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Abstract: This paper deals with an experimental investigation of hole quality in Al2024-T3, which is
one of the aerospace alloys used in aircraft fuselage skin due to its high level of resistance to fatigue
crack propagation. The experiments are conducted with 6 mm uncoated carbide and HSS drill bits
using a CNC machine under dry conditions and different drilling parameters. The characteristics of
the hole quality are investigated in terms of its perpendicularity, cylindricity, circularity and hole size.
An ANOVA (analysis of variance) and Pareto charts are used to analyze the effects of the drilling
parameters on the hole quality. The hole quality is also assessed using a digital microscope to observe
the formation of hole burrs. Moreover, scanning electron microscopy is also used to investigate the
inside-hole surface defects. Further investigations are carried out using optical microscopy to inspect
the post-drilling tool condition at high drilling parameters. The results show that hole quality reduces
as the feed rate and spindle speed increase. However, from the ANOVA results and Pareto charts, the
influence of the feed rate on the hole quality is found to be insignificant. At the same time, the type of
drill bit material shows the highest percentage of contribution affecting the hole quality, following
the spindle speed. The HSS drill bit shows more adhesion and built-up edges than the uncoated
carbide drill bit. There were more burrs formed at the hole edges when the holes were drilled with
uncoated HSS drill bits. In the same way, the SEM analysis reveals more surface deformation and
damage defects inside the hole walls of holes drilled using the uncoated HSS drill bit.

Keywords: drilling; Al2024-T3; hole quality; ANOVA; tool condition

1. Introduction

There is no doubt about how important it is to perform drilling operations in vari-
ous industries to make a profit and survive in today’s very competitive market because
most industrial products in our daily lives incorporate holes generated via drilling oper-
ations. Figure 1 shows the importance of drilling in all machining processes in various
industries [1]. However, the drilling process becomes challenging when many holes are
required, like in the aerospace industry [2]. For instance, in aircraft bodies, about 80%
of fatigue cracks are because of poor connecting holes, and 50–90% of fractures in aging
planes are due to fatigue fractures of fastener holes [3]. Hence, to ensure high-precision
structural integrity in aerospace alloys, the quality of holes drilled in aluminum is signif-
icantly important [4,5]. Furthermore, the major problems in the drilling process include
high cutting forces, low hole quality, tool wear, etc., which require selecting the appropriate
tool, increasing the cost for the manufacturing sectors [6,7]. The built-up edge is also
one of the problems associated with dry drilling that ultimately affects the tool and thus
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reduces the hole quality; however, drilling in dry conditions is environmentally friendly
as it reduces the environmental effect of coolants [8,9]. Hence, to achieve a long tool life
and high dimensional accuracy, drilling performance is therefore dependent on a variety of
variables, including tool geometry, tool materials, drilling parameters such as the spindle
speed (n) and feed rate (f), the type of drilling machine, and the absence or presence of
coolants [10,11]. Therefore, researchers are interested in optimizing/investigating these
important drilling parameters to maximize productivity.
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Previously, Dahnel et al. [12] performed drilling experiments on the tool wear on
Al7075 using tungsten carbide tools with n values of 4000, 6000, and 8000 rpm and f values
from 0.01 to 0.10 mm/rev. It was concluded in their study that a lower spindle speed
could reduce heat generation; hence, the lower cutting speed was recommended for dry
drilling Al7075. Islam and Boswell [13] used high-speed steel (HSS) tools to determine
the effect of drilling parameters and cooling methods on the quality of holes drilled in
Al6061. The investigation was carried out by measuring the surface roughness, diameter
error, and circularity. The cooling methods included cryogenic drilling, flood drilling,
and minimum-quality lubrication (MQL). The study concluded that diameter error was
highly affected by the cooling method, followed by the surface roughness and circularity.
MQL drilling produced good surface roughness and dimensional accuracy. In contrast,
the circularity was best achieved using cryogenic drilling. Khunt et al. [14] assessed the
drilling performance of AA6063. The experiments were performed using HSS drill bits.
Different cutting environments, including flood, MQL-sunflower, dry, flood cooling, and
MQL-castor oil, were selected to measure torque, surface roughness, and axial thrust. The
results concluded that surface roughness was improved with vegetable MQL, while the
torque and axial thrust were reduced. Luo et al. [15] established a finite element model



