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A B S T R A C T 

The main objective of this study is to examine the machinability and the surface quality 

conditions of the AA7075 material with different temper conditions. For this purpose, various 

temper treatments are implemented to evaluate the impact of microstructural properties on tool 

wear and the surface quality of the drilled holes. The drilling operations have been done on 0, 

F, T4, T6, and T7 temper conditions. Process parameters were three different spindle speeds 

(715, 1520, and 3030 rev/min) and three feed rates (0.1, 0.2, and 0.3 mm/rev) with HSS-G high-

performance ground standard twist drill bit. The present work deals with the effects of temper 

conditions on thrust force, drilling temperature, tool wear, surface integrity, and chip 

morphology. Response surface methodology was used in the evaluation of experiment results. 

The optimization results showed that while thrust force and torque are not significantly affected 

by a change in spindle speed, they are sensitive to an increase in feed rate. Heat-generation on 

the drill bit is the lowest at low levels of both the feed rate and spindle speed parameters. The 

AA7075-T6 condition specimen was machined with continuous chip formation, resulting in the 

best hole surface quality. The 3D finite element modeling of the drilling process was carried 

out, and the drilling performance of AA7075-T6 was evaluated in terms of thrust force, heat 

generation, and chip formation. 

 

Keywords: AA7075, temper condition, drilling, response surface methodology, finite element 

method 

 

GRAPHICAL ABSTRACT 

 

1. Introduction 

7xxx series with chromium alloying elements are replacing many structural parts due to their 

stress corrosion cracking (SCC) tendency of other aluminum alloys [1]. These alloys are 

classified as a precipitation-hardened alloy type by an obstacle to the dislocation movements of 

small and homogeneously dispersed precipitates [2]. A heat-treatment process reconfigures the 
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crystal structure to strengthen the mechanical properties of alloys. Generally, the heat 

treatments applied to AA7075 are T4, T6, and T7 by their usage area. T4 is defined as natural 

aging, while T6 and T7 are classified as artificial aging. On the other hand, SCC sensitivity may 

increase when these alloys are tempered especially to the highest strength. SCC is a dangerous 

type of corrosion and can cause sudden damage even under mechanical loading conditions that 

are well below the tensile strength of the materials [3]. AA7075 (Al-Zn-Mg-Cu) is used in 

aircraft, aerospace, automobile, and transportation industries to make durable and lightweight 

structural components [4–6]. T6 heat treated alloys are mainly consist of finely and densely 

distributed GP zones and ƞ precipitates within grains and continuous precipitates along the grain 
boundaries. Thus, the alloys obtain the highest hardness and strength with T6 heat treatment. 

The precipitates become coarser and discontinuous in grain boundaries and grains with T7 over 

aging heat treatment [7]. Surface integrity is critical to fatigue failure, especially in an 

application in the aerospace industry [8], as drilling causes microcracks on the hole surface that 

weaken the material against fatigue damage. The main properties of metallic materials which 

affect machinability are hardness, ductility, and toughness. Zn and Mg alloying elements 

present in the AA7075 produce the MgZn2 intermetallic phase resulting in an aging treatment, 

which causes an increase in the strength. Aluminum alloys are comparatively soft materials 

having specific problems in drilling [5,9].  

 

The hard intermetallic in the aluminum alloy and the sticking tendency due to the soft structure 

of the aluminum matrix have a significant effect on the tool life more than expected in the 

drilling process [10]. The temperature during the drilling operation is a limiting factor of 

machining because that tool life decreases with higher temperatures [11]. In addition, since the 

temperature increase affects the main mechanical properties of the material due to the complex 

thermo-mechanical interaction between the tools and the workpiece, such as elasticity and 

plasticity, the hole surface quality is also indirectly affected [12,13]. Surface microcracks 

caused by the cutting mechanism are the main reason why roughness and fatigue life effects in 

machining during drilling [14]. The main parameters affecting the surface quality in drilling are 

spindle speed, feed rate, the inclination of the tool with the drilled surface, and feed direction. 

Studies without statistical methods are unsuccessful in determining which parameter has a 

significant impact on performance characteristics, and it requires a lot of experimentation and 

data [15]. Therefore, several papers have been published on the optimization of cutting 

parameters in machining. For example, Sofuoğlu et al. applied multi-objective optimization 

based on input parameters using hybrid decision-making for the machining process [16]. In 

another study, Arapoğlu et al. used artificial neural networks for surface roughness prediction 

[17], and in another study, Orak et al. used an ANN-based decision-making method to 

determine the optimum processing parameters [18]. Similarly, Gök et al. investigated the effect 

of the cutting tool material on chatter vibrations in the machining of AA7075 by using 

regression analysis [19]. Çakıroğlu and Acır investigated drill bit temperature in the drilling 

process of Al 7075 alloys by using the Taguchi design method and they found that the most 

significant factor in affecting the drill temperature ise feed rate [20]. Rajeswari and 

