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Abstract

High-quality holes in the drilling process are possible by selecting appropriate cutting parameters, proper machine setup
and tools. The current study examines how drilling parameters like spindle speed and feed rate affect the formation of
chips as well as hole quality, including hole size, circularity, and surface roughness of Al6061-T6. HSS drill bits were
used in dry drilling experiments. The results showed that hole size and circularity are increased with the high spindle
speed and feed rate. While the high spindle speed and low feed rate result in low surface roughness. Analysis of variance
indicates that the hole size was highly affected by feed rate, having a contribution of 61.58 % compared with spindle
speed with a contribution of 36.12 %. Moreover, the contribution of feed rate on circularity is 69.30 % greater than the
effect of spindle speed at 28.48 %. In contrast, the spindle speed has a high influence of 56.84 % on surface roughness,
than the feed rate with 42.13 %. The outcome also demonstrated that short, segmented chips could be produced at low
spindle speeds and high feed rates.
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Nomenclature

C Circularity W Tool wear

D Diameter 0 Point angle

H Burr height ] Helix angle

HSS  High-speed steel MRR  Material removal rate
F Feed rate T Torque

Fz Thrust force z Hole size

n Spindle speed t Temperature

Ra Surface roughness Af Axial force

Vc Cutting speed
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1. Introduction

Aluminum and its alloys are widely used in various manufacturing industries due to their super mechanical
properties [1]. For example, Al6061-T6 Alloy is one of the most commonly used in automotive industry [2].
The drilling process, which accounts for a significant amount of overall machining time and costs, is widely
used in manufacturing industries. Also, drilling plays an essential economic role in manufacturing many
different industrial parts [3]. The success of the automotive and aerospace sectors, which need millions of
holes, depends on the productivity, quality, and precision of the drilled holes [4].

HSS drill bits are the main attraction for drilling in aluminium alloy to enhance the quality of the finished
hole in a product [5]. Additionally, HSS drill bits are reasonably priced and offer several advantages,
including being simple to maintain and having high breaking strength [3]. Irrespective of the material,
important process parameters such as spindle speed (n) and feed rate (f) significantly affect the quality of
drilled holes [6]. A higher or lesser n and f increase or decrease the dimensional accuracy and surface quality,
which directly affects productivity [4]. Different experimental and analytical methods were used in previous
studies to enhance the machinability or drilling performance of Aluminum alloys, as given in Table 1.

Table 1. Some of the previous studies on drilling of aluminum alloy

Alloy type Cutting Parameters Cutting Tool Output Parameters ~ Ref

Al6061 f=0.04, 0.08 (mm/rev) HSS -TiN W, C, Z, Ra [7]
n=1000,1500, 2000 rpm D=8 mm
Condition= Dry 6=118°

Al6061 f=0.05, 0.10, 0.23, 0.35, 0.40 (mm/rev) HSS Ra, H [8]
V.= 50, 115, 275, 434, 500 D=5mm
Condition= High pressure internal cooling 6=127°

Al6061 f=0.3, 0.5,0.6(mm/min) HSS H, S, Ra, C, [9]
n=600,800,1000 rpm D=8, 10, 12 mm

6=118°, 110°, 100°

Al6061 f=0.3,0.5, 0.6 (mm/rev) HSS Ra, C [10]
V.= 15.08, 25.13, 37.70 m/min D=8, 10, 12 mm
Condition= Cnc cutting fluid 6=118° 110°, 100°

Al6061/Al,03, f=0.05, 0.1, 0.2 (mm/rev) HSS Ra,Rz,Fz, T,C [11]
n= 2200, 2600, 3000 rpm D= 10 mm
Condition= Dry 0=90°, 118°, 130°

Al 6061-T651 f=50, 100, 150 (mm/min) Solid carbide Ra, Rz, Z, C, [12]
n= 1000, 2000, 3000 rpm D=10 mm
Condition= Dry 0= 30°, 140°

Feed rate: f, thrust force: Fz, cutting speed: Vc, spindle speed: n, diameter: D, Surface roughness: Ra, high-speed steel: HSS, circularity:
C, tool wear: W, point angle: 0, helix angle: y, burr height: H, hole size: Z, burr thickness: S, Material removal rate: MRR, Torque: T,
Temperature: t, Axial force: Ag,

