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Effects of the drill flute
number on drilling of a casted
AZ91 magnesium alloy

This experimental study aims to reveal the effect of the drill flute num-
ber on the thrust force, tool wear, tool life, chip morphology, surface
hardness and microstructure in the drilling of a cast AZ91 magnesium
alloy. The results showed that the cutting flute number and cutting pa-
rameters have an important effect on thrust force, tool life, wear, chip
morphology, microstructure, and drilled hole hardness. When the 2-flute
drill was used, less thrust force was generated during the drilling. On
the other hand, less tool wear occurred with the 3-flute drill. In scan-
ning electron microscopy (SEM) microstructural analyses, grain refine-
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As a result of carbon emission regulations
and the reduction of fuel reservoirs, the in-
terest in lightweight materials is gradually
increasing, especially in the transportation
industry. Magnesium alloys are some of
the lightest materials that can be used for
this purpose [1]. In addition, magnesium
alloys have recently become candidate ma-
terials for the manufacturing of surgical
implants due to their biodegradable struc-
ture [2]. Even though there is a variety of
magnesium alloys, the AZ (aluminum zinc)
series is the most commonly used in manu-
facturing [3].

Since AZ91 possesses high castability,
mechanical strength, and ductility, it is one
of the most preferred commercial magne-
sium alloys [1]. This alloy is used in the
manufacturing of many automotive parts
such as engine crankcases and power
transmission elements. The drilling opera-
tion is widely used in the production pro-
cess of these components [4]. However, the
machining of Mg alloys is difficult due to
their flammable nature at higher cutting
speeds as compared with other alloys. Yet,
by using proper cutting parameters, cutting

ment was observed in the microstructure of the borehole surface al-
though grain growth was also observed due to a rise in temperature. In
addition, the microhardness of the borehole surface decreased as the
number of holes increased, and the 2-flute drill bit provided holes with
higher stiffness than the 3-flute drill bit.

tools, and coolants, the machinability of
these alloys can be enhanced [3]. There
have been many published studies investi-
gating the machining performance of mag-
nesium alloys. These studies have focused
on the drilling performance of Mg alloys as
affected by the aluminum content of mag-
nesium alloy [3], the cutting tool coatings
[4-6] and the cutting environment (cool-
ants) [2,7-9].

Gariboldi [5] studied the drilling of a
magnesium alloy using PVD-coated twist
drills. Ratna Sunil et al. [3] investigated the
influence of aluminum content on thrust
force and chip formation during the drill-
ing of AZ31 and AZ91 Mg alloys using dif-
ferent cutting parameters. They observed
that an increase in the aluminum content
of the Mg alloy led to an increase in thrust
force and caused discontinuous chip for-
mation. Karaca and Aksakal [6] researched
the drilling performance of MA8M Mg alloy
by using various cutting parameters and
pointed out that higher spindle speeds and
feed rates resulted in lower surface rough-
ness. Bhowmick et al. [7] compared the
drilling performance of AM60 magnesium

alloy using no coolant (dry environment),
mineral oil cutting fluid and minimum
quantity lubrication (MQL). They reported
that dry drilling showed unsatisfactory re-
sults while the performance of MQL and
flooded drilling was almost equal in provid-
ing better results.

To date, there has been no study per-
taining to the effects of cutting flute num-
ber on the drilling performance of Mg al-
loys although the effects on the drilling
performance of aluminum alloys [10,11],
steel [12], and composites [13-16] have
been investigated previously. Ucun [11]
researched the drilling performance of Al
7075-T6 aluminum alloy using twist and
3-flute drills both experimentally and nu-
merically via the finite element method.
He highlighted that the twist drill re-
sulted in less thrust force, torque, and
stress on the cutting tool as compared
with the 3-flute drill. Moreover, he re-
ported that there was a good agreement
between the numerical and the experi-
mental results. Faraz et al. [14] presented
a new tool wear criterion in the evalua-
tion of the tool wear of different drill
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types in the drilling of carbon fiber-rein-
forced plastics. Ekici et al. [13] examined
the effects of drilling parameters and drill
flute number in the drilling of glass fiber-
reinforced plastics (GFRP). They reported
that an increase in the flute number led to
a decrease in the damage factor. Ramku-
mar et al. [16] analyzed the effects of
workpiece vibration on thrust force, tem-
perature, power consumption, and tool
wear during the drilling of GFRP. They
used tipped WC, 2-flute solid carbide and
3-flute solid carbide drills. The vibration
generated during drilling reduced the
thrust force, temperature, power con-
sumption, and tool wear. In addition, the
3-flute solid carbide drill presented the
best performance among the three differ-
ent drill types used in this study. Kim and
Lee [12] investigated the influence of the
cutting flute number on the machining
characteristics of plastic mold steel. Bet-
ter surface roughness and bore round-
ness were obtained using a 4-flute drill as
compared with a 2-flute drill.