Amirthagadeswaran studied multiresponse optimization of end milling in aluminum composites 

using Response Surface Methodology (RSM) based grey relational analysis [21]. According to 

their findings, spindle speed and weight percentage of SiC are the most significant factors 

affecting the machinability of hybrid composites. Nripen Mondal et al. performed regression 

analysis with satisfactory accuracy for finding optimal conditions in an aluminum alloy drilling 

[22]. According to their study, burr height increases with increasing feed rate. In these studies, 

the target material properties were kept constant, and it was aimed to optimize the machining 

process by changing the cutting parameters or cutting tool properties. Some extra information 

allows researchers to obtain from a few recent studies on the microstructures encountered with 



various aging processes for the AA7075 alloy [23–26]. There are different studies for AA7075-

O in the literature. However, research for the other temper conditions is limited [5,27]. Within 

the scope of this study, heat treatments used in general industrial applications were performed, 

and microstructures were discussed. The properties of drilling parameters on chip formation 

were investigated when drilling AA7075 test samples. RSM is one of the powerful optimization 

tools frequently used in experimental research in recent years for statistical evaluation. This 

study reports optimize the multiple performance characteristics for different temper conditions 

in the dry drilling of AA7075. Heat generation detrimentally affects hole quality. Thus, the 

temperature and the surface roughness were measured and analyzed during drilling for each 

alloy condition. For practical considerations, this article will shed light on the decision at which 

stage of production the drilling operation should be performed. Based on the findings presented, 

manufacturing engineers can decide whether to drill before or after heat treatment application. 

The finite element method (FEM) was used to comparison and verification test data.  

 

2. Material and Method 

2.1. Heat-treatment and microstructural characterization 

In this study, the effect of various heat treatment applications on the machinability properties 

of AA7075 series aluminum alloy was investigated. For this purpose, different heat-treatments 

were applied to the extruded AA7075 specimens with a dimension of Ø25 mm. Table 1 shows 

the chemical composition of the AA7075 used in this study. Different heat-treatment processes 

performed on the test specimens are given in Table 2. Mechanical properties of AA7075 

according to different temper conditions are given in Table 3. Due to temperature differences, 

7075 alloys show different mechanical strength behavior as presented in Table 3. The 0-

condition exhibits ductile behavior with the lowest tensile strength and highest elongation. 

7075-T6 alloy shows the highest tensile strength but the lowest elongation property. 

 

Table 1. The chemical composition of the investigated AA7075 (wt.%). 

 Si Fe Cu Mn Mg Zn Cr Ti Al 

This study 0.10 0.22 1.70 0.09 2.51 5.75 0.18 0.02 Bal. 

EN 573-3 ≤0.40 ≤0.50 1.2-2.0 ≤0.30 2.1-2.9 5.1-6.1 0.18-0.28 ≤0.20  

 

Table 2. Different heat treatment processes applied to specimens in the study. 

Temper Process parameters of the heat-treatment Hardness (HV3) 

0 
Annealed, the lowest strength, highest ductility temper, 

415 °C for 3 h, cooling in the furnace. 65 ± 0.78 

F 
As fabricated, extrusion rod supplied from the market in 

T6 condition 
190± 1.54 

T4 
Solution treatment at 480 °C for 3 h, quenching in water at 

room temperature and natural aging for 72 h. 
142.70 ± 1.98 

T6 
Solution treatment at 480 °C for 3 h, quenching in water at 
room temperature and artificial aging at 120 °C for 24 h. 188.46 ± 0.73 

T7 

Solution treatment at 480 °C for 3 h, quenching in water at 

room temperature and artificial over aging at 165 °C for 
24 h. 

165.82 ± 2.17 

 

Table 3. The mechanical properties of different AA7075 [28,29] 

Temper 
Ultimate Tensile 

Strength (MPa) 

Tensile Yield 

Strength (MPa) 

Elongation 

(%) 

0 230 105 17 

T4 396.8 250.9 15 



T6 570 505 11 

T7 505 435 13 

 

Microstructural investigations were performed using an optical microscope (OM) and a Jeol 

JSM 6060 scanning electron microscope (SEM) with energy-dispersive X-ray spectroscopy 

(EDX) attachment to observe the changes of microstructure properties obtained after heat 

treatments. For this purpose, specimens were polished and etched with Graff Sergeant’s 
solution for 20 seconds to reveal the microstructure. 

 

Aging conditions have a significant effect on the size, quantity, and distribution of precipitates. 

