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Abstract: Magnesium alloy AZ91D is used extensively in the automotive industry because of its
high strength-to-weight ratio. Typically, components produced using the alloy are required to have
good surface finish and to contribute to high productivity but require long cutting times. Cryogenic
cooling is an environmentally friendly technology which has been proven to improve cutting tool life
and surface finish. This paper presents an investigation on the effects of dry and cryogenic cutting
conditions at a high cutting speed regime for milling of magnesium alloy. This study focused on a
high-speed regime due to the chips of magnesium alloy being highly combustible and an effective
means of decreasing the temperature in the cutting zone was of great concern. The machining
experiment was carried out using uncoated carbide end milling utilizing a full factorial design (L16)
with cutting speeds of 900 m/min and 1300 m/min, feed rate of 0.02 mm/tooth and 0.05 mm/tooth,
axial depth of cut at 0.2 mm and 0.3 mm, and radial depth of cut at 10 mm and 40 mm. For dry
machining, the longest tool life at flank wear (VBmax) of 0.21 mm was at 30 min, which was obtained
at cutting speeds of 1300 m/min, feed rate of 0.02 mm/tooth, axial depth of cut at 0.2 mm, and radial
depth of cut at 40 mm. Using this cutting condition, a mirror-like surface of 0.106 µm was produced.
For machining under cryogenic condition at VBmax of 0.2 mm, the maximum tool life of 1864 min
was achieved at a cutting speed of 900 m/min, feed rate of 0.02 mm/tooth, axial depth of cut of
0.3 mm, and radial depth of cut of 40 mm. Under this cutting condition, a lower surface finish of
0.091 µm was obtained. It can be concluded that the application of liquid nitrogen (LN2) is very
effective in enhancing the tool life and in obtaining a better-machined surface, especially at a lower
cutting speed of 900 m/min. A longer tool life and high-quality machined parts will significantly
improve the productivity and cost savings in the related industry.

Keywords: tool wear; magnesium alloy AZ91D; surface roughness; high speed milling

1. Introduction

Magnesium alloy is known for its excellent physical and mechanical properties such
as low density, very high strength–to-weight ratio, high stiffness, and mechanical castabil-
ity [1]. Magnesium alloy is preferred to aluminum or steel alloy in the automotive industry
due to its high strength-to-weight ratio [2]. Magnesium and aluminum alloys have become
key materials in producing lighter and more efficient vehicles in the automotive industry [3].
Magnesium, when compared with aluminum, is lighter and offers a better solution for fuel
cells, hybrids, and internal combustion engines. Although its practical applications are
limited due to its poor corrosion resistance, its use has recently been more widespread in
the automotive industry because of its advantages in addressing energy and environmental
concerns. Leading car manufacturers have been searching for a replacement for steel
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with lighter materials such as magnesium to achieve lightweight construction, without
compromising on rigidity. Consequently, this can lead to greenhouse gas reductions and
can limit exhaust emissions to satisfy legislative and consumer requirements for safer and
cleaner vehicles [4]. Despite growing interest in magnesium alloys, very little data exist
on its machinability such as the wear mechanism of the cutting tool and the influence of
cutting fluids in the machining process.

According to Ghosh et al. [5], the occurrence of tool wear in the machining process
is a significant problem that needs to be addressed. Worn out cutting tools could cause
unwanted vibrations, deteriorating the surface finish and quality of the machined parts
and introducing dimensional inaccuracies. The machine tool itself could also be further
affected. In certain situations, the cutting tool may break during the machining process,
resulting in a sudden release of the load and consequential inertial effects, leaving incurable
stress effects on the workpiece as well as the machining center. Tool wear effects can be
minimized by estimating tool wear with the purpose of optimizing cutting parameters such
as cutting speed, feed rate, and depth of cut, or by replacing the worn tool with a pristine
one [5]. Shi et al. [6] reported that the dominant wear characteristics of carbide inserts in
high-speed machining of magnesium alloy under dry condition were flaking, depth of cut
nose wear and abrasion. At cutting speeds of 1600 m/min, extensive flaking was observed
as the significant failure mode, while failure at 1800 and 2000 m/min was attributed to
serious flank wear and gross fractures, respectively.