Machines 2023, 11, 726 3 of 14

using different spindle and feed speeds to drill Al7075-T6. They concluded that an increase
in the feed speed resulted in high axial force and torque. Similarly, the thickness of the
uncut chips also increased. Furthermore, the numerical simulation showed a higher tool
temperature field at the main cutting edge than at the cross edge. Pramanik et al. [16]
worked on drilling Al6061-T6 in three different conditions, including liquid nitrogen (LN2),
compressed air and MQL, to identify their impact on chip formation, the quality of holes,
active peak power, and surface roughness. The study concluded that cooling techniques
had a negligible impact on active power consumption. Additionally, the coolant’s impact
on the chip thickness ratio and surface roughness was unclear. However, the surface
roughness increased as the speeds and feeds increased, while the chip thickness ratio
increased with speed and decreased with the feed. In a study by Banerjee et al. [17], 102◦

and 115◦ point angles were recommended for the minimum burr height and thickness
when drilling aluminum using high-speed steel (HSS) drill bits. Regarding the previous
studies on Al2024, the selection of various drilling parameters is provided in Table 1.

Table 1. Previous studies on drilling Al2024.

Material Spindle Speed/
Cutting Speed Feed Rate Drill Bits Areas Studied Ref.

Al2024 1000, 2000, and
3000 (rpm)

0.04, 0.08, and
0.14 (mm/rev)

Uncoated carbide,
6 mm and 10 mm

Thrust force, surface roughness,
burrs, hole surface damage analysis,
chips formation, and tool condition

[18]

AA2024 60, 120, and
180 (m/min)

0.05, 0.15, and
0.25 (mm/rev)

HSS twist drill
with cobalt, 6 mm

Surface roughness, thrust force, hole
diameter, and exit burr height [19]

Al2024 1000, 3000, 6000, and
9000 (rpm)

100, 300, 600,
900 (mm/min)

TiAlN-coated
carbide twist drill

Chip formation, surface roughness,
hole size, burrs, and circularity error [20]

Al2024 28 and 94 (m/min) 0.04 (mm/rev) HSS and HSS-Co Thrust force, torque, and
surface finish [21]

Al 2024 30, 45, and 60 (m/min) 0.15, 0.20, and
0.25 (mm/rev)

Uncoated HSS, TiN
and TiAlN-coated Surface finish and hole diameter [22]

Hence, studies in the literature are limited to other drilling process parameters, cool-
ing techniques, or materials. There is also a lack of studies investigating the significant
characteristics of hole quality. Therefore, this study evaluates important hole characteristics,
including circularity, hole size, perpendicularity, and cylindricity. The analysis was carried
out using different types of drill bit materials, spindle speeds, and feed rates. The results
were then evaluated using Pareto charts and an analysis of variance (ANOVA). The study
also included further experiments to examine the post-drilling tool conditions at high
drilling parameters and the burrs around the hole edges using optical microscopy. A fur-
ther examination of the quality of holes was performed using scanning electron microscopy
to investigate any defects inside the drilled hole surfaces.

2. Materials and Methods

Al2024-T3 and a CNC machine were used for drilling experiments. CNC machines are
high-volume production machines used for achieving high levels of productivity without
compromising quality. Uncoated HSS and uncoated carbide drill bits with a size of 6 mm
were mounted on the CNC machine to drill holes in the Al2024-T3. The drilling experiments
were repeated three times, and each time, a new drill bit was used for the accuracy of
the results. Hence, a total of 27 holes were drilled under dry conditions. The workpiece
material, drilling parameters, and experimental details are provided in Table 2.
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Table 2. Experimental details.

Material Details

Material Al2024-T3
Dimension 150 × 200 mm2

Thickness 10 mm

Chemical composition Mg Cr Si Z Cu Mn Fe Ti Al

1.5 0.1 0.5 0.25 4.5 0.6 0.5 0.15 Balance

Ultimate tensile strength 445 MPa

Drilling parameters

Feed rate (mm/rev) 0.04, 0.08, 0.14
Spindle speed (rpm) 1500, 2500, 3500
Drilling condition Dry

Drill bit details

Type Twist drill
Material HSS, carbide
Coating None
Drill diameter 6 mm
Shank diameter 6 mm
Helix angle 30◦

Number of flutes 2 mm

Machines used

Machine tool CNC
Hole size, circularity, cylindricity,
and perpendicularity Coordinate measuring machine (Taichung, Taiwan)

Burrs USB digital microscope
Hole surface defects Scanning electron microscopy (Hitachi SU5000 Chiyoda, Japan)
Tool condition Optical microscope (LEICA M80)

The HSS and carbide drills are the most frequently used drill bits in industries, based
on the application. A likely explanation for selecting HSS drill bits is that they are less
expensive, commonly used, robust, and durable. They are also tough and heat-resistant.
In contrast, carbide drills are extremely hard, with a greater heat dissipation rate, and
are considered the toughest compared to other drill bits [23]. In addition, the 6 mm
size is a commonly used tool size range for aerospace alloys. At the same time, a high
helix angle was previously suggested to achieve high-quality holes during the drilling of
Al20254-T3 [24]. Furthermore, according to the machinery handbook [25], the feed rate
should be 0.05–0.15 mm/rev when a twist drill with a size of 3.175–6.35 mm is used. Finally,
Al2024-T3 was selected because it is a highly used aluminum alloy in the aerospace industry,
where millions of holes are required. Hence, the drilling process and geometric tolerances
are of great interest [26].