During aging treatment, the size and quantity of precipitates increase, initial precipitates are 

generally coherent, and then becoming semi-coherent, and finally incoherent with the matrix, 

respectively. The size, distribution, and consistency of precipitates with the matrix have a 

significant effect on the properties of Al-Zn-Mg-Cu alloys [30–32]. Figure 1 shows the 

microstructure of the heat-treated specimens in different conditions. In Figure 1a, it is seen that 

the microstructure obtained for the 0-condition contains quite coarse intermetallic. More 

homogeneous and fine dispersed MgZn2 (ƞ) precipitates were observed in the microstructure of 
F and T6 heat-treated specimens given in Figures 1b and d. These precipitates become coarser 

and non-uniform distributed with T7 heat treatment as seen in Figure 1e. Also, it was seen that 

the precipitation amount of T4 heat treated specimen is less than F, T6, and T7 heat-treated 

specimens accordingly. EDX analysis was performed on specimens to determine the chemical 

compositions of precipitates observed in the microstructural investigations. According to EDX 

analysis results given in Figure 1 while small-sized precipitates observed in grain and grain 

boundaries contain Mg and Zn, coarse precipitates contain Cu, Fe, Mn, and Si. MgZn2 is the 

main precipitate that increases the hardness of AA7075 series aluminum alloy. Coarse 

Al2CuMg, AlMnFeSi, and Al7Cu2Fe precipitates are formed during solidification and cannot 

be dissolved by solution treatment [33–35]. 

 



 
Figure 1. Microstructures of the heat-treated specimens. 

 

Hardness tests were applied using a Future-Tech Vickers hardness tester under a 3 kg load for 

10 seconds. Five measurements were carried out for each specimen to have an average value. 

Hardness values of the heat-treated test specimens in different conditions are given in Table 2. 

High strength and hardness are obtained by reaching the optimum distribution of the fine-sized 

and high amounts of precipitates. Fine and uniform MgZn2 (ƞ) precipitates coherent with matrix 

lead to an increase in the hardness and strength of 7075 alloys [35]. Hence, the T6 and F heat-

treated specimens show the highest material hardness. The lowest material hardness was 

obtained in the 0-condition test specimen as expected. Also, it was seen that T4 conditions have 

a lower hardness value when compared with T6 heat-treated test specimens. This situation 

shows that more aging time is required to achieve better properties at T4 heat-treatment 

conditions. It was observed that the hardness of the test specimens decreased as a result of the 

coarsening in the precipitates due to over-aging with T7 heat treatment. 

 

2.2. Experimental set up, optimization and validation procedure 



A Toss United TU5032B vertical drill machine was used in the drilling operations. The 

experimental setup is provided as a schematic overview in Figure 2. A Kistler 9272 

piezoelectric dynamometer and a 5070A model amplifier were used for  thrust force and torque 

data collection. A total of 3 samples were prepared for each temper condition, and the thickness 

of each sample is 10 mm. All drill bits had a nominal diameter of 6 mm. No cutting fluid was 

used during drilling and all experiments were repeated 3 times. The average surface roughness 

(Ra) is used to evaluate the surface roughness [36,37]. The surface roughness was measured 

using 2D Mitutoyo SJ-301 from three different points. The geometric characteristics of each 

hole have been evaluated with SEM and stereo microscope images. Moreover, chip formations 

were characterized using thermal images obtained from the infrared camera. Drilling 

temperatures were recorded with a FLIR-A325sc model infrared camera. The infrared cameras 

utilize infrared radiation to determine the surface temperature of objects without any physical 

contact, which is very useful for applications like drilling. The utilization of infrared cameras 

in drilling operations has been employed, as in early research [37]. The temperature measuring 

points were 5 mm upper surface of the drill bit and 5 mm lower from the upper surface of the 

drilled hole. The distance between the thermal camera and temperature measuring points was 

50 and 52.5 centimeters for the drill bit and hole surface, respectively. The various aging 

treatments of 7075 aluminum alloys in drilling were considered and optimized by conducting 

drilling experiments using Ø6 mm HSS-G high-performance ground standard twist drill, three 

spindle speeds, three feed rates, as seen in Table 4. 

 

Table 4. Selected factors and levels for the DoE model. 

Factors Levels Values 

Workpiece material condition 4 F, T4, T6, T7  

Spindle Speed (rev/min) 3 715; 1520; 3030 

Feed Rate (mm/rev) 3 0.1; 0.2; 0.3 

 

The full factorial experimental design was employed with the selected parameters [38,39]. RSM 

is used to statistically evaluate the effect, significance, and interactions of the independent 

variables, and the optimal dry drilling parameter settings. The purpose of creating a response 

surface is to estimate the optimum point of this region, which provides particular properties in 

a design plane consisting of many parameters that are effective on the result in an experimental 

study. Although the obtained function represents the experimental data, it is all-important that 

the model fit is high where is necessary to identify the most significant factors with the number 

of potential effects on one or more responses. By using RSM designs, cause and effect 

relationships can be expressed with mathematical models, while saving time, resources, and 

energy. The correctness of the model based on analysis of variance (ANOVA) was revealed, 

and regression equations were acquired with RSM. The relationship between the independent 

variables and the responses in RSM is defined by a second-order polynomial model given in 

Eq. 1. 

