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Abstract-In most drilling applications, pre-holes are often performed prior to the final hole drilling in order to obtain holes with good 

quality (dimensional accuracy, surface finish, and reduced burr). While this operation can improve the process stability, it might 

however also have an impact on process performance indicators such as dust emission, energy required for the drilling process, cycle 

time and chip breakability. 

This work investigates the effects of pre-holes on cutting forces, chip formation, surface finish and dust emission. Aluminum 

alloys (6061-T6 and 7075-T6) were drilled at different cutting speeds using uncoated HSS drills and the thrust forces, dust emissions 

and surface finish were analysed. It was found that drilling with pre-holes reduced the cutting forces, improved hole surface finish 

and chip breakability, and increased the total amount of metallic particle emission.  
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NOMENCLATURE 

(10): Drilling hole of 10 mm diameter 

(4): Drilling hole of 4 mm diameter 

(2): Drilling hole of 2 mm diameter 

(10-4): Drilling hole of 10 mm diameter after a 4 mm diameter pre-hole 

(10-2): Drilling hole of 10 mm diameter after a 2 mm diameter pre-hole 

(2)(10-2): Process performance indicators (thrust forces, surface finish and particle emission) for (2) and (10-2) 

(4)(10-4): Process performance indicators (thrust forces, surface finish and particle emission) for (4) and (10-4) 

Fz: Thrust force (N) 

Ks: Specific cutting force (MPa) 

f: Feed rate (mm/rev) 

: Radial depth of cut (mm)  

Kr: Tool point angle (degree) 

Ra: Average Roughness (m) 

I. INTRODUCTION 

This document is a template. An electronic copy can be downloaded from the journal website. For questions on paper 

guidelines, please contact the publications committee as indicated on the journal website. Information about final paper 

submission is available from the journal website. 

Today, manufacturing processes need to be constantly evaluated and optimized in terms of new tooling, new machining 

strategies or new process performance indicators, such as those related to environmental and occupational safety [1-6]. This 

task will impact the machining process window, the parameter level, the quality and the machining cost. 

The machinability of an alloy defines its ability to be machined or shaped using a cutting tool [7]; it can be evaluated based 

on tool wear, tool life, productivity, part quality, cutting forces and chip formation. Mahdy [8] established a logic algorithm for 

determining the optimum values of cut for both pre-drilling and enlarging, which gives maximum productivity and satisfies the 

imposed constraints and leads to the minimum possible manufacturing cost of both drilling and electrochemical deburring. 

Consequently, the result analysis of his work showed that burr can be reduced to a minimum value or will approach zero 

following proper selection of pre-drilling and enlarging or chamfering/countersinking. Sometimes, because of the hole quality 

or because there is no energy left for machining, a smaller diameter pre-hole is drilled to achieve the desired hole size with a 

large tool diameter. The drilled hole quality has a much greater effect on fatigue life than does residual stress, and the pre-hole 

greatly reduces machining marks, which are the most significant factor in fatigue life [9]. These differences are due to the 
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reduction in the material to be removed by the primary bit and the path that the pre-hole provides for the primary bit. The 

length of the bit also produces a significant difference in drilled hole quality, while a short bit generally improves hole quality 

due to a smaller possible deflection of the tip of the bit [10]. The surface finish is an indicator of the quality of the material 

following the machining process. In their work, Okasha et al. [11] found that the cutting speed has the highest effect on hole 

cylindricity. DeChiffre [12] showed that a higher feed rate leads to lower and more repeatable roughness, but at the same time, 

to higher and less repeatable reaming thrust and torque. 

Dilley et al. [13] showed an increase of the drill natural frequency as a function of hole depth to predict the tool stability. 

The frequency increase was attributed to the margin of the interaction with the hole, as the frequency shift did not occur when 

drilling tubes. Novakov and Jackson [14] showed that it is necessary to incorporate axial-torsional, lateral, and bending 

vibrations into one system, as well as other influential parameters, such as the chisel edge, the margin effect, the pre-hole size, 

tool grinding errors, misalignment, etc. Tsao and Hocheng [15] indicated that the critical thrust force was reduced with pre-

drilled holes and largely reduced by removing the chip effect. Tsao [16] identified the role of the pre-hole in reducing the 

thrust force induced during saw drilling. It was shown that the critical thrust force reduced with the increase in the pre-hole 

ratio when it is above 50% [17]. Won and Dharan [18] investigated the effect of the chisel edge of the drill with and without 

pre-holes drilled on the overall thrust force. They showed that the presence of a pre-hole reduced the applied thrust force 

drastically, allowing for the use of much higher feed rates. Hamade et al. [19] used the inherent variation of speed and rake 

angle over the lip in extracting the cutting force coefficients by performing a few drilling experiments on drilled pre-holes. 