For instance, Uddin et al. [7] investigated the effects of surface finish, dimensional accuracy, and burr
formation on hole quality in drilling Al6061, and the findings revealed that the n and tool diameter had a
significant impact on the Ra. It was studied that f was the most dominant factor that largely influenced thrust
force, torque and hole quality. Popan et al. [8] determined the impact of process parameters on hole quality
and absorbed that Ra decreased with increasing n and decreasing f. Furthermore, they reported that f had a
higher effect on dimensional deviation. Sreenivasulu [9] carried out experimental data on Al6061 alloy to
determine the impact of cutting forces, drill diameter (D) and point angle on Ra, burr size and circularity
deviation. The results showed that Ra was significantly affected by the cutting forces despite circularity
deviation for which drill geometry and n are more significant. Sreenivasulu and Rao [10] studied the impact of
cutting forces and D on circularity and Ra using AlI6061 with the help of grey relational analysis for the
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optimization of drilling parameters. Jadhav et al. [11] carried out experimentations to investigate how drill
geometry and cutting forces affect surface finish during drilling of Al 6061/Al203p metal matrix composite.
The results show that the optimum values for surface finish can be achieved at smaller f, smaller point angles
and high n. However, higher values of n and f with smaller value of point angle produces a good hole
cylindricity. Al-Tameemi et. al [12] worked on the effect of n and f on the Ra and holes size in Al6061-T651
by using various coated cutting tools. The results showed that the highest Ra was obtained by using TIN-
coated tools due to lower coating hardness which results in higher cylindricity and low hole circularity.

The above study indicates how important the drilling parameters are to obtain better hole quality.
Numerous studies have evaluated hole quality, cutting forces, and temperature in drilling Al6061. Productivity
is increased, manufacturing costs are decreased, and production time is decreased with excellent hole quality
and low deviation. When compared to previous research, the current study is based on various cutting
parameters, such as n and f, on hole quality, such as hole size, circularity, and surface roughness. Moreover,
the current study also described the chip generation during dry drilling of Al 6061-T6.

2. Materials and Methods

The present work used an aluminium alloy Al 6061-T6 with a 140 mm x 60 mm dimension. The thickness
of the plate was 10 mm. The experiments were carried out using CNC vertical milling center as shown in
Figure 1. An uncoated High-speed steel (HSS) twist drill was used. The process parameters were selected
based on past research and recommendations from the tool manufacturers as shown in Table 2. A circularity
error and hole size were measured with the help of a coordinate measuring machine (CMM) as shown in
Figure 1. By tracing the hole profile with a probe, CMM measures the coordinates of specified points around
the circle of the hole. A probe with a 2 mm diameter encircled the inner wall of the hole while the workpiece
was positioned on the machine bed. The probe was moved around the inner circle of a hole at a speed of 1 mm
per second, which allowed for the capture of up to 400 points. In the current study, holes were cleaned with
highly compressed air to eliminate small debris from the hole wall for precise measurements. In addition, a
chip analysis was investigated with the help of a DSLR high-resolution camera 5220. Furthermore, the surface
roughness (Ra) was measured with the help of the surface roughness tester as shown in Figure 1. The
experimental parameters and equipment details are shown in Table 3.

Table 2. Cutting parameters of drilling

Level 1 2 3
Feed rate (mm/min) 100 200 300
Spindle speed (rpm) 400 800 1200

Table 3. Equipment details and experimental conditions

Machine tool CNC vertical milling center

Drill bit High-speed steel (Norseman drill and tool USA) of 11 mm diameter
Drilling condition Dry

Surface roughness Surface roughness tester Mitutoyo SJ-201

Hole size and Circularity error Coordinate measuring machine (CMM, Mitutoyo. Taiwan)

Chip Morphology DSLR camera 5220.