 
1

2

0

1 1 1 2
i

k k k k

i i ii ij i j
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y x x X X    
−

= = = =

= + + + +    (1) 

 

Where y  is predicted response, 0  is constant, i , ii , and ij  represent coefficients of linear, 

quadratic, and interaction terms, respectively. While X  shows the coded variables,   indicates 

the error. ANOVA tables, contour, and main effect plots were used in the analysis of the 

experimental results. ANOVA tables are given in supplementary materials. Test results in the 

95% confidence interval for the P values were considered at all variance analyses [39–43]. 



 

  
Figure 2. Experimental setup of the drilling operations. 

 

3. Results 

3.1. Evaluation of thrust force and torque 

The measurement of forces in the drilling system is essential to investigate the effects of 

workpiece properties. Figures 3 and 4 show the main effect and contour plots for thrust force 

and torque, respectively. From the main effect plots, both torque (Mz) and thrust force (Fz) 

similarly increased by about 93%, with the increased feed rate from 0.1 to 0.3. Contrary to this, 

the spindle speed increase resulted in a slight decrease in Mz and Fz. Among the heat treatment 

types, the differences in Fz obtained varied by up to 10%. Drilling T6 heat-treated samples 

resulted in the lowest thrust force value around the mean of 100N. In general, thrust force 

increases as increasing elongation behavior when considering the test results values with the 

mechanical properties given in Table 3. In other words, increasing ductility increases the thrust 

forces during drilling. Similarly, the ductile property of the hardened material tends to decrease 

due to the increase in strength after heat treatment. As a result, the thrust force and torque 

generated during drilling tend to lessen with higher strength properties. 

 



 
Figure 3. Main effect plots for thrust force, torque, material, and drill temperature. 

 

Contour graphs obtained depending on the cutting parameters are given in Figure 4. Increasing 

the feed rate for each temper condition causes a progressive increase in the thrust force. On the 

other hand, spindle speed increase shows a pretty weak effect, which decreases Fz in the T6 

condition and increases in the T7 condition. Mz values increased with increasing feed rate for 

all heat-treatment conditions. Alternatively, the weak effect of the spindle speed increase in T6 

and T7 conditions was also observed for Mz values. A relatively small difference in hardness 

values of T6 and T7 treated samples results in weak influence in Fz and Mz. As a result, it was 

seen that the distributions obtained for the cutting torques and forces were compatible with each 

other. 

 



 
Figure 4. Contour plots of a) thrust force, b) torque, c) material temperature, and d) drill 

temperature for different cutting parameters. 

 

3.2. Temperature analyses during the drilling operation 

A part of research on thermal aspects of the drilling operations has concentrated on measuring 

the temperature of obtaining the mean temperatures in the cutting tool and the workpiece 

surface. These measurements provide information about the temperatures on the shear plane 

and the tool-chip interface, the intensity and distribution of heat sources in drilling operations. 

There is always heat conduction occurring within the workpiece, the chip, and the tool. The 

thermo-mechanical effect occurs during material removal processes as plastic deformation of 

the workpiece and the friction along with the tool-chip interface. Therefore, it is substantial to 

understand how drilling temperatures are affected by the drilling parameters. It is necessary to 

know the amount of heat generated in both the drill bit and the workpiece during the drilling of 

the samples, as well as the temperature level that occurs accordingly [37,44,45]. The 

temperatures arising in the drilling process of the tool and workpiece are examined in Figs. 3 

and 4, depending on the different heat-treatments applied to AA7075 samples. There is an 

insignificant change of mean 3 °C in terms of the effects of feed rate variables on tool 
temperature. Spindle speed is a more effective parameter according to the analysis data on the 

tool temperature. The difference in spindle speed parameter selection causes an increase of up 

to 10 °C on the tool temperature. Among the heat-treatment types, samples in the T7 condition 

have a significant unfavorable effect on tool temperature. Other types of heat treatment, F, T4, 

and T6, give negligibly different results. As demonstrated by the thermal camera images taken 



during the drilling operation in Figure 5, generated heat dissipates by the workpiece, the tool, 

and chips to the environment. The high thermal conductivity of the AA7075 material 

contributes to the rapid cooling of the specimen by providing heat dissipation. 

 

 
Figure 5. Heat generation after drilling with 0.1 feed rate and 1520 spindle speed. 

 

Figures 3 and 4 show the occurred temperatures in the workpiece at different heat treatment 

conditions during the drilling process, depending on the process parameters. As a result of the 

increase in parametric level, both feed rate and spindle speed factors, there is a slight decrease 

in the temperature of the workpiece during operation. The occurred temperature in the 

workpiece for the AA7075-T7 heat treatment condition is higher than the other heat-treatment 

conditions. T4 and T6 heat-treatments gave similar results on workpiece temperature. However, 

the specimen in the F condition showed the lowest heating behavior during the drilling process. 

As a result, temperatures of the hole surface and drill bit are limitedly affected by the difference 

in heat-treatment type. 