In the case of chip formation and chip breakability, several research works have been done in order to identify the optimal 

conditions for improving machining and machinability. Hua [20], Sandstrom et al. [21] and Trent [22] found that at low speeds, 

the crack propagated towards the tip of the tool because of the high hydrostatic stresses, and tended to produce a discontinuity 

in the chip. They showed that the high temperature on the surface of the tool caused a thermal softening effect, and no crack 

therefore occurred on the side of the tip tool. Xie et al. [23] developed a coefficient identifying chip segmentation that could be 

used for evaluating and predicting the onset of instability of the chip. 

In today’s metal cutting industry, a major concern is the occupational safety and health hazard associated with cutting 

fluids usage and metallic particle emission. Dry machining has become an increasingly viable machining operation in 

commercial manufacturing sectors, and is used to further decrease costs and reduce the environmental pollution caused by oil-

based cutting fluids [24]. The process produces fine and ultrafine metallic particles, also called dust, which can harm the health 

of operators as well as the environment [1, 3, 25 and 26]. In this subject area of activity, Ren and Liu [5] showed in their 

research study that particle emission (PM2.5, less than 2.5 μm in size) from dry machining could penetrate deep into human 

lungs and cause various diseases. 

Machining processes must be improved to achieve safe, economical and environment-friendly machining. Sutherland et al. 

[1] showed that particle emission is high in wet machining, as compared to dry machining. Songmene et al. [25] and Balout et 

al. [27] found that a ductile material generates more fine and ultrafine particles than a brittle material because of the chip 

formation process; discontinuous chip formation leads to lower particle emission than does the longer chip. Songmene et al. 

[28] also showed that the machining strategies commonly used in industry (such as peak drilling, drilling with pre-holes and 

machining with variable parameters) that affect chip formation and influence dust emission. A simple process like drilling may 

be improved substantially by an investigation of dust. 

The main objective of this work is to examine the influence of pre-hole size and different cutting speeds on cutting forces, 

part quality, chip formation and metallic particle emission during dry drilling of wrought aluminum alloys (6061-T6 and 7075-

T6). A literature review shows that no comparable work has been done on this subject matter. 

II. EXPERIMENTAL PROCEDURE 

Drilling tests were carried out on two aluminum materials (i.e., 6061-T6 and 7075-T6). The cutting forces were measured 

using a dynamometric table connected to a computer. The machining unit used consisted of a CNC drilling machine (12000 

rpm maximum speed cutting), with a Plexiglas box of 30x30x20 cubic centimeters added to the table in order to allow the 

drilling process to be carried out in a closed environment (Fig. 1). This increased the measurement efficiency as less dust was 

able to escape into the environment. Polluted air within the closed box was dragged into the dust measurement unit through a 

10 mm diameter polyester tube. The tube was short and kept straight to minimize dust loss in the tube. Particle emission (total 

mass concentration) was measured using Dusttrak Aerosol Monitor equipment Model 8530, in which a 2.5 m diameter 

impactor was used, and at 1.5 l/min flow rate. The roughness values were obtained using Mitutoyo S-J400 equipment. For each 

hole, the measurement was performed four times, and the average value of the four measurements was taken into account. 

The following cutting conditions and parameters were used during machining: 

 Cutting speed: 1000 –10000 rpm 

 Feed rate: 0.058 mm/rev 

 Cutting depth: 12.75 mm 
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 Drill: HSS, 2, 4 and 10 mm diameter, 118° point angle, no coating 

 Lubrication: none 

 

Fig. 1 Experimental setup 

III. RESULTS AND DISCUSSION 

A. Cutting Forces 

Fig. 2 presents the resulting thrust forces of 6061-T6 and 7075-T6 aluminium recorded during the drilling tests. For both 

materials, as illustrated in Fig. 2, it is observed that the thrust force is independent of the cutting speeds for the tested 

conditions, but it is impacted by tool geometry, working materials and radial depth of cut. The thrust force Fz could be 

expressed by Eq. (1) as follows [7]:  

Fz = Ks. f. . sin(Kr/2), (1) 

where Ks is the specific cutting force, which is a workpiece material property; f is the feed rate; is the radial depth of cut, 

depending on the pre-hole size and final hole; and Kr is the tool point angle.  