23



Journal of Materials and Manufacturing (2023) 1: 21-30

CNC vertical milling center Coordinate measuring machine Surface roughness

Fig. 1. (a) CNC vertical milling center (b) Coordinate measuring machine (c) Surface roughness tester

3. Results and Discussions
3.1. Hole size

The assessment of hole size is the most important output parameter of the drilling operations mostly in dry
drilling process, which is related to higher cutting temperature at the tool-chip interface due to higher friction
and obstruct of the chips over the flutes of the drill bit [13]. Figure 2 shows the deviation of holes from the
nominal size (11 mm) under varying n and f. Results indicated the oversized holes range from 11.087 — 11.198
mm. However, it is noticed that the maximum percentage difference in the hole diameter was less than 2%. A
noticeable increase in diameter has been recorded with an increase in f and n. Even though the diameter
increase is comparatively small, it shows that smaller f is shown to minimize the dimensional variance. At the
same time, the n has minimal effect except for the conditions of f= 100 mm/min and n=400 rev/min, which
revealed that low f and n are preferred. The chips are formed with minimum thickness and at low f, allowing
jerk-free and constant drilling. Hence, produce holes with less dimension error in diameter [14]. Shear cutting
is the main mechanism at low f, resulting in segmented chip formation and low cutting force; hence, the hole
size is achieved with minimum deviation. This may be assigned to the high vibratory displacement with the
enhancement of the n and the f, which happens during the initial contact between the chisel edge and the
workpiece and triggers dynamic instability, resulting in increasing hole size variations [13, 15]. Lower f
results in slower penetration rate and the cutting edge eliminates material with minimum chip thickness,
permitting a stable and jerk-free drilling, resulting in hole diameter with minimum dimensional error. With
low f, shear cutting is the dominant mechanism, which results in a continuous chip formation and minimum
force as a result, hole deviation decreases. This reveals that, given a n, slower f can ideally be selected to
lower the dimensional error. However, a minimum f compromises productivity, the decision must be taken by
setting a fair balance between the productivity and the dimensional accuracy required.
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Fig. 2. Hole size
3.2. Circularity

Figure 3 shows the circularity error with respect to n and f. Generally, the circularity increased with
increased n due to excessive cutting vibrations [16]. However, in the present study circularity decreased
notably with increasing both f and n. Moreover, at a n of 400 rev/min, when the f increases from 100 mm/min
to 300 mm/min, the circularity decreased by 71.6%. This is because discontinuous chips are achieved at a high
f. Therefore, at low f, continuous chips tangled around the cutting tool, disrupting the dynamic balance and
imposed high vibration [15]. The decrease in circularity with the increase in n may be possible due to the
minimum contact duration between chip and tool [12].
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Fig. 3. Circularity error
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3.3. Surface roughness

Surface Roughness (Ra) is one of the most significant aspects of metal cutting that is monitored during the
machining process. A high Ra caused unneeded fatigue, wear, reduced performance of the machined product
and decreased corrosion resistance [1]. Ra is affected by a number of machining factors, including cutting
parameters, tool geometry, and vibration applied to the work piece [17]. Ra was measured under different
drilling conditions, as shown in Figure 4. Ra has an inverse relation with n and direct relation with f. This is
similar to the previous studies, which showed that the high f directly influenced Ra due to the high thrust force
required to deform the chip having thick layer that induces more truculent vibration and results in a high
surface finish [13]. However, increasing spindle speed decreased the Ra. The decrease in Ra due to the high
spindle speed might be due to the rise in surface temperature of the hole wall, which softens the material and
reduces the resistance against the tooltip [18]. Therefore, 100 mm/min of feed rate and 1200 rpm of spindle
speed are suitable for surface roughness in the current study to produced high quality holes.
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Fig. 4. Average surface roughness
3.4. Analysis of variance

ANOVA is a helpful statistical tool for predicting the impact of process variables and their mutual
interaction on the output [19-21]. The current study conducted ANOVA with a 95% confidence level [3, 22].
Therefore, if a P-value is greater than 0.05, the effect of variable on response is treated to be insignificant. P-
values are selected as a result to illustrate how process factors affect response. Moreover, the percentage
contribution also revealed the amount to which each process parameter affects the response [23]. The
ANOVA result from Table 4 shows that n and f significantly affect hole size. However, the contribution of the
feed rate was 61.58%, while the percentage contribution of n was 36.12%. For the circularity, the impact of f
in influencing circularity was 69.30%, which is higher than that of n with 28.48 %. In the case of Ra, the n
was found to be more significant than the f. The n had an impact of 56.84%, and the f contributed 42.13% in
affecting the Ra in the current study.
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Table 4. ANOVA table