Bermingham et al. [7] stated that to improve cutting tool life, other key factors such
as effective utilization of a conventional cutting fluid are deemed effective solutions to
prevent heat generation and transfer it to the tool, in addition to any heat extraction offered
by the coolant at the cutting zone. Liquid nitrogen (LN2) as a coolant during the machining
process has recently gained popularity as it is a clean, inexpensive, and non-toxic fluid
that has no environmental contamination issues [7]. Wang et al. [8] revealed that high-
speed machining under cryogenic conditions obtained higher machining quality and tool
service life as compared to conventional methods. Cryogenic conditions can quadruple
service life with negligible negative impact of wear to improve surface quality [8]. Kaynak
et al. [9] concurred with these findings when machining NiTi shape memory alloys with
cryogenic cooling, reporting that the tool wear and notch wear at the depth of cut line
had been reduced at high cutting speeds and at relatively low cutting speeds, respectively.
Hou et al. [10] stated that machining magnesium alloy at high cutting speeds generates
thin and light chips that are prone to ignition due to their low heat capacity and high
thermal expansion. A built-up edge may be produced when cutting speeds exceed critical
value, thus resulting in serious adverse effects to the surface quality of the component [11].
Presently, little research has been conducted on the effects of cutting parameters and
cryogenic cutting conditions toward surface quality when machining magnesium alloy.

Pu et al. [12] investigated the effects of dry and cryogenic machining on the surface
integrity of AZ31B magnesium alloy using differing radii of cutting edge tools. The
researchers found that utilization of a cryogenic coolant (liquid nitrogen) and large edge
radius tool improved surface roughness by about 20% as compared to dry machining. The
effect of feed rate is significant to the surface roughness while using rotary tool in the
machining of magnesium alloy AZ31 [13]. Chirita and Tampu [14] discovered that cooling
conditions and feed per tooth are the most vital factors in achieving a good surface finish.
Their study showed that machining under minimum quantity lubrication (MQL) systems
allowed for better and more consistent surface roughness values when compared to dry
machining. Finer and better surface finishes can also be achieved during machining when
smaller feed rate per tooth is used. Similar findings had been reported by Guo et al. [15],
where it had been found that dry machining magnesium calcium alloy yielded surface
roughness (Ra) values as low as 0.2 µm, with the lowest feed rate of 0.05 mm/rev.

AZ91D alloy is the most common die casting alloy which is used in more than 90%
of all magnesium die cast products [3] and commonly used for non-structural and low-
temperature components such as brackets, covers, cases, and oil pump housings. To date,
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no work has been reported which has evaluated tool wear characteristics and surface
finishes achieved after high-speed milling of magnesium alloy under dry and cryogenic
conditions. As previously explained, cryogenic cooling is effective in enhancing the tool life
and in reducing the negative effect of tool wear in machining. Therefore, this study aimed
to thoroughly investigate the tool wear mechanism and surface roughness of magnesium
alloy under dry and cryogenic high-speed milling conditions using an uncoated carbide
cutting tool.

2. Materials and Methods

The dry and cryogenic machining experiments were conducted on a CNC milling
machine (SPINNER VC450, SPINNER Machining Centre, Germany), with a maximum
spindle speed of 15,000 rpm. The workpiece material used was magnesium alloy AZ91D
with dimensions of 150 × 150 × 50 mm. Prior to experimentation, the workpiece was
pre-milled to remove the original skin layer which contained hard particles such as oxides
and carbides. The chemical composition of AZ91D was as shown in Table 1. The cryogenic
condition was achieved by using liquid nitrogen delivered directly to the cutting zone
during the machining process via nozzle, as shown in Figure 1. In the experiment, one
nozzle at 45 degree was pointed at the flank face with liquid nitrogen under 2 MPa pressure,
spray distance of 50 mm and approximately 1.159 × 10−3 m3/s flow rate which was the
chosen setting to ensure that there would be no excessive cooling. An uncoated N grade
carbide insert was used with ISO designation SDGT09T3AEN-G88 by Walter. Details of the
insert geometries and dimensions were as shown in Table 2 and Figure 2, respectively. The
cutting tool holder used for the machining test was type F233.B.050.Z04.054 from Walter
with a diameter of 50 mm, an approach angle of 45◦, and which had been made from
uncoated carbide (Grade N).

Table 1. AZ91D chemical composition.

