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Abstract. Thermal friction drilling is a non-conventional hole making process, which uses a rotating tool to penetrate the 
workpiece and create a bushing. Friction drilling of brittle cast alloys is likely to result in severe petal forming and radial 
fracturing. This research investigates the effect of pre-drilling diameter and depth on the produced bushing cracks and petal 
formations while drilling cast aluminum alloy (A380). A three-dimensional finite element model of high-temperature deformation 
and large plastic strain is performed by using ABAQUS software. Modeling by using dynamic, temperature-displacement, explicit, 
as well as the adaptive meshing, element deletion, interior contact, and mass scaling techniques, is necessary to enable the 
convergence of the solution. The finite element analysis results predict that the pre-drilling has a significant effect on the 
produced bushing shape. The effect of initial deformation decreases with pre-drilling, leading to fewer cracks and petal 
formations. Hence, the obtained bushing length increases, so providing a more load-bearing surface that leads to a stiffer joint. 
Additionally, the effect of pre-drilling on the produced temperature is studied, and the results reveal that by increasing the pre-
drilling diameter or depth the temperature decreases. Therefore, less workpiece material melting occurs, which leads to less 
adhering on the tool surface, so fewer cracks and petal formations. 
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1. Introduction 

Thermal friction drilling is a non-conventional drilling process. A rotating tool having a cross-sectional area shown in Fig. 1 (a) 
approaches to the workpiece surface. The friction occurred between the tool and the workpiece leads to heat generation, which 
softens the workpiece material and allows tool penetration. Figure 1 (b) illustrates the steps of bushing formation. First, the tool 
begins initial contact with the workpiece. Next, the tool penetrates the workpiece at the main thrust stage and is encountering a 
high axial force. The friction force on the contact surface induces heat and softens the workpiece. Then the tool penetrates 
through the workpiece and creates a hole during the material separating point. This process is used especially for joining thin-
walled metal components, as the obtained bushing provides a more load-bearing surface of high strength. Friction drilling is 
widely used in bearings mounting, heat exchangers, and bicycle frames [1].  
 

 

Fig. 1. (a) Friction drilling tool cross-sectional area, (b) Friction drilling steps 
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Table 1. Tool and workpiece material properties 

Material properties Tool (WC) Workpiece (A380) Johnson-Cook parameters 
Density (kg/m3) 15630 2710 A = 324 MPa 

Young modulus (GPa) 550 70 B = 159 MPa 
Pisson’s ratio 0.234 0.33 n = 0.28 

Specific heat (J/kgoK) 250 870 m = 1.43 
Thermal conductivity (W/moK) 84 96.2 Melting temperature = 557oC 

Cast aluminum alloy (A380) is one of the most common alloys that is used for a wide variety of important applications. Some 
of these applications are related to metal joining especially in the automotive industry. [2] It is expected to produce bushing with 
significant petal formation and radial fracture during friction drilling of brittle cast alloys. According to cracking or peeling in the 
bushing formation, most of the work-material is displaced improperly and does not create a bushing of the required shape or 
additional thickness to the threading area [3]. 

Unfortunately, the publications on the subject of friction drilling relating to finite element analysis of cast alloys are limited. 
Scott F. Miller et al. used friction drilling to make holes in die-cast metals denoted as Al380 and MgAZ91D. Two ideas were 
proposed; namely, pre-heating the workpiece and high-speed friction drilling. The results concluded that less severe cracking and 
petal formation were observed on bushings formed at elevated workpiece temperature. Unfortunately, the bushing shape did not 
affect by the high spindle speed [3]. Scott F. Miller and Albert J. Shih investigated a three-dimensional finite element modeling for 
friction drilling of aluminum 6061-T6 using ABAQUS software. The results showed that further improvements are required during 
the modeling of the process for more accurate simulation [4]. Cebeli Özek and Zülküf Demir investigated the effect of pre-drilling 
diameter and depth on the bushing shape and the frictional heat in friction drilling of A7075-T651 brittle aluminum alloy. The 
resultant initial deformation was reduced, leading to bushing formation with fewer cracks and petal formation [5], [6]. Mehmet B. 
Bilgin et al. conducted a finite element analysis using DEFORM-3D software. An analytic model was developed to calculate the 
torque and axial power. It was concluded that the torque and axial force values were decreased with increasing the spindle speed, 
while the temperature was increased with increasing spindle speed [7]. R. Kumar and N. Rajesh Jesudoss Hynes applied the finite 
element method using DEFORM-3D simulation software to study the friction drilling of galvanized steel [8]. Ekrem Oezkaya et al. 
developed a three-dimensional finite element method simulation model to predict the tool performance during flow drilling of 
aluminum cast alloy AlSi10Mg. Nevertheless, the pre-heated tool achieved higher bore quality compared to non-pre-heated flow 
drills, due to the formability improvement of the cast aluminum alloy at high temperatures [9]. Sara A. El-Bahloul investigated a 
new idea of producing a cylindrical bushing with no noticeable petal forming and radial fracturing predicted to be obtained 
through friction drilling of cast aluminum alloy (A380). Three materials are used; namely, 316 stainless steel, aluminum alloy 
Al6060, and red copper alloy, each of which is placed on the top and bottom surfaces of the A380 workpiece, thereby achieving the 
idea of functionally graded material. The proposed idea achieved good results especially with red copper sandwich [10]. Shayan 
Dehghan et al. concerned the thermo-mechanical modeling of friction drilling process on difficult-to-machine materials AISI304, 
Ti-6Al-4 V, and Inconel718. The numerical simulated results revealed that the main reasons of uniform bushing formation quality 
for Inconel718, and non-uniform bushing formation quality for Ti-6Al-4 V are due to the high work hardening of Inconel718 and 
low thermal conductivity of Ti-6Al-4 V [11]. 

