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Abstract Machining experiments were conducted to evaluate
the impact of cutting parameters on the hole quality and cut-
ting forces in drilling Al2024-T3 aerospace alloy. Al2024-T3
specimen were drilled using Φ6-mm TiAlN-coated carbide
twist drills under dry cutting conditions. The hole quality
was inspected in terms of its surface roughness, burr and chip
formations, hole size, circularity error and post-machining mi-
crohardness of the subsurface of the holes. An analysis of
variance (ANOVA) was carried out to determine the percent-
age contribution of cutting parameters on cutting forces and
the inspected hole quality parameters. A three-dimensional
(3D) finite element (FE) model of drilling Al2024-T3 is de-
veloped using Abaqus/Explicit to predict thrust force and
torque. The FE model was validated using experimental re-
sults and found to be in good agreement. The results of the
study showed that the cutting parameters have a significant
impact on cutting forces and inspected hole quality parame-
ters. Drilling at feed rates of 100 and 300 mm/min and spindle
speeds of 1000, 3000, and 6000 rpm are recommended for
producing holes with smaller surface roughness, deviation
from nominal hole size, circularity error and burrs.

Keywords Drilling . Al2024 . Burr formation . Surface
roughness . Hardness . Finite element analysis

1 Introduction

Aluminium and its alloys are one of the key materials used in
automotive and aerospace applications. Drilling accounts for
about 40% of the total material removal process in automotive
industries [1]. The use of Al2024-T3 can be found in fuselage
skin and wing sections of the aircraft [2] due to its high spe-
cific strength, stiffness and excellent corrosion resistance. A
typical commercial aircraft often requires drilling numerous
holes for assembly purpose; for example, it is estimated that
nearly 2000 holes are drilled into flap skins to attach them to
the frame of the aircraft [3]. Most of the previous studies on
machining Al2024-T3 alloy focused on turning, orthogonal
cutting and milling operations [4–14], whilst fewer studies
were reported on drilling Al2024-T3 [2, 5, 15–23] as shown
in Table 1.

The selection of cutting speeds and feed rates depends on
the mechanical properties of the workpiece, the type of mate-
rial used for the drill bit and its coating. Koklu et al. [18]
previously reported that the mechanical properties of drilled
aluminium alloy can influence the burr height and surface
roughness, such that the higher the ductility of the alloy, the
greater is the amount of burr formed around the drilled hole. In
addition, the surface roughness increases with the increase of
cutting parameters and drill size [18, 21]. Most Al2024 dril-
ling studies used a tool diameter between 5 and 10mm since it
is a common range for creating rivets and hole in aerospace
alloys (see Table 1). Previous findings also showed that effect
of feed rate was more dominant on cutting forces, burr forma-
tions and tool life [18, 23]. In addition, HSS cutting tools were
found unsuitable for drilling aluminium alloys such as
Al2024-T3 especially in dry drilling process [15].Whilst coat-
ed carbide tools such as TiAlN coating have excellent wear
and oxidation resistance and is suitable for in dry machining
applications of alloyed steel and aluminium alloys with 10 %
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content of silicon due to its low thermal conductivity [5],
Davoudinejad et al. [19] reported that the use of high cutting
speeds for drilling Al2024-T3 increased the deviation of hole
size and the built-up edge (BUE) formed on the chisel edge
and cutting lips, which in return increased the cutting forces.

Amini et al. [20] and Barani et al. [24] reported that vibra-
tional drilling of Al2024-T6 alloy could help reduce cutting
forces by up to 70 % compared to conventional drilling, in
addition reduce exit burr formations and increase chip
breakability which reduced built edge and dimensional devi-
ation of hole size. The recommended point angles for drilling
aluminium alloys with low or no silicon content range

between 130° and 140° and between 115° and 120° for high
silicon content aluminium alloys [25]. Nouari et al. [5] report-
ed that the surface roughness is affected by the point and helix
angles, such that increasing these two parameters can mini-
mise roughness. In addition, a larger point angle will minimise
burr height [5, 26], whilst a larger helix angle will give min-
imum diameter deviation compared to the nominal hole diam-
eter which gives good dimensional accuracy [5].

Since large amounts of chips are created during the ma-
chining of aluminium, chip morphology and its characteristics
were the focus of several studies [27, 28]. These studies
looked into the effect of cutting parameters, tool geometry

Table 1 Summary of most recent studies on drilling Al2024-T3 alloy

Al alloy Drill size/coating Cutting parameters Objectives Ref

Al2024-T351 6-mm HSS carbide uncoated and multilayer TiAlN,
TiAlN/WC + C, TiN, Tin + Ag coated drills

130°, 140° point angle, 10°, 30°, 40° helix angle

1361, 8754 rpm
0.04 mm/rev

G W R Z [5, 15]

Al2024-T3 4.76 -mm HSS drill, 118° point angle Not specified RW [2]

Al2024 10 mm HSS uncoated and HSS + TiALN,
HSS + TiN, TiAlN, TiN, % Co

118°, 130° point angle, 24°, 30° helix angle

955, 1432, 1910 rpm
0.15, 0.2, 0.25 mm/rev

R Z Y [16, 17]

Al-2024 8, 10, 12-mm uncoated HSS drills 796–1592 rpm
0.05, 0.1, 0.15

R B [18]

Al2024 6-mm HSS and HSS cobalt drills
130° point angle, 30°, 40° helix angle

1500, 5000 rpm
0.04 mm/rev

W Z C [19]

Al2024-T6 vibrational drilling 5-mm HSS drill, 118° point angle 460, 750, 1255 rpm
0.104, 0.208, 0.348 mm/rev

C B F [20]

Al2024 6-mm HSS drill bit 609, 833, 1183 rpm
0.31, 0.68, 0.8 mm/min

R Z [21]

Al2024-T6 vibrational drilling 5-mm HSS twist drill, 118° point angle 460, 755, 1255 rpm
0.104, 0.208, 0.348 mm/rev

V C F R [22]

Al2024-T351 6.35-mm CVD diamond
120° point angle, 34° helix angle

2506, 5013, 7519 rpm
0.08, 0.16, 0.24 mm/rev

B Z E [23]

B burr formation, C cutting forces, E roundness, F chip formation,G coating performance, R surface roughness, U ultrasonic vibrations,W tool wear, Y
circularity, Z hole size

Fig. 1 a Workpiece and dynamometer setup inside the CNC machine b Data acquisition setup of cutting forces
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and their coating on chip formation and morphology. Results
showed that chip size and length vary with cutting parameters
and tool geometry, besides the effect of coolants that was
considered to be an important factor in controlling chip for-
mation and evacuation.

