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Abstract: Experimental and finite element studies of the rotary friction welding (RFW) process
of tungsten heavy alloy (THA) with aluminium alloy 5XXX series are presented. A 2.5D torsion
simulation model including the circumferential effects was developed in this study. The temperature
distributions, effective stress, flash dimensions and axial shortening were calculated on un-rotated
friction welding aluminium parts. The peak temperatures were measured both in the axis and at the
half-radius of the specimen. The maximum interface temperature of 581 °C for the friction weld was
below the melting temperature of the aluminium alloy. The experimental and numerical results of
the temperature and final weld geometries show good agreement between them. The results indicate
very small deviations of 4.45%, 2.96%, and 2.34% on the flash width, flash height and axial shortening
of friction welds.

Keywords: friction welding; tungsten heavy alloy; FEM

1. Introduction

Friction welding is a joining method that enables the relatively quick and cheap joining
of various metals. The physical process of friction welding involves using mechanical
energy and converting it into heat, as a result of friction on the contact surface. Friction
welding is a solid-state welding method for different metals [1]. The material to be welded
is heated to a temperature below its melting point. After stopping the spindle rotation, the
joint is pressed and plasticized. As a result of the applied upsetting force, the material is
removed to the outside where a flash weld is formed [2]. The friction welding process is
a heat-activated process that causes the deformation of the welded material and a large
temperature gradient in the heat-affected zone (HAZ). Moreover, large effective stresses
are generated in the joint and the microstructural changes as a result of high temperatures
at the interface [3].

The basic welding parameters in the direct-drive friction welding process are the
rotational speed (RS), friction pressure (FP), upsetting pressure (UP), friction time (FT)
and upsetting time (UT). The rotational speed is related to the material to be welded
and the diameter of the specimens. The rotational speed also determines the heating
rate at the interface. Increasing the rotational speed might lead to the softening of the
material, a greater extent of recrystallisation, or even increased intermetallic formation.
The maximum temperature in the joint during frictional heating depends not only on the
pressure but also on the temperature gradient, which depends on the rotational speed in
particular [2]. In rotary friction welding, heat is generated by friction, which results in
the significant plasticization of the material. The friction pressure as well as subsequent
upsetting during rotary friction welding cause changes in the microstructure of the joint
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and its surroundings, which can be compared with the changes caused by hot plastic
working. A high temperature in some situations, especially when the process lasts longer,
enables diffusion across the interface, resulting in a change in the chemical composition
in the joint area. The parameters are selected depending on the type of materials to be
welded. The friction pressure affects the heating rate of the HAZ. The greater the friction
pressure, the higher the rate of plastic deformation in the welded materials and the higher
the heating rate in the contact area. The friction time is set in close correlation with the
friction pressure and rotational speed. This should ensure an optimal heating speed and
the minimal shortening of the welded elements. The friction time is largely influenced by
the thermal conductivity of the welded material. During the friction process, the greatest
amount of heat is released around the circumference of the friction surface, where the metal
achieves the greatest plasticity. The center of the friction surface is heated due to heat
conduction. The larger the diameter and the lower the thermal conductivity of the metal,
the lower the temperature at the center of the friction surface. The friction time should be
selected so that the temperature is equalized over the entire friction surface. The upsetting
pressure and time are parameters that mainly affect the quality of the joining materials. In
rotary friction welding, the control of the peak and equilibrium torque levels are considered
to be crucial for a sound weld. The axial pressure applied during friction welding will affect
the rate of shortening (upset), which is usually constant during the equilibrium torque
period. Moreover, the ‘upset’ can be linearly proportional to the axial pressure [3].

Many works have been dedicated to the thermomechanical processes that occur
during friction welding. These thermal phenomena have most often been solved using a
finite element method (FEM). Thermo-physical data and the material constants of plastic
deformation are necessary for the modelling of the welding process.

The first extensive analysis of the conventional friction welding process was conducted
in references [4,5]. The temperature distribution and uniform heat flow in the friction weld-
ing process of carbon steel bars with a constant friction coefficient and thermal properties
were presented. The first numerical analysis of the friction welding process using the finite
differences method was carried out by the authors of papers [6,7]. The authors analyzed
the time-varying heat input, axial shortening and plastic deformation of welding materials.
A two-dimensional finite-difference model for conducting simulations of the temperature
fields of the friction welding process was also developed in references [8,9]. The results
show a visible difference in the temperature distribution between the conventional and
inertia friction welding (IFW) methods. The friction welding of steel bars with identical
properties using the finite element method, along with the conditions of element contacts,
was proposed in references [10,11]. Moreover, the temperature distribution and final shape
of the welds were determined in references [12,13]. A thermo-mechanical finite element
model of IFW of two bars as a viscoplastic material was proposed in reference [14]. The FEM
model considered the plastic deformation of the joined workpiece and a heat flow analysis
was conducted [15]. The effective stress, strain and temperature field for nickel-based alloy
friction welded joints were determined. An FEM simulation of the IFW of materials with
different physical properties that assumed mechanical and thermal dependencies and the
elastic-viscoplastic behavior of the material was completed [16]. A new friction law for
the modelling of the continuous drive friction welding (CDFW) of steel was proposed [17].
A FEM method for the friction welding of ceramic-metal [18] and refractory metals [19]
was also used. The numerical model for a steady-state flow and the analysis of a coupled
thermo-mechanical problem in friction welding was presented [20]. An investigation of
the temperature distribution, axial shortening, flash formation and microstructure using
inverse heat flow analysis can be found in reference [21].