In the experimental work reported here,
the effect of the cutting flute number on the
drilling performance in AZ91 Mg alloy was
experimentally investigated. Thrust force,
tool wear, chip morphology, and surface
integrity were evaluated. This paper stud-
ied the role of the drill flute number on ma-
chinability when drilling cast AZ91 magne-
sium alloy.

Materials and experimental
procedures

The samples used in this work were pre-
pared from cast AZ91 magnesium alloy
blocks. All drilling tests were carried out on
a Quaser MV 154C CNC vertical machining
center. Thrust force was recorded by means
of a Kistler 9257B type dynamometer. Spec-
imens of 170 x 100 x 15 mm were clamped
on the force dynamometer with back-up.
Tool wear and chips were measured via a
Keyence VHX-900F digital microscope. The
experimental setup and measurement in-
struments are shown in Figure 1.

Cast AZ91 magnesium alloy was drilled
using 2- and 3-flute drills, five different
cutting speeds and five different feed rates
as a preliminary test. As a result of these
experiments, the optimal cutting and feed
parameters were determined. No cutting
fluid was used. Aqua-coated solid carbide
drills with 2- and 3-flute bits were used to
create holes. The geometric characteristics
and related information on the drills used
are given in Table 1.
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| Results and discussion

Thrust force comparison. The thrust force
data measured using the Kistler 9257B dy-
namometer was transformed into a graph
via Dynoware software. Thrust force evalu-
ation was carried out according to the max-
imum thrust force value measured during
the hole drilling.

There are many publications showing
how cutting parameters affect thrust force,
temperature, chip morphology, tool wear,
and surface integrity. However, not enough
studies have been conducted on the effects
of the cutting flute number on the drilling
process. Therefore, the influence of drill
flute number and cutting parameter combi-
nations have been presented in this study.

Specification AQDEXS AQD3F
Number of flutes 2-flute 3-flute
Point angle (°) 150
Flute length (mm) 26
Overall length (mm) 70
Diameter (mm) 5
Shank type Cylindrical
Shank tolerance hé
Helix angle (°) 30

Helix

Normal helix flutes

Coating

Aqua

Table 1: Specification of the drills
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Figure 2: Thrust force, a) recorded during experiments, b) variation depending on number of drilled holes
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Firstly, the magnesium plate was drilled at
a constant 78 m x min! cutting speed and
varied feed rates (0.025, 0.05, 0.1, 0.15 and
0.2 mm x rev') using 2- and 3-flute drills.
The feed rate was then kept constant at
0.1 mm x rev'!, and the drilling was carried
out at varied cutting speeds (31.4, 55, 78,
102 and 125 m x min!). Thrust forces gen-
erated during the drilling experiments are
given in Figure 2a. As can be clearly seen,
the thrust forces increased as the feed rate
increased for both drills. This phenomenon
stemmed from the higher feed rates, which

caused an increase in the amount of uncut
chip and the energy required for cutting. As
a result, the drill removed more material
per revolution and higher cutting forces
were measured [17]. In addition, approxi-
mately 20 % more force was generated by
the 3-flute drill than by the 2-flute drill. The
reason for the larger forces generated in
drilling with the 3-flute drill was that the
3-flute point angle, being greater than that
of the 2-flute drill, increased the contact
area with the specimen during drilling,
which stimulated greater cutting force [18].

