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A B S T R A C T

In this study, the effects of the cold chamber die casting parameters on high-speed drilling machinability of AZ91
Magnesium alloys were experimentally investigated. The influence of different casting parameters (casting
temperature, molding pressure, and gate speed) on microstructure, mechanical properties and machinability
characteristics (thrust force, tool wear, built-up edge, built-up layer formation, surface topography, chip mor-
phology, and burr formation) were examined. The experimental results showed that the grain size of the con-
ventional casting sample was around 50 microns, while in other cold chamber die casting tests, it varied de-
pending on temperature, pressure, and gate speed. It was observed that the tensile strength values of the samples
produced with 1000 bar mold pressure were higher than those of other samples. In the formation of thrust force,
the feed rate is more effective than the cutting speed. The least tool wear occurred in the drilling of the As-cast
sample, while the highest tool wear occurred in the drilling of the sample which was produced with low pressure
and low gate speed combination. As a result of the drilling tests, depending on casting and cutting parameters,
three different types of chips were formed: fan, spiral cone, and long ribbon type. Furthermore, uniform and
transient burrs in different sizes were observed.

1. Introduction

Magnesium (Mg) alloys are an excellent alternative for many en-
gineering materials in industries due to their low density. For example,
magnesium alloys are extensively used in the transportation sector to
reduce fuel consumption and increase efficiency. These alloys are also
used in biomedical applications and manufacturing of electronic pro-
ducts, nevertheless, the automotive industry is considered to be the
largest consumer of magnesium alloys [1–4]. They are utilized in the
manufacturing of many automotive parts, from engine components to
car seat frames. Die casting is the most widely used production method
of magnesium alloy automotive parts since it provides good production
efficiency and near-net-shape parts which need minimal chip removal
process [5,6]. In case inappropriate casting parameters are used, ma-
terial defects such as jetting and porosity may occur. These defects
reduce the strength, heat treatment capability, and weldability of the
manufactured material. Although parts manufactured by the die casting
method require minimal or no machining, drilling operation is almost

inevitable for assembly of the components. It was stated that magne-
sium alloys have good machinability but fine chips removed during
high-speed dry machining tend to self- ignition [7]. Also, due to the low
melting temperature of magnesium alloys, built-up-edge is formed and
this reduces surface quality and machining precision [8].

Machinability of AZ91 magnesium alloys has been investigated by
many researchers. In these publications, drilling [9–15], turning
[16–19], and milling [20,21] performance of the magnesium alloys
were investigated. On the other hand, there is a limited number of
works focused on high-speed machining of AZ91 magnesium alloys and
the majority of these works, high-speed milling performance of mag-
nesium alloys were investigated. In these papers, chip ignition and
safety in machining [22–24], cutting forces [25], surface roughness
[26], and tool wear [27] were studied. However, high-speed drilling of
magnesium alloys has not been investigated adequately and there is a
gap in the literature concerning this subject.

The studies on drilling of AZ91 magnesium alloy generally con-
centrated on the influence of cutting tool (cutting geometry, coating,
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etc.), cutting environment (dry, minimum quantity lubrication (MQL)),
and cutting parameters (cutting speed, feed rate) on machinability.
These studies were summarized in Table 1.

Balout et al. [9] focused on the effects of workpiece temperature on
dust generation, cutting forces, and chip morphology in dry drilling of
6061 and A356 Aluminum alloys, AZ91E magnesium alloy, and 70−30

brass. They found that the workpiece temperature significantly influ-
enced dust production and stressed that lower material temperature
causes to lower dust generation and reduces cutting forces. Wang et al.
[15] presented a wear mechanism map for determining proper cutting
parameters considering tool wear in drilling of die-cast AZ91 magne-
sium alloy using uncoated HSS drill. Bhowmick and Alpas [11] studied
the performance of diamond-like carbon-coated HSS tool taking into
consideration torque and temperature generation in minimum quantity
water lubrication drilling of AZ91 magnesium alloy. They reported that
rapid failure occurred in dry drilling due to adhesion of magnesium in
case of the use of both HSS and diamond-like carbon-coated tools. Kayir
[12] optimized cutting parameters such as cutting speed, feed rate, and
tool material in drilling AZ91D magnesium alloy. The influence of
cutting parameters on hole quality was investigated and results showed
that cutting tool material had a great influence on surface roughness,
while its impact on circularity was low. Ratna Sunil et al. [14] re-
searched drilling machinability of AZ31 and AZ91 in order to determine
the influence of aluminum (Al) content in magnesium alloys on ma-
chinability characteristics. They stated that Al content in the form of the
secondary phase significantly changed machining characteristics by
increasing cutting forces and providing discontinuous chips. Berzosa
et al. [10] concentrated on tool selection in dry and MQL drilling of die-
casted UNS M11917 magnesium alloy. Two different point angle drills
were utilized and machinability was evaluated based on surface
roughness. They reported that tools with 118° point angle presented
better performance in higher cutting speeds but tools with 135° point
angle were a btter choice for drilling at lower cutting speeds. Köklü
et al. [13] investigated the influence of drill flute number on drilling

Table 1
Summary of previous studies on drilling of AZ91 magnesium alloys.