The aim of this work is to study the effect of pre-drilling diameter and depth on the produced bushing while drilling cast 
aluminum alloy (A380) to reduce the severe petal forming and radial fracturing that is likely to result. This investigation is 
performed using a three-dimensional finite element model of high-temperature deformation and large plastic strain. The thermo-
mechanical finite element analysis is performed by using ABAQUS software. 

2. Thermo-Mechanical Finite Element Analysis 

Finite element analysis is important to various industries especially those that need to predict the failure of a structure, object, 
or material. It allows designers to understand all of the theoretical issues without the need for performing difficult experimental 
work, which intern reduces the net cost. 

The deformation of the workpiece material is very large during thermal friction drilling, and both the tool and workpiece 
temperatures are high. Modeling is a critical method for understanding material flow, stresses, strains, and temperatures that are 
hard to experimentally measure during friction drilling. A thermo-mechanical finite element simulation is conducted to 
determine the attained bushing shape and temperature during the thermal friction drilling process. This simulation is performed 
using ABAQUS finite element based software. 

2.1 Modeled Tool and Workpiece 

The modeled thermal friction drilling tool consists of three regions as shown in Fig. 1(a). The first region can be called the 
center region and it is considered as the tool tip. The cone-shape center angle () has an angle equal to 90o. The height of this 
region is equal to 0.94 mm. This cone angle plays an important role during friction drilling. It causes the blunting effect, which 
can generate more force and, therefore, heat at the start of the drilling. It looks like the web in a twist drill, which prevents the 
tool from walking at the start of the process. The second region is called the conical region. This region has a sharper angle than 
the center region. This angle is commonly called friction angle (), as this region is the source of friction that leads to more heat 
and allows tool penetration. The friction angle that is used in the modeling is equal to 44o. The final region is the cylindrical one. 
This region helps to form the shape of the bushing. The diameter of this region (d) is designated as 5.4 mm. The tool material that 
is used in this study is tungsten carbide (WC). Table 1 shows the used tool material properties based on the offered tools by 
Flowdrill Company – Netherlands used previously in different experimental works [12].  

The workpiece material that is included in this analysis is the A380 cast aluminum alloy. The implemented material 
properties are based on a manufactured workpiece used previously in experimental work as a plate of dimensions 145×38×5 mm 
with chemical composition: Cu 3-4%, Mg 0.1%, Fe 1.3% max., Ti 0.35% max., Ni 0.5 Max., Zn 3% max., Mn 0.50 %, Si 7.5-9.5%. The 
workpiece manufacturing processes were performed in the Metallurgical Development Research Center – Egypt [10]. Table 1 
shows the used workpiece material properties. The material properties that are used for modeling the elastic-plastic behavior of 
the workpiece material in ABAQUS must be temperature-dependent. Hence, the Johnson-cook model is applied with parameters 
given in Table 1 [3, 13]. 