A coordinate measuring machine (CMM) was used to measure perpendicularity,
circularity, cylindricity, and hole size to investigate hole quality. It is worth noting that
CMMs are mostly used in the automotive, aerospace and defense industries to measure
geometric features of parts [27]. Afterwards, at a confidence interval of 95%, the impacts of
the drilling parameters on the hole quality characteristics were evaluated using an ANOVA.

The study also included additional experiments to examine the post-drilling tool
conditions for each drill bit at high spindle speed of 3500 rpm and feed rate of 0.14 mm/rev.
The investigation was carried out using optical microscopy after 9, 27, and 45 holes, and a
comparison was made between the built-up edges generated on each drill bit. Afterwards,
scanning electron microscopy (SEM) was used to examine the holes. The study also
included the examination of the burrs around the holes using a digital microscope. Further



Machines 2023, 11, 726 5 of 14

examinations of the top and bottom hole edges and the inside surface defects of the holes
were performed via SEM.

3. Experimental Results and Analysis of Variance
3.1. Hole Deviation and Circularity

Figures 2 and 3 show the average hole size and circularity using the uncoated HSS
and uncoated carbide drill bits with different spindle speeds and feed rates. In general,
the results show that hole deviation and circularity increase as the spindle speed and feed
rate increase. At the same time, the uncoated carbide drills produced holes with lesser
deviations from the hole’s nominal size and fewer errors in circularity. The hole deviation
from the nominal size (6 mm) for the uncoated HSS drill bit ranged from 6.0581 mm to
6.0753 mm, while for the uncoated carbide drill bits, the minimum value obtained was
6.0086 mm, while the maximum was 6.0281 mm. Similarly, the circularity ranged from
0.0261 to 0.0541 mm for the uncoated HSS drill bits. In contrast, it ranged from 0.0193 to
0.0284 mm when the carbide drill bits were used. In the current study, the ANOVA was
used at a 95% confidence interval, so only those values with a p-value of less than 0.05 were
considered significant. Therefore, the results in Table 3 indicate that the greatest impact
on hole size and circularity was achieved by the drill bit materials. The drill bit’s material
type affected the hole size by 94.10% and the circularity by 45.07%. The spindle speed’s
influence on the hole size was 3.75%, while none of the other parameters affected the hole
size and circularity in the 95% confidence interval.
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Table 3. ANOVA for hole size and circularity.

Hole Size

Source DF Seq SS Adj SS Adj MS F-Value p-Value Contribution
Model 13 0.012127 0.012127 0.000933 33.73 0.002 99.10%
Linear 5 0.01198 0.01198 0.002396 86.63 0 97.89%
Drill bit material 1 0.011516 0.011516 0.011516 416.38 0 94.10%
Spindle speed 2 0.000459 0.000459 0.000229 8.29 0.038 3.75%
Feed rate 2 0.000006 0.000006 0.000003 0.11 0.9 0.05%
Two-way interactions 8 0.000147 0.000147 0.000018 0.66 0.712 1.20%
Drill bit material × spindle speed 2 0.000041 0.000041 0.000021 0.74 0.532 0.34%
Drill bit material × feed rate 2 0.000005 0.000005 0.000002 0.08 0.922 0.04%
Spindle speed × feed rate 4 0.000101 0.000101 0.000025 0.92 0.533 0.83%
Error 4 0.000111 0.000111 0.000028 - - 0.90%
Total 17 0.012238 - - - - 100.00%

Circularity

Model 13 0.001579 0.001579 0.000121 3.24 0.133 91.33%
Linear 5 0.001282 0.001282 0.000256 6.84 0.043 74.19%
Drill bit material 1 0.000779 0.000779 0.000779 20.79 0.01 45.07%
Spindle speed 2 0.000107 0.000107 0.000054 1.43 0.34 6.21%
Feed rate 2 0.000396 0.000396 0.000198 5.28 0.075 22.91%
Two-way interactions 8 0.000296 0.000296 0.000037 0.99 0.544 17.14%
Drill bit material × spindle speed 2 0.00005 0.00005 0.000025 0.67 0.563 2.89%
Drill bit material × feed rate 2 0.000115 0.000115 0.000057 1.53 0.321 6.63%
Spindle speed × feed rate 4 0.000132 0.000132 0.000033 0.88 0.548 7.63%
Error 4 0.00015 0.00015 0.000037 - - 8.67%
Total 17 0.001728 - - - - 100.00%