Hole size

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
Model 4 0.015805 97.70% 0.015805 0.003951 42.48 0.002
Linear 4 0.015805 97.70% 0.015805 0.003951 42.48 0.002
Spindle speed 2 0.005844 36.12% 0.005844 0.002922 31.42 0.004
Feed rate 2 0.009961 61.58% 0.009961 0.004981 53.55 0.001
Error 4 0.000372 2.30% 0.000372 0.000093 - -
Total 8 0.016177 100.00% - - - -
Circularity

Model 4 0.000119 97.78% 0.000119 0.00003 44.02 0.001
Linear 4 0.000119 97.78% 0.000119 0.00003 44.02 0.001
Spindle speed 2 0.000035 28.48% 0.000035 0.000017 25.64 0.005
Feed rate 2 0.000084 69.30% 0.000084 0.000042 62.39 0.001
Error 4 0.000003 2.22% 0.000003 0.000001 - -
Total 8 0.000122 100.00% - - - -
Surface roughness

Model 4 1.11091 98.97% 1.11091 0.277728 95.94 0
Linear 4 1.11091 98.97% 1.11091 0.277728 95.94 0
Spindle speed 2 0.63803 56.84% 0.63803 0.319013 110.2 0
Feed rate 2 0.47289 42.13% 0.47289 0.236444 81.68 0.001
Error 4 0.01158 1.03% 0.01158 0.002895 - -
Total 8 1.12249 100.00% - - - -

3.5. Chip Formation

A small, segmented and discontinuous chip are preferred for the high-quality hole and longer too life while
drilling aluminium alloys [24]. According to Liu et al. [25] small and fragmented chips keep the tool from
breaking. On the other hand, continuous and long size chips entangled in the drilling tool and need to be
manually removed, which might stop production [26]. Therefore, the unwanted chips increase the generation
of built- up edge (BUE), which in results in the reduction of hole quality. This is due to the fact that,
generation of BUE is the peak value of the coefficient of friction at the tool tip-chip interface [27]. During
machining operation, chips can allow the cutting tool to form BUE, which results in failure of the cutting tool
[28]. According to Rodriguez et al. [29], both high friction phenomena and chemical diffusion may occur in
dry drilling operations, which results in adhesion and burn marks. Therefore, the maximum generation of BUE
in drilling influences the hole quality. Figure 5 illustrates the chips formed during the drilling process of
AI6061-T6.

In the present study, long-helical chips are obtained at 400 rev/min at f of 100 mm/min. However, when
the f increases from 100 mm/min to 200 mm/min the long-helical chips convert into short-helical chips.
Increasing the f to 300 mm/min converts to a mixture of short-helical and snarled chips. Moreover, at 800 and
1200 rev/min long-helical chips are formed at 100 mm/min. However, combinations of short-helical and
snarled chips are formed at 800 rev/min at f of 300 mm/min. Furthermore, increasing f from 100 to 300
mm/min at 1200 rev/min long helical chips is transformed into snarled and needle chips. Figure 5 indicates
that the length and thickness of chips are influenced by both f and n. Chips thickness is inversely related to n
and directly related to f. The f was more prominent because at a high f the cross-sectional area increased,
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increasing the chip's stiffness and making the chip prone to break easily [25, 30]. A longer chips is formed
due to high temperature caused by a high n value which results in material ductility [31]. Additionally, at high
n, long continuous chips are produced, increasing the friction area between the chip and the drill bit flute and
drastically increasing the temperature, leading to high thermal stresses in the drilled hole periphery [32].
Moreover, as n increases from 400 to 1200 rev/min, long and helical chips are observed and the Ra of the
drilled holes are improved. However, increased f from 100 to 300 mm/min thick and discontinuous chips lead
to increase in the surface roughness of the drilled hole.
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Fig. 5. Chip formation
4. Conclusions

This study concludes that increasing spindle speed (n) and feed rate (f) resulted in large deviation in hole
size. However, the f significantly influenced the hole size with percentage contributions were 61.58% than
that of n with impact of 36.12%. In the case of circularity, it was concluded that rising n and f resulted in a
reduction in the circularity. With a percentage contribution of 69.30%, the f had a more significant impact on
the circularity than the n, which had a percentage contribution of 28.48%. It was also found that while drilling
Al6061-T6 alloy both n and f have a significant impact on surface roughness (Ra). Ra has an inverse
relationship with n and direct relations with f. However, f had less impact on Ra than n i.e., n contributed
56.84 % and while the influence of f was 42.13 %. In chip formation, the f was found to be more influential
than n.
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