To study the effect of pre-drilling diameter and depth on the produced bushing while drilling A380 cast aluminum alloy, 
sixteen finite element analysis input settings are modeled in this study, as explained in Table 2. Each of the modeled workpieces 
is deemed as a disc with an outer diameter (D) and thickness (t) equal to 30 mm and 5 mm respectively. The blank model, which is 
compared to the other fifteen models, is assumed to be the benchmark. Figure 2 clarifies the diameter and depth of the pre-
drilling holes. 
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Table 2. Thermo-mechanical finite element models 

Experiment 
number 

Pre-drilling depth 
(mm) 

Pre-drilling diameter 
(mm) 

Drilling conditions 
Bushing length 

(mm) 
Peak temperature 

(oC) 

1 0 0 

Tool material: WC 
d = 5.4 mm 
 = 44o 
 = 90o 

Rotational speed = 4000 
rpm 

Feed rate = 160 mm/min 

5.32 709.4 

2 1 

0.94 

5.67 679.8 

3 2 6.43 640.3 

4 3 6.21 586.2 

5 4 6.03 525 

6 5 9.29 487 

7 1 

1.88 

6.67 567.6 

8 2 7.24 528.3 

9 3 7.07 480.8 

10 4 6.9 434 

11 5 

Workpiece material: A380 
t = 5 mm 

D = 30 mm 

8.93 397.7 

12 1 

3.7 

8 482.1 

13 2 7.93 459.7 

14 3 7.68 420.1 

15 4 7.59 363.7 

16 5 7.5 332.2 

2.2 Thermo-Mechanical Model Governing Equation 

During the thermal friction drilling process, the friction and the plastic deformation leads to heat generation, which elevates 
the workpiece temperature. Equations (1) and (2) illustrate the governing equation for the thermal model [12]. 

2 2 2

2 2 2

T T T T
c k G

t x y z

 ∂ ∂ ∂ ∂  = + + +  ∂ ∂ ∂ ∂ 
ρ  (1) 

.2 pl
nG RN F= +π µ ησε  (2) 

where  is the density, c is the specific heat, k is the heat conductivity, T is the temperature, t is the time, G is the heat generation 
rate, x, y, and z are the coordinates,  is the inelastic heat fraction,  is the effective stress, and .pl is the plastic strain rate. The 
heat generation rate G consists of the heating rate due to the friction between the rotating tool and the stationary workpiece, and 
the heating rate caused by the plastic deformation inside the workpiece. 

2.3 Thermo-Mechanical Model Techniques 

Four finite element analysis techniques are applied during the modeling of the thermal friction drilling process; namely, 
adaptive meshing, element deletion, internal contact and mass scaling.  

In certain nonlinear simulations, the material undergoes very large deformations in the structure or phase. Such deformations 
distort the finite element mesh, often to the extent that, the mesh is unable to produce correct data, or the study terminates for 
computational reasons. In these simulations, adaptive meshing tools are used to mitigate the distortion in the mesh periodically. 
Hence, the adaptive meshing technique retains a good quality mesh in the solution by adjusting the mesh to recover extremely 
distorted elements aspect ratio.  

The element deletion technique allows tool penetration into the workpiece by elements separation. Elements deactivation 
occurs with excessively large plastic strain. In this analysis, the value of the equivalent plastic strain on which the deletion of the 
element is dependent is equal to 2.  

Mass scaling is implemented to improve the finite element analysis computational efficiency with keeping the accuracy high. 
Throughout this analysis, mass scaling is done every 10 increments to achieve a consistent 0.0001s step time increment. 

For the proposed models, contact may occur both on the outside and inside of regions that may be eroded due to the failure of 
workpiece material. The general contact that is supported in ABAQUS is not appropriate or not sufficient for the proposed model. 
The general contact domain can be modified by including and/or excluding predefined contact surfaces by performing the 
following steps:  

1. Creating the model with an exterior surface and plate element set.  
2. Modifying the resulting input file by adding the following code before the end of the assembly:  
SURFACE, type=ELEMENT, NAME=ERODE 
, 
PLATE, INTERIOR 

 

 

Fig. 2. The pre-drilling holes diameter and depth illustration Fig. 3. The meshed tool and workpiece 
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This code defines an element-based surface that includes the exterior and interior faces of the eroding plate. Modification of the 
contact inclusion code from ‘ALL EXTERIOR’ to ‘TOOL, ERODE’ is performed, where the PLATE is an element set containing all the 
plate continuum elements in the workpiece, and the TOOL is the external surfaces of the tool. 

2.4 Meshing and Boundary Conditions 

Figure 3 shows the complete meshed model assembly for the blank workpiece and the tool. The outer surface of the 
workpiece is restricted in all directions. The top and the bottom surfaces of the workpiece are under free convection with a 
convection coefficient equal to 20 W/m2oK and an ambient air temperature of 22°C. The modeled tool is rotated at 4000 rpm. The 
tool penetration into the workpiece is modeled with a feed rate equal to 160 mm/min. A rigid body constraint is applied to the 
rotating tool in order to prevent its deformation. A coaxially between the rotating tool and the fixed workpiece is accomplished. 