Chemical Composition (%)

Al Zn Mn Cu Ni Si Fe Mg

8.73000 0.69000 0.20000 0.00170 0.00081 0.01700 0.00100 Balance
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Table 2. Cutting tool geometry.

Items Value

Length, l 9.52 mm
Thickness, s 3.97 mm
Clearance angle, α 15.0◦

Wiper cutting edge length, b 1.2 mm
Corner radius, r 0.3 mm
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Figure 2. Insert dimensions.

A full factorial (L16) design was employed for the dry machining experiment with four
factors at two levels each as shown in Table 3. For cryogenic cooling, the experiment was
limited to three sets of milling parameters from this L16, i.e., at the highest, medium, and
lowest tool life values obtained in the dry machining experiment. The high cutting speed
regime had been chosen in this study due to the problems associated with the combustible
chips. To minimize random error, the experiments were randomly conducted from the
L16 array.

Table 3. Full factorial design of experiment (L16).

Experiment No. Cutting Speed
(m/min)

Feed Rate
(mm/tooth)

Axial Depth of
Cut (mm)

Radial Depth of
Cut (mm)

1 900 0.02 0.3 40
2 1300 0.02 0.2 40
3 900 0.05 0.3 10
4 1300 0.05 0.2 40
5 900 0.02 0.2 40
6 900 0.05 0.3 40
7 900 0.02 0.3 40
8 1300 0.05 0.3 10
9 900 0.02 0.3 10
10 900 0.05 0.2 10
11 1300 0.02 0.2 10
12 1300 0.05 0.3 40
13 900 0.02 0.3 40
14 900 0.02 0.2 10
15 1300 0.02 0.3 10
16 1300 0.05 0.2 40
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New tools were used for every machining trial in accordance with the full factorial
design until maximum flank wear (VBmax) reached 0.2 mm. VBmax was limited to 0.2 mm
as too much time would be needed for the tool to reach 0.3 mm and to avoid unnecessary
AZ91D wastage. The machining process was stopped at specific cutting intervals to measure
tool wear progression using an optical microscope. The flank wear land of the cutting tool
was measured after the first path using a Mitutoyo TM-500 toolmaker’s microscope with
30 magnification and ±0.003 mm repeatability. Passes for each experimental trial varied
according to the tool wear progression measurements. Tool life criteria was examined
according to ISO 8688-2 [16]. Machined surface roughness was measured using a portable
roughness tester (Surftest SJ-210, Mitutoyo, IL, USA) by contact stylus across the feed
direction taken at the beginning of cutting in both dry and cryogenic conditions to prevent
tool wear effect. Measurements were repeated five times for each run with the values then
averaged for further analysis.

3. Results and Discussion

Table 4 shows the results of tool life and surface roughness obtained in the experiment.
The experiment for the tool life in the cryogenic condition was limited to three selected
experiments since the time taken to conduct the experiment was very long and costly. From
the results obtained, it was clearly shown that the application of LN2 significantly increased
the tool life in the range of 4×–8×, which was better than under dry conditions. This
finding had similarly been obtained by others [8].

Table 4. Experimental results for tool life and surface roughness.

Exp. No. Surface
Roughness—Dry (µm) Tool Life—Dry (min) Surface

Roughness—Cryogenic (µm)
Tool Life—Cryogenic

(min)

1 0.115 180 0.119
2 0.140 30 0.106 265
3 0.122 350 0.161
4 0.161 100 0.128
5 0.112 146 0.101
6 0.180 180 0.136
7 0.105 460 0.091 1864
8 0.115 150 0.146 867
9 0.072 380 0.139

10 0.112 260 0.148
11 0.070 280 0.131
12 0.171 40 0.116
13 0.082 160 0.152
14 0.068 300 0.126
15 0.066 380 0.136
16 0.180 90 0.120

3.1. Tool Life of Carbide Cutting Tool

Studies on tool wear and progression with respect to cutting time are important in
order to understand the machining response of AZ91D. It is desirable to determine its
behavior in order to control and minimize its effects on machining performance such
as machined surface quality, surface roughness, and tool life. Tool wear behavior is
influenced be several factors such as variable cutting tools, work piece material properties
(physical, mechanical, and chemical properties), and tool geometry, including chip-forming
groove geometry, cutting parameters, and cutting fluids [17]. In this study, the cutting
tool condition was assessed based on the wear on the flank face. When the measured
VBmax reached ≥0.2 mm, the tool was considered to have failed or reached the end of its
useful life.