Materials Machining conditions Cutting parameters Research object Ref.

AZ91E alloy (As cast) v: 35–188 m/min Cutting forces [9]
f: 0.22 mm/rev Chip morphology
d:10 mm HSS twist drill Dust production
Dry cutting

UNS M11917 (AZ91D) alloys (As cast) v: 40 and 60 m/min Surface roughness [10]
f: 0.05 and 0.2 mm/rev
d: 6 mm HSS twist drill
Dry and MQL cutting

AZ91 alloy (As cast) v: 100–2500 rpm Tool life [11]
f: 0.10−0.25 mm/rev Temperature
d: 6.35 mm NH-DLC coated and uncoated HSS twist drill Coefficient of friction
Dry and MQL cutting Torque

AZ91D alloy (As cast) v: 2000, 2500 and 3000 rev/min Surface roughness [12]
f: 2.1, 0.2 and 0.3 mm/rev Diametric error
d: 8 mm uncoated HSS, uncoated carbide Circularity error
Dry cutting

AZ91 alloy (As cast) v: 31.4–125 m/min Cutting forces [13]
f: 0.025−0.2 mm/rev Chip morphology
d: 5 mm, Aqua-coated solid carbide Tool wear
drills with 2- and 3-flute bits
Dry cutting

AZ31 and AZ91 alloys (As cast) v: 45, 235 and 450 rpm Cutting forces [14]
f: 10, 15 and 30 mm/min Chip morphology
d: 6 mm HSS twist drill
Dry cutting

AZ91 alloy (Die casting) v: 1000 and 8000 rpm Tool wear [15]
f: 0.05 and 0.3 mm/rev Chip morphology
d: 5 mm HSS twist drill
Dry cutting

v: cutting speed and spindle speed, f: feed rate, d: diameter of drill.

Table 2
Chemical compositions of the AZ91 magnesium alloy.

Chemical composition in mass %

Mg Al Cu Fe Ni Zn Mn Si

Bal. 9.21 0.002 0.0038 0.00085 0.45 0.17 0.016

Table 3
Cold chamber pressure die casting production parameters.

Specimens Casting temperature (°C) Molding pressure
(bar)

Gate speed (m/
s)

As-cast – – –
PC-1 640 1200 45
PC-2 640 1200 60
PC-3 660 1000 45
PC-4 680 1000 30
PC-5 680 1000 60
PC-6 680 800 45
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performance of casted AZ91 magnesium alloy considering thrust force,
tool wear, tool life, chip morphology. Also, hardness and micro-
structures of borehole were examined. Results showed that flute num-
bers had a significant effect on drilling machinability of AZ91 and two
fluted tools generated lower forces while less tool wear occurred on
three fluted tools.

In previous works on drilling of AZ91 magnesium alloy, cutting
parameters, cutting tools, and cutting environment were studied. The
influence of casting parameters on high-speed drilling performance of
casted AZ91 Mg alloy has not been investigated yet. In this compre-
hensive study, the effects of the cold chamber die casting parameters on
microstructure, mechanical properties, and high-speed drilling ma-
chinability of die-casted AZ91 Mg alloys are investigated experimen-
tally. The results of machining were correlated with the material pro-
duction parameters.

2. Materials and methods

The samples used in this study were prepared from AZ91 material
produced using both conventional casting and cold pressure die casting
method.1600 kN metal press Mp 100 cold chamber die casting machine
was utilized. The temperature of the fixed mold was 175 °C while

moving mold temperature was 225 °C. In all tests, 0.25 % by volume of
SF6 -Balance N2 gas was used as a protective gas and the gas flow rate
was 600 L/h. The chemical composition of the cast AZ91 magnesium
alloy is shown in Table 2 [12].

The mechanical and metallographic properties of the samples were
determined by tensile test and microstructure analysis of the parts
produced with different casting parameters (casting temperature,
molding pressure, and gate speed) by pressure casting method. Table 3
shows the cold press die casting parameters.