Feed rate
mm-rev! Exp.
number
0.025
0.05 50
0.1
0.15
100
0.2
Cutting
speed
m-min’
314
150
55
78
200
102
125 250
Figure 3: Chip images, a) at varying feed rates and cutting speeds, b) de-
pending on varying hole numbers at constant feed rate and cutting speed 200
350

2-flute

When the cutting speed was increased,
the thrust force decreased for both drills in
this study, and this finding was consistent
with results in the literature. This behavior
was ascribed to the reduction of the contact
area at the cutting tool-workpiece interface
and the reduction of the specific cutting en-
ergy. Furthermore, with the increase in
cutting speed, the cutting temperature in-
creased and subsequently reduced the ma-
terial hardness. As a result, the thrust
forces were reduced [19].

After the determination of the influence

3-flute
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of the cutting parameters and drill flute
number on thrust force, 350 holes were
drilled at a constant 0.1 mm x rev! feed
rate and 78 m x min’! cutting speed in or-
der to specify thrust force formation de-
pending on the increase in the number of
holes (see Figure 2b). Thrust forces were
measured after every 25 holes. As can be
seen, the thrust forces increased as the
number of holes increased. The fundamen-
tal reason for this situation was simply tool
wear. In addition, greater thrust forces oc-
curred when using the 3-flute drill than
when using the 2-flute drill during the tool
life test. At the onset of the tool life test, the
tool had maximum sharpness and lower
forces occurred. However, as the number of
holes drilled by the tool increased (machin-
ing time), the tool began to wear, resulting
in a larger contact area at the tool-chip and
tool-workpiece interfaces, and higher fric-
tion was generated. Consequently, high
forces were generated at the end of the tool
life test. In the tool life test using the 2-flute
drill, the thrust force varied between 162
and 180 N while in the tool life test using
the 3-flute drill, it varied between 174 and
206 N, thus demonstrating that the thrust
force was about 12-26 N greater with the
3-flute drill than with the 2-flute drill.
Chip morphology. Chip shape is the
most significant factor affecting the
smoothness of a machining process. The
process will be smooth as long as chips are
broken well and easily [20]. However, as
the chips get larger, they cannot move well
via the flutes, and this increases torque re-
quirements. Moreover, it may cause the
drill bit to break [21]. Yet, many ductile
materials do not break but form continuous
chips during drilling [20]. In order to show
the chip shape depending on cutting pa-
rameters and an increase in the number of
holes, the selected chips from the experi-
ment are presented in Figure 3a and b.
Figure 3a shows photographs of the
chips formed with 2-flute and 3-flute drills.
The most frequently observed chip type
was determined for each test, and these
chips were investigated in detail. In most
cases, short, fan-shaped chips, zigzag chips
and short, needle-like chips were gener-
ated at variable feed rates. There were no
significant differences between chips from
holes drilled at different feed rates using
the 2-flute drill. The chip shapes were simi-
lar to each other, as was the case in a previ-
ous study [6]. When chips formed by the
3-flute drill were examined, needle-type
chips occurred at lower feed rates, while
longer chips were obtained at higher feed
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rates. This was due to increased cutting
edge engagement leading to a greater un-
deformed chip thickness and also possibly
due to the increased strength of the result-
ing chip in relation to bending, and thus

50

100

150

200

250

300

350

delaying fracture [21]. During the drilling
of the AZ91 magnesium alloy, because of
its ductile characteristic, chips were bro-
ken into smaller, short chips. In addition, a
uniform variation of the chemical composi-

3-flute

Figure 4: Comparison of
the tool wear obtained at
different fluted drills
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tion within the material affected chip conti-
nuity. The AZ91 involves different phases,
including o, B, and o + B phases and due to
its microstructure, discontinuous chips
were formed [3]. According to the chips ob-
tained, the cutting speed seemed to be a
more effective parameter than the feed
rate. Fan-type and zigzag-type chips were
formed at lower cutting speeds, whereas
long, zigzag-type chips were formed at
higher cutting speeds. Since more heat was
generated at higher cutting speeds, contin-
uous chips were formed during the ma-
chining. In addition, with the increase in

Hole

cutting speed, less force was needed to
plastically deform the material [3]. When
compared, longer chips were formed by the
3-flute drill than the 2-flute drill. The rea-
son for this was that the same amount of
uncut chips were removed by the 3-flute
instead of the 2-flute drill.

