The findings indicated a 12% increase in
tool life and a 13% improvement in surface roughness [38]. Minton et al. investigated the
effect of internal cooling tools on tool wear and life. Fabricating a fluid reservoir beneath
the cutting insert has been found to reduce tool temperature and prevent it from exceeding
the critical temperature. The study demonstrated that lower temperatures could suppress
prominent wear mechanisms, resulting in a longer tool life [39]. Researchers have made
significant advancements in designing an internal cooling system. However, there is still
a lack of reported studies on chip morphology and surface integrity via internal cooling.
The internal cooling approach, which involves cooling the top of the cutting insert, has not
yet been revealed. Previously, the authors investigated the influence of cooling from SCC
on the wear mechanism, cutting force, and temperature. The SCC successfully reduced
built-up edge formation and cutting temperature [40]. Based on the aforementioned studies,
it is evident that further studies are required to examine chip morphology and surface
integrity of machined AZ31 magnesium alloy using an internal cooling approach.

Preventing the accumulation of heat at the cutting zone can improve the cutting per-
formance of both the cutting insert and work material. In this paper, a turning experiment
was conducted on AZ31 magnesium alloy using dry cutting and internal cooling. The
internal cooling approach used in this study was known as submerged convective cooling
(SCC). A novel approach to internal cooling was achieved by passively cooling the cutting
insert with flowing cooled water on the top of the rake face, making the distance between
the cooling and the cutting zone closer. The purpose of this work was to evaluate the
efficacy of the SCC tool in enhancing cutting performance and expanding the use of SCC in
the machining process. The chip morphology and surface integrity were examined in dry
cutting and SCC to evaluate the cooling potency of internal cooling, specifically the SCC.
The materials used in the turning experiment were described in Section 2. Section 3 mainly
explained the chip morphology and surface integrity (microhardness, grain refinement,
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and surface roughness) produced under dry cutting and SCC at different cutting speeds.
Finally, Section 4 highlighted the findings and contributions of this study.

2. Materials and Methods

A CNC Turning T6 Compact Quicktech lathe was used in the turning experiment. The
investigated material was the magnesium alloy AZ31 with a hardness of 55 Hv ±1. Its
chemical compositions are listed in Table 1. The diameter and length of the workpiece were
30 mm and 100 mm, respectively.

Table 1. Chemical composition of AZ31 magnesium alloy.

Chemical Composition (wt %)

Material Mg Al Zn Mn Si Fe Ca
AZ31 Bal 3.1 0.73 0.25 0.02 0.005 0.0014

All the machining conditions are shown in Table 2. The feed rate and depth of cut
were held constant, while the cutting speed was varied to enhance heat generation. It was
reported that the cutting temperature of AZ31 magnesium alloy was significantly impacted
by the cutting speed [12]. The turning experiment was repeated three times for each cutting
parameter and the measurement was taken at end stroke of cutting.

Table 2. Turning experimental conditions.

Cutting Parameters

Cutting speed (V c)

Depth of cut (a p

)
Feed rate ( f )

120, 180, 240 m/min
1 mm

0.2 mm/rev

Tool holder

PCLNLK202012
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Cutting insert Uncoated carbide (CNMA120408)