 

In Figures 4c and 4d, the workpiece and drill bit showed a maximum effect of 7 °C (39-46 °C) 
and 10 °C (60-76 °C) on the temperature measurement results, respectively. The heat generated 

in the deformation zone flows into the drill bit and the chip, and hence it should be included in 

the total temperature rise of the chip. In conventional drilling, most of the heat flows into the 

workpiece. Part of this heat is then transferred to the chip along the shear plane through 

convection from the workpiece. The drilling time calculations give us the actual heat transfer 

time in tested cases. Machining time and cutting speed for drilling are calculated with the 

Equations (2) and (3) given below: 

.

L
T

N f
=                                                                                                                                                 (2) 
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1000
s

D N
C


=                                                                                                                                       (3)

        



where T  is the machining time for drilling (min.), L  is the depth of hole (mm), N  is the drill 

speed (rpm), f  is the feed rate (mm/rev), 
sC  is the cutting speed (m/min.) and D  is the hole 

diameter. Considering by drilling operation as two parametric limit values, higher and lower. 

Nominated conditions are as higher for 3030 rpm - 0.3 mm/rev, and as lower for 715 rpm - 0.1 

mm/rev. Calculated the drilling times are 0.011 min and 0.14 min for higher and lower drilling 

conditions, respectively. Besides, cutting speed values are 57 m/min and 13.5 m/min for higher 

and lower drilling conditions, respectively. These calculations show that most of the heat 

conducts into the chip, as there is inadequate time for the generated heat to flow into the 

workpiece. Another point of view is to consider the effect of the heat generated during the 

drilling operation on the workpiece material. Considering the hot deformation temperature at 

350 °C and semi-solid forging temperature at 500 °C for Al 7075, the drilling operation around 

40 °C was interpreted as a negligible effect [46]. To summarize, the heat dissipation during 

drilling is transferred to the chips rather than the workpiece. This is also illustrated by the 

thermal images given in Figure 5. It shows that in all different cases, the drilling temperatures 

are taken by the chips formed during drilling. This observation will also be discussed further 

with the drilling model proposed in Section 3.5. 

 

3.3. Chip formation and hole surface quality assessment 

The ductile and soft properties of non-ferrous alloys make it difficult to drill because of the 

prolonged contact with the cutting edges of the tool. In machining operations, aluminum alloys 

tend to adhere to the cutting tool, which leads to build-up edge (BUE) and cutting tool wear 

[39,47]. The BUE is detrimental to surface roughness and dimensional accuracy. According to 

the temperature investigation, we have presented in the previous section, there isn’t any 
correlation between the generated heat and thrust force or torque shown in Figure 3. Therefore, 

chip formation and hole surface are related primarily to the microstructure and properties of the 

materials compared to generated heat. In this study, since the aluminum alloy composition does 

not change, two opposite phenomena can dominate the machinability due to the structural 

differences caused by different heat treatments. The first fact is that the amount and size of the 

hard secondary phase in the structure are effective on the abrasive character of the alloy during 

processing. The second fact is that stacked cutting edge created by adhering to the workpiece 

makes chip formation and evacuation difficult that resulting in a detrimental effect on hole 

geometry and roughness. Which of these two phenomena will be prominent will vary depending 

on whether the structure originating from heat treatment has a hard phase or a soft adhesive 

phase. Intermetallic particles as secondary hard phase can be set in solid solution, grain 

structure, and dislocations. Forming of the particles as fine strengthening, dispersoid, and 

constituent role in AA7075 are all changed by the heat-treatment types. 

 

Figure 6 shows OM images along the drilled holes and SEM images of the hole entry & exit, 

and a set of images presenting after operation condition of the drill bits for each heat-treatment 

condition. Figure 6a shows the hole inner surface and tool wear for the 7075-0 condition. On 

the drilled hole entrance and exit examination, the hole gets wider along with the drilling 

continues. The reason for hole geometry deterioration and the dense deposits of metal adhered 

on the tool is the adhesion behavior of the soft character of the 7075-0 structure during 

processing. The hole geometry is quite distorted, and undesirable compared to other conditions. 

Moreover, the intermetallic dissolved in the microstructure deformed the inner surface of the 

hole during cutting due to its brittle and fragile structure. This case indicates that condition 0 is 

not suitable for drilling processes. Furthermore, the thrust force was approximately 102 N in 

this condition. This value is about %25 higher than other temper conditions. Figure 6b shows 

deep incision marks in the F condition sample, even at the entrance 0.1 mm/rev. These deep 

traces have reached half the length of the hole. The entry diameter of the drilled hole is larger. 