During the tool life test, for every 50
holes, chips were collected (see Figure 3b).
Chip-type changes based on the number of
holes could be clearly seen. As the number
of holes increased, longer chips were
formed and the 3-flute drill generated
longer chips than the 2-flute drill. The chip

3-flute drill
numbers
50 o l
Mg%  Al% Zn%  Mn% Mg% Al% Zn%  Mn%
68.66  27.08 426 6724 28.63 3.94 0.19
200 [ o l
Mg% A% Zn%  Mn% Mg% Al% Zn%  Mn%
66.12 27.68 5.98 6592 28.50 347 025
350 S J 3
Mg AW Za%  Mav% | Mgh A% Za%  Min%
6744 2748 4.88 . 61.13 26.58 5.78 0.29
c) f)

Figure 5: SEM images and B-phase EDS analysis of holes drilled under dry conditions, a) 2-flute 50,
b) 2-flute 200, ¢) 2-flute 350, d) 3-flute 50™, e) 3flute 200™, f) 3flute 350"

shape for the first 100 holes using the
2-flute drill was in the form of a spiral cone
which was more easily ejected. Chips
formed during the drilling of holes between
1 and 100 were in the desired short and
spiral shape; however, they were trans-
formed into long, folded wavy-type chips at
150-250 holes. After the 250%™ hole, de-
pending on the increase in the thrust force
and wear, the chip thickness decreased as
the chip pitch increased, thus forming rib-
bon chips. During the drilling of the mate-
rial in this study, the material volume sub-
tracted (294.5 mms3) was removed in three
nearly equal parts (98.16 mm3) by the
3-flute drill, while with the 2-flute drill, the
same volume was subtracted in two nearly
equal parts (147.25 mms3). For this reason,
the chips formed by the 3-flute drill were
longer and narrower than those of the
2-flute drill. For the 3-flute drill, there was
not so much alteration in chip formation
depending on the number of holes as there
was for the 2-flute drill. Generally, long,
folded wavy-type chips and thick, long rib-
bon and string-shaped chips were formed.
Tool wear was the fundamental reason for
the variation of chip shape based on an in-
crease in the number of holes.

Tool wear. A study of the wear of the
2-and 3-flute drills was made using a Key-
ence digital microscope. Figure 4 shows the
drill wear at a constant cutting speed
(78 m x min') and feed rate (0.1 mm x rev!)
after drilling 50, 100, 150, 200, 250, 300,
and 350 holes in the Mg alloy under dry con-
ditions. Flank and chisel edge wear were ob-
served in the tool life experiments. Figure 4
also shows that the dominant wear during
the dry drilling tool life tests was flank wear.
Wearing of the chisel edge was mainly seen
in the tests using the 3-flute drills. This can
also be an indication of the high cutting
forces induced during the drilling process.
More wear occurred in the 2-flute drill, while
less tool wear occurred in the 3-flute drill.
The main reason for the formation of more
tool wear in the 2-flute drill was believed to
be the cutting temperature and friction. The
deterioration in the cutting edges and loss of
sharpness were less than under the 3-flute
drill conditions. Flank wear of 78 um was
observed in the 2-flute drill, while 67 um of
flank wear was observed in the 3-flute drill
as a result of the tool life tests. After drilling
350 holes, the flank wear for the 2-flute drill
rose by approximately 333 % from the 50-
hole value, while this difference was about
235 % for the 3-flute drill.

SEM observations and surface hard-
ness. Holes drilled at 78 m x min! cut-

61(2019) 3



Materials Testing downloaded from www.hanser-elibrary.com by Hanser - Library on March 4, 2019

For personal use only.

ting speed and 0.1 mm x rev! feed rate
using 2- and 3-flute drills under dry con-
ditions were divided in half using a hand
saw, and the boreholes were examined in
detail with a scanning electron micro-
scope (SEM). The microstructure changes
and surface morphology of the drilled
holes were studied using SEM imaging to
identify the influence of the flute number
of the drill. A total of 350 holes were
drilled on the magnesium alloy work-
piece. The SEM images and EDS analysis
of the 50th, 200t and 350t boreholes are
presented in Figure 5. Energy-dispersive
X-ray spectroscopy (EDS) analysis was
implemented using a JEOL JSM-6360 LV
electron microscope.

