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Abstract: The present research investigated the turning of AZ31B magnesium alloy in a dry environment
using carbide tool inserts coated with tungsten carbonitride (TiCn) and thin alumina (Al2O3). A
Box–Behnken design based on fifteen experiments showed a proportional increasing trend of flank
wear with all three machining parameters, i.e., cutting speed, feed rate, and depth of cut. The most
influential parameter is the cutting speed. A maximum flank wear of 299.34 µm due to excessive
adhesion of work material on the tool face was observed at a high cutting speed. Machining at low
speed resulted in a significant reduction in tool wear due to less chipping. The tool wear and chip
morphology study confirmed the results.
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1. Introduction

Globally, the increasing demand for magnesium alloys has gradually surpassed alu-
minum alloys over the last decade, due to its appealing weight-resistance and weight-
hardness characteristics. Magnesium alloys are a lightweight structural material and
non-toxic bio-degradable metallic biomaterial with a high strength-to-weight ratio [1]. Mag-
nesium alloys are replacing aluminum alloys day by day as they are lightweight, highly
durable, and not expensive [2]. They are environmentally friendly and ideal materials for
sustainable manufacturing because the machining waste of magnesium can be recycled.

AZ31B is a wrought magnesium alloy that offers good room-temperature strength,
moderate machinability, and is non-magnetic with high electrical and thermal conductivity.
It is widely available and extensively used in several industries such as aerospace, auto-
motive, medical, electronic, and general commercial applications due to its lightweight
and high strength-to-weight ratio [3,4]. Despite having excellent machinability, there are
inherent hazards and limitations associated with the machining of magnesium and its
alloys such as its high flammability during machining, soft and abrasive nature, poor heat
conductivity, burr formation, machining-induced deformation, resulting in excessive tool
wear, poor tool life, workpiece deformation, reduced machining efficiency, high tooling
replacement cost due to tool wear, higher roughness, and poor dimensional accuracy [5,6].
The major concern in the machining of soft materials like aluminum and magnesium alloy
is fire ignition in a dry environment due to the burning of fine chips and dust generated
during cutting [7,8]. Therefore, extreme care and necessary machining precautions should
be adopted during dry machining. Sharp tools significantly reduce excessive heat and
spark generation, a tight clearance angle causes continuous and unbroken chips, and
discontinuous chips dissipate heat from the cutting tool.

Recently, environmental awareness and stringent environmental regulations have
motivated and compelled industry users to use dry machining to reduce the consumption
of cutting fluids. The storage, use, and disposal of cutting fluids account for approximately
15% of total manufacturing costs [8]. Dry cutting is a key machining aspect of sustainable
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machining by eliminating cutting fluids and offering advantages such as reduced cost
and ecological footprints. However, there are a number of issues associated with the dry
machining of magnesium alloys, as discussed above. The dry machining effectiveness can
be increased by using optimal machining conditions and modified tool inserts (i.e., coated
tool or coated, treated, and textured) in place of normal tools. A thin coating of titanium
carbo-nitride (TiCn), titanium nitride (TiN), and titanium aluminum nitride (TiAlN) on
cutting tools enhances their wear resistance and thermal stability and reduces the formation
of the built-up edge during the machining of magnesium and its alloys. Carbide-tipped
tools have the ability to retain their hardness and sharpness at higher temperatures and are
less likely to generate sparks during the machining of magnesium and its alloy [7]. Some
previous attempts at machining magnesium and its alloy in dry and wet environments are
discussed below.