Based on the findings from the experimental work carried out under the full factorial
design (L16) at various cutting speeds, feed rates, and depths of cut, a graph of flank wear
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versus cutting time for dry and selected cryogenic cooling was constructed as shown in
Figure 3. It was discovered that the optimum cutting parameters occurred at the cutting
speed of 900 m/min, feed rate of 0.02 mm/tooth, axial depth of cut of 0.3 mm, and radial
depth of cut of 40 mm (Experiment number 7). This was evidenced from the graph as
at this specific cutting parameter, the highest cutting time of 1864 min was achieved at
VBmax of 0.21 mm under cryogenic cooling. In contrast, for dry machining, at cutting
speed 1300 m/min, feed rate of 0.02 mm/tooth, axial depth of cut of 0.2 mm, and radial
depth of 40 mm (Experiment number 2), the tool life lasted only 30 min. According to
Wang et al. [8], cryogenic conditions can quadruple service life with negligible negative
impact of wear to improve surface quality using a high speed machining regime [8].
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Figure 3. Flank wear (mm) vs. cutting time (min) for both dry and cryogenic machining based on full
factorial design of study.

When examining the tool wear curve for Experiment 7, three distinct regions were
observed during its machining process, namely initial (or preliminary) wear region, steady
wear region and rapid wear region. However, only one region, rapid wear, could be
detected from the tool wear curve for Experiment 2. This shows significant improvement
in cutting time or tool life for Experiment 7. Thus, cutting speed is a significant parameter
affecting tool life as compared to feed rate and depth of cut under dry conditions for this
range of milling parameters.

Figure 4 shows images of the worn tools at the nose region for Experiments 7 and 2.
More severe wear was observed at the cutting tool edge for Experiment 2 than in Ex-
periment 7. The cutting edge for Experiment 2 experienced notching and suffered from
catastrophic failure, while chipping or flaking was observed in Experiment 7. Thus, machin-
ing of AZ91D at high cutting speeds revealed notch wear on the flank face in Experiment
2 and chipping or flaking in Experiment 7. Similar phenomena were observed [18] in
milling of Inconel 718 at a high cutting speed regime that were a result of the local high
temperatures areas which were a key factor affecting the tool wear rate.
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Based on the results obtained for the tool life study and observations of wear on the
cutting tool, it can be stated that the cutting parameters used in Experiment 7 (cutting
speed of: 900 m/min; feed rate: 0.02 mm/tooth; axial depth of cut: 0.3 mm; radial depth of
cut; 40 mm) are recommended to achieve maximum cutting time and gradual tool wear.
Analysis of variance (ANOVA) for tool life under dry machining conditions is shown in
Table 5.

Table 5. ANOVA for tool life under dry machining conditions.

Source DF Adj SS Adj MS F-Value p-Value

Cutting speed (m/min) 1 44,732 44,732 7.63 0.018
Feed rate (mm/tooth) 1 42,642 42,642 7.28 0.021
Axial depth of cut (mm) 1 35,532 35,532 6.06 0.032
Radial depth of cut (mm) 1 66,822 66,822 11.40 0.006

Error 11 64,475 5861
Total 15 254,204

Table 5 shows that all studied variables (cutting speed, feed rate, axial, and radial
depth of cut) were significant to tool life, with R-sq of 75%. ANOVA could not be performed
for cryogenic cooling conditions since only three experiments had been conducted.

3.2. Comparison of Carbide Cutting Tool Performance under Dry and Cryogenic Conditions

Three cutting conditions, Experiments 2, 7, and 8, were selected for more detailed
analysis on performance comparison of the carbide cutting tool under dry and cryogenic
conditions. Only three cutting conditions were looked into due to cost and time con-
straints in conducting the experimental work. Figure 5 shows the comparison of these
experimental runs.