The investigation of any machining study requires exten-
sive experimental trials in order to reach to optimum design;
this would turn to be costly and time-consuming. Finite ele-
ment (FE) analysis can provide a comprehensive analysis of
machining operations to accurately replicate the performance
of the actual machining process, which allows for cost-

effective product development and overcomes design prob-
lems prior actual machining.

The FE analysis of metal machining that have been the
aim of many researchers in their previous studies in order
to predict the characteristics of machining operations is a
useful tool to minimise the costs of materials and maximise
productivity. 2D and 3D FE models were developed to
simulate the machining process in order to predict the cut-
ting forces [12, 29–31], tool and workpiece temperatures
[12, 31, 32], chip morphology [31, 33–36], residual stress-
es [37] and friction coefficient [38] of various metals with

Fig. 2 Hollow support plate and
b dynamometer/workpiece setup
inside the CNC machine

Table 2 Chemical composition (wt%) of Al2024-T3 [19]

Component Aluminium Chromium Copper Iron Magnesium Manganese Silicon Titanium Zinc

Percentage (%) 90.7–94.7 0.1 3.4–4.9 0.5 1.2–1.8 0.3–0.9 0.5 0.25 0.25
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extensive focus on some metals such as steel, aluminium,
titanium and Inconel.

The aim of the work is to extend the fundamental knowl-
edge when machining Al2024-T3 aluminium alloy through
the assessment of twist drilling operations in order to improve
productivity and workpiece quality. The work is carried out by
investigating the influence of cutting parameters on hole qual-
ity when drilling Al2024-T3 aerospace alloy. The analysed
hole parameters are some of the most critical factors which
determine the surface integrity of machined aerospace struc-
tures, besides the investigation into the feasibility of finite
element modelling of the drilling process of Al2024-T3 alloy
to predict the cutting forces as a useful tool in machining
applications.

2 Experiments

2.1 Machine setup

The drilling experiments were conducted using MORI-SEIKI
SV-500 CNC milling machine. The machine is capable of
providing spindle speeds up to 10,000 rpm. Thrust force (Fz)
and torque (Mz) were recorded during the drilling process
using a piezoelectric multicomponent dynamometer
(KISTLER 9255C). An eight-channel charge amplifier type

5070Awas connected to a USB data acquisition system (type
5697A); the recorded data were analysed using Dynoware
software as shown in Fig. 1.

The Al2024-T3 workpiece was bolted to the hollow sup-
port plate as shown in Fig. 2a. This assembly was then
mounted on the top of the dynamometer (see Fig. 2b). The
main purpose of the support plate is to protect the dynamom-
eter during the drilling process and to allow for chip evacua-
tion from the drill exit side. The cutting forces Fx, Fy, and Fz

were calculated directly during the drilling process. The
torque was also calculated using type 1.a (eight-channel) op-
tion, which is a multicomponent mode with the KISTLER
9255C stationary dynamometer. The torqueMzwas calculated
by inputting the distance to the centre of each hole from the
centre point of each of the four piezoelectric sensors in the
dyno. The datum coordinates are inserted in Dynoware soft-
ware prior the drilling of each hole to calculate the torque
during the drilling process.

2.2 Drilling trials

The cutting tool considered in this work was OSG HYP-HP-
3DΦ6-mmTiAlN-coated carbide twist drill with a point angle
of 140°, a helix angle of 30° and total length of 66 mm. The
Al2024-T3 sample used measures 150 × 200 × 7.1304. The
chemical composition of Al2024-T3 used is shown in Table 2.

This experiment combined four spindle speeds and four
feed rates (four-level full factorial design). In order to confirm
the repeatability of the experiment, each drilling trial was re-
peated three times and mean values of the average forces were
reported. All results reported here were average data of three
repetitions with error bars representing twice the standard de-
viation (STD) of the measured parameter. Two holes were

Table 3 Spindle speeds and feed rates used in the experiments

Levels Level 1 Level 2 Level 3 Level 4

Spindle speed (rpm) 1000 3000 6000 9000

Feed rate (mm/min) 100 300 600 900

Fig. 3 Measurement of burr
height and root thickness
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drilled at high feed rates (600 and 900 mm/min) and low
spindle speed (1000 rpm) to generate the ANOVA tables and
to evaluate the effect of excessive feeding on hole quality.
Each set of 16 holes was drilled with a new tool to minimise
any effect of tool wear, adhesions or BUE; no coolants were
used in this study. Table 3 summarises the cutting parameters
used in the experiment:

2.3 Analysis of hole quality and tool condition

2.3.1 Measuring burr formations

The quality of drilled holes was inspected in terms of burr
formation which included measuring the burr height and burr
root thickness at the entrance and the exit side of each drilled
hole. Burrs were measured using Mitutoyo SV-602
profilometer at 0, 90, 180, and 270° around the hole, and their
average was taken for the final burr value, as shown in Fig. 3.
The stylus was placed few millimetres away from the hole
edge at the stated locations (0, 90, 180, and 270° around the
hole) and is then allowed to move towards the centre of the
hole. The stylus records the changes in the surface height of
the path it is moving on whilst in motion. The software is
programmed to trace (plot) the measured profile and stop the
stylus movement if the height measured by the stylus exceeds
the traverse range of the profilometer (two traverse range op-
tions are available, either ±300 or ±80 μm); the latter option
was chosen. The stylus exceeds those limits when it reaches
the edge of the hole after it has passed over the burr as shown
below (see Fig. 4). The path of the stylus profile is plotted in
the software, and the measurement tools in the software are
used to calculate the burr height and the burr root thickness.