It decreases continuously up to the exit and reaches the minimum. The high hardness and brittle 

character of the F condition are the most likely reason for these defects. According to the images 

of the T4 condition in Figure 6c, there is a notable improvement in hole geometry and BUE 

compared to the findings in the 0 condition. We can list these improvements as follows, 

reduction in deep groove marks at the entry of the hole from OM image, reduction of 

dimensional difference in hole entry & exit, reduction of the amount of adhered residue on the 

drill bit cutting edge according to SEM images. The listed improvements are each even more 

pronounced in T6 heat-treatment sample results in Figure 6d. In Figure 6e, entry grooves and 

accumulation of workpiece material against the rake face in the post-processing images of the 

T7 heat-treated samples were more damaging than the T6 sample. AA7075 has four types of 

intermetallic compounds as secondary phases. SEM images in Figure 1 show the secondary 

phase distribution for each specimen. The T6 condition exhibits the finer and more 

homogeneous η-phases than the T7 sample. Besides, the microstructures of all heat-treatment 

conditions contain relatively fine AlMnFeSi and coarse Al2CuMg, Al7Cu2Fe precipitates 

originating from the residual Cu, Fe, and Si element. Soaking time and annealing temperature, 

which are heat-treatment variables, are the main factors in microstructure formation. 

Reportedly, annealing applications reduce yield strength and improve tensile elongation 

compared to as-received AA7075 materials. According to the knowledge obtained from 

previous studies, fine secondary particles do not show deformation in the tensile test and have 

limited influences on the overall structure in terms of deformation mechanism. It has also been 

reported that lattice turns are limited nearby the thin secondary phases. In contrast, coarse 

secondary particles deformed and showed a fracture [34,48]. Grains with coarse secondary 

particles would exhibit an easy slip system and transformed strain through the slip bands, which 

promote deep incision marks and sticky BUE formation in the F and T6 condition samples. 

During the cutting process, the coarse secondary particles underwent tear and separation. 

 

When the SEM images for tool wear are examined, in all the wear micrographs except the drill 

bit wear given in Figure 6d, an intense BUE is noticeable, especially on the cutting edges. When 

the wear mechanism in Figure 6d is examined in more detail, it is seen that the BUE is 

concentrated towards the drill bit rather than the cutting edges. Moreover, for the F temper 

condition given in Figure 6b, it is understood that the BUE density is similar to each other at 

the cutting edge and the drill bit. In Figures 6a, 6c and 6e, there is intense adhesive wear on 

both the drill bit and the cutting edges. According to these observations, it turns out that the 

cutting quality of the tested aluminum alloys in the drilling processes is related to the applied 

heat treatments. Adhesive wear is more dominant for other heat treatments that show more 

ductile characteristics than T6 temper properties. This result is also compatible with the thrust 

force results. 

 



 

 
 



 



Figure 6. A set of selected micrographs for evaluating the BUE and hole formations. 

 

In Figure 7, different chip formations obtained in experiments conducted under the same cutting 

parameters (0.1 mm/rev, 1520 rpm) are presented. While deformed chip morphology occurs in 

Figure 7a, there are relatively fewer differences among other chip structures. The lower 

strength, hardness, and high ductility properties of the AA7075-0 sample made the chip flow 

irregular during drilling. The material that needs to be removed in the form of chips tends to 

stick to the drill rather than be thrown out, and the chip structure quickly deteriorates. In 

addition, coarse intermetallic in the microstructure provided fragility during cutting and 

negatively affected the plastic deformation mechanism in chip formation. As a result, the 

uneven chip flow deforms the hole's inner surface and increases the thrust forces. Besides, the 

chip formations that occur in Figures 7b and 7d are in continuous form and spiral structure. 

Continuous chip structure occurs at lower feed rates and in the processing of relatively ductile 

metals such as aluminum. This chip structure adheres to the tool and causes BUE formation 

[36]. BUE formation is observed for each temper condition in Figure 6. Among the chip 

structures, the F and T6 conditions have the most desired chip form. It is thought that MgZn2 

precipitates, which display a finer and homogeneous distribution in the microstructure, provide 

an advantage during cutting. In Figure 7c, it is seen that chip formation begins in a new flat 

helical form before the conical spiral chip formation ends [39]. In T4 heat treatment, the chip 

structure can be formed in a different form, as it cannot reach the sufficient precipitate density 

and therefore the maximum hardness. In Figure 7e, a relatively damaged continuous spiral chip 

formation is seen. Because the grain structure, which became coarse due to over-aging, 

decreased the hardness, increased the efficiency of the secondary phases in the microstructure, 

and deformed the chip structure. 

 

 
Figure 7. Chip formations for various heat-treatment conditions (0.1 mm/rev, 1520 rpm). 