Wojtowicz et al. [9] investigated the effect of cutting speed, feed, depth of cut, and
nose radius on surface integrity during the turning of a wrought Mg–Zn–Zr–RE alloy. They
found that feed and nose radius, and their interaction, significantly affect surface roughness.
For achieving better surface integrity (i.e., roughness, residual stress, and microstructure)
of wrought magnesium alloy after turning, low values of machining parameters were
recommended. Viswanathan and Ramesh performed dry turning of AZ91D magnesium
alloy with polycrystalline diamond (PCD)-coated tool inserts and found feed rate to be the
most influential parameter for surface roughness [10]. A mathematical prediction model
was developed to predict the values of surface roughness. It was found that feed rate
has a more significant impact on the average surface roughness Ra than cutting speed
and depth of cut. Yalçın and Özileri [11] investigated the machinability characteristics
of AZ91 magnesium for automotive parts using a sintered carbide tool for turning and
found a proportional variation in cutting forces based on depth of cut and feed rate.
They recommended a machining combination for turning casted AZ91 magnesium alloy
to ensure a better surface finish, which produces shorter chips with minimum cutting
force. Kolluru et al. [12] conducted dry machining of AM series magnesium alloy with a
tungsten carbide insert having a nose radius of 0.8 mm. They conducted twenty-seven
experiments based on Taguchi L27 by varying the cutting speed, feed rate, and depth of
cut and considered cutting force, feed force, and average surface roughness as machining
performance indicators. They observed significant variations in surface roughness and
cutting force when changing the depth of cut and feed rate. They successfully optimized
turning parameters and found the optimum range of machining performance indicators
as average surface roughness—0.16 µm to 0.57 µm, cutting force—56.02 N to 70.34 N,
and feed force—22.3 N to 38.28 N. In another study, dry face turning was performed
on AZ31B magnesium alloy by varying the cutting speed, feed rate, and depth of cut to
determine the areal surface roughness Sa and Sz of the turned surface [13]. The optimum
values of Sa (0.577 µm) and Sz (5.480 µm) were obtained at a turning combination of
85 m/min as cutting speed, 0.05 mm/rev as feed rate, and 0.3 mm as depth of cut. In an
important investigation, dry face turning of UNS M11917 magnesium alloy was carried
out according to factorial design using tool inserts of various coatings [14]. Feed rate was
found to be the most influencing turning parameter. The reported optimum machining
combination to secure minimum surface roughness was 0.04 mm/rev as the feed rate,
280 rpm as the spindle speed, and coating with TP2500. A study on the dry turning of
AZ91D magnesium alloy using titanium cutting tools was reported by Guo et al. [15]. They
found depth of cut and feed rate to be the most influential parameters for cutting forces and
surface roughness, respectively. Deshwal and Kant [16] performed a comparative study
for machining AZ31B alloy magnesium bars by traditional turning (TT) and laser-assisted
turning (LAT) processes. Machining forces, surface roughness, and tool wear were taken
into consideration as performance indicators for a comparative study. They found higher
machining temperature; long, continuous ductile chips; 50% enhancement in corrosion
resistance; lower hardness; and minimal scratches, cracks, and pits on the LAT-turned
surface compared with TT. Compressive and tensile residual stresses were found in LAT and
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TT, respectively. Ali and Pervaiz [17] performed the machining of magnesium alloy in dry
and vegetable-oil-mist cutting conditions using coated tools and analyzed their influence on
the environment. Flank wear, chip morphology, tool contact length, and surface roughness
were considered performance measures. They found that tool wear, surface roughness,
and other output response characteristics were significantly related to feed rate and cutting
speed. Vegetable oil mist machining improved the surface finish, material removal rate by
20%, and microhardness by 11.5% compared with dry machining. They concluded that
vegetable-oil-mist-based machining offers great potential to improve the machinability of
magnesium alloys. Deshwal and Kant [18] compared the machinability of the magnesium
AZ31B alloy during TT and ultrasonic-vibration-assisted turning (UVAT) processes and
identified the impact of cutting speed in terms of machining forces, machining temperature,
tool wear, chip morphology, surface roughness, microstructure, and microhardness. Their
outcomes revealed enhanced machining performance during the UVAT process compared
with TT. They found coarser chip formation; finer grain structure; higher microhardness;
lower machining forces, flank wear, and surface roughness in UVAT compared with TT;
however, a high machining temperature was found in UVAT. Zakaria et al. [19] used an
internal cooling technique referred to as submerged convective cooling (SCC) for turning
AZ31 magnesium alloy. Their investigation revealed a 15%, 6%, and 12% reduction in
machining temperature, cutting force, and feed force, respectively. They also found a
reduction in built-up edge (BUE) and built-up layer (BUL) formation during turning.
Ijaz et al. [20] performed a two-dimensional finite-element-based analysis (FEA) of the
orthogonal cutting process of AZ31B magnesium alloy in cryogenic and dry machining
environments by varying the cutting speed and uncut chip thickness. Cutting forces and
temperatures were considered output parameters. The cutting forces predicted by FEA for
a cutting speed of 100 m/min and uncut chip thickness of 0.1 mm varied by 19% and 16%
for cryogenic and dry machining conditions, respectively. Results obtained from the FEA
model are helpful to further investigate and optimize the process. Viswanathan et al. [21]
used a physical vapor deposition (PVD)-coated carbide insert for turning magnesium
alloy in dry conditions. Taguchi’s L27 orthogonal array experimental design was used to
conduct twenty-seven experiments to identify the effect of turning parameters on cutting
force (Fz), material removal rate (MRR), tool flank wear (Fw), and surface roughness
(Ra). A combination of principal component analysis (PCA) and grey relational analysis
(GRA) was used to obtain the optimal turning parameters. It was found that the depth
of cut has a significant contributing parameter for turning magnesium alloy. Dutta and
Narala [22] performed the turning of a newly developed aluminum–manganese (AM) series
magnesium alloy. Nine experiments were conducted based on Taguchi’s experimental
design by varying feed (f), cutting speed (Vc), and depth of cut (ap). Cutting force and
surface roughness were considered performance measures and the signal-to-noise ratio
was calculated for the response variables. It was found that DOC has the maximum effect
on the cutting force and feed has the maximum influence on the average surface roughness.
Asal [23] investigated the effect of cutting speed (Vc), feed rate (f), and depth of cut (ap) on
surface roughness. They found 2 mm depth of cut, 0.2 mm/rev feed, and 320 m/min cutting
speed as optimal turning parameters. Tibrewal et al. [24] studied the influence of cutting
speed and feed rate on cutting forces, surface roughness, temperature, and microstructure
during turning of AZ31B magnesium alloy in dry and cryogenic cutting environments. It
was found that a combination of high cutting speed and low feed rate with a cryogenic
environment gives the best surface finish. In another study, Dansih et al. [25] examined
the influence of cutting speed, depth of cut, and feed rate on temperature and average
surface roughness during the turning of AZ31B magnesium alloy in dry and cryogenic
cutting environments. The FEA-based model was developed to predict the temperature
distribution of the machined surface during turning. They observed a 60% and 56%
reduction in machining temperature and average surface roughness, respectively, during
turning in a cryogenic environment compared with dry turning. Machining temperature
was more significantly affected by cutting speed compared with feed rate and depth of cut.
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Several attempts have been made by researchers to machine different grades of mag-
nesium alloys, including AZ31B. Based on that, the following conclusions can be drawn
and the research gaps can be highlighted:

• Magnesium and its alloys are soft as well as highly flammable; so, the selection of the
best machining combination and tool inserts is necessary to ensure their safe machining
without any risk of fire ignition in a dry environment and to obtain good machinability.

• Hybrid machining processes such as laser- and vibration-assisted turning and ma-
chining in cryogenic and mist lubrication environments have also been used for
magnesium alloy but they increase the overall machining cost.

• It has been observed that tool wear is a key performance indicator for machining
magnesium alloy and has scarcely been investigated. Machining temperature, cutting
forces, and surface roughness have been the main focuses of investigations.

• A gap exists to secure further improvement (in other words, lower value) in tool wear
while machining AZ31B magnesium alloy in a dry environment.

• In most of the past work, the machining of magnesium has been conducted at low
values of process parameter combinations (such as cutting speed ≤100 m/min and
depth of cut ≤0.8 mm), which can further be increased and investigated to obtain
better machinability indicators.

These compelled us to further explore dry machining of AZ31B magnesium alloy in
detail and attempt for machinability enhancement in terms of maximizing productivity,
minimizing tool wear, and improving the surface quality of machined parts.

The present study attempts to fill such gaps and aims to investigate the dry turning of
AZ31B magnesium alloy using tungsten carbonitride with thin alumina-coated triangular
carbide tool inserts. The study reported in this article is part of a detailed investigation
of the turning of AZ31B magnesium alloy to identify the influence of turning parameters
on machinability performance indicators such as flank wear, surface roughness, chip
morphology, and material removal rate. The major objectives of the research work reported
in this article are (i) to machine AZ31B magnesium alloy in a dry environment and study
the effect of cutting speed, feed rate, and depth of cut on tool flank wear; (ii) to identify the
significant machining parameters and their interactions affecting tool flank wear; and (iii)
to conduct a detailed study on flank wear mechanism and chip morphology for a deeper
understanding of the dry or lubricant-free machining of magnesium alloy.