2.3.2 Measuring surface roughness

The hole average surface roughness Ra was also measured
using Mitutoyo SV-602 roughness device at 0, 90, 180, and

270° around the hole wall by rotating the sample along its
edges as shown in Fig. 4, and their average was taken as the
final surface roughness value Ra.

2.3.3 Measuring hole size and circularity error

Hole size and circularity error were measured to inspect the
deviation from the nominal diameter. Both parameters were
measured using SHEFFIELD CORDAX D8 CMM machine
using a 2-mm ruby probe as shown in Fig. 5. The measure-
ments were carried out at two, 1 and 6 mm, depths beneath the
upper surface of the hole, and they were referred to in the
paper hereafter as top and bottom locations. The scanning
speed for the probe was 1 mm per second, which allowed it
to capture 400 points whilst scanning around the borehole
surface.

2.3.4 Measuring the post-machining microhardness

The Vickers microhardness of the entrance and exit surface of
the hole were measured to evaluate the post-machining hard-
ness change in the workpiece. The measurement was taken
near the hole edge using Mitutoyo HM-101 Vickers micro-
hardness testing machine using diamond indenter applied with
1000-gf load and 15-s dwell time as shown in Fig. 6. The
cutting tools and collected chips were inspected under optical
microscopy to determine the influence of cutting parameters

Fig. 4 Measurement of the average surface roughness Ra

Fig. 5 Measurement of hole size and circularity error

Fig. 6 Measurement of post-machining microhardness
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on chip formation and to assess the tool condition after the end
of the machining process.

2.3.5 Scanning electron microscopy

The scanning electron microscopy (SEM) technique was
employed to analyse drilling-induced damage to the bore wall
surface. Each hole was cross sectioned from its centre and
undergone ultrasonic cleaning process in an acetone bath for
10 min to remove dust and debris from the inner surface of the
borehole as shown in Fig. 7a. The samples were then placed
on the top of a carbon sticker and inserted inside the SEM
chamber for surface inspection as shown in Fig. 7b, c. The
SEM scanning was conducted using Hitachi HM3030 plus
tabletop microscope.

3 Experimental results

3.1 Cutting force analysis

Figure 8 shows the schematic of the thrust force and torque,
respectively, when drilling a hole using the cutting speed of
n = 3000 rpm and feed rate of f = 900 mm/min. The drilling
process can be clearly divided into three stages according the

chisel edge position with respect to the workpiece. Initially,
the cutting tool is not in contact with the workpiece and no
forces are recorded. Next, the cutting tool advances into the
workpiece and a sharp increase in cutting forces due to drill-
workpiece contact starts to accumulate (entry stage). At this
stage, the chisel edge of the cutting tool is not entirely inside
the workpiece, the increase in cutting force continues until the
cutting tool chisel edges fully engage with the workpiece and
thrust force and torque profiles remain almost constant at
which maximum cutting forces are observed. The fluctuations
were found to increase with spindle speed. Once the cutting
tool reaches the end of the workpiece, the thrust force and
torque drop down sharply (exit stage) similar to the entry stage
indicating the end of hole drilling.

Figures 9 and 10 show the influence of feed rate and spin-
dle speed on thrust force and torque when drilling Al2024-T3
workpiece. Results show that cutting forces increased with the
increase of the feed rate and decreased with the increase of the
spindle speed. The influence of the spindle speed on cutting
forces was more dominant than the feed rate. The lowest thrust
force was observed when drilling at a feed rate of f = 100 mm/
min and spindle speed of n = 9000 rpm; the highest was ob-
tained at f = 900 mm/min and 1000 rpm. Whilst the lowest
torque occurred when drilling at feed rate of f = 100 mm/min
and spindle speed of n = 6000 rpm, which indicates that

Fig. 7 a SEM sample preparation, b Al2024 samples mounted inside the SEM chamber, and c Hitachi TM3030 tabletop SEM microscope

Fig. 8 Thrust force and torque
profiles in drilling Al2024-T3
(n = 3000 rpm and f = 900 mm/
min)
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excessive spindle speed might increase the torque due to in-
creased friction and vibrations of the drill, the highest torque
was obtained at f = 900 mm/min and 1000 rpm.

It was also observed that when drilling at feed rate and
spindle speed combinations of 0.1 mm/rev (100/1000, 300/
3000, 600/6000 and 900/9000), thrust force reduced by
4.7 %when drilling at f = 300 mm/min compared with drilling
at f = 100 mm/min and by 21–22 % compared with drilling at
f = 600 and 900 mm/min, respectively. In addition, drilling at
f = 300 and 600 mm/min reduced torque by 14.5–15.5 % than
at f = 100 mm/min and by 21–22 % than at f = 900 mm/min;
this might indicate that increasing the cutting parameters
would results in higher cutting forces.

Table 4 summarises the percentage contribution of spindle
speed, feed rate and their interaction on the cutting forces and
hole quality parameters. For thrust force, results showed that
spindle speed had the highest contribution of 48.36 %, follow-
ed by feed rate with 32.03 %; the interaction of cutting param-
eters had a small effect of about 19.40 %. Similarly, for the
torque, the spindle speed was more dominant with 50.84 %,
whilst the contribution of the feed rate was 29.30 and 17.86 %
for their interaction.