The uniaxial tensile tests of specimens in accordance with ASTM
B557 M standard were carried out on a Shimadzu 100 kN tensile test
machine. High-speed drilling tests were performed on Quaser MV154 C
three-axis vertical machining center using no coolant. Fig. 1 illustrates
the schematic setup of the drilling experiments. In the experimental
study, a Sfida brushless high-speed spindle which has 60 000 rpm
maximum spindle speed, 370 W power, and 8.82 cN m torque was used.
Solid carbide drill bits with a 30° helix angle, 118° point angle, and 2
mm diameter were used. The dimensions of the drilling samples were
W75 mm x H10 mm x T6 mm. The drilling time varies between 1.33
and 4.46 s depending on cutting parameters. A new drill bit was used
for each experiment. A three-component piezo-electric dynamometer
(Kistler 9257 B type), a charge amplifier, an A/D converter, and a
computer with software were used for measurement of the thrust force.
The specimens are rigidly clamped onto the dynamometer with the help
of four bolts. After drilling tests, hole exits were examined using a
Keyence VHX-900 digital microscope. Also, some holes were cross-
sectioned into two parts along the radial axis and the borehole surface
was analyzed using scanning electron microscopy (SEM). The surface
roughness of the boreholes was determined using a non-contact type
Zygo ZeGage optical profiler. The surface was scanned with a 20X
mirau objective. Scan length in the Z direction was 150 μm while the
scanned area was 417 μm x 417 μm. The cutting parameters used in the
drilling tests are given in Table 4.

Fig. 1. Experimental setup.

Table 4
Drilling parameters.

Constant parameters Variable parameters

Feed rate 62.8 m/min (10,000 rpm)
100 mm/min 157.1 m/min (25,000 rpm)

251.3 m/min (40,000 rpm)
Cutting speed 150 mm/min
125.6 m/min (20,000 rpm) 250 mm/min

350 mm/min
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Fig. 2. Microstructure images (at 100X magnification) of specimens.
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3. Experimental results and discussions

3.1. Microstructure examinations

The samples were grinded using 120−320-1000 grit emery paper
and then were polished. After the polishing process, the samples were
etched using 2 mL of HNO3-98 mL of methanol mixture for 2−10 sec.
The microstructure of the specimens was monitored using an optical
microscope at 100X magnification (Fig. 2).

As can be seen from Fig. 2, the grain structure of the samples pro-
duced by As-cast considerably differs from the structure of pressure
casting samples. In the samples produced with cold pressure casting,
the finer grain size was observed and it was determined that the

optimum process parameters affected the mechanical properties. ASTM
grain size, grain length, and phase ratio values of the specimens are
given in Table 5. It is seen that the grain size of the classical casting
sample is around 50 microns. While in cold chamber die casting tests, it
is seen that grain size varies depending on temperature, pressure, and
gate speed. It was found that the phase changes were α-Mg and
Mg17Al12 and a balanced phase change affected the properties (Fig. 3).

3.2. Tensile test analysis

The tensile stress, yield stress, elongation, and toughness values
obtained from the tensile tests of the samples are given in Table 6 and
the stress-strain curve is given in Fig. 4. It can be seen that the strength
values of PC-3, PC-4, and PC-6 samples are high. This result can be

Table 5
ASTM grain size number, grain length and phase ratio obtained with an optical
microscope.

Specimens ASTM grain size
number

Grain length
(diameter, mm)

Phase ratio % α-Mg-
Mg17Al12

As-cast 5.5 0.051 –
PC-1 9 0.015 63.6−36.4
PC-2 10 0.010 58−42
PC-3 9 0.015 54.9−45.1
PC-4 9.5 0.013 54.6−45.4
PC-5 10 0.010 60−40
PC-6 10 0.009 55−45

Fig. 3. a) α-Mg and Mg17Al12 phases in As-cast sample, b) cold chamber die casting sample, and c) XRD pattern of AZ91 casting.

Table 6
Mechanical properties of cast and pressure die casting samples.

Specimens Tensile stress
(MPa)

Yield strength
(MPa)

Elongation (%) Toughness (kJ/
m3)

As-cast 169.2 68.4 3.87 4576
PC-1 173.6 93.7 2.32 2757
PC-2 168.5 76.8 2.88 3467
PC-3 205.1 106.2 4.60 7157
PC-4 221.5 105.6 6.26 10,725
PC-5 160.8 124.7 2.14 2448
PC-6 214.1 96.8 5.37 8763
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explained for two reasons; the first is grain shrinkage. Grain size sig-
nificantly affects the mechanical properties of metals. As the grain size
decreases at room temperature, the yield limit, tensile strength, and
stiffness generally increase. The effect of fine grain structure on the
mechanical properties of a material at room temperature is mainly;
strength (or hardness) and ductility, hence increased toughness. The
second one is the formation of a second phase including Mg and Al in
the microstructure which causes second-phase hardening. The propor-
tions of the phases affect the properties of the alloy. In the PC-1, PC-2,
and PC-5 samples, it was found that the amount of α-Mg phase was high
when the grains were larger and the phase ratios were taken into
consideration. A stable phase distribution is generally expected at