2. Materials and Methods
2.1. Work and Tool Insert Materials

In this study, AZ31B magnesium alloy cylindrical bars ‘(AZ31B-MLCBs)’ of 25 mm
diameter and 200 mm long were used as the work material. Magnesium alloys are
lightweight, non-corrosive, non-toxic, recyclable, and high strength-to-weight ratio and
excellent machinability [6]. Triangular shape single-point carbide tool inserts (Sieeso
TNMG160408-MT HS8125) coated with titanium carbonitride (TiCn), with the thinner
alumina (Al2O3) having a Vickers hardness of 3000 HV, were used for carrying out straight
turning of AZ31B in a dry environment. This tool insert has three cutting edges, and each
edge was used for turning a single experimental run. The good adhesion between TiCN and
alumina significantly increases the heat-resistance and wear-resistance of the tool inserts,
performs well machining at elevated temperatures in dry environments, and is widely
applied in the machining industry due to its excellent properties. Table 1 presents the
details of the cutting tool insert and raw work material AZ31B magnesium alloy. Figure 1
shows schematic views of unturned and turned magnesium alloy and an actual picture of
the magnesium cylindrical bar. Figure 1 also shows the actual picture of the tool insert and
tool holder used for straight turning in this study.
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Table 1. Description of selected machining parameters, specifications of the workpiece and cutting
tool, and composition of workpiece material.

Parameters Varied during the Turning
Machining
Performance Indica-
tors/Responses

Parameters, Symbols, and
(Unit)

Levels (Actual and (Coded))

Low (−1) Medium (0) High (1)

Cutting speed ‘Vc’ (m/min) 65 (−1) 90 (0) 115 (1)
Flank wear (FW)
Chip morphologyFeed rate ‘f’ (mm/rev) 0.1 (−1) 0.15 (0) 0.2 (1)

Depth of cut ‘ap’ (mm) 0.5 (−1) 0.75 (0) 1.0 (1)

Constant machining factors

Workpiece diameter, materials of inserts and workpiece; cutting tool inserts; tool geometry; turning time
(15 min); Mode of machining: dry

Details of the machine, workpiece, and cutting tool

Machine details Make: Colchester, Model: Mascot 1600, Country of origin: UK; Power: 12.5 HP;
Maximum RPM: 1600

Workpiece details Material: Magnesium alloy (AZ31B); Shape: Cylindrical bar; Cross-section: Round;
Dimensions: diameter (ф)—25 mm, Length (l)—200 mm

Cutting tool details Material: Tungsten carbide; Type: Insert; Shape: Triangular; Cutting edges: 3, Type:
Single point (Negative); Hardness: 3000 HV

Chemical
composition (% wt.)
of Mg work material

Mg: 96.5%; Al: 2.5; Zn: 0.6; Mn: 0.2; Si: 0.1; Cu: 0.05; Ca: 0.04; Fe: 0.005; Ni: 0.005

Physical and
Mechanical
properties of the
magnesium alloy bar

Density: 1.77 g/cm3; Tensile strength: 260 MPa; Compressive strength: 97 MPa;
Elastic modulus: 44.8 GPa; Poisson’s ratio: 0.35
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Figure 1. Work material magnesium alloy bar and tool insert used in the present study.