3.2 Hole quality analysis

3.2.1 Surface roughness

Figure 11 shows the average surface roughness Ra of drilled
holes under different cutting conditions; the surface roughness

ranged between 1.159 and 7.96 μm, and the lowest Ra was
measured for a hole drilled at n = 3000 rpm and f = 600 mm/
min and highest at n = 1000 rpm and n = 900 mm/min.
Generally, surface roughness increased with the increase of
spindle speed and feed rate. The continuous rubbing of the
cutting tool on the drilled hole walls heats up the tool and the
workpiece which increases the ductility and deformations of
drilled hole, leading to higher surface roughness.

The influence of feed rate varied at different cutting condi-
tions; for n = 1000 and n = 9000 rpm, the surface roughness
increased with the increase of the feed rate, whilst it decreased
with its increase at n = 3000 and n = 6000 rpm with exception
at f = 900 mm/min. The influence of spindle speed on surface
roughness was greater than that of the feed rate as shown
previously in ANOVA (Table 3). The contribution of spindle
speed was around 19.97 % whilst feed rate influence was
30.19 %, whilst their interaction had a significant contribution
of 47.67 %. It was also observed that when drilling at feed
rates/spindle speed ratios of 0.1 mm/rev, the surface roughness
increased—despite reducing the machining time, which indi-
cates that increasing the cutting speed would compromise the
surface quality of the hole.

3.2.2 Burr formation

Figures 12 and 13 show the average burr height and burr root
thickness at hole entry and exit sides under different cutting
parameters. Results show that both burr parameters increased
with the increase of the feed rate and decreased with the
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increase of spindle speed when drilling at n = 1000, 3000 and
6000 rpm, whilst it increased with it at n = 9000 rpm. This
could due to the fact that burr height greatly depends on the
ductility of the material, such that the higher the ductility, the
greater the burr height [39]. In addition, increasing the spindle
speed increases the temperatures at the interface between the
tool and the workpiece, which increase the plastic deformation
of the Al alloy and therefore, increasing the burr height [40].

The feed rate was more dominant on the average burr
height on both sides than the spindle speed (see Table 4).
The contribution of spindle speed on burr height ranged be-
tween 25.83 and 26.896 % and between 22.43 and 44.41 %
for burr root thickness. The feed rate contribution on burr
height ranged between 31.84 and 31.15 % and between
21.707 and 33.64 % for burr root thickness. The interaction
of both cutting parameters seemed to have a significant influ-
ence, which ranges from 1717 to 20.84 % for both burr pa-
rameters. The impact of spindle speed, feed rate and their
interaction becomes more significant at the exit side of the
hole due to the increased ductility and deformations with
depth, which increases burr formations considerably.

Burr height at exit side was two to three times greater than
at entrance side as it can be seen from Fig. 14. Results also

showed that drilling at high spindle speed and low feed rates
produced smaller burrs on both sides, which could indicate
that burr formation can be minimised when drilling under
those conditions. Al2024-T3 alloy have a relatively high per-
centage of elongation; this directly affects the burr formation
since the amount of plastic deformation is governed by the
ductility of the material and its elongation [18]. Therefore,
higher spindle speeds and feed rates can cause higher burr
formation. The smallest burr height at hole entrance was
achieved when drilling at n = 6000 rpm and f = 3000 mm/
min, whereas the smallest burr height at exit was achieved
when drilling at n = 3000 rpm and f = 1000 mm/min.

3.2.3 Hole size and circularity error

Figures 15 and 16 show the average hole diameter (size) and
their circularities, respectively, under different cutting param-
eters. Oversized holes were produced at both measured loca-
tions, and similar results were reported by Abdelhafeez et al.
[23]. The hole oversize at the top was greater than at bottom at
f = 300 and 600 mm/min and n = 3000, 6000, and 9000 rpm,
which could suggest the possibility of drill ‘wander’ on con-
tact with the workpiece [23]. The top hole size decreased with

Table 4 Percentage contribution
of cutting parameters on analysed
factors using ANOVA

Percentage contribution (%)

Spindle speed Feed rate Spindle speed × feed rate Error

Thrust force 48.36 32.03 19.40 0.18

Torque 50.84 29.30 17.86 1.98

Surface roughness 19.97 30.19 47.67 2.15

Bur height at entrance 25.83 31.84 21.65 20.67

Burr height at exit 26.89 33.15 29.83 10.11

Burr root thickness at entrance 22.43 21.70 17.17 38.68

Burr root thickness at exit 41.412 33.641 20.841 4.106

Hole size at top Insignificant Insignificant Insignificant 63.285

Hole size at bottom Insignificant Insignificant Insignificant 72.493

Hole circularity at top Insignificant Insignificant Insignificant 49.858

Hole circularity at bottom Insignificant Insignificant Insignificant 68.087
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feed rates of f = 100, 300 and 600 mm/min at n = 1000 and
3000 rpm and increased with it from f = 100 to 900 mm/min at
n = 6000 and 9000 rpm. The bottom hole oversize generally
decreased with feed rate when drilling at f = 100, 300 and
600 mm/min and increased thereafter. This indicates that ex-
cessive spindle speed or feed rate might cause the hole to
deviate from its nominal diameter, which could be due to the
fact that aluminium alloys are difficult to machine under dry
conditions due to their high thermal expansion coefficient
compared to other metals. The continuous rubbing of the tool
on the wall of the hole being drilled can lead to accumulation
of hot chips and the expansion of tool and the workpiece
creating thermal distortions that influence the accuracy of
the machined hole [41]. The hole oversize ranged between
0.712 and 40.32 μm. The minimum deviation in hole size
was achieved when drilling at n = 3000 rpm and f = 600 mm/
min. The analysis of ANOVA revealed that cutting parameters
and their interactions were insignificant for hole size and cir-
cularity at the entrance, which was also reported by
Abdelhafeez et al. [23].