Cutting conditions Dry
SCC

The turning experiment was conducted in dry cutting and SCC. The cooling element
was established at the cutting tool in the SCC cutting approach, which was achieved
passively by allowing incoming cooling water to impinge on the tool rake face inside
the cooling module to absorb heat from the cutting tool [41]. Figure 1 shows the compo-
nents and circuit configuration of the SCC used in the current study proposed by Zakaria
et al. [40]. The surface roughness was measured using Mitutoyo SJ-410 tester. The arith-
metic average, Ra was measured per ISO 4287 standard with a 5 mm sampling length.
Ra readings were taken at four different positions and an average was calculated. The
chip morphology was analyzed using scanning electron microscopy (SEM) on a JEOL JSM-
6010LV instrument. The microhardness of the samples was evaluated at the cross-section of
the turned samples using Vickers’ test with a load of 500 g and a dwell duration of 10 s on
a Wolpert Wilson Microhardness Tester 402MVD. All microhardness measurements were
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performed in accordance with ASTM E384. The microhardness of the sample was measured
from just below the turned surface to the depth where the microhardness became constant.
Every sample underwent three trials, and the average values were taken for analysis. For
microstructure analysis of the turning samples, the concern surface was cut into a disk
with a thickness of 10 mm. Grinding was performed using several SiC sandpapers with
increasing grit sizes of 400, 600, 800, 1500, and 3000 in sequence at a speed of 150 rpm. Then,
the samples were polished using MetaDi Supreme Crystalline Diamond Suspension with
a particle size of 1 µm until the mirror image surface appeared at the concerned surface.
The etchant used was an acetic picric solution, which is commonly preferred for etching
magnesium alloys [21,26]. The acetic picric solution used in the study was freshly prepared
by mixing 5 g of picric acid powder, 100 mL of ethanol, 10 mL of acetic acid, and 10 mL
of water. After the samples were etched for a certain period, they were immersed in the
acetic picric solution for 2 s and cleaned with ethanol. The samples were then dried using
a blower and observed under the optical microscope Xoptron X80 series of high-power
optical microscopy to study their microstructure.
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Figure 1. (a) SCC components [40] (b) SCC in CNC machine (c) experimental setup [40].

3. Results and Discussion
3.1. Chip Morphology

The present work analyzed chip morphology for each cutting speed in both conditions.
A distinct chip type was observed in each condition. According to ISO3685 standards,
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dry cutting produced ribbon-type chips, while SCC cutting produced arc-shaped chips.
As shown in Figure 2, dry cutting produced continuous and tangled ribbon-type chips
at both cutting speeds (120 and 180 m/min). At a higher cutting speed (240 m/min), the
chips for dry cutting were continuous and long ribbon-type as shown in Figure 2. This
was attributed to the improvement in material ductility as the temperature increased. A
previous study reported that the temperature of AZ31 magnesium alloy increased as the
cutting speed increased, leading to an increase in the elongation to fracture of the AZ31 [40].
This supported the improvement that was observed in the ductility [4]. The observed
continuous chips in dry conditions could potentially occur due to the ductile nature of
the magnesium alloy [26]. In SCC cutting, short and discontinuous chips (arc-connected
type) were observed at all cutting speeds as shown in Figure 2. This type of chip could be
due to lower cutting temperature in SCC, which restrained the temperature of the chip to
increase and weakened the low intrinsic ductility of the material [42]. Furthermore, the
alloy exhibited low strain-to-failure with decreasing temperature, which explained the
shorter and discontinuous chip that was observed in SCC conditions [43]. In comparison to
dry turning, the chips formed under SCC conditions were found to be shorter.
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In addition, the chips produced for all cutting speeds in dry cutting exhibited a higher
curl compared to those produced in SCC, which were discontinuous and had a lower curl
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as shown in Figure 2. This could be attributed to the cooling effect of the cutting fluid used
in SCC [41]. In the machining process, smaller chip sizes are generally preferred, but these
chips are prone to ignite. In the case of magnesium alloy, the risk of ignition increased as the
chip size decreased [6]. Nevertheless, no sparks and chip ignitions were observed even at
high cutting speeds in dry cutting, let alone in SCC condition, which had a cooling fluid that
prevented an increase in temperature. The SEM images revealed that the produced chips
had a serrated chip or saw-tooth shape, which was consistent with the findings of Pu [26]
and was similar to the studies on machining AZ91D magnesium alloy [44]. Fundamentally,
a serrated chip was formed when the crack initiated at the free surface and propagated
toward the tooltip [45]. However, some reports argued that the formation of serrated chips
is initiated at the tooltip and propagates to the free surface [46]. In this study, a serrated
chip was observed on the free surface of the chip, while a smooth surface was observed on
the back for all cutting speeds and cutting conditions. In addition, the presence of lamellas
on the free surface of the chip indicated that adiabatic shear banding occurred throughout
the cutting process. Based on the chips produced, the formation of serrated chips in dry
cutting and SCC conditions could be attributed to high friction between the chip and tool
as no lubrication was present in both cutting conditions. On the other hand, the chips
produced in dry cutting were continuous and had almost no curling, implying that the
material experienced severe ductility at a high strain rate and high temperature. According
to Feng et al. and Zhang et al., AZ31 magnesium alloy demonstrated high strain at a high
strain rate and temperature due to its softening behavior [47,48]. Reducing the temperature
of AZ31 magnesium alloy while maintaining the same strain rate caused the material to
lose ductility, resulting in a lower strain value [49]. Therefore, at the same cutting speed,
the lower cutting temperature in SCC produced short and discontinuous chips due to the
curling effect and low ductility of the work material as shown in Figure 2. It was reported
that the brittleness of the magnesium alloy increased with decreasing temperature, thus
aiding in chip breakability [50].