 

Figure 8 shows that the change in feed rate affects average surface roughness. The surface 

roughness measurement was separately performed at the hole entry and exit. For each temper 

condition, the roughness level at the hole entry is higher than the hole exits. This situation can 

be observed from the images of the hole inner surface given in Figure 6. The helical traces 

observed in the figure increased the roughness at the hole's entrance. These tracks diminished 

towards the hole exit because of adhesive wear at the cutting edges of the drill bit. As a result, 

this situation caused narrower hole exit geometry. It is also determined that the T6 temper 

condition has the lowest average roughness. The high strength of T6 has facilitated chip 

formation and flow. Thus, higher surface quality occurred. The chip structure given in Figure 

7d for T6 has the desired helical and undeformed structure for drilling processes. Continuous 



contact of the drill bit with the inner surface of the hole heats the drill and the workpiece, which 

increases the ductility and deformations of the drilled hole, resulting in higher surface roughness 

[49,50]. As can be seen in Figure 3, the highest cutting temperatures were obtained for the T7 

temper condition. The chip structure in Figure 7e also explains occurring the roughest surface 

in the T7 temper condition. In general, the drilled holes become smoother with the increase of 

the feed rate. Considerably, feed rate in 0.3 mm/rev gives better surface roughness. 
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Figure 8. Effects of the feed rate on the surface roughness (1520 rpm). 

 

The high thrust force is expected to negatively affect the surface roughness. However, the high 

ductility properties of 7075 revealed a different result than expected in this study. Increasing 

feed rates caused more adhesion of aluminum to the inner surface of the hole during drilling. 

While this increased the thrust force, it caused a decrease in the surface roughness. The 

roughness measurements at the hole entrance and exit separately were also made to reveal this 

observation. As a result, the increase in adhesive effects decreases the surface roughness. 

 

3.4. Regression equations 

The regression equations are given in Table 5 for thrust force, torque, material, and drill 

temperature were experimentally derived with the use of regression analysis and ANOVA. 

Here, the coefficients of linear, interaction, and quadratic terms are presented separately for 

each response. The ability of the regression equations to estimate the test results is expressed 

by the R2. Predicted R2 shows the ability to predict possible new observations with the obtained 

regression equation [51]. R2 and R2 (pred.) values obtained for each response are given in Table 

5. Accordingly, the statistical model has a high enough ability to predict the simulation results. 

 

Table 5. Empirical models of drilling operation responses. 
    Constant F S F2 S2 F.S 

T
h
ru

st
 f

o
rc

e 
(N

) 

F = 59.31 108.8 0.00293 622 -0.000001 -0.00361 

T4 = 41.41 193.2 0.00487 622 -0.000001 -0.00361 

T6 = 56.74 59.4 0.00662 622 -0.000001 -0.00361 

T7 =  59.45 114.9 0.0005 622 -0.000001 -0.00361 



R2= 96.47% R2(pred.)= 95.39%    
T

o
rq

u
e 

(N
.c

m
) F = 5.99 -10.62 0.000169 107.5 0 -0.00067 

T4 = 5.58 -6.85 0.000196 107.5 0 -0.00067 

T6 = 6.04 -17.89 0.000731 107.5 0 -0.00067 

T7 =  6.82 -12.92 -0.000191 107.5 0 -0.00067 

R2= 89.29% R2(pred.)= 85.77%    

M
at

. T
em

p.
 (°

C)
 

F = 48.97 -64.52 -0.002153 142.92 0 -0.001384 

T4 = 52.683 -75.54 -0.002403 142.92 0 -0.001384 

T6 = 52.345 -68.57 -0.002924 142.92 0 -0.001384 

T7 =  54.474 -76.38 -0.002467 142.92 0 -0.001384 

R2= 96.18% R2(pred.)= 94.80%    

D
ril

l. 
Te

m
p.

 (°
C)

 

F = 53.38 -1 0.00796 60.6 -0.000001 -0.00173 

T4 = 52.97 -3.5 0.00932 60.6 -0.000001 -0.00173 

T6 = 57.39 -18.5 0.0085 60.6 -0.000001 -0.00173 

T7 =  53.89 2.6 0.00987 60.6 -0.000001 -0.00173 

R2= 93.21% R2(pred.)= 90.85%       

* F: Feed rate, S: Spindle Speed, D: HSS G 

 

3.5. 3D FE model of the drilling process 

In this section, the drilling process of 7075 aluminum alloy is modeled using Deform 3D 

software. 3D computational modeling is utilized to predict chip formation, thrust force, and 

temperature. Based on the experimental results, the drilling process was modeled for 7075-T6 

alloy and feed rate of 0.1 mm/rev and 1520 rpm, considering that T6 alloy gives the most 

optimum and effective results. There are modeling studies for 7075-T6 alloy using different 

Johnson-Cook material models in the literature [52,53]. In this study, the tabular data format 

containing strain, strain rate and temperature measurements with a larger scale measured 

separately was used. Tabular data format in the Deform 3D library was selected to define the 

mechanical and thermal properties of AA7075-T6: 

 

( , , )T  =                                                                                                                                         (4) 

 

where   is flow stress,   is effective plastic strain,   is effective strain rate, and T  is 

temperature. This model is suitable for the drilling process as it defines the flow behavior as a 

function of strain, strain rate, and temperature. Other mechanical and thermal properties used 

in modeling are given in Table 6. The logarithmic interpolation method was chosen as the 

interpolation method. The implicit Lagrangian computational routine was used to simulate the 

drilling process and the distorted elements of the mesh with continuous adaptive remeshing 

[54]. The workpiece and drill were defined as a plastic and rigid body, respectively [55]. The 

frictional condition was defined as the constant shear friction factor, m = 0.7, between the 

aluminum workpiece-drill interface [53]. The workpiece has meshed into nearly 1.5x105 

tetrahedron elements with a minimum element size of 0.03 mm and the high-density mesh was 

placed at the drilling zone. The tetrahedron element type can be efficiently used in plastic 

deformation simulations [56]. Similarly, the drill bit was discretized into 1x104 tetrahedron 



elements with higher mesh density in the drilling contact zone. The 3D FE model of the drilling 

process is shown in Figure 9. 