The error from the ANOVA analysis was high for both the
hole size and circularity error, which indicates that the model
is not capable of detecting the contribution of the cutting pa-
rameters and higher-order models should be implemented to
further analyse the results which will be carried out in a future
work. The circularity error at top increased with feed rate
when drilling at n = 3000, whilst it decreased with feed rates
of n = 1000 and 9000 rpm. At bottom, the circularity error
increased with feed rates of n = 3000 and 6000 rpm, whilst it
decreased with it at n = 1000 rpm. This could be due to the

vibratory displacement in the cutting tool which causes dy-
namic instability, which is more common to occur at hole
entry leading to higher hole circularities at the top than the
bottom [17]. For feed rates and spindle speeds, ratio of
0.1 mm/rev (100/1000, 300/3000, 600/6000 and 900/9000),
it was observed that hole circularity error at both sides im-
proved when with higher spindle speed and feed rate. Hole
circularity error ranged between 6.92 and 27.26 μm at the top
and between 4.1 and 33.84 μm at the bottom.

3.2.4 Chip formation and post-machining hardness

Figure 17 shows samples of chips collected after drilling each
hole under different cutting conditions. It was observed that
wide range of chip thicknesses and lengths were formed, de-
pending on the cutting conditions. The chip thickness in-
creased with the increase of the feed rate and decreased with
the increase of spindle speed. The chip length decreased with
the increase of the feed rate and increased with the increase of
spindle speed. Discontinuous and segmented chips were
formed at spindle speeds n = 1000 and 3000 rpm and feed
rates of f = 100, 300, 600 and 900 mm/min; at those cutting
conditions, the chip was peeled off the workpiece and de-
formed before allowing sufficient time for the cutting lips to
remove the material.

At n = 6000 and 9000 rpm and f = 100 mm/min and n =
9000 rpm and f = 300 mm/min, continuous chips were
formed, they were very long, and tended to curl around the
cutting tool which required manual removal; also, the forma-
tion of such chips promoted built-up edge on the cutting tools.
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It was observed that Al2024-T3 particles adhered to the cut-
ting tool facets and cutting edges as shown in Fig. 19; the
formation of built-up edges is generally undesirable [42].
Segmented chip formed at n = 3000 rpm and f = 900 mm/
min. Lamerallar chips which are a type of continuous chip
formation were formed at n = 9000 rpm and f = 600 mm/
min. The change of chip length and thickness could be due
to the increase in workpiece ductility as machining tempera-
tures rise with spindle speed.

Figure 18 shows the post-machining microhardness at
the top and bottom surfaces for each drilled hole. The in-
crease in hardness can lead to excessive tool wear and
brittleness of workpiece material which makes it more vul-
nerable to damage in applications was impact and fatigue
are present. The hardness increased at both sides after dril-
ling the holes; the hardness ranged between 155 and
172 HV, which is 13–25.5 % increase from its normal
hardness value of 137 HV. Results indicate that it increased
with spindle speed and feed rate. Also, the difference in
microhardness at entrance and exit side was small with the
exception of few drilled holes.

3.2.5 Hole images under optical microscopy

Figures 19 and 20 show the state of drilled holes of the first
trial under different cutting conditions at entrance and exit
sides, respectively. Visually inspecting the hole and using an
optical microscope, it was observed that the hole surface

quality was better at the entrance than at the exit side. In
addition, the hole quality at entrance decreased with feed rate;
best hole quality was achieved at n = 3000 and 6000 rpm and
f = 100 mm/min. At those cutting parameters, the hole edge
was uniformwith very little burr and discontinuities compared
to other holes. At exit side, the hole surface quality decreased
with feed rate as well, and generally, hole surface quality was
better at high spindle speeds and low feed rates.

3.2.6 Post-machining tool inspection

Figure 21 shows the condition of one of the cutting tools
after drilling; inspecting the tool under microscope showed
that there was high level of BUE on the cutting edges of the
drill. This indicates that interaction between the cutting
tool and chip of the workpiece undergoes severe friction,
which caused it to weld on several regions on the cutting
tool. It can also be noticed that the BUE continued to
spread along the cutting edges away from the chisel edge;
adhesion was also found on the chisel edge, the flanks and
the crater of the drill; and the Al2024-T3 chips melted and
were deposited creating a thin layer on the cutting tool
surface, which could have an impact on the surface finish
and reduce hole size accuracy. The use of high spindle
speeds and feed rates might be the cause of BUE and ad-
hesions on the cutting tools; thus, it is always recommend-
ed to avoid excessive feed or speeds in machining.

3.2.7 Post-machining tool inspection

Figure 22 shows the status of drilled hole under scanning
electron microscopy. The scanning electron microscopy of
the borehole surfaces showed that surface quality decreased
with the increase of the spindle speed and feed rate. This could
be due to the rise in cutting temperatures with the increase of
spindle speed and increase of deformations with the increase
of the feed rate. In addition, aluminium alloys have a strong
alloying tendency and chemical reactivity with materials in
the cutting tools at tool-operating temperatures.

Fig. 14 SEM image showing hole edges at entrance and exit of drilled
hole at n = 1000 rpm and f = 100 mm/min
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Smearing was observed in all drilled holes as shown in
Fig. 23. The smearing increased with the increase of spindle
speed and feed rate. This could be due to the increase in
cutting temperatures and feed force, which increases the
flowing and deformations in Al2024-T3 surface during the
machining process. No visible cracks were found on the sur-
face under all cutting conditions. However, drilling at a spin-
dle speed of n = 1000 rpm and feed rates of f = 600 and
900 mm/min showed severe deformations within the hole
walls and some chipping as shown in Fig. 24, which indicates
that those cutting parameters are not suitable for drilling
Al2024-T3 alloy. It was also observed that the feed marks
and deformations were less on the lower part of the hole
(above the hole exit) rather than the upper part (below the hole
entry). This could be due to the increased ductility and flow of

the material with depth due to the increase in cutting temper-
atures, which improves the cutting process and give better
surface finish.