The chip back surface revealed the condition of material adhesion at the tool-chip
interface, affecting the surface produced on the work material [51]. As shown in Figure 3,
material adhesion was seen at the chip-back surface in dry cutting, while a smoother chip-
back surface with less material adhesion was depicted in SCC. This observation suggests
that material adhesion at the cutting tool was carried away from the flowing chip, resulting
in high shear force. When the cutting speed was increased to 180 m/min, the chip-back
surface was marginally improved, with material adhesion and particle still present in the
dry cutting. This was attributed to the high chip velocity and strain rate, which produced
enormous heat and caused the work material to melt instead of completely adhering
to the tool. However, the cooling effect in SCC prevented the temperature of the work
material from exceeding the melting temperature, resulting in less material adhesion and
a smooth back surface of the chip. The chip curl was larger than the chip at the cutting
speed of V = 120 m/min. The ductility of AZ31 magnesium alloy increased with elevated
temperature; therefore, a larger chip curl was obtained as the cutting speed increased [52].
Less material adhesion was observed on the back surface of the chip at V = 240 m/min,
with adhesion only in the form of particles in dry cutting and almost no particle adhesion
for SCC condition. This was mainly attributed to intense heat generation at high cutting
speed (V = 240 m/min) coupled with high chip velocity, resulting in less contact time
between the chip and tool that would cause material adhesion. On the back surface of the
chips, cracks were observed to occur and propagate in opposite directions. The primary
cause of these cracks is the strong friction between rake faces and chips as there was no
presence of lubrication.
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Figure 3. Chip morphology of front surface and back surface for dry cutting.

In dry cutting, mild cracks were observed in both edges at a cutting speed of 120 m/min
speed, propagating to the center of the chip. When the cutting speed was increased to
180 m/min, a combination of cracks was observed on one side, while moderate cracks
remained regular on the opposite side. At a high cutting speed of V = 240 m/min, cracks
were almost unnoticeable on one side and fewer large cracks were observed on the opposite
side. These cracks were consistent with the chip produced in dry cutting at respective
cutting speeds as the cracks aided in chip breakability at low cutting speeds. However, it
evolved to a long ribbon continuous chip at high cutting speed. This phenomenon could
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be attributed to the ductile characteristics of the material, which improved with increasing
temperature and strain rate [53]. The ductile character of the produced chip was shown
by the rapid halt of fracture propagation which was caused by the closure of the ductile
magnesium ahead of the crack [54]. Furthermore, cracks were seen at the back surface of
the chips for the SCC cutting condition. At low cutting speed of V = 120 m/min, mild
and severe cracks occurred at the back surface of the chip. These cracks facilitated the
ease of chip breaking to produce the discontinuous chip. Increasing the cutting speed
to 180 m/min caused the material to experience intense plastic deformation, leading to
large cracks on both chip edges. As the cutting speed increased, the temperature and
strain rate also increased. This caused severe cracks on the back surface of the chip at the
cutting speed of V = 240 m/min, indicating that the intensity of plastic deformation and
friction. In SCC, the cooling effect prevented thermal softening from surpassing the strain
hardening effect, causing the work material to fail in a brittle manner instead of having
a ductile failure [53] to produce a discontinuous chip. The severity of chip cracks was
even more pronounced in SCC with an increased cutting speed as shown in Figure 4, with
considerable deep crack propagation and brittle behavior resulting from cooling in SCC.
When comparing the chip-free surface between dry cutting and SCC, similar shear band
patterns were observed in both cutting conditions as shown in Figures 3 and 4, resulting
in shear instability. Liyao et al. reported that adiabatic shear instability and catastrophic
strain localization were the primary causes of segmented chip formation [55]. The shear
band became denser, indicating an increased cutting speed due to more intense plastic
deformation and a higher thermal softening effect [56]. The compactness of shear bands at
the free surface of the chip was slightly reduced for respective cutting speeds due to the
cooling effect in SCC. This was mainly attributed to the lower thermal softening effect that
was achieved in SCC.
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3.2. Microstructure