2.2. Machine, Experimental Procedure, and Measurement

In this study, a manual lathe tool (make: Colchester, model: Mascot 1600, country
of origin: UK) having 12.5 horsepower (HP) and a maximum of 1600 RPM was used
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for straight turning on AZ31B magnesium alloy bars using carbide inserts coated with
tungsten carbonitride with thin alumina, as shown in Figure 1. The different steps in-
volved in turning of magnesium alloy bars are shown in Figure 2. Cutting speed ‘Vc’
(in m/min), feed rate ‘f ’ (in mm/rev), and depth of cut ‘ap’ (in mm) are three variable
machining parameters incorporated with the machine tool and can be varied in the range
between 20 and 1600 m/min, 0.002 and 1.0 mm/rev, and 0.05 and 10 mm, respectively. The
parameters’ range selection for this study was performed after conducting some prelimi-
nary experiments on the straight turning of a cylindrical magnesium alloy bar of 60 mm
diameter for 10 min. The machine tool and availability of resources were also taken into
account. For preliminary experiments, a one-variable-at-a-time approach was used for
conducting thirteen preliminary experiments. Turning length and surface roughness (av-
erage surface roughness ‘Ra’ and maximum surface roughness ‘Rmax’) were considered
as responses for preliminary experiments. Lower values of cutting speed, feed rate, and
depth of cut (i.e., less than 0.5 mm) significantly decrease the productivity—i.e., turning
length—whereas higher values (i.e., more than 115 mm/min for Vc; 0.2 m/rev for f, and
1.0 mm for ap) increase the surface roughness and tool wear. Moreover, machining beyond
these high values of cutting parameters is prone to ignition in magnesium. Wobbling in the
workpiece was also observed at higher cutting speeds. It significantly increases the surface
roughness and wear in tool inserts [26].

1 

 

 

Figure 2. Sequence of steps involved during turning of AZ31B magnesium alloy bar using coated
carbide tool insert.

In this study, a detailed investigation was aimed at analyzing the effects of cutting
speed ‘Vc’, feed rate ‘f ’, and depth of cut ‘ap’ as well as their interactions with tool flank
wear. The turning operation was performed for fifteen minutes in each experimental run.
For the investigation, three selected machining parameters were varied at three levels each
during fifteen experiments designed based on the Box–Behnken design (BBD) of response
surface methodology. For a 3-factor, 3-level design, BBD is the best suitable design of
experiment ‘DoE’ technique, which can provide us maximum information with minimum
experiments (15 experiments in the present work). This saves time as well as the cost
of conducting experiments. Therefore, based on its characteristics and extensive use in
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research and development for designing the experiments, to draw maximum information
with minimum experiments, we chose BBD.

Table A1 shows the BBD-based machining combinations for fifteen experiments. Three
center points were considered in this experimental design. Therefore, in this experimental
design, the three machining combinations (i.e., experimental runs 1, 11, and 15) are similar
and have the same values of variable parameters. These machining combinations were used
to conduct experimental runs by turning a magnesium alloy round bar using a tungsten
carbide single-point tool insert. Each experimental run was completed after performing
turning for fifteen minutes and each experimental run was repeated twice to minimize
the error of the considered response (i.e., flank wear ‘FW’ of tool insert due to the effect
of uncontrolled variation during machining) and improve the statistical accuracy of the
experimental runs. Thus, a total of thirty experiments were conducted in this study. A
facing operation was performed on each bar before starting turning in each experiment
to ensure the flat cross-section of the round bar on both ends. Each experimental run was
completed after performing turning for fifteen minutes. After performing all experimental
runs, the next step was the measurement of flank wear of tool inserts. Tool life is said to end
at a flank wear value of greater than 600 microns, according to ISO recommendations. A
Tescan VEGA3 scanning electron microscope (SEM) was used to examine chip morphology
and flank wear of tool inserts.

3. Results and Discussion

Table A1 presents the experimental results, i.e., the values of flank wear obtained in all
fifteen experimental runs. An average value of two replications was considered. The lowest
and highest tool wear are used to determine the best and worst machining combinations.
Experimental runs 12 and 3 were identified as the best and worst turning combinations,
respectively, based on the flank wear values, as shown in Table A1.

Table A2 displays the results of the analysis of variance (ANOVA) for tool flank wear.
A 95% confidence interval of p-values (i.e., p-values less than 0.05) is used to determine the
significance of the developed model and variable turning parameters of each machining
performance indicator [27,28]. Equation 1 is the empirical equation for modeling and future
prediction of flank wear. The ANOVA yields the following interpretations:

• The developed quadratic models for machining performance indicators are significant
since their p-value is less than 0.05.

• Cutting speed and feed rate are found to be statistically significant for flank wear.
• The lack of fit is found to be non-significant for flank wear. A non-significant lack of

fit indicates that developed models accurately fit the experimental data.
• The R-squared values of the developed response models are close to 1, thus confirming

the adequacy of the developed response models.
• The value of adequate precision of the developed response model is 11.62, indicating

an adequate signal.
• The following empirical equations are used to express the developed response models

of machining performance indicators.