Referring to the results in Figure 5, initial tool wear under dry conditions was higher
in comparison to cryogenic conditions. A small region of steady state for tool wear in
dry conditions was observed as compared to cryogenic cutting conditions. Aggresive
progression of tool wear was observed for dry conditions in Experiment 2, where tool
wear rapidly reached VBmax of 0.2 mm after 30 min of machining, leading to its end of tool
life. The time taken to reach maximum wear specified by VBmax of 0.2 mm in machining
under dry conditions was around 1

4 of the machining time taken under cryogenic cutting
conditions. Cryogenic cooling provided the longest steady state region and overall cutting
time; hence, liquid nitrogen profoundly enhances machining processes and protects cutting
tools against rapid tool wear.
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During the machining process, heat is generated due to friction between tool flank
and workpiece, and friction of chip on tool rake face, causing plastic deformation of metal
at the shear region [19]. While most of the generated heat is carried away by the chip,
a slight amount is absorbed by the surroundings, with the remaining absorbed by the
tool and workpiece. Since thermal conductivity of magnesium alloy is relatively low as
compared to carbon steel, temperatures at the tool chip interface will increase rapidly.
Thus, when applying cryogenic coolant to the machining zone, the heat is removed causing
significant temperature reduction at the cutting zone. Therefore, cryogenic cooling allows
for decreased tool wear and increased tool life as similarly found by Kumar et al. [20].

Tool life for the selected experiments conducted in milling of AZ91D under both dry
and cryogenic cooling has been shown in Figure 6. Experiment 7 in cryogenic cooling
clearly demonstrated the longest tool life of 1864 min, while the lowest tool life of 30 min
occurred for Experiment 2 under dry conditions. Increments of tool life in cryogenic
cooling were observed; more than 8× in Experiment 2; 4× more in Experiment 7; and
5× more in Experiment 8. These results were similar to Wang et al. [8], who reported a
four-time increase of tool life in cryogenic conditions. Kaynak et al. [9] also stated that
cryogenic cooling had reduced tool-wear rate at high cutting speeds. This suggests that
cryogenic cooling is the best option for controlling progressive flank wear, hence providing
a sustainable working environment in controlling dimensional deviations of AZ91D.
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Flank wear for Experiments 2, 7, and 8 observed under optical microscope occurred
predominantly at the nose area of the cutting tool for both dry and cryogenic cutting
conditions as shown in Figure 7. Most wear was due to fracturing at the cutting edge as
well as notching, especially under dry machining as seen in Figure 7c.
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Figures 8–10 show the tool wear experienced by the cutting conditions of Figure 7 at
higher magnification. Figure 8a,b shows wear that occurred on the flank face indicating
flaking of the carbide material and sticking of melted chips. The flaking was not severe,
possibly due to cryogenic cooling that managed to reduce the cutting temperature.
EDAX in Figure 8c indicated that tungsten carbide was the major constituent followed
by oxygen. However, for Figure 8d,e, fracturing by micro cracks had been observed
with EDAX analysis in Figure 8f, indicating the occurrence of oxidation with oxygen
constituents at 41.8%. The occurrence of wear on the crater face was due to solid state
diffusion of constituents of the tool material into the adherent chip material, subsequently
torn and transported by the underside of the fresh flowing chips as similarly stated by
Venugopal et al. [21].

Figure 9 shows wear on the cutting edge for Experiment 8. Flaking was observed
under cryogenic cooling, but it was not severe. EDAX analysis showed that oxidation
occurred on the chips deposited. High temperatures that were generated were most
probably due to the high feed rate (0.05 mm/tooth) and high cutting speeds (1300 m/min)
utilized under this machining condition. Abrasion also occurred but was not severe and
cavitation appeared at several locations. This three-body abrasion occurs when a small
carbide particle lodges between two rubbing surfaces and abrades the flank surface, as
similarly observed by Ghani and Che Haron [22] in milling of Inconel 718 using carbide
tools. This wear phenomenon was similarly observed under dry cutting conditions. This
situation may have been due to the intact contact between the chips–tool interface that
rendered the application of LN2 ineffective.
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It can be concluded from the analysis of these wear phenomena in Figures 7–9 that
at cutting speed of 900 m/min and feed rate of 0.02 mm/tooth, the heat generated does
not cause severe damage on the cutting edge, i.e., LN2 is effective in reducing cutting
temperatures. However, at higher cutting speeds of 1300 m/min, for both feed rates of
0.02 and 0.05 mm/tooth, LN2 is ineffective in reducing cutting temperatures. This goes
against previous research [23,24] that found that cryogenic cooling is effective at higher
than lower cutting speeds. This may be due to the condition of contact at the chips–tool
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interface and in some cases, the inability of LN2 to penetrate the working region, rendering
its application ineffective.