As the number of holes increased, me-
chanical deformation and recrystallization
occurred due to a rise in temperature;
therefore, the grain size of the material be-
came smaller to some extent. In addition,
the AZ91 alloy contains an o-Mg as well as
a B (Mg17Al12) intermetallic and o+f eu-
tectic matrix. The Mg does not affect tensile
strength but increases corrosion strength
when used in the structure alone. However,
Mn and Al used together comprise interme-
tallic phases which enhance the strength of
the material. The SEM analysis and the X-
ray diffraction (XRD) depending on it are
shown in Figure 6a. It can be seen from the
XRD analysis that the Mgl17Al12 and
Al8Mnb5 intermetallic phases were formed
in the grain and grain boundaries, which
prevented dislocation.

As a consequence of the greater thrust
forces occurring during drilling, these
phases made plastic deformation difficult
and complicated the chip removal process
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by increasing the strength of the material.
Variations in the phases and tool wear gave
rise to greater forces as the hole numbers
increased (see Figures 2b, 4, and 5).

After the SEM analysis, the microhard-
ness (HV) of the 50t, 200th; and 350t holes
was measured at different locations on the
drilled bore surface. In addition, the bulk
(initial) hardness of the Mg alloy was deter-
mined as about 69 HV. The measurement
results are shown in Figure 6b, where it
can be clearly seen that the microhardness
values of the 50" and 200t holes were
higher, whereas those of the 350t holes
were lower than the bulk hardness for
holes drilled by both the 2- and 3-flute
drills. This finding is supported by the SEM
images in Figure 5. Moreover, the holes
drilled with the 2-flute drill had higher
hardness values as compared with those
drilled with the 3-flute drill. It is shown in
Figure 5 that as the number of holes in-
creased, temperature and deformation at
the cutting zone increased and recrystalli-
zation took place as a result. Depending on
the increase in the number of holes, the
cutting force, cutting temperature, plastic
deformation and also workpiece hardening
increased. Smaller grain size led to higher
hardness values according to the Hall-
Petch relationship [22]. After the 200t
hole, very high-temperature resulted,
thrust force increased, and tool wear in-
creased as well, giving rise to thermal sof-
tening of the material and a decrease in
hardness. It was observed that the hard-
ness of the material increased until the cut-
ting temperature reached the recrystalliza-
tion temperature, but decreased during re-
crystallization.

=2 flute —&— 3 flute--+-- Bulk |

Hardness (HV)

0 - \'\ -
b
N\

60 = .

T T T

& 200 30

Number of holes
b)

Figure 6: @) SEM and XRD analyses for AZ91 after machining, b) microhardness of the borehole surface
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| Conclusions

An experimental study was carried out on

the drilling of cast AZ91 Mg alloy using

2-flute and 3-flute drills. The drilled holes
were examined in terms of thrust force
generation, wear formation, tool life and

chip morphology using SEM, EDS and mi-

cro hardness analyses during the drilling

and the following conclusions have been
drawn:

1. During drilling using the 3-flute drill bit,
greater thrust forces were generated due
to the larger contact area at the cutting
tool-workpiece interface.

2. Cutting speed parameter was more effec-
tive on chip shape than feed rate. At
lower cutting speeds, fan-type and zig-
zag-type chips were formed, while long,
zigzag-type chips were formed at higher
cutting speeds owing to greater heat
generation.

3. In general, the 3-flute drill formed longer
and narrower chips as compared with
the 2-flute drill. Long, folded wavy-type
chips and thick, long ribbon and string-
shaped chips were observed in the drill-
ing of AZ91.

4. More tool wear was observed in the
2-flute drill. After the 350t hole, 78 wm
flank wear occurred in the 2-flute drill,
while 67 um was measured in the 3-flute
drill.

5. The SEM observations showed that bore-
hole surface grain size became smaller
during drilling; however, grain growth
also occurred due to high temperatures.

6. Intermetallic phases varied as the num-
ber of holes increased; therefore, the
chip removal process became more com-
plicated depending on the intermetallic
phases.

7. The microhardness of the borehole sur-
face was greater than the bulk hardness
but decreased because of thermal soften-
ing as well as grain growth. Further-
more, the microhardness of the holes
drilled by the 2-flute drill bit was higher
than that of those drilled by the 3-flute
drill bit.
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