4 Finite element model

4.1 Material model

The FE model used to simulate the cutting mechanism in
Al2024-T3 consisted of four distinct steps: (1) linear elastic
behaviour governed by linear stress–strain relationship, (2)
plastic behaviour using Johnson-Cook plasticity model (plas-
tic yielding with strain hardening), (3) damage initiation using
Johnson-Cook damage initiation criteria and equivalent
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plastic strain at the onset of damage, and (4) removing the
element of the mesh completely upon reaching maximum
degradation [43].

4.1.1 Linear elastic response

The linear stress–strain relationship is governed by σ = E.ε.
Table 5 depicts some of the mechanical properties of
Al2024-T3 alloy.

4.1.2 Hardening

The Johnson-Cook (JC) plasticity model was used to simulate
the plastic hardening of the material. The JC model is suitable
for materials which possess a linear elastic behaviour and with
applications where high strain rate deformations are expected
such as in machining and impact applications. The JC model

is a type ofMises plasticity model which uses strain hardening
and rate dependence; the model is defined with strain rate
dependence as shown below.

σ ¼ Aþ B εpl
� �n� �

1þ Clnðε: pl
ε
:
0
Þ

2
4

3
5 1−

T−Tr

Tm−Tr

� �m� �
ð1Þ

where A, B, C, n and m are the material constants which were
obtained by torsion tests; the constants which are provided in
Table 4 were taken from previous studies on Al2024-T3 [44].
A corresponds to the initial yield stress, B is the hardening
modulus, C is a dimensionless strain rate dependency coeffi-
cient, and n andm are the power exponents of the strain work-
hardening and thermal-softening coefficients, respectively. εpl

is the plastic strain, ε
:

ε
:
0
is the dimensionless plastic strain rate,

εpl and ε0 are equivalent plastic strain rate and the reference
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strain rate, respectively. T, Tr and Tm are the current tempera-
ture, room temperature and melting temperature of the mate-
rial, respectively. The first term in the equation represents the
strain hardening in the elastic plastic region, the second term
represents the flow stress of the material viscosity when the
material is subjected to high strain rates and the final term is
related to material softening with temperature.

4.2 Modelling damage

Figure 25 shows the stress–strain diagram for the undamaged
response to the complete failure and element deletion. Point
1–2 represents the undamaged material response (elastic be-
haviour) where the linear stress–strain relationship applies,
point 2 is the yield point known as the elastic limit and point
2–3 is the plastic region at which strain hardening occurs and

the material undergoes a plastic behaviour. Point 3 (ultimate
yield strength) is the failure point where the onset of material
damage initiation begins; after this point, the stress–strain re-
sponse is governed by the evolution of stiffness degradation
3–4–5, where 3–4 represents the necking region which is part
of damage evolution.

4.2.1 Damage initiation

Johnson and Cook [45] developed a model for materials that
can relate the effect of strains, strain rates and temperatures on
the flow stress of the ductile metals when they are subjected to
high strains, strain rates and temperatures; they obtained the
model constants using torsion, static tensile and dynamic
Hopkinson bar tests over a wide range of strain rates and
temperatures. The Johnson-Cook ductile damage criteria were

Fig. 20 Bottom side of the
drilled holes

Fig. 21 Built-up edge and
adhesion in the cutting tool
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used to simulate the damage initiation in Al2024-T3; the mod-
el requires the definition of five failure parameters named d1,
d2, d3, d4 and d5. The fracture occurs when D = 0, where D is
the overall damage variable which corresponds to element
removal from the workpiece when the material stiffness is
fully degraded; the general expression represents the equiva-

lent plastic strain at the onset of damage εplD in the following
equation:

ε
pl

D ¼ d1 þ d2exp −d3ηð Þ½ �*½1þ d4ln ðε
: pl

ε0
Þ�

1þ d5
T−Tr

Tm−Tr

� �m� �
ð2Þ

where η is the stress triaxiality η ¼ −P
q

� 	
, P is the pressure

stress and q is the Mises equivalent stress. This means that
the model assumes that the equivalent plastic strain at the

onset of damage εplD is a function of stress triaxiality and strain

rate εplD ðη; ε: plÞ [43]. The Johnson-Cook constitutive material
model and damage model parameters d1–d5 of Al2024-T3
alloy are given in Table 6.

4.2.2 Damage evolution and element removal

When metal undergoes damage, its stress–strain relationship
no longer accurately represents the material’s behaviour and
leads to a strong mesh dependency based on strain
localisation, such that the energy dissipated decreases as the
mesh size decreases [43]. Hillerborg’s fracture energy criteri-
on was used to reduce mesh dependency [43]. Hillerborg de-
fined the energy required to open a unit area of crack, Gf, as a
material parameter. With this approach, the softening response
after damage initiation is characterised by a stress–displace-
ment response rather than a stress–strain response [43]. The
fracture energy is then given in Eq. (3).

Gf ¼
Z ε f

pl

ε pl
0

Lσyε
pl ¼

Z u f
pl

0
σyu

pl ð3Þ

This expression introduces the definition of the equivalent
plastic displacement ūpl, as the fracture work conjugate of the
yield stress after the onset of damage (work per unit area of the

crack). Before damage initiation, u: pl ¼ 0Þ
�

, and after dam-

age initiation, u: pl ¼ Lε: plÞ
�

, where L is the characteristic

Fig. 22 Hole surface condition under SEM microscopy

Fig. 23 Hole surface condition under SEM microscopy (n = 1000 rpm,
f = 100 mm/min)

Fig. 24 Poor hole surface condition under SEM microscopy (n = 1000
rpm, f = 600 mm/min)

Table 5 Mechanical properties of Al2024-T3 used in FE simulations of
drilling [44]

Density,
ρ (kg/m3)

Elastic modulus,
E (GPa)

Poisson’s ratio,
ν

Melting temperature
(°C)

2780 73.1 0.33 502
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length of the element [43]. The definition of the characteristic
length depends on the element topology; therefore, to avoid
any mesh sensitivity in the model, the aspect ratios of the
workpiece elements were kept close to unity.