Sustainability 2023, 15, x FOR PEER REVIEW 11 of 14 
 

 

   
(d) (e) (f) 

Figure 9. Experiment 8 (a–c) cryogenic cooling, (d–f) dry condition. 

It can be concluded from the analysis of these wear phenomena in Figures 7–9 that 
at cutting speed of 900 m/min and feed rate of 0.02 mm/tooth, the heat generated does not 
cause severe damage on the cutting edge, i.e., LN2 is effective in reducing cutting temper-
atures. However, at higher cutting speeds of 1300 m/min, for both feed rates of 0.02 and 
0.05 mm/tooth, LN2 is ineffective in reducing cutting temperatures. This goes against pre-
vious research [23,24] that found that cryogenic cooling is effective at higher than lower 
cutting speeds. This may be due to the condition of contact at the chips–tool interface and 
in some cases, the inability of LN2 to penetrate the working region, rendering its applica-
tion ineffective. 

3.3. Surface Roughness 
Surface roughness (Ra) values for each experiment at the beginning of cut has been 

shown in Figure 10. Based on the graph, dry machining yielded the lowest Ra value at 
0.066 µm as observed from Experiment 15, while the lowest Ra value for cryogenic ma-
chining was observed from Experiment 7 at 0.091 µm. Machining under dry conditions 
improved surface finish by up to 14%; however, chips sticking to the rake face may have 
been the reason for unstable surface roughness readings. Comparatively, Experiment 7 
yielded optimum parameter readings under tool life dry machining, but the surface 
roughness achieved was at 0.105 µm, which was higher than the measured surface rough-
ness obtained from Experiment 15. However, tool life obtained from Experiment 15 was 
only 380 min.  

 
Figure 10. Surface roughness under dry and cryogenic conditions. 

Figure 10 shows improved surface roughness in the machining process by utilizing 
liquid nitrogen (LN2) cooling for Experiments 2 and 7 by 24.2% and 13.3%, respectively. 
However, machining under dry condition for Experiment 8 showed a 26.9% improvement 
than under cryogenic conditions. Similarly, better Ra was observed under other dry ma-
chining conditions such as in Experiments 3 and 10 as compared to cryogenic cooling. The 
larger feed rate used in these experiments may have had a more dominant influence in 

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1

0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Su
rfa

ce
 ro

ug
hn

es
s (

µm
)

Experimental Run

dry beginning of cut
cryo beginning of cut

Figure 10. Surface roughness under dry and cryogenic conditions.

3.3. Surface Roughness

Surface roughness (Ra) values for each experiment at the beginning of cut has been
shown in Figure 10. Based on the graph, dry machining yielded the lowest Ra value at
0.066 µm as observed from Experiment 15, while the lowest Ra value for cryogenic ma-
chining was observed from Experiment 7 at 0.091 µm. Machining under dry conditions
improved surface finish by up to 14%; however, chips sticking to the rake face may have
been the reason for unstable surface roughness readings. Comparatively, Experiment 7
yielded optimum parameter readings under tool life dry machining, but the surface rough-
ness achieved was at 0.105 µm, which was higher than the measured surface roughness
obtained from Experiment 15. However, tool life obtained from Experiment 15 was only
380 min.

Figure 10 shows improved surface roughness in the machining process by utilizing
liquid nitrogen (LN2) cooling for Experiments 2 and 7 by 24.2% and 13.3%, respectively.
However, machining under dry condition for Experiment 8 showed a 26.9% improvement
than under cryogenic conditions. Similarly, better Ra was observed under other dry
machining conditions such as in Experiments 3 and 10 as compared to cryogenic cooling.
The larger feed rate used in these experiments may have had a more dominant influence in
improving surface roughness as compared to cryogenic cooling. Increasing feed rate will
increase material removal rate at a specific speed but will cause increased friction and will
influence measurements of the machined surface [25]. Hence, the cooling condition and
feed per tooth are the most vital factors in achieving a good surface finish [14].