Flank wear (FW)
= +234.99 + 64.26 Vc + 23.49 f + 17.19 ap − 0.57 Vc f − 26.69 Vc ap + 15.00 f ap
−16.67 Vc2 + 1.72 f 2 − 0.16 ap2

(1)

3.1. Variation in Performance Indicators with Turning Parameters

The graphical representation displayed in Figure 3 is used in this subsection to discuss
the variation in flank wear ‘FW’ (µm) with cutting speed ‘Vc’, feed rate ‘f ’, and depth
of cut ‘ap’. The abscissa in these graphs depicts the values of the considered machining
performance indicator, i.e., flank wear, whereas the ordinate depicts the levels of variable
tuning parameters.
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It can be observed in Figure 3 that the value of flank wear ‘Fw’ is increasing with
all machining parameters. Compared with other variables, the cutting speed is more
prominent, and the performance indicator (flank wear) increases linearly with the cutting
speed. The value of flank wear is lower at low feed rates than at the lowest depth of
cut; however, the variation in flank wear is greater at intermediate and higher feed rates
compared with the depth of cut, as shown in Figure 3. It is evident that higher values of all
variable parameters resulted in a rise in flank wear. The high cutting speed, feed, and depth
of cut increased the rotational speed of the workpiece, tool movement corresponding to the
workpiece, and chip thickness, respectively. As the feed rate and depth of cut increased,
the undeformed chip section grew, resulting in more plastic deformation of the work
material ahead of the cutting tool, which involved more energy to remove this area, and
prominent frictional interaction at various contact interfaces [29,30]. Higher cutting speeds
further intensified this effect as the deformation and interaction rate increased, which
consequently converted the whole input energy to heat [31]. A high value of cutting speed
significantly influenced the occurrence of tool wear and the formation of chips during
turning of AZ31B magnesium alloy due to the generation of excessive heat, in addition to
workpiece wobbling, vibration, and chattering [3].

Figure 4 shows the normal probability plot of residuals for flank wear, which was
drawn using the residual analysis as the main diagnostic tool. The graph demonstrates a
normal distribution as the majority of the residuals gathered around a mean line, shown
as a diagonal straight line in the graph. It can be observed that all fifteen residuals are
accumulated around the mean line. Therefore, all fifteen residuals are concluded to be
normally distributed for flank wear ‘FW’, as shown in Figure 4.

3.2. Tool Wear and Chip Morphology

Machining chip formation occurs when the material is removed from a base material
known as a workpiece to bring it to the desired shape and size [32,33]. Chip formation is
significantly influenced by cutting speed, feed rate, depth of cut, shape, material of tool
insert, and workpiece material. In the context of the present investigation, cylindrical
bars made of AZ31B magnesium alloy were machined in dry conditions. The optical and
SEM images of the morphology of chips obtained at various turning combinations, i.e.,
at the highest flank wear (i.e., run 3), and lowest flank wear (i.e., run 12), are shown in
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Figures 5 and 6, respectively. Band-saw-type chips were formed during the turning of
AZ31B magnesium alloy using TiCn with a thin alumina-coated carbide tool insert, as
shown in Figures 5 and 6. Although magnesium alloys are classified as a soft material, a
tendency to adhere its chips to the tool at the tool edge and rake face is a concern at higher
cutting speeds in dry machining [34]. At high speed, the formation of continuous chips led
to abrasive and adhesive wear as well as severe adhesion of magnesium on the tool flank
face due to excessive temperature; at low speed, the formation of small and discontinuous
chips led to some adhesion or chipping of magnesium particles on the tool flank face, and
major wear occurred due to abrasion. Figures 5a and 6a illustrate the formation of longer
chips at a higher cutting speed (i.e., 115 m/min). Figures 5b and 6b depict the formation
of smaller and discontinuous chips at a low cutting speed (i.e., 65 m/min). Due to more
intense plastic deformation and a greater thermal softening effect, the dense, irregular
shear band chip formation is evident at a higher cutting speed (Figure 6a) [7]. The mild
cracks have been observed to be formed on the chips’ back surfaces because there was no
lubrication, which caused a lot of friction between the rake face of the cutting tool insert
and the chips.
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method known as energy-dispersive X-ray spectroscopy (EDS). The EDS analysis reports, 
as presented in Figure 9, support the tool wear study. The adhesion of magnesium parti-
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Figure 6. SEM images of chip morphology at (a) Vc: 115 m/min, f : 0.15 mm/rev, ap: 0.5 mm; (b) Vc:
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Figures 7 and 8 present the scanning electron micrographs of tool wear. The SEM
images, given in Figure 7, were obtained for the tool insert used at a high cutting speed,
such as during experimental run 3, whereas Figure 8 shows the SEM images of tool wear
for the machining conducted at low speed, such as in experimental run 12. From Figure 7,
it is evident that tool wear is high at a high cutting speed due to the excessive chipping or
adhesion of magnesium particles on the flank face of the tool (Figure 7a). The reason is the
ignition of magnesium due to its softness at high-temperature generation due to the high
frictional heat at a high cutting speed. Although we conducted preliminary experiments to
avoid the ignition, some effect still exists. Some abrasion wear also occurred at the nose
radius (Figure 7b) and a bit of tool material removal on the top of the flank face (Figure 7c).
On the other hand, the tool wear at a low cutting speed is mainly due to abrasion only
(Figure 8a–c). Since the heat generation, and therefore the adhesion and chipping, is low,
few magnesium particles were found adhered on the tool flank face (Figure 8a,b). The nose
radius also suffered from abrasion (Figure 8c).