Eq. (1) shows that for both materials, at the same feed rate and tool point angle, the thrust force Fz increases as the radial 

depth of cut increases. This observation could be due to the fact that the plastic deformation is great in(10), as compared to 

(4) and(2). It was also observed that after a pre-hole performed with (10-2) and(10-4), the thrust force was high for (10-

2), as compared to(10-4), for both materials. This observation could be due to the fact that after a pre-hole, there is more 

removable material in(10-2), as compared to(10-4). 
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Fig. 2 Thrust force Fz at different cutting speeds for 6061-T6 and 7075-T6 materials 
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Fig. 3 presents the thrust force Fz comparison for 6061-T6 and 7075-T6 after 2 and 4 mm pre-holes, respectively. In Fig. 3, 

the thrust force Fz for(2)(10-2) represents the sum of the thrust force recorded when drilling with a 2 mm tool diameter 

followed by a 10 mm tool diameter final drill and Fz for(4)(10-4) represents the sum of the thrust force recorded when 

drilling with 4 mm tool diameter followed by a 10 mm tool diameter  final drill, respectively.  

It is observed in Fig. 3 that for), the thrust force was high in 7075-T6, as compared to that in the 6061-T6 material. 

This observation can be attributed to their mechanical property difference. In Fig. 3a (after a 2 mm pre-hole), the thrust force in 

the case of 2) + 2) was high at low cutting speeds (less than 5000 rpm) for 7075-T6, as compared to the 6061-T6 

material, and the thrust forces are similar for both materials at a cutting speed up to 6000 rpm. In this case there is no real 

influence of the material mechanical property. 

In Fig. 3b (after a 4 mm pre-hole), the thrust force in the case of 4) +4) was a little higher for 7075-T6 than it was 

for the 6061-T6 material. This could be due to the lower effect of the plastic deformation because of the presence of the pre-

hole when drilling. 

In general, the presence of a pre-hole reduces the cutting forces by about 50 to 70%, depending on the pre-hole size (see 

Figs. 2 and 3). It is therefore expected that the cutting energy will be reduced by a similar percentage. While the cutting forces 

could play an important role during the machining of materials, in the case of aluminum alloys, they are relatively low, and 

could nevertheless constitute a good indicator for the comparison of different alloys under the same machining conditions. 
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(a) Without pre-hole and after 2 mm pre-hole 
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(b) Without pre-hole and after 4 mm pre-hole 

Fig. 3 Thrust force Fz comparison for 6061-T6 and 7075-T6 materials 

Machining a material with high strength requires a high force to generate chips. The thrust force of the 6061-T6 material 

was low as compared to the 7075-T6 material. This observation is due to the difference in their mechanical properties. 
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B. Surface Finish 

Fig. 4 presents the roughness at different cutting speeds for the 6061-T6 and 7075-T6 materials. It is observed that in both 

Fig. 4a (for 6061-T6) and in Fig. 4b (for 7075-T6), the roughness decreased as the cutting speed increased. This observation 

confirms the fact that the surface finish improves as the cutting speed increases, and has been confirmed by the work 

undertaken by Fu et al. [2], who showed that the surface roughness decreases when the cutting speed of aluminum increases. 

Their study involved the high-speed (about 1500 m/min) milling of aluminum, and they used the following equation for the 

roughness Ra [2]: 

1 2 3 4b b b b

a p eR = CV f a a
 (2) 

where, V is the cutting speed, f is the feed rate, ap is the cutting depth, and ae is the cutting width, whereas C, b1, b2, b3 and b4 

(all positive) are materials and cutting condition constants. The cutting speed (V) is the only parameter with a negative 

exponent, and the roughness Ra decreases when the cutting speed increases. This observation has also been confirmed by the 

work done by Kouam et al. [29]. Their study involved the friction of aluminum with the tool in rotation (similar to the drilling 

process). 
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Fig. 4 Roughness Ra at different cutting speeds for 6061-T6 and 7075-T6 materials 

It was also observed that the roughness was higher for 7075-T6 (Fig. 4b), as compared to 6061-T6 (Fig. 4a) under different 

testing conditions. This observation could also be due to their different mechanical properties. On the other hand, it was 

observed that for both materials, at the same cutting speed, the roughness was higher for 10), as compared to10-2) and 

10-4), respectively. The roughness was also higher for 10-2), as compared to10-4). This observation may be due to the 

fact the removable material during the drilling process is less for10-4), as compared to10-2). 
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C. Chip Formation 