temperatures above 650 °C. However, it was observed that the
phase transformation was not as expected due to the higher gate speed
of the PC-5 sample. High gate speed causes porosity in the structure due
to a phenomenon which is called as jetting during molding. It can be
said that viscosity of the solid solution decreases at temperatures above
650 °C and this provides to be mold filling more easily. With an ap-
propriate pressure, the internal resistance of the mold is overcome and
the porosity decreases. As a conclusion, it can be said that low gate
speed is more appropriate both in terms of grain structure and phase
ratio.

Although the PC-5 sample was produced at an appropriate tem-
perature and pressure parameter, a low tensile strength was obtained. It

Fig. 4. Stress-strain curve and fracture surfaces of As-cast and pressure die casting samples.

Fig. 5. Porosity images of a PC-5 sample taken by X-ray tomography.
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is thought that the reason for the lower tensile strength value compared
to PC-4 and PC-6 was due to high gate speed (Table 3). In the manu-
facturing of the PC-5 sample, due to the high gate speed (60 m/s),
porosities were formed by jetting (spraying). Due to these porosities, a
lower tensile strength was obtained. The porosity formed in the PC-5
sample is shown in Fig. 5, which is obtained by X-ray tomography
analysis.

3.3. Thrust force analysis

Thrust force affects tool wear, surface quality, vibration, the tem-
perature of the cutting zone, and power consumption. Therefore,
measuring the forces during the drilling process is important. Thrust
force generated during drilling of As-cast and pressure die casting
specimens using different cutting parameters are given in Fig. 6. The
thrust force increased with increasing feed rate due to increasing uncut
chip, shear area, and the energy required for cutting. On the other hand,
the thrust force decreased with increasing cutting speed. This behavior
was ascribed to the reduction of the contact area at the cutting tool-
workpiece interface and the reduction of the specific cutting energy.
Furthermore, with an increase in cutting speed, it is speculated that the
cutting temperature increased and subsequently, material hardness was
reduced. As a result, the thrust force also reduced [13]. The thrust force
results from drilling seven different samples using three different cut-
ting speeds (62.8, 157.1, and 251.3 m/min) varied between 4.6 N–7.5
N. Similarly, the thrust forces generated during drilling of these samples
using three different feed rates (150, 250, and 350 mm/min) vary be-
tween 7.3 N–12.7 N. The feed rate had a greater influence on the de-
veloped thrust force than the cutting speed. A linear relationship could
not be established between the thrust force and the samples because,
during drilling, the drill may coincide with the existing casting porosity

in the material. Besides, the chip squeeze during drilling affects the
force results [28].

3.4. Tool wear analysis, Built-Up Edge (BUE) and Built-Up Layer (BUL)
formation

Tool wear is a major factor that affects cutting force, temperature,
exit burr, hole accuracy, and machined surface quality [29,30]. In this
study, the flank wear of the cutting tools was measured since it is one of
the most widely used wear criteria. The flank wear was measured with
the help of a Keyence digital microscope (VHX-900 F). It was observed
that the minimum wear (∼ 27 μm) is formed in the drilling of the As-
cast sample. Drilling of the PC-5 specimen resulted in approximately 45
μm wear as shown in Fig. 7a. The reason for the minimum tool wear
formed in drilling PC-5 sample compared to the other pressure casting
samples is that the hard intermetallic Mg17Al12 phase ratio is lower in
this sample. In addition, cavities and porosities were formed in the
sample since high gate speed was used in the manufacturing of this
sample. It is thought that the wear on the tool is reduced due to these
cavities/porosities. For high-speed drilling of PC-1 and PC-4 samples,
approximately 55 μm of flank wear was measured. The maximum tool
wear (approximately 73 μm) was measured in the drilling PC-6 sample
(Fig. 7b). The second phases and grain size in the microstructure are an
important factor affecting the mechanical properties of the alloy.
Considering the microstructure of the PC-6 sample, the small size of the
grains and the relatively high rates of hard intermetallic Mg17Al12 phase
(Table 5) along the grain boundaries caused the mechanical properties
and consequently the hardness of the material to be high (Table 6). The
increase in mechanical properties resulting from changes in the mi-
crostructure caused a significant impact on the rate of wear in the drill.
In addition, when the chips formed during the drilling of PC-6 sample

Fig. 6. Thrust force generation in the drilling of As-cast and pressure casting samples.
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were examined (Fig. 11), it was seen that the chips formed as steady-
state folded long ribbon type. Since it is difficult to remove this type of
chip from the cutting zone, the formation of heat in the cutting zone
increases due to friction, which phenomenon leads to an increase in tool
wear. On the other hand, when taking into consideration the mechan-
ical properties of the As-cast sample, low tensile strength and high
ductility are thought to be the cause of the low level of wear on the
cutting tool.