The ABAQUS mesh generator is applied. Eight nodes thermally coupled brick, trilinear displacement and temperature, reduced 
integration, and hourglass control (C3D8RT) element is used to model the workpiece and the tool. For the modeled tool, the 
number of elements is 600. For the modeled workpiece in experiment number one, i.e. benchmark experiment, the number of 
elements is 11000. Certainly, the number of elements for pre-drilling models decreased by increasing the hole depth and/or the 
hole diameter. Some partitions are accomplished in the workpiece to make the mesh finer near the tool tip as shown in Fig. 2, 
where the largest material deformation is expected to occur. The size of the element is meaningful to the simulation. If the mesh 
is too coarse, there will be extreme distortion and loss of too many components, resulting in inadequate bushing shape. On the 
opposite, if the mesh becomes too fine, processing time dramatically increased without increasing the performance. Hence, 
choosing the proper element size is an important issue. 

Heat partition occurs at the interface between the tool and the workpiece. For frictional heat generation at the tool-workpiece 
interface, 100 % of the dissipated energy caused by friction is assumed to be converted to heat. A specific heat partition model 
depending on the tool and workpiece materials heat conductivity ratio specifies the heat partition at the tool-workpiece interface. 
The ratio of heat partition into the workpiece can be calculated using Equ. (3) [4]. 

wp

wp

wp tool

k
r

k k
=

+
 (3) 

where kwp and ktool are the thermal conductivity of workpiece and tool, respectively. At room temperature, kwp of the A380 
workpiece is 96.2 W/moK, while the ktool of the WC tool is 84 W/moK. Hence, the ratio of heat generated in the tool-workpiece 
interface transfer to the workpiece is equal to 0.534, i.e., certainly half of the generated frictional heat is transferred to the 
workpiece. 

2.5 Thermo-Mechanical Model Validation 

Experimental work is performed for experiment number 1 on a manufactured thermal friction drilling machine [10]. The 
resultant axial force is measured during friction drilling by a multi-component dynamometer (Kistler-type 9257B; measuring 
range − 5 to10 kN). Figure 4 shows a comparison between the resultant axial force curve obtained from experimental work and 
the resultant axial force curve obtained from the analytical simulation at a different coefficient of friction. The results show a 
similar trend between the experimental work and the analytical simulation at a coefficient of friction equals to 0.1. It is obvious 
that the axial force finite element analysis profiles are shifted to the left compared to the experimental profile. This is due to the 
noticeable deflection of the workpiece at the initial contact stage. 

3. Results and Discussion 

3.1 Effect of Pre-Drilling Depths and Diameters on the Bushing Shape 

Figure 5 shows the produced bushing of the blank model, which is assumed to be the benchmark. It is obvious that the 
produced bushing suffers from significant petal formation and radial fracture. Figure 6 shows the produced bushing of the fifteen 
experiments illustrated in Table 2. It is clear that pre-drilling has a significant effect on the produced bushing shape. The initial 
deformation happens when the amount of frictional heat reaches about 1/2 to 2/3 of the workpiece material melting temperature. 
In the case of pre-drilling, the deformation occurs either when the tool tip starts to contact the workpiece surface at a pre-drilling 
hole depth of 1, 2, 3, 4, or 5 mm, or when the peripheral diameter of the tool tip is equal to the pre-drilling hole diameter of 0.94, 
0.18, and 3.7. The effect of initial deformation decreases with pre-drilling, leading to fewer cracks and petal formations as seen in 
Fig. 6. 

 

 

Fig. 4. Thermo-mechanical model validation Fig. 5. The produced bushing of experiment number one (benchmark 
experiment) 
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 Fig. 6. The produced bushing for experiments number 2 to 16 

 

Fig. 7. The bushing length that can be threaded 
 
To determine the effect of pre-drilling on the bushing, the bushing length is measured. Figure 7 illustrates the bushing length, 

which includes only the length that can be threaded. Figure 8 shows the improvement of the bushing length with pre-drilling at 
different diameters and depths compared to the benchmark experiment shown in Fig. 5. Fewer cracks and petal formations occur 
in the case of pre-drilling especially for experiments with larger pre-drilling diameter and depth. Hence, pre-drilling has a positive 
effect on the obtained bushing length, as it provides a more load-bearing surface that leads to a stiffer joint. Table 2 shows the 
measured bushing length for the sixteen experiments. Figure 9 (a) illustrates the effect of pre-drilling diameters and depths on 
the bushing length. The results reveal that the maximum bushing length that can be threaded is obtained with the minimum pre-
drilling diameter that equals to 0.94 mm, and a maximum pre-drilling depth equals to 5 mm. Additionally, no petal forming and 
radial fracturing occur at applying the maximum pre-drilling depth for all the pre-drilling diameters as illustrated in Fig. 8. 
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Fig. 8. The improvement of the bushing length with pre-drilling at different diameters and depths 