J. Manuf. Mater. Process. 2023, 7, x FOR PEER REVIEW 11 of 16 
 

 

 
(a) 

 
(b) 

Figure 6. SEM images of chip morphology at (a) Vc: 115 m/min, f: 0.15 mm/rev, ap: 0.5 mm; (b) Vc: 
65 m/min, f: 0.15 mm/rev, ap: 0.5 mm. 

The elemental analysis of metallic samples was performed using the analytical 
method known as energy-dispersive X-ray spectroscopy (EDS). The EDS analysis reports, 
as presented in Figure 9, support the tool wear study. The adhesion of magnesium parti-
cles on the tool face at high speed and maximum tool wear, as shown in Figure 9a, is 
greater than the magnesium particles adhered on the tool face at low speed (Figure 9b). 

 
(a) 

Figure 7. Cont.



J. Manuf. Mater. Process. 2023, 7, 187 11 of 15
J. Manuf. Mater. Process. 2023, 7, x FOR PEER REVIEW 12 of 16 
 

 

  
(b) (c) 

Figure 7. SEM micrographs of tool wear in experimental run 3. Vc: 115 m/min, f: 0.15 mm/rev, ap: 
0.5 mm. 

  
(a) (b) 

 
(c) 

Figure 7. SEM micrographs of tool wear in experimental run 3. Vc: 115 m/min, f : 0.15 mm/rev,
ap: 0.5 mm.

J. Manuf. Mater. Process. 2023, 7, x FOR PEER REVIEW 8 of 10 
 

 

 

  
(a) (b) 

 
(c) 

Figure 8. SEM micrographs of tool wear in experimental run 12. Vc: 65 m/min, f: 0.15 mm/rev, ap: 
0.5 mm. 

Figure 8. SEM micrographs of tool wear in experimental run 12. Vc: 65 m/min, f: 0.15 mm/rev,
ap: 0.5 mm.



J. Manuf. Mater. Process. 2023, 7, 187 12 of 15

The elemental analysis of metallic samples was performed using the analytical method
known as energy-dispersive X-ray spectroscopy (EDS). The EDS analysis reports, as pre-
sented in Figure 9, support the tool wear study. The adhesion of magnesium particles on
the tool face at high speed and maximum tool wear, as shown in Figure 9a, is greater than
the magnesium particles adhered on the tool face at low speed (Figure 9b).
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Figure 9. EDS analysis report of cutting tool insert used for machining: (a) maximum adhesion of
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at low speed (Vc: 65 m/min).