This section provided a microstructural analysis that was conducted on the machined
sample at different cutting speeds to elucidate the effect of cooling from SCC and dry
cutting. The microstructure of AZ31 magnesium alloy before the cutting process at the
cross-section of the as-received sample is shown in Figure 5. The grain boundaries were
visible, and dynamic recrystallization grains were spotted at the cross-sectional area. Some
coarse grains had a size of up to 115 micrometers, while the smallest grains had a size
of 7 µm. The statistically significant grain size was determined to be between 20 µm
to 100 µm. Figure 5b depicts grain boundaries at the edge of the sample. The grain
boundaries were intact and had almost similar sizes as those in the middle of the sample
in Figure 5a. The grains had predominantly irregular shapes with the presence of a few
dendritic grains, which was consistent with previous studies that used the same series of
magnesium alloy [57–59].

Figures 6 and 7 showed that a “featureless layer” was formed where grain boundaries
were no longer visible under the magnification used at higher cutting speeds in both
dry and SCC conditions. The grain size in the featureless layer was reported to have
achieved nanocrystalline grains when examined using atomic force microscopy (AFM),
which revealed ultrafine grains ranging from 30 nm to 60 nm in size [20].

Thermal softening is induced by increasing cutting speed due to plastic deformation
and friction. This led to an increase in temperature, which affected the machined surface
and subsurface. The grain refinement was initiated by dynamic recrystallization (DRX)
with an increased cutting speed [26]. The appearance of the featureless layer in dry cutting
was similar to a previous study on turning the same series of magnesium alloy [21,26]. The
“featureless layer” was also referred to as the residual stress layer, which originated from
severe plastic deformation under the action of cutting force where the work hardening effect
remained in the machined surface [20]. This layer was also referred to as the heat-affected
zone (HAZ) [13]. An empirical equation proposed by Watanabe et al. predicted that the
recrystallized grains were distinctly related to the temperature factor for grain refinement
as shown in Equations (1) and (2) [60].

drec

dinit
= 103.Z

1
3 (1)

where drec is recrystallized grain size, dinit is the initial grain size, and Z is the Zener–
Holloman parameter which was defined as follows:

Z =
.
εe(

Q
RT ) (2)
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where
.
ε is the strain rate, Q is the activation energy, R is the gas constant, and T is the