 

 

Fig. 9. (a) The effect of pre-drilling diameters and depths on the bushing length, (b) The effect of pre-drilling diameters and depths on the 
temperature 
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Fig. 10. The obtained temperature trendline at a pre-drilling diameter of 0.94, 1.88, or 3.7 mm and 1 mm depth 

 

Fig. 11. The obtained temperature trendline at a pre-drilling diameter of 0.94, 1.88, or 3.7 mm and 2 mm depth 

 

Fig. 12. The obtained temperature trendline at a pre-drilling diameter of 0.94, 1.88, or 3.7 mm and 3 mm depth 
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Fig. 13. The obtained temperature trendline at a pre-drilling diameter of 0.94, 1.88, or 3.7 mm and 4 mm depth 

 

Fig. 14. The obtained temperature trendline at a pre-drilling diameter of 0.94, 1.88, or 3.7 mm and 5 mm depth 

3.2 Effect of Pre-Drilling Depths and Diameters on the Temperature 

The produced temperature in the bushing that occurs during friction drilling is studied. Figures 10-14 illustrate the obtained 
temperature trendline curve at the pre-drilling of different diameters and depths. In general, it is clear that the temperature 
gradually increases until it reaches the peak value when the tool completely penetrates the workpiece thickness. Then the 
temperature begins to decrease until bushing formation is ended. Table 2 shows the resultant peak temperature for the sixteen 
experiments. Figure 9 (b) illustrates the effect of pre-drilling diameters and depths on the temperature. It is clear that by 
increasing the pre-drilling diameter the temperature decreases. The residual values are illustrated in Figs. 10-14 represent the 
difference between the benchmark temperature and the temperature of the produced bushing at a pre-drilling of 0.94 mm 
diameter at different depths. From the residual bars illustrated in Fig. 10-14, it is obvious that the maximum residual obtained 
with a pre-drilling depth of 5 mm. That’s mean that by increasing the pre-drilling hole depth, the temperature decreases, as 
illustrated in Fig. 9 (b).  

The trendline equations of the temperature curves for different pre-drilling depths and diameters are given in Figs. 10-14. 
Each equation can define the relationship between the temperature and the step time. These equations are considered as a third-
order polynomial with a higher correlation. 

4. Conclusion 

This research investigates the effect of pre-drilling diameter and depth on the produced bushing cracks and petal formations 
while drilling cast aluminum alloy (A380). Throughout thermal friction drilling, the deformation of the workpiece material is very 
large, and both the tool and workpiece temperatures are high. Modeling is a needed method for knowing the material flow, 
stresses, strains, and temperatures that are hard to experimentally measure during friction drilling. A three-dimensional thermo-
mechanical finite element model of high-temperature deformation and large plastic strain is investigated by using ABAQUS 
software. Modeling by using dynamic, temperature-displacement, explicit, as well as the adaptive meshing, element deletion, 
interior contact, and mass scaling techniques, is necessary to enable the convergence of the solution. The finite element analysis 
results predict that the pre-drilling has a significant effect on the produced bushing shape. The effect of initial deformation 
decreases with pre-drilling, leading to fewer cracks and petal formations. Hence, the obtained bushing length is increased, so 
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providing a more load-bearing surface that leads to a stiffer joint. The maximum bushing length that can be threaded is obtained 
with the medium pre-drilling diameter that equals to 1.88 mm, and a pre-drilling depth equal to 2 mm. Additionally, the effect of 
pre-drilling on the produced temperature is studied, and the results reveal that by increasing the pre-drilling diameter or depth 
the temperature decreases. Therefore, less workpiece material melting occurs, which leads to less adhering on the tool surface, so 
fewer cracks and petal formations. The proposed modeling idea has proven its success and precision since it is powerful for 
simultaneous simulation of multiple quality features in the thermal friction drilling process. 
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Nomenclature 

  
c  
k 

d 

Material density 
Specific heat 
Heat conductivity 
Tool cylindrical region diameter 

T 
t 

G  
D 

Temperature 
Time 
Heat generation rate  
disc outer diameter  
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