In the drilling of AZ91 alloys produced with different pressure
casting parameters, BUE and BUL formation -due to the adherence of

chip to the cutting tool- are shown in Fig. 8. When the figure is ex-
amined, in all samples, depending on the microstructure and mechan-
ical properties of the specimens, different sized BUL extending from the
margin region to the land region of the drill is formed. In addition,
different sizes of BUE were observed in the cutting lip. In the drilling of
PC-1, PC-2, and PC-5 samples, less BUE and BUL were formed in the
cutting tool compared to other samples. When phase ratios in samples
were examined as shown previously in Table 5, it was concluded that
higher proportions of α-Mg phase were effective in BUE and BUL di-
mensions. The reason for the large amounts of BUE and BUL in PC-3,

Fig. 7. a Flank wear formation in drilling of specimens. b Average flank wear as a function of specimens.
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PC-4, and PC-6 samples could be attributed to their high ductility and
plastic deformation properties [31].

3.5. Surface topography

In industrial applications, surface finish is a crucial factor that af-
fects the quality and performance of mechanical parts, as well as pro-
duction costs. Much research has been carried out on minimizing flaws
in the surface by machining various engineering materials with dif-
ferent cutting combinations [32]. In this study, in order to examine
borehole surface topography, holes were cut into two parts from the
axis. Roughness maps of the boreholes are shown in Fig. 9. Since the
areal surface texture parameters (Sa, Sq, Sz, etc.) include an infinite
number of profile surface texture parameters (Ra, Rq, Rz, etc.), 3D
parameters (areal surface texture parameters) are better at describing
the surface texture [33,34]. The values of Sa, Sz, Sq, Sku, and Ssk for the
drilled surface of different specimens are given in Table 7. Also, the
roughness results as a function of casting and cutting parameters are
presented as a bar chart with the standard deviation in Fig. 10. As can
be shown in the figure, Sa decreased with increasing cutting speed. On
the other hand, the surface quality deteriorated with increasing feed
rate. This phenomenon is related to increasing heat generation and the
cutting force required for drilling. The plastic deformation of the
workpiece is proportional to the amount of heat generation in the
workpiece and promotes roughness on the workpiece surface [35].
When the borehole surface of samples is compared, it is seen that the
PC-2 sample has the worst surface among others and the surface of PC-1
and PC-6 samples also have a poor surface quality while PC-4, PC-5, and
PC-3 samples have a somewhat better surface finish. The reason for the
high surface roughness values observed in the PC-2 sample is due to the
porosity caused by the high gate speed (60 m/s) used in the production
phase of the sample. (A large porosity is seen in Fig. 4 (SEM images) for
PC-2 sample). It is thought that the porosity in the material is re-
sponsible for high roughness values rather than the traces created by
the drill during the drilling of the material. Consequently, the porosities
not only reduce mechanical strength but also have a negative impact on
machinability by reducing surface quality.

3.6. Chip morphology

The chip morphology that occurs in the drilling varies depending on
the workpiece/cutting tool material, cutting tool geometry, coolant
utilization, and cutting parameters. In general, chip formation in dril-
ling can be classified into eight types: needle, powder, fan, short ribbon,
short spiral cone, long ribbon, long spiral cone, and very long ribbon
[36,37]. In this experimental study, three different types of chip were
formed: fan, spiral cone, and long ribbon. Some of the micro and macro
images of the obtained chips are given in Fig. 11.

When the chip shapes are examined in Fig. 11, it is seen that in
drilling the As-cast sample, higher cutting speed and lower feed rate
formed long ribbon chips, and as the feed rate decreased, the shape of
the formed chip looked like a spiral cone. In drilling PC-1, PC-2, and PC-
5 samples, fan-shaped chips were formed at 157.1 m/min cutting speed
and low feed rates. The chip form turns to the spiral cone by decreasing
cutting speed and increasing feed rate. PC-3, PC-4, and PC-6 samples
were found to form long ribbon and spiral cone chips. The fan-shaped
chip form starts with a spiral, but the drill does not bend sufficiently to
flow along with the flutes and thus breaks before a full cycle can occur.
When the stress-strain graphs of PC-1, PC-2, and PC-5 samples shown
previously in Fig. 4 were examined, it was found that their plastic de-
formation capabilities were lower compared to other samples. Due to
the mechanical properties of these samples, it can be said that the chipFig. 8. BUE and BUL formation in drilling of AZ91 alloys.
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becomes brittle and broken in the drill flute by the effect of the severe
plastic deformation and thus fan-shaped chip are formed. Furthermore,
when the microstructures of PC-1, PC-2, and PC-5 samples were ex-
amined, it was observed that the α-Mg phase ratios of these samples
were higher than the other samples as shown previously in Table 5. It
was also observed that phase ratios of α-Mg-Mg17Al12 formed in dif-
ferent ratios due to production parameters were effective in chip mor-
phology in the drilling process of AZ91 alloys. Due to the high ductility
and plastic deformation ability of As-cast, PC-3, PC-4, and PC-6 samples
(Fig. 4), chips are easily curled in flute and formed as long ribbon and
spiral cone. As stated in the literature, the fan-shaped chip is considered