In general, all measured Ra were below 0.2 µm, which resulted in mirror-like surfaces
under both dry and cryogenic conditions which are required for precision components.
According to Engineering [26], 0.1 µm ≤ Ra ≤ 0.2 µm is equivalent to N3–N4 (superfinish-
ing to ground finishes). Even though notching was observed as in Figure 7f, the measured
Ra value was not affected. When notch wear occurs at the DOC line, a flank profile is
formed on the surface [18]. However, the defect surface was eliminated with a new cut,
leaving the flank defect unseen. Furthermore, continuous application of LN2 is expected
to produce or maintain good surface roughness. According to Pu et al. [12], better surface
roughness is achieved by applying liquid nitrogen to the cutting zone, resulting in reduced
cutting temperatures. In addition, Denish et al. [25] stated that low temperatures will
induce brittle behavior in the magnesium alloy, thereby producing short and discontinuous
chips. Reduced temperatures at the cutting zone can reduce chip melting at the machined
surface of the magnesium alloy and the cutting tool edge, hence improving surface finish
during cryogenic machining. The flow of liquid nitrogen will also help to flush away chips
from the finished surface and act as a dry lubricant, which could be one of the reasons



Sustainability 2023, 15, 3760 12 of 14

for obtaining good Ra. Dhar and Kamruzzaman [27] also reported on the same beneficial
effects of cryogenic machining on surface roughness.

Analyses of variance (ANOVA) for surface roughness in dry and cryogenic conditions
are shown in Tables 6 and 7, respectively. These tables show that feed rate and radial depth
of cut significantly affected surface roughness both under dry and cryogenic conditions,
whereas cutting speed and axial depth of cut were not significant with R-sq at 88% and 80%
for dry and cryogenic conditions, respectively.

Table 6. ANOVA for surface roughness in dry machining.

Source DF Adj SS Adj MS F-Value p-Value

Cutting speed (m/min) 1 0.000060 0.000060 0.32 0.584
Feed rate (mm/tooth) 1 0.008789 0.008789 46.54 0.000
Axial depth of cut (mm) 1 0.000028 0.000028 0.15 0.710
Radial depth of cut (mm) 1 0.013053 0.013053 69.12 0.000
Error 11 0.002077 0.000189
Total 15 0.024007

Table 7. ANOVA for surface roughness in cryogenic cooling.

Source DF Adj SS Adj MS F-Value p-Value

Cutting speed (m/min) 1 0.000008 0.000008 0.11 0.743
Feed rate (mm/tooth) 1 0.001561 0.001561 21.21 0.001
Axial depth of cut (mm) 1 0.000072 0.000072 0.97 0.345
Radial depth of cut (mm) 1 0.003082 0.003082 41.87 0.000

Error 11 0.000810 0.000074
Total 15 0.005533

Carou et al. [28] reported that feed rate was the main contributing factor affecting all
machining tests in intermittent turning of UNS M11917 magnesium alloy. Othman et al. [29]
also found that feed rate was the most significant factor in turning Al-Si alloy. In this study,
in addition to feed rate, radial depth of cut was also a significant factor in the machining
experiments. According to Shen et al. [30], high radial depth increases vibrations and
deteriorates machining quality during face milling of AISI304 stainless steel with cemented
carbide milling cutters. Investigations carried out by Ribeiro et al. [31] revealed that radial
cutting depth and the interaction between radial and axial depth of cut are the most relevant
parameters affecting surface finish in milling hardened steel.

4. Conclusions

This study compared cryogenic cooling and dry cutting conditions for high-speed
milling of AZ91D magnesium alloy. Based on the experimental results and detailed obser-
vations from this study, the following can be concluded:

• The optimum machining condition identified from this range of study was at cutting
speed of 900 m/min, feed rate of 0.02 mm/tooth, axial depth of cut at 0.3 mm, and
radial depth of cut at 40 mm, in which the maximum tool life of 1864 min was achieved;

• Tool life is significantly improved in cryogenic cooling as compared to when dry
machining at more than eight times in certain cases especially at a lower cutting speed
of 900 m/min.

• Mirror-like machined surfaces of N3-N4 finish levels were produced both in cryogenic
and dry conditions, but with better surface finish obtained in cryogenic cooling;

• Analysis of the wear mechanism revealed that less severe wear was observed while
utilizing LN2 cooling as compared to dry machining. The wear mechanisms ob-
served were notching, solid state diffusion cavitation, fracturing, and flaking of the
carbide tools;

• The application of cryogenic and dry cutting conditions leads to a sustainable manu-
facturing practice that is environmentally friendly.
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For future work, the effects of cutting speeds of less than 1000 m/min will be studied
in detail since they are expected to result in better machining output.
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