Fig. 5 presents the chip formation during drilling obtained using scanning electronic microscopy (SEM). At low speeds, the 

chips produced without pre-hole and with pre-hole were not really different. However, during high-speed cutting, it was 

observed that the chip formed with a pre-hole was more segmented than the one formed without a pre-hole. This can be due to 

the fact that the pre-hole diminishes the mechanical properties of the chip, and that the mere presence of a pre-hole in fact 

modifies the formation of chip. Without the web drill effect, the chip is segmented. The presence of the web drill decreases the 

formation of macro-segmentation. Fig. 5 also presents different chip forms and lengths (small chips, medium chips and long 

chips) for 6061-T6 and 7075-T6 materials. In Fig. 5, it is observed that for 6061-T6, discontinuous chips appeared after the 

cuttings at a cutting speed of 6000 rpm with a 2 mm pre-hole and at a 4000 rpm cutting speed with a 4 mm pre-hole. For 7075-

T6, the discontinuous chips appeared after the cuttings at a 8000 rpm cutting speed with a 2 mm pre-hole and at a 5000 rpm 

cutting speed with a 4 mm pre-hole. For 6061-T6 material, the segmentation was observable at a cutting speed of 6000 rpm 

with 2 and 4 mm pre-hole, whereas for 7075-T6, the segmentation was observable at a cutting speed of 9000 rpm with a 2 mm 

pre-hole and a cutting speed of 7000 rpm d with a 4 mm pre-hole. 

Fig. 5 suggests that the chip length depends not only on the material properties but also on the cutting conditions. Chip 

breakability is one of the major issues faced in machining aluminum alloys; in fact, long chips can cause damage to the 

machined surface, the cutter and the machine evacuation system. Chip segmentation is one of the practical tools used to 

compare the chip breakability of different alloys. Fig. 5 also suggests that drilling after pre-hole could help to obtain a chip 

breakability that will be easier to remove. This observation has been confirmed by Kouam et al. [6] in their study on A319 and 

A356 aluminum alloys. 

 
Fig. 5 Scanning electronic microscopy (SEM) images of chip morphologies of 6061-T6 and 7075-T6 materials 

Fig. 6 presents the SEM images of the free surfaces of the chips. It is observed that at the same cutting speed, the distance 

between the segmentation was high after a 4 mm pre-hole, as compared to after a 2 mm pre-hole for each material. This 

observation could be due to the fact that during the drilling process, the material removal was less after the 4 mm pre-hole, as 

compared to the 2 mm pre-hole using a 10 mm tool diameter.  
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Fig. 6 Scanning electronic microscopy (SEM) images of the free surfaces of the chips of 6061-T6 and 7075-T6 materials 

It was also observed that after a 2 mm pre-hole and a 4 mm pre-hole, the chip segmentations increased with the increase in 

the cutting speed for both materials. A difference was observed in the distances between the segmentation lines of the 6061-T6 

material and the 7075-T6 material. This could be explained by the fact that 7075-T6 has a high hardness, which causes the 

material to become ductile. 

Fig. 7 presents the optical microscopy images of the chip morphologies of 6061-T6 and 7075-T6 aluminum alloys without 

pre-hole and after pre-hole. It was observed that at low cutting speeds (less than 3000 rpm) there was no pre-hole effect on the 

chip morphology. It was also observed that at a cutting speed of up to 6000 rpm, the chips became more segmented when 

machining after pre-hole, as compared to without pre-hole. This segmentation is more pronounced when machining after a 4 

mm pre-hole, as compared to after a 2 mm pre-hole.  

 
Fig. 7 Optical microscopy images of chip morphologies of 6061-T6 and 7075-T6 materials 
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D. Dust Emissions 

Figs. 8 and 9 present the average of mass concentration and the sum of the average of mass concentration of particle 

emission, respectively, at different cutting speeds for the 6061-T6 and 7075-T6 materials. 

In Fig. 8, curves (10-2) are for the average of mass concentration when drilling with a 10 mm tool diameter after a 2 mm 

diameter pre-hole and curves (10-4) are for the average of mass concentration when drilling with a 10 mm tool diameter after 

a 4 mm diameter pre-hole (as defined in the nomenclature). It is observed in Fig. 8a for the 6061-T6 material, and in Fig. 8b 

for the 7075-T6 material, that the maximum particle emission were obtained at the same cutting speed for (10-2) and (10-4). 