The damage evolution law can be specified in terms of

equivalent plastic displacement u: pl or in terms of fracture
energy dissipation Gf. Both of these options take into ac-
count the characteristic length of the element to alleviate
mesh dependency of the results [43]. The evolution of the
damage variable with the relative plastic displacement is
used in its linear form. It assumes a linear evolution of the
damage variable with effective plastic displacement as
shown in Fig. 26. The damage variable increase according
to the following equation:

d
: ¼ Lε:

pl

u
pl

f

¼ u:
pl

u
pl

f
ð4Þ

This ensures that when the effective plastic displacement
reaches the value ūpl = ūplf , the material stiffness will be fully
degraded when D = 1. The linear damage evolution law de-
fines a truly linear stress–strain softening response only if the
effective response of the material is perfectly plastic (constant
yield stress) after damage initiation [43] as shown in Fig. 26.
As shown previously in Table 6, the fifth failure parameter d5
is equal to zero in Al2024-T3 material, which means that there
is no temperature effect on the damage initiation during the
drilling process [46].

Finally, the element is removed from the mesh upon
reaching maximum degradation (Dmax) using Eq. (5). The
element is removed from the mesh if D=Dmax, and no further
damage are accumulated at an integration point once D
reaches maximum degradation.

σ ¼ 1−Dð Þσ ð5Þ

4.3 Setup of FE model

The dimensions of the workpiece used in FE model were
15 × 15 × 7.13 mm; the workpiece was fixed at all of its
vertical faces and was not allowed to have any displace-
ment in all global directions (U1 = U2 =U3). The work-
piece was partitioned at its centre by a 9-mm circle
through its thickness; also, the cutting tool CAD model
provided from OSG was imported to Abaqus as shown in
Fig. 27. The motion of the cutting tool was restricted in X
and Y global coordinates and was only allowed to trans-
late and rotate about its Z axis, which represents the rota-
tion (spindle speed) and translation (feed rate).

Fig. 25 Stress–strain diagram
[43]

Table 6 Johnson-Cook constitutive material and damage model
parameters for Al2024-T3 [45]

A (MPa) B (MPa) C n m d1 d2 d3 d4 d5

265 426 0.018 0.34 1 0.13 0.13 −1.5 0.011 0
Fig. 26 The linear damage evolution law [43]
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4.3.1 Mesh study

Several meshing techniques and partitions were tested to
validate their influence on the accuracy of the results; this
allowed for mesh density optimisation, such that fine mesh
was applied at the centre where drilling will take place as
shown in Fig. 28, whilst coarser mesh was applied outside
the circle area; this helped in reducing computational time
considerably. Also, it was found that it can estimate the
torque more accurately. The workpiece was modelled
using solid elements available in Abaqus/Explicit. The
Johnson-Cook plasticity model can be used with any ele-
ments that have displacement degrees of freedom, and
thus, one integration element CD8R3 was used for the
Al2024-T3 workpiece.

To further enhance the robustness of the model and its
results, a vigorous mesh sensitivity study was conducted to
produce results with an acceptable level of accuracy, which
does not require large amounts of computational costs and
time and could accurately predict cutting forces. The sen-
sitivity study involved changing the mesh density through
the thickness and within the hole vicinity. Therefore, all
results shown here are based on optimised mesh analysis.
Two different mesh sizes were introduced at different re-
gions in the workpiece. A planar mesh size of 0.1885 ×
0.1885 mm (in the 1–2 plane) was used for meshing the
circular area at the centre of the workpiece as shown in
Fig. 28. A coarser mesh of 1 × 1 mm was used in areas
away from the zone of interest which were outside the
circular area. The influence of mesh density through

Fig. 27 Workpiece and cutting tool CAD models

Fig. 28 Finite element model of drill and workpiece assembly
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thickness was also taken into account. A planar mesh size
of 0.1426 × 0.1426 mm (in the 2–3 plane) was used.
Further reduction of mesh size resulted in only minor im-
provement in cutting forces of around 1 % but increased
computational time considerably. The mesh sensitivity
analysis through thickness on thrust force was shown in
Fig. 29.

In order to avoid negative volume problems when the ele-
ments are deformed, enhanced hourglassing option is used to
prevent hourglass deformations [43]. The distortion control
was used to prevent solid elements from inverting or distorting
excessively during the drilling process, which could lead to
difficulties in numerical convergence. The maximum degra-
dation option available in element control was used with pro-
gressive damage behaviour; this parameter also determines
the amount of residual stiffness that will be retained by ele-
ments during the drilling process, and a default value of 0.99
was used. The effective plastic displacement-based damage
criterion was chosen for damage evolution. In this case, the
effective plastic displacement at failure is specified

u: pl
f ¼ 1:8e−5 m

Due to the nature of the explicit solver, existence of few
smaller meshed elements in the workpiece can influence the
stable time increment for the whole model. In this case, the
minimum stable time increment was found to be in the order
of 1 e−9 s; this would require large computational time and
memory costs (more than 3,000,000 time increments for a full
run). Therefore, mass scaling was applied using a fixed mass
scaling factor = 1000 to artificially increase the mass of the
workpiece which contained the elements with most critical
stable time increment.

The cutting tool was modelled as a discrete rigid; its defor-
mation is not accounted in the simulation process. In addition,
a small part of the total drill is used in the FE models (see
Fig. 28). This reduces the required computational time con-
siderably. R3D3 rigid triangular facet elements are used to
mesh the cutting tool with a total number of elements equal
to 13,663. The refined mesh was applied on the cutting edges
and the two facets of the drill where interaction will take place
with the workpiece material.