3.2. Cylindricity and Perpendicularity

In the current study, the cylindricity and perpendicularity increased with increases
in the drilling parameters. However, a significant impact on both cylindricity and perpen-
dicularity was found based on the type of drill bit material used, as shown
in Figures 4 and 5. The uncoated HSS drill bit holes have greater cylindricity and per-
pendicularity than the uncoated carbide drill bit holes. Hence, when using the carbide
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drill bits, the lowest cylindricity and perpendicularity values produced were 0.0271 mm
and 0.0120 mm. Likewise, the ANOVA result in Table 4 indicates that the impact of drill
bit material on the cylindricity was 64.35%, while the impact on perpendicularity was
61.08%. Furthermore, the spindle speed had an impact of 16.17% on cylindricity and
8.92% on perpendicularity. However, the feed rate showed an insignificant contribution
in affecting the cylindricity and perpendicularity in this study at the confidence interval
of 95%. Moreover, in the two-way interactions, the combination of drill type and spindle
speed had an influence of 5.32% on the cylindricity. In comparison, the combined effect of
drill type and feed rate had an impact of 5.78% on the cylindricity. At the same time, in
the two-way interactions, only the drill type and spindle affected perpendicularity, with a
13.06% contribution. Hence, it is concluded that the drill bit material plays a significant
role during the drilling process in affecting the hole quality characteristics.
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Table 4. ANOVA for cylindricity and perpendicularity.

Cylindricity

Source DF Seq SS Adj SS Adj MS F-Value p-Value Contribution
Model 13 0.014233 0.014233 0.001095 32.18 0.002 99.05%
Linear 5 0.011966 0.011966 0.002393 70.34 0.001 83.28%
Drill bit material 1 0.009246 0.009246 0.009246 271.76 0 64.35%
Spindle speed 2 0.002323 0.002323 0.001162 34.14 0.003 16.17%
Feed rate 2 0.000396 0.000396 0.000198 5.82 0.065 2.76%
Two-Way Interactions 8 0.002267 0.002267 0.000283 8.33 0.029 15.78%
Drill bit material × spindle speed 2 0.000765 0.000765 0.000382 11.24 0.023 5.32%
Drill bit material × feed rate 2 0.000831 0.000831 0.000415 12.21 0.02 5.78%
Spindle speed × feed rate 4 0.000671 0.000671 0.000168 4.93 0.076 4.67%
Error 4 0.000136 0.000136 0.000034 - - 0.95%
Total 17 0.014369 - - - - 100.00%

Perpendicularity

Model 13 0.00042 0.00042 0.000032 12.89 0.012 97.67%
Linear 5 0.000334 0.000334 0.000067 26.69 0.004 77.74%
Drill bit material 1 0.000262 0.000262 0.000262 104.83 0.001 61.08%
Spindle speed 2 0.000038 0.000038 0.000019 7.65 0.043 8.92%
Feed rate 2 0.000033 0.000033 0.000017 6.65 0.053 7.75%
Two-Way interactions 8 0.000086 0.000086 0.000011 4.27 0.088 19.93%
Drill bit material × spindle speed 2 0.000056 0.000056 0.000028 11.21 0.023 13.06%
Drill bit material × feed rate 2 0.00002 0.00002 0.00001 3.97 0.112 4.63%
Spindle speed × feed rate 4 0.00001 0.00001 0.000002 0.96 0.516 2.23%
Error 4 0.00001 0.00001 0.000003 - - 2.33%
Total 17 0.00043 - - - - 100.00%