For each of the tested materials, the speed at which maximum emission occurs seemed to be independent of the tool diameter, 

but the magnitude of the emission followed the drill size. It is also observed in Figs. 8a and 8b that the average of mass 

concentration of particle emission were high for (10-2), as compared to (10-4). This can be due to the fact that the chip 

quantity removal is higher for (10-2) as compared to (10-4). 

In Fig. 9, curves (10) are for the average of mass concentration when drilling with a 10 mm tool diameter, curves  

(2)(10-2) are for the sums of the average of mass concentration when drilling with a 2 mm tool diameter and with a 10 

mm tool diameter after a 2 mm diameter pre-hole and curves (4)(10-4) are for the sums of the average of mass 

concentration when drilling with a 4 mm tool diameter and with a 10 mm tool diameter after a 4 mm diameter pre-hole. 

                                        

                                        

                                        

                                        

                                        

                                        

                                        

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

(10-4)

(10-2)

A
v
e

ra
g

e
 o

f 
m

a
s
s
 c

o
n

c
e

n
tr

a
ti
o

n
 (

m
g

/m
3
)

Cutting speed (rpm)  
(A) Al. alloy 6061-T6 

                                        

                                        

                                        

                                        

                                        

                                        

                                        

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

(10-4)

(10-2)

A
v
e

ra
g

e
 o

f 
m

a
s
s
 c

o
n

c
e

n
tr

a
ti
o

n
 (

m
g

/m
3
)

Cutting speed (rpm)  
(B) Al. alloy 7075-T6 

Fig. 8 Average of mass concentration at different cutting speeds using 10 mm HSS diameter after pre-holes of 2 and 4 mm 
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Fig. 9 Average of mass concentration at different cutting speeds ( using 10 mm tool diameter without pre-hole; total using 2  

mm tool diameter without pre-hole and 10 mm HSS diameter after 2 mm pre-hole;    total using 4 mm HSS diameter without pre-hole 

 and 10 mm HSS diameter after 4 mm pre-hole) 

It is observed in Fig. 9a for the 6061-T6 material and in Fig. 9b for the 7075-T6 material that the maximum particle 

emission were obtained at the same cutting speed for (2) + (10-2) and (4) + (10-4). It is also observed that the particle 

emission were twice as high for (2) + (10-2) and (4) + (10-4), as compared to (10), for both materials. This observation 

shows that drilling twice (without and after pre-hole) generates more particles. 

At very low speeds, the amount of particles is small, and then it increases and reaches the maximum value, and eventually 

decreases. These two speed regimes were observed by Khettabi et al. [3] in their work on turning, and by Kouam et al. [30] in 

their work on drilling. The critical speeds for maximum particle emission were the same after 2 and 4 mm pre-hole drilling for 

both materials. On the other hand, the maximum particle emission for the 6061-T6 and 7075-T6 materials occurred at the 

speeds of 3000 rpm and 4000 rpm, respectively. This observation may be attributable to the fact that the two materials have 

different toughness, and that the hardness of the 7075-T6 is higher than that of the 6061-T6.  

The presence of a pre-hole in the workpiece reduces the thrust force, but increases the amount of dust generated, especially 

when the cutting speed critical value, at which emission is maximal, is reached. This type of operation is used when the quality 

of the hole generated is important, or when there is not sufficient power available on the machine to achieve the desired hole 

sizes in a single operation with a large tool diameter. 
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IV. CONCLUSIONS 

In this work, the effect of pre-holes on the dry drilling of 6061-T6 and 7075-T6 aluminum alloys was studied in terms of 

cutting force, surface roughness, chip formation and metallic particle emission. It was found that the cutting force and energy 

used to drill with pre-holes were lower than what were required for drilling without pre-holes. Drilling with pre-hole reduced 

the cutting forces by 50 to 70%, depending on the pre-hole size, in addition to improving the chip breakability. The presence of 

pre-hole improved the final hole surface finish as compared to drilling without a pre-hole, especially at low and moderate 

speeds. With high speeds, no significant difference was found on the hole surface finish drilled with or without a pre-hole. It 

was also found that the total amount of particles recorded during pre-hole drilling and the final drilling operation was higher by 

a factor of 2 to 3 compared to the case of the hole drilled without a pre-hole. 

This study indicates that it is possible to machine the desired hole size with a pre-hole at high speeds. Such drilling ensures 

high productivity, good hole quality, and without producing harmful dust. The outlook of this study will be the effect of pre-

hole during and/or through hole drilling on the burr formation. 
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