temperature. From Equation (2), it was deduced that Z was inversely proportional to the
temperature. As the temperature increased, the value of Z decreased, resulting in a smaller
grain size, which was not visible under the optical microscope used in this study. Both dry
and SCC conditions depicted an increasing temperature with cutting speed, which was
also reported by Danish et al. [12]. When comparing the microstructure of dry and SCC
conditions, the thickness of the featureless layer in dry turning was thicker than that in
SCC at all cutting speeds. For a cutting speed of 120 m/min, the featureless layer had a
thickness of 7 µm for dry cutting, while the featureless layer for SCC showed a thickness of
5.5 µm. The featureless layer was further increased to 10 µm and 9 µm when the cutting
speed increased to 180 m/min in dry cutting and SCC, respectively. When the cutting
speed was increased to 240 m/min, the thickness of the featureless layer increased to 12 µm
in dry cutting, while the thickness of the layer was 10 µm in SCC. The observed pattern of
the thickness of the featureless layer between dry cutting and SCC inferred that the cooling
provided by SCC at the cutting zone was effective in restricting the propagation of HAZ
thickness. This pattern was also reported in cryogenic turning, whereby the thickness of the
featureless layer decreased for cryogenic turning samples due to the cooling effect [13,61].
Furthermore, the dominance of BUE and BUL formation in dry cutting led to a deeper
featureless layer compared to SCC [40]. The alteration of the edge radius due to BUE and
BUL formation led to a large edge radius, which caused a greater burnishing effect on the
work material at greater depths. This was in line with the study conducted by Pu, in which
a larger edge radius changed the microstructure at greater depths [26].
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3.3. Microhardness

This section explained the effect of the SCC condition on the hardness variation. In
order to evaluate the hardness of AZ31 magnesium alloy, the hardness of received, dry,
and SCC-turned samples were measured and compared. Figure 8 shows the hardness
of AZ31 magnesium alloy as a function of depth from the machined surface at a cutting
speed of 120 m/min. The average hardness of AZ31 magnesium alloy was 55 Hv. The
results indicated that the highest hardness values were observed near the machined surface
(0.05 mm below the machined surface) for dry cutting and SCC. The microhardness is
directly related to the grain size [61]. The findings were consistent with the previous study
conducted by Srinivasan et al., who found that packed grains with small dimensions have
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a higher microhardness value [62]. As shown in Figure 9, the highest hardness value was
observed at a cutting speed of V = 120 m/min in SCC with an increase of 60.5% from 55 Hv
to 88.3 Hv. On the other hand, dry cutting only resulted in a 49% increase in the hardness
of 82 Hv. Dominating strain hardening due to the plastic deformation process in turning
AZ91 was responsible for increasing compressive yield strength, which exhibited a small
grain size compared to the as-received material [63]. As the cutting speed increased to
180 m/min, the hardness of the machined sample under SCC and dry cutting reduced to
82.5 Hv and 77.2 Hv, respectively. Dry cutting recorded the lowest hardness at a cutting
speed of V = 240 m/min, where the hardness value was 73.2 Hv and 75.9 Hv for the SCC-
turned sample. The deviation in microhardness of turned samples between SCC and dry
cutting could be due to the fact that the hardening degree of machined samples depends
on plastic deformation and heat intensity [21]. During the cutting process, severe plastic
deformation leads to material hardening behavior, while tremendous heat generation
causes thermal softening at the machined surface. Increasing the cutting speed always
induces enormous heat generation which resulted from work material deformation and
enhances the thermal softening effect, thus reducing surface hardening with increased
cutting speed.
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Figure 8. AZ31 magnesium alloy microhardness as a function of depth from the turned surface for
dry cutting and SCC-turned samples (V = 120 m/min).

A similar trend was observed in dry cutting, whereby the hardness of the machined
surface decreased with the cutting speed. When comparing dry cutting to the SCC con-
dition, the hardness of AZ31 magnesium alloy below the machined surface produced a
higher hardness in the SCC condition for all cutting speeds. This was in agreement with
the findings of Pu in cryogenic turning, in which the hardness of AZ31 magnesium alloy
outperformed dry turning due to grain refinement [26]. Danish et al. reported that domi-
nant dynamic recrystallization, which was because of low temperature in cryogenic cutting,
resulted in high microhardness of AZ31-turned samples over dry turning [64]. Cooled
tools under SCC conditions undermined the thermal softening effect and work hardening
dominance at the machined surface, increasing the hardness of the SCC machined samples.
Danish et al. investigated a turning experiment on Inconel 718 with different lubrication
and cooling conditions. The study revealed that when in cryogenic + MQL conditions, the
samples produced the highest microhardness on the machined surface due to the rapid
cooling effect [19]. Based on BUE formation in SCC cutting, less material adhesion at the
cutting tool tended to reduce the temperature in the cutting zone with cooling provided by
the cutting tool [40]. Less material adhesion reduced thermal resistance for heat exchange
between the machined surface and cutting tool. Therefore, the cooled flank surface of
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the cutting tool, which had direct contact with the machined surface, could absorb the
generated heat and subsequently suppress the thermal softening.
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Figure 9. Microhardness at 0.05 mm below the surface of dry and SCC-turned samples.