4. Discussion

In the current study, the quality of hole characteristics reduces with increases in the
spindle speed and feed rate. However, at a 95% confidence interval, the ANOVA results
concluded that the most influencing parameter affecting the hole quality was the type of
drill bit material, followed by the spindle speed. In contrast, the influence of the feed rate
on the quality of the holes was found to be insignificant. This could also be confirmed
by the Pareto chart, as provided in Figure 6. Additionally, the uncoated carbide drill bit
showed low perpendicularity, low circularity, low cylindricity, and a low level of deviation
of the hole from the nominal size compared to the results produced by the uncoated HSS
drill bits. One of the reasons for this might be the formation of fewer burrs around the entry
and exit sides of the holes produced by the uncoated carbide drill bits. Thus, the burrs
around the holes were observed using an optical microscope, as shown in Figure 7a, which
is an additional method apart from using the profile meters [24]. Hence, the formation
of burrs is provided in Figure 7b. Further details can be found in Appendix A. It is also
worth noting that in this study, the burrs at the edges of the holes were small and did
require further processing, such as de-burring. However, the burrs can affect the geometric
tolerances and might be affected by the drilling parameters. Hence, the material was further
examined using scanning electron microscopy at the entry and exit sides of the hole edges,
as shown in Figure 8. The SEM examination was also extended to the inside hole surface,
which revealed that the surface deformation, damage defects, and chip adhesion were more
visible in the holes drilled with uncoated HSS drill bits, as provided in Figure 9. It is also
worth mentioning that previously [24], the uncoated carbide drill bits also performed better
than the uncoated HSS drill bits in the process of drilling Al2023-T3. However, that study
was based on a multi-hole drilling approach to investigate thrust force, burr formation,
surface roughness, chips analysis, and tool conditions.
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Another reason for the better hole quality was the formation of a lower built-up edge
(BUE) on the holes drilled with carbide drill bits. This was mainly due to the greater
strength, higher hardness, and lower coefficient of friction of the carbide drill bits when
compared to the uncoated HSS drill bits [24]. Furthermore, it has also been reported that
high machining parameters tend to increase the temperature at the drilling zone because
of the high friction and material removal rate. Hence, the material softens and undergoes
plastic deformation, which causes the material to accumulate at the cutting tool, resulting
in adhesion and built-up edges [28]. Previous studies have reported that high machining
parameters also contribute to increasing the tool wear, deformation effects, and the quality
of holes [29]. In addition, the Pareto chart in Figure 6 indicated that the second influencing
factor on the hole quality was the spindle speed in this study. Therefore, additional drilling
experiments were performed to compare the post-drilling tool conditions with respect
to the built-up edges. Hence, a high spindle speed of 3500 rpm and a high feed rate of
0.14 mm/rev in the current drilling parameters were selected, and post-drilling conditions
were investigated after 9, 27, and 45 holes were drilled. Figure 10 shows the optical
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microscopy images taken using each drill bit, which shows a high BUE generated on the
uncoated HSS drills. It is worth mentioning that as the number of holes increases, there
might be high tool work friction, resulting in a high level of energy consumption and
generating higher thrust force [30]. Consequently, there are more chances of affecting the
hole dimensions due to a high BUE. Hence, the SEM mid-hole surface analysis was carried
out after 9, 27 and 45 holes were drilled with uncoated HSS and carbide drills, as shown in
Figure 11. It is also noteworthy that the hole quality might be affected by other parameters
like vibration, machine dynamics, the drilling temperature, etc. [27], which were not the
scope of this study.
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5. Conclusions

In the current study, Al2024-T3 was used for drilling experiments, and a comparison
was made between uncoated HSS and carbide drill bits used with varying drilling process
parameters. The investigations were based on the hole quality; however, the study was
further extended to examine the tool conditions at high drilling parameters in combination
with SEM analysis of the holes at the different locations. Hence, the results obtained in
this study can help the scientific community and industry in selecting high-quality drilled
holes. The following conclusions were made based on the above investigations.
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The quality of holes with respect to hole size, cylindricity, circularity, and perpendic-
ularity increase as the spindle speed and feed rate increase. However, ANOVA results
indicated that the type of drill bit material showed the highest influence on the hole quality.
The spindle speed was the second-most influencing factor affecting the hole quality. In
contrast, the feed rate showed an insignificant impact on the hole quality at the confidence
interval of 95% for the selected drilling parameters.

The burrs formed around the edges of holes produced by the uncoated carbide drill
bits at high drilling parameters were found to be fewer than those produced by the HSS
drill bits. Furthermore, the SEM images showed less surface deformation and damage
defects on the hole walls drilled by the uncoated carbide drill bits. The experimental results
also concluded that the uncoated carbide drill bits produced more high-quality holes than
the uncoated HSS drill bits because of their high strength and resistance to wear. Similarly,
the adhesion and built-up edges on the uncoated carbide drill bits were less than the
uncoated HSS drill bits at high drilling parameters. Therefore, it is concluded that the drill
bit materials play a significant role during the process of drilling Al2024-T3 in affecting
the hole quality characteristics. Hence, drill bits with excellent wear resistance and a high
degree of hardness are recommended for improving tool life.
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