the most ideal chip shape in terms of machinability due to the easier
chip evacuation [37,38].

In all of the cutting parameters used in the experiments, the free
surface of the chips showed lamella structures perpendicular to the flow
direction of the chip and extending along the width of the chip
(Fig. 11). This lamella structure on the free surface of the chips is a
result of the presence of shear localization [39,40]. When the shear
stress exceeds the critical level, catastrophic failure occurs in the area
above the primary deformation zone due to high plastic deformation.
This damage mechanism leads to splits that cause the formation of new
coverslips. The size of the segmented structure formed on the free

Fig. 9. a Borehole surface roughness maps of specimens depending on cutting speed. b Borehole surface roughness maps of specimens depending on feed rate.
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surface of chips varies depending on the microstructure, mechanical
properties of the material, and cutting parameters. In Fig. 11, stresses
caused by high cutting forces at low cutting speeds lead to the lamella
structure on the free surfaces of the formed chip to be relatively thin
and smooth. This phenomenon can be explained by the occurrence of
crack initiations in the area above the primary deformation zone as a
result of shear localization caused by the increased stress at relatively
low cutting speeds [41]. As cutting speed increases, the reduction in
cutting forces and the reduction of the stresses between the tool/ma-
terial result in a coarser lamella structure. When the free surfaces of the
chip occurred at different feed rates were examined, it was observed
that the size of the lamella and the thickness of the undeformed chip
increased as the feed rate increased. However, the effect of the feed rate
on the lamella structure was found to have a lesser effect than the effect
of the cutting speed. Besides, it has been observed that all of the chips
have corner bands in the form of sharp saw teeth.

When the chips formed in drilling AZ91 alloys produced with dif-
ferent pressure casting parameters were evaluated in terms of material
properties, it was seen that there was no significant change in the di-
mensions of the lamella formed on the free surface of the chip.
However, compared to the As-cast sample, it was noticed that the la-
mella structure on the free surfaces of the chips produced by the
pressure casting method was coarser. When the microstructure of the

samples produced by the pressure casting method is examined, it is seen
that they have finer grain structures than As-cast. On the other hand,
there is no significant difference between the microstructures of the
samples produced by the pressure casting method with different casting
parameters. This difference in grain structure also affects chip mor-
phology and is thought to be the reason for the difference in the lamella
structure formed on the free surface. A significant amount of micro-
structural deformation occurs in the primary shear region. The grains
extend into thin strips along the shear direction. This phenomenon may
be due to the dynamic recrystallization of grains formation and thermal
softening effect. The friction between the back surface of the chip and
the tool surface produces a higher deformation temperature. The grain
boundaries increase the mobility, the higher grain boundaries in the
pressure casting samples having small grain structure significantly alter
the chip morphology.

The back surfaces of the chips in different shapes as a result of
drilling operations are shown in Fig. 11. The smooth surfaces on the
back surfaces of the chips are caused by high contact and shear stress on
the rake face [42]. However, an irregular wavy surface on the back
surfaces of the chips is remarkable. Random voids and traces of
sporadic deterioration were found on the back of the chips (Fig. 11). It
was determined that the void formed on the back surface of the chips
had no melting traces due to the high heat generated during the drilling

Table 7
Borehole surface roughness values of As-cast and pressure casting samples.