 

 
Figure 9. 3D FE model of drilling procedure and thrust force graph. 

 

The thrust force graph obtained after the simulation is also given in Figure 9. Accordingly, 

thrust force was found at about 71.62 N. This value predicts the experimental thrust force data 

under the same parameters with an error of 4.62%, which is an insignificant difference. 

Consequently, it was observed that the developed 3D model for the drilling process is consistent 

with the experimental results. 

 

Table 6. Mechanical and thermal properties of workpiece used in FE simulations. 
Properties AA7075-T6 

Thermal conductivity, (N sec-1 °C-1) 180.175 

Heat capacity, (N mm-2 °C-1) 2.43369 

Thermal expansion coefficient, (°C-1) 2.2E-05 

Young’s modulus, (GPa) 68.9 

Poisson’s ratio 0.3 

 

Figure 10 shows the temperature, effective stress and effective strain distributions occurring on 

the workpiece during drilling. Accordingly, the maximum effective strain and stress values 

were found to be ~ 16 (mm/mm) and ~ 790 MPa, respectively. After the regular chip flow 

started, the maximum stress and strain values have remained at these values throughout the 

simulation until the chip formation reached the conical structure. Similarly, the temperature in 

the contact zone was found to be about 40-45 °C. In Figure 11, the temperature change graph 

of the P1 point selected from the center of the workpiece is given during the simulation. 

Accordingly, the temperature increase of the P1 point has continued until about 50-55 °C and 
then a decreasing trend has begun. It is seen that the heat generated during cutting is removed 

from the workpiece by chip. In addition, it is seen that the predicted temperature values are in 

accordance with those given in Figure 5c. In AA7075-T6 drilling, the heat generated is 

dissipated by the chips, as exhibited in Figure 5c. The temperature distribution given in Fig. 11 

is consistent with this finding. The cutting temperature in the drill-material contact area is 

approximately 40 °C, while the chip temperature rises to 55 °C. 
 



 
 

Figure 10. Predicted temperature, strain and stress distributions in the chip and workpiece 

(AA7075-T6, 0.1 mm/rev, 1520 rpm) 

 

 
Figure 11. Predicted temperature distribution for the P1 point. 

 

The thrust force and temperature distribution obtained in the simulation so far are compatible 

with the experimental data. These data are decisive for parameters affecting chip formation. 

This conformity is expected to be in harmony with the chip structure during drilling. In Figure 

12, chip structures obtained both in experimental and simulation are given. At first glance, it is 

striking that the chip structure formed in the simulation is almost the same as that obtained in 

the experiment. One of the parameters used to compare chip formations is chip thickness 

[53,57]. The chip thicknesses obtained in the experiment were measured using an OM. On the 

chip thicknesses comparing, the experimental results are in perfect agreement with the 

simulation results. As a result, the 3D model developed for AA7075-T6 is consistent in terms 

of temperature, force, and chip structures. 

 

 



 
Figure 12. Comparison of chip formation obtained in simulation and experiment (AA7075-T6, 

0.1 mm/rev, 1520 rpm) 

 

4. Conclusions 

In this work, the effect of heat-treatment features on drilling behaviors and chip formation 

mechanisms of AA7075 was investigated. The following conclusions can be drawn: 

 

• For each temper condition, it is observed that the thrust force and torque increased with the 

increase of the feed rate, while the effect of the spindle speed was quite limited. 

• Temper conditions put on a negligible effect on workpiece temperature during the drilling 

operation owing to the high thermal conductivity of the AA7075 material. In addition, the 

heat is removed by the chips formed during drilling. 

• Chip formation and hole surface quality are related to the microstructure rather than heat 

generation. It is observed that the most desired chip structure was obtained by T6 heat 

treatment. 

• The T6 condition samples resulted in deep incision marks up to half the hole length. 

However, it is observed that it has the lowest surface roughness since it has the lowest 

ductility. The T7 temper condition revealed entry grooves and accumulation against the 

rake face and exhibited more damaging character than the T6 samples. 



• Chip formation of 0 condition sample tends to stick to the drill and deformed form. The T7 

sample results in a damaged continuous spiral form, while the F and T6 conditions have 

the most desirable chip formation. 

• There is good agreement between the experimental and numerical analysis for chip 

formation, thrust force, and temperature distribution. Chip formations are very similar to 

each other. 
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