3.4. Surface Roughness

Surface roughness due to the machining process is a crucial factor in the corrosion
resistance of AZ31 magnesium alloy as well as part accuracy for assembly purposes and
tribological behavior [65]. It was observed that cutting speed greatly influenced surface
roughness when machining AZ31 magnesium alloy [21]. Figure 10 shows the average sur-
face roughness under different drying and SCC cutting speeds. The surface roughness was
lowered with an increased cutting speed in both cutting conditions, which was in line with
the reported literature [12]. Increased cutting speed stimulated softening of the material as
the cutting temperature increased, which minimized tool chatter. Yousefi et al. explained
that this phenomenon could be the reason for improved surface roughness [66]. SCC
surpassed dry cutting at all cutting speeds. The lowest surface roughness (Ra = 1.564 µm)
was measured on the workpiece at a cutting speed of 240 m/min, while the highest surface
roughness of 1.903 µm was achieved in dry cutting for at a cutting speed of 120 m/min.
SCC reduced the Ra values by 10.8%, 9.4% and 4.7% for cutting speeds of 120, 180, and
240 m/min, respectively, when compared to dry cutting. Both cutting conditions exhibited
improved surface roughness as the cutting speed increased. This was mainly attributed to
increased heat generation at high cutting speed. This led to a decrease in BUE and BUL
formation as the cutting speed increased, resulting in better surface roughness [40]. Despite
the absence of lubrication in SCC, the cooling effect in the SCC had a positive impact
on surface quality. This result was in line with the previous study, which claimed that
cooling from cryogenic liquid nitrogen significantly reduced the surface roughness of AZ31
magnesium alloy [26]. The cooling effect in SCC contributed to a lower cutting temperature
and reduced material adhesions at the cutting tool, resulting in a smooth surface roughness
that was similar to that of cryogenic cutting [19,67].
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4. Conclusions

This study presented the application of SCC in turning AZ31 magnesium alloy com-
pared to conventional dry cutting. The study proposed an internal cooling approach in
SCC, which involved passive cooling on the top of the cutting insert to reduce the distance
between the cooling and heat source. The potential of the SCC tool was investigated by
varying the cutting speeds to generate significant heat for analyzing chip morphology and
surface integrity analysis during the cutting process.

• SCC and dry cutting produced chips with saw-tooth shapes for all cutting speeds.
• Continuous and ribbon-type chips were observed in dry cutting due to improvement

in the ductility of work material.
• The cooling effect in SCC had a significant impact on the chip formation, leading to the

presence of discontinuous and arc-shaped chips because of the increased brittleness of
AZ31 magnesium alloy that was caused by a decrease in temperature.

• SEM images revealed a severe crack at the back surface of the chip in SCC, which
occurred because of the brittleness of AZ31 magnesium alloy that was resulted from
the cooling effect in SCC.

• The work-hardening effect induced by the cooling effect in SCC has played a significant
role in reducing thermal softening. This resulted in a thinner featureless layer beneath
the machined surface as it restrained the propagation of HAZ thickness.

• The use of SCC resulted in higher microhardness values for the respective cutting
speeds compared to dry cutting due to the dominance of work hardening at the
machined sample. The SCC increased the hardness of the AZ31-turned sample by
60.5%, while dry cutting only resulted in an increase of 49% in microhardness.

• Due to the cooling effect in SCC, less material adhesion occurred at the back surface of
the chip, resulting in better surface roughness compared to dry cutting. SCC achieved
a 10.8%, 9.4%, and 4.7% improvement in surface roughness for cutting speeds of 120,
180, and 240 m/min, respectively, compared to dry cutting.
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