4.3.2 Contact, loading and boundary conditions

The workpiece and cutting tool contact modelling was defined
using the general contact algorithm available in Abaqus/
Explicit. The friction between the cutting tool and workpiece
surfaces was defined using the simple Coulomb friction mod-
el, which relates the maximum allowable frictional stress
across an interface to the contact pressure between the
contacting bodies due to the rotational movement of the cut-
ting tool. The Coulomb friction has been widely used in pre-
vious machining simulations and is also well documented for
machining aluminium alloys, including Al2024-T3 alloy with
various cutting tools and machining operations. Literature re-
ports that TiAlN tool coating can have a coefficient of friction
between 0.6 and 1 against aluminium (Al2O3) under dry con-
ditions [47], whilst other sources indicate that TiAlN coating
could have a coefficient of friction as low as 0.3 [48] and as
high as 0.7 [49] against various materials. Based on the AST-
G99-5 standard, the TiAlN coating has a coefficient of friction
which ranges between 0.6 and 0.8 [50]. Oberg [51] reported
that it had a fixed value of 0.6. Jin [52] used a constant
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coefficient of friction of 0.3 when machining Al2024-T3,
whilst Seshadri et al. [53] used a coefficient of friction μ =
0.43 in the orthogonal cutting modelling of Al2024-T3 alloy.
However, Yang et al. [54] used a value of 0.7 for microend
milling of Al2024-T3 alloy. Therefore, the coefficient of fric-
tion of 0.6 was selected after a vigorous mesh study, where it
was varied from 0.4 to 0.8 used in previous studies. This value
also gave FE results close to those tested at cutting parameters
of 6000 rpm and 600 mm/min used in the mesh convergence
study.

5 FE results

Figures 30 and 31 show a comparison of the average maxi-
mum thrust force and torque between experiment results and
FE simulation. In order to get better consistency values from
the FE model to be compared with experimental data, a me-
dium feed rate of f = 600 mm/min and spindle speed of n =
6000 rpm were used (0.1 mm/rev) for mesh optimisation
study; then, it was applied to all other cutting parameters used
in FE models. All of the optimisation studies were carried out
using this combination of cutting parameters and were used
later to predict the thrust force and torque for all other cutting
parameters used in the experimental work.

The FE model slightly overestimates/underestimates the
thrust force and torque; the discrepancy with experimental

results ranged between 1 and 20.8 %. For example, the exper-
imental thrust force and torque at n = 9000 rpm and f =
900 mm/min were found to be 441 ± 28.6 N and 0.634 ±
0.114 Nm on average, whilst FE model estimated thrust force
to be 445 N and torque to be 0.7136. This indicates that the FE
models are capable of predicting the cutting forces accurately.
It was also observed that the inaccuracy between FE and ex-
perimental results increased with feed rate. Figures 32 and 33
show a comparison between simulation and experimental re-
sults for the thrust force profile at n = 6000 rpm and f =
900 mm/min and for torque profile at n = 3000 rpm and f =
900 mm/min.

Several factors can improve the accuracy of the current FE
model, such as the use of a more realistic friction models
which could account for different cutting parameters and their
effect on contact stresses and temperatures; this could better
represent the friction characteristics between the tool-
workpiece and chip-tool interface. The thermal effects are
not taken into account. Also, the tool was modelled as a rigid
body; a more realistic model of the cutting tool with deforma-
tion and wear could improve the results further. In addition,
the type of elements used to influence the results, even though
using reduced integration elements, helps to reduce the simu-
lation time, but it could have a significant effect on the accu-
racy of the integration used in stiffness matrix formulation and
the way that the elements will deform; using them will reduce
the stiffness of the element compared to full integration.
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6 Conclusions

In this paper, the effect of machining parameters on cutting
forces in the drilling of the Al2024-T3 aluminium alloy was
investigated both experimentally and numerically. Hole qual-
ity was evaluated in terms of its size and circularity error, burr
formation and chip characteristics. The 3D FE model of dril-
ling in Al2024-T3 was developed using Abaqus/Explicit,
which accounts for plastic deformation, damage initiation
followed by damage evolution and element deletion. The fol-
lowing conclusions can be drawn from this study.

& A 3D finite element model was developed using Abaqus/
Explicit to simulate the drilling process of Al2024-T3 al-
uminium alloy, the cutting forces predicted by the FE
models were in good agreement with experimental results,
the variation amongst them ranged between 1 and 20.8 %
and the discrepancy between experimental and FE results
increased with feed rate.

& The average surface roughness Ra increased with the in-
crease of spindle speed and the feed rate, and the influence
of feed rate on surface roughness was greater than the
spindle speed.

& Burr height and burr root thickness increased with the
increase of feed rate, whilst spindle speed had different
influence depending on its level. The spindle speed was
more dominant than the feed rate on burr thickness, whilst
feed rate was more dominant on burr height.

& Oversized holes were produced in all holes; the hole over-
size increased with depth. Drilling at high spindle speeds
and low feed rates can considerably influence the hole
size. The increase ranged between 0.01 and 0.66 % of
nominal hole size.

& Feed rate and spindle speed had a different influence on
circularity error depending on the combination of cutting
parameters used. The circularity error at top and bottom
increased with the increase of feed rate when drilling at
n = 3000 and 6000 rpm, whilst it decreased with feed rate
at n = 1000 and 9000 rpm.

& An increase in workpiece microhardness was observed in
all holes which ranged from 13 to 25.5 % from its normal
hardness value of ∼137 HV.

& Microhardness increased with spindle speed and feed rate,
and the variation of hardness between entrance and exit
sides was negligible with the exception of few drilled
holes.

& Various chip lengths and thickness were formed at differ-
ent cutting parameters. The formation of long chips was
observed at high spindle speeds and low feed rates; such
chips are undesirable as they curl around the cutting tool
and could deteriorate the machined hole quality.
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