Specimen Roughness
metric

62.8
m/min

157.1
m/min

251.3
m/min

150 mm/
min

250 mm/
min

350
mm/min

As-cast Sa (μm) 0.096 0.081 0.062 0.066 0.073 0.098
Sz (μm) 2.063 1.933 0.983 1.795 1.223 3.663
Sq (μm) 0.174 0.131 0.08 0.12 0.114 0.213
Sku (μm) 38.12 17.91 4.32 39.01 21.35 63.42
Ssk (μm) −0.35 −0.55 −0.51 −3.19 −2.47 3.55

PC-1 Sa (μm) 0.106 0.093 0.052 0.087 0.092 0.1
Sz (μm) 1.07 1.113 0.926 1.083 1.547 1.568
Sq (μm) 0.182 0.134 0.074 0.117 0.157 0.143
Sku (μm) 9.154 6.23 11.63 4.73 16.56 7.79
Ssk (μm) −0.42 −0.25 −0.86 −0.67 −0.39 −0.67

PC-2 Sa (μm) 0.13 0.107 0.068 0.065 0.1 0.131
Sz (μm) 0.984 1.98 1.162 1.184 1.538 1.133
Sq (μm) 0.172 0.200 0.103 0.094 0.144 0.184
Sku (μm) 4.99 7.71 11.44 10.72 9.07 5.10
Ssk (μm) −0.64 0.37 −1.11 −0.34 0.55 −0.59

PC-3 Sa (μm) 0.086 0.079 0.079 0.048 0.061 0.088
Sz (μm) 1.206 1.04 1.076 0.955 0.705 1.244
Sq (μm) 0.141 0.109 0.116 0.078 0.083 0.132
Sku (μm) 9.95 5.83 11.20 14.19 5.32 7.92
Ssk (μm) −0.71 −0.74 −0.49 −1.61 −0.18 −1.25

PC-4 Sa (μm) 0.117 0.062 0.051 0.043 0.073 0.079
Sz (μm) 0.723 1.212 0.789 0.575 0.966 2.067
Sq (μm) 0.144 0.089 0.077 0.059 0.100 0.135
Sku (μm) 2.96 22.52 12.40 6.06 5.30 32.91
Ssk (μm) −0.31 −1.39 −1.96 −0.69 −0.32 1.85

PC-5 Sa (μm) 0.078 0.068 0.067 0.055 0.063 0.081
Sz (μm) 2.308 1.214 0.753 0.981 0.684 0.862
Sq (μm) 0.148 0.102 0.103 0.087 0.087 0.128
Sku (μm) 37.85 11.68 10.24 13.31 4.90 9.43
Ssk (μm) −1.94 −1.14 −1.14 −1.08 −0.23 −1.55

PC-6 Sa (μm) 0.109 0.107 0.069 0.047 0.066 0.081
Sz (μm) 0.636 1.074 1.249 0.888 0.66 2.698
Sq (μm) 0.130 0.227 0.103 0.077 0.133 0.236
Sku (μm) 2.42 7.09 11.09 6.50 12.29 20.95
Ssk (μm) −0.47 −0.47 −1.08 0.36 −2.78 0.82
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process and the random casting gaps in the drilled material affected on
the chip surface. The chip tended to adhere to the tool surface due to
high friction between the tool surface and the chip surface. Moreover,
the BUE is harder than the work material due to its plastic deformation
effect and can change tool geometry by acting as a cutting edge. Ma-
terials adhering to the tool chip face cause an irregular chip flow pat-
tern on the back surface of the chip.

3.7. Burr analysis

The burr formation in the drilling process is the unwanted external
projections that occur in the exit area of the hole and it is formed in
three different (uniform, transient, and crown) shapes depending on the
properties of the workpiece material, cutting parameters, cutting tool
geometry, cutting forces and chip formation during cutting [43] as
shown in Fig. 12. After many machining operations, burrs are formed
on the workpiece, the size of the burrs can be measured using different
methods [44–46]. In this study, the burr size was not measured. Only,
the formed burrs were monitored and categorized depending on casting
and cutting parameters.

The uniform burr is formed in a small size around the hole exit.
Generally, a burr is formed during the process, which can be removed
from the part, or can be easily removed later. The uniform burr is oc-
curred by a first fracture in which the compression stress is applied to
the material by the chisel edge in the center of the hole. As the cutting
tool proceeds, the plastic deformation area enlarges from the center of
the hole to the edges of the drill and a second break occurs around the
hole (Fig. 12a). The transient burr has a shape between uniform and
crown burr. Fractures occurred in the material at the hole exit are
formed almost simultaneously in the center and around the hole.
Therefore, first occurs in the form of a burr crown and then in a uniform
form (Fig. 12b). Crown burr and large sizes around the exit hole are
formed irregularly. The plastic deformation in the center of the bore
increases with increasing feed rate and thrust force (Fig. 12c).