4. Conclusions

In this study, AZ31B magnesium alloy was straight-turned in the dry environment us-
ing titanium carbonitride with thin alumina-coated carbide tool inserts at fifteen parametric
cutting combinations based on BBD. A detailed study on the effect of machining parameters
on tool flank wear, wear phenomenon, and chip morphology, have been conducted and
reported. The major findings of this investigation can be summarized as follows:

• Cutting speed influenced the flank wear most significantly.
• Flank wear increased with the increase in cutting speed, feed rate, and depth of cut.
• The formation of continuous chips while machining at a high cutting speed, and

discontinuous and small chips at a low cutting speed, was observed.
• The maximum flank wear value of 299.34 µm was obtained at a high cutting speed of

115 m/min and the minimum flank wear value of 89.56 µm at a low cutting speed of
65 m/min.

• The main reason behind the high flank wear is the adhesion of work material, i.e.,
magnesium particles on the tool face, due to their ignition and deposition at high
temperatures corresponding to high speed.

• At low speeds, abrasion is the main wear mechanism with insignificant chipping of
the work material.

• In essence, for dry machining, it is recommended to machine magnesium alloy material
at lower values of machining parameters to obtain better machinability and longer
tool life.

Future research avenues may include the machining of AZ31B magnesium alloy with
a combination of a dry environment and textured or treated tools, and a comparative study
of magnesium machining under different cutting environments.
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Appendix A

Table A1. Experimental results corresponding to machining parameter combinations.

Expt. No.
Variable Machining Parameters

Responses

Flank Wear ‘FW’ (µm)

Cutting Speed ‘Vc’
(m/min) Feed ‘f ’ (mm/rev) Depth of Cut ‘ap’

(mm) R1 R2 Avg. (R1 + R2)

1 90 (0) 0.15 (0) 0.75 (0) 258 230 244
2 65 (−1) 0.20 (1) 0.75 (0) 192.5 185.04 188.77
3 115 (1) 0.15 (0) 0.50 (−1) 315.25 283.43 299.34
4 90 (0) 0.10 (−1) 1.00 (1) 215.28 192.16 203.72
5 65 (−1) 0.15 (0) 1.00 (1) 205.23 175.51 190.37
6 65 (−1) 0.10 (−1) 0.75 (0) 137.26 164.1 150.68
7 90 (0) 0.20 (1) 0.50 (−1) 252.32 226.46 239.39
8 115 (1) 0.15 (0) 1.00 (1) 306.21 280.53 293.37
9 90 (0) 0.20 (1) 1.00 (1) 296.25 285.21 290.73

10 90 (0) 0.10 (−1) 0.50 (−1) 202.62 222.12 212.37
11 90 (0) 0.15 (0) 0.75 (0) 245.23 213.45 229.34
12 65 (−1) 0.15 (0) 0.50 (−1) 84.32 94.8 89.56
13 115 (1) 0.20 (1) 0.75 (0) 294.4 282.12 288.26
14 115 (1) 0.10 (−1) 0.75 (0) 232.63 272.31 252.47
15 90 (0) 0.15 (0) 0.75 (0) 238.29 224.97 231.63

Table A2. Results of ANOVA for flank wear.

Source Sum of Squares DF Mean
Square F-Value p-Value Percentage

Contribution Remarks

Model 44,624.33 9 4958.26 11.17 0.0081 Significant
Vc 33,032.21 1 33,032.21 74.40 0.0003 70.52 Significant
f 4413.77 1 4413.77 9.94 0.0253 9.42 Significant

ap 2364.31 1 2364.31 5.33 0.0691 5.05 Not significant
Vc f 1.32 1 1.32 0.002979 0.9586 0.00 Not significant

Vc ap 2850.49 1 2850.49 6.42 0.0523 6.09 Not significant
f ap 899.70 1 899.70 2.03 0.2139 1.92 Not significant

(Vc2) 1025.90 1 1025.90 2.31 0.1890 2.19 Not significant
(f2) 10.97 1 10.97 0.025 0.8812 0.02 Not significant

(ap2) 0.096 1 0.096 0.0002162 0.9888 0.00 Not significant
Residual 2219.88 5 443.98

Lack of fit 2095.49 3 698.50 11.23 0.0829 Not significant
Pure error 124.39 2 62.20
Cor Total 46,844.21 14

R-Squared = 0.9526, Adjusted R-Squared = 0.8673, Predicted R-Squared = 0.2783

PRESS = 33,807.67, Adequate Precision = 11.62
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