The images of the burrs formed around the hole exit as a result of
drilling of AZ91 alloys produced in different casting parameters are
given in Fig. 13. As it appears in the figure, uniform and transient burr
formation were observed in all samples depending on cutting para-
meters but crown burr formation was not observed. It was observed that
there was no significant change in the burr amount of PC-3, PC-4, and

Fig. 10. Roughness results as a function of casting and cutting parameters.
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Fig. 11. Chip formation in drilling of AZ91 alloy.
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PC-6 samples with increasing feed rate, but burr formation decreased in
As-cast, PC-1, PC-2, and PC-5 samples. The probable reason for this is
thought to be a significant increase in cutting forces (Fig. 6) as the feed
rate increases. It can be said that the stress formed due to high cutting
forces with the increase of the feed rate prevents the formation of large
burrs by breaking the chips at the exit of the hole. However, it was
found that the amount of burr tended to increase as the cutting speed
increased in all samples. Transient burr was observed in all samples at
the highest cutting speed, while uniform burr was observed at the
lowest cutting speed except As-cast and PC-2 samples. Depending on
the increase in cutting speeds, a significant reduction in the thrust force
occurred, especially in the drilling of the PC-2 sample (Fig. 6). Also,

considering the mechanical properties of the PC-2 sample, it is seen that
the yield strength is lower compared to other samples (Table 6). With
the decrease in the cutting forces, the stress in the cutting area de-
creases as well. The low stress that occurs at higher cutting speeds in
the drilling PC-2 sample may not be sufficient to break the burrs at the
exit of the hole and remove it from the zone. This phenomenon is
thought to lead to larger burr formation, especially at high-speed cut-
ting. When drilling the As-cast sample, a transient burr was formed at
the hole exit in all cutting parameters (Fig. 13). Due to the coarse-
grained structure of the As-cast sample, (Table 5), burr formation is
adversely affected. On the other hand, in PC-6 sample, the reason for
the formation of less burr can be attributed to finer grain structure and

Fig. 11. (continued)
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higher intermetallic Mg17Al12 phase (Table 5).
Increased stresses in the cutting zone due to the cutting parameters

(particularly feed rate (Fig. 6) caused the plastic deformation to in-
tensify and expand from the center of the hole to the edges as the plastic
deformation in the center of the hole started early and proceeded to the
exit of the drill. When the mechanical properties of PC-1, PC-2, and PC-
5 samples are examined, it is observed that their yield strength and
plastic deformation ability are generally low (Fig. 4). The low plastic
deformation ability and strength of these samples showed a relatively
brittle behavior due to the increasing stresses and caused the burr to be
broken early and removed from the hole exit and therefore decreased in
size. The tension generated by the high shear forces at high feed rates is
sufficient to break the material causing burr formation at the hole
exit.

4. Conclusions

High-speed drilling of casted AZ91 Mg alloys produced using cold
die casting parameters such as casting temperature, molding pressure,
and gate speed, and different cutting parameters (cutting speed and
feed rate) were investigated. The aim was to study the effects of dif-
ferent casting parameters on microstructure, mechanical properties and
machinability characteristics (thrust force, tool wear, built-up edge,
built-up layer formation, surface topography, chip morphology, and
burr formation). The results obtained from the experimental study are
given below.

• As a result of the microstructure examination of the samples pro-
duced with different pressure casting parameters and As-cast, the
ASTM grain size of the As-cast sample was 5.5 while the ASTM grain
sizes of the pressure casting samples were between 9−10. There
was a decrease in the grain structure of the samples produced by the

pressure casting method.
• It is seen that the samples produced with suitable casting parameters
(casting temperature above 650 °C, 800−1000 bar molding pres-
sure, and 30−45 m/s gate speed) showed better mechanical prop-
erties by providing a finer grain structure. On the other hand, por-
osities in samples produced with high gate speed lower mechanical
properties.
• The thrust forces generated in drilling the samples using three dif-
ferent cutting speeds range from 4.6 N to 7.5 N. Similarly, the thrust
forces vary between 7.3 N–12.7 N depending on different feed rates.
In the formation of thrust force, the feed rate is more effective than
the cutting speed. Since the samples were not homogeneous, a linear
relationship between the thrust force and the samples could not be
established.
• The highest flank wear occurred in the drilling of PC-6 sample (73
μm), while the least flank wear occurred in the drilling of the As-cast
sample (27 μm).
• In borehole surface topography comparison, the worst surface was
obtained in PC-2 and the best surface was obtained in PC-3, PC-4,
and PC-5 samples.
• Casting and cutting parameters directly affect chip formation. The
fan, spiral cone, and long ribbon chips were seen depending on
cutting parameters.
• Uniform and transient burrs were formed at the hole exits, but
crown burr formation was not observed. The most burr was formed
in the As-cast sample, while the least burr was in the PC-6 sample.
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Fig. 12. Burr formation mechanism during drilling.
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Fig. 13. Burr formation depending on casting and cutting parameters.
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