Due to its high density, high strength, good toughness and other excellent properties,
tungsten heavy alloy material has become the first choice for many kinds of kinetic energy
armor-piercing bullets. Tungsten alloy penetrator bullets have a high penetration ability
thanks to the high-density tungsten alloy, which makes the projectile fly at high speed
and with high energy. Recently, tungsten heavy alloy projectile cores have been used as
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kinetic energy penetrators (KEPs) for sub-caliber bullets. These THA cores can be joined
to a ballistic cap made of an aluminum alloy. This cap protects the projectile against
ricochets when it hits the armor plate. These materials are often joined by threads, which
require milling. This is problematic because tungsten is difficult to cut due to its relatively
high hardness and strength. Therefore, the authors of references [22,23] have proposed
the friction welding method for joining these materials. Friction welding is an effective
solid-state joining method for various materials.

Compared to the conventional joining method, rotary friction welding is a simple,
cheap and very fast process. Moreover, it makes it possible to join metals and alloys that
are very difficult to join or are not joinable at all using other methods. This is why friction
welding is a very attractive method and is studied in many laboratories across the world.
However, there are some difficulties in joining dissimilar materials. These difficulties
are caused by very different melting points, different thermal expansion coefficients, the
forming of hard precipitates that are usually intermetallic phases, or problems caused by
difficulties in the reaching of an appropriate temperature. To overcome these problems,
many experimental works have been performed, especially for the joining of aluminum
alloys with a stainless steel or tungsten composite.

The friction welding of THA with AA appears to be difficult due to their thermal
properties and differing deformability characteristics [22,23]. When estimating the thermal
field, a flash dimension and upset (axial shortening) in a friction-welded joint between these
materials makes it much easier to control the welding parameters by reducing the number
of necessary experiments. This work aims to develop a thermomechanical model using the
finite element method to simulate the CDFW of a composite alloy with an aluminum alloy.

2. Methodology
2.1. Materials

Tungsten heavy alloy THA (Laboratory of Heavy Alloys, Institute of Mechanics and
Printing, WUT, Warsaw, Poland) and aluminum alloy 5XXX series were used for the friction
welding process. A commercial 5XXX series (AIMg3Mn)-type non-heat treatable wrought
aluminum alloy and conventional W-Ni-Fe type tungsten heavy alloy (THA), with a typical
7:3 nickel to iron ratio, were selected for this study. The aluminum alloy used in this study
was a cold-worked rod 20 mm in diameter. The tungsten heavy alloy was prepared by
mixing the appropriate amount of powder, compacting it, and then using the liquid phase
sintering (LPS) method. The method of producing the W-Ni-Fe alloy and aluminum rod
is described in reference [23]. Because of the powder metallurgy method used for THA
preparation, its microstructure consists of 3040 um tungsten grains embedded in a Ni(W,
Fe) matrix. The chemical composition and properties of the joined materials are presented
in Table 1.

Table 1. The properties of the materials used.

Chemical composition

Material Al \ Fe Ni Mg Mn Si
THA - Bal. 2.25 5.25 - - -
AA Bal. - 0.194 0.002 2.95 0.265 0.1
Mechanical properties
Material StreIT;?}?iglfdPa) stren;iih(iMPa) Elongation (%) Hj?lilr;)ess
THA 960 680 27 285
AA 276 207 22 83
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2.2. Experimental Procedure

A rotary drive friction welding machine (ZT4-13 type, ASPA, Wroctaw, Poland) with
the experimental setup of thermocouples shown in Figure 1 was used to produce a fric-
tion weld. Friction welding was achieved for the following parameters: friction force
(FF = 12.5 kN), upsetting force (UF = 50 kN), friction time (FT) and upsetting time (UT)
of 9.5 s and 6 s. The rotational speed was kept at a constant level of 1450 rpm. The sim-
ulations were performed for joints that showed the highest tensile strength of 232 MPa.
The thermocouples (TP203K1b2001 type, ‘Czaki Thermos-Product’, Raszyn, Poland) with a
diameter of approximately 1.2 mm were used to study the temperature distribution in the
joint. Figure 1la shows a diagram of the arrangement of thermocouples in a non-rotating
aluminum sample during welding. Figure 1b shows the measurement positions 1,2,3
for % R of the sample and 4,5,6 for the axis sample. These were located at a distance of
20, 25 and 30 mm from the weld interface. Temperature measurements were performed
using the UT325 LCD digital recorder, Uni-Trend Technology, Dongguan City, Guangdong
Province, China.

A
A
By
E 2®
3 S
E BRCICICRESE
=
H
20 1515
&
=>'100 (Unit: mm)

Figure 1. Friction welding machine showing placed samples with thermocouple (a), and temperature
measurement scheme (b) where: 1,2,3,4,5,6 are the thermocouples positions.

2.3. Numerical Procedure

The CDFW model was developed using the commercial finite element (FE) modeling
software package, DEFORM 11.0. The software is especially capable of solving problems
involving a large plastic deformation via remeshing [24]. The geometry and meshing of the
FE model are shown in Figure 2.

A two-dimensional analysis of one-half of the solid element was employed because of
the axisymmetric shape of the specimen (Figure 2a). The mesh contained 2125 elements
and 2321 nodes (Figure 2b). The dimensions of the modelled parts are consistent with the
experiment in terms of width. Three different mesh-sized windows were used. Coarse
elements of 0.03 mm were used in the region containing the weld interface. Outside this
region, as the distance increases, the element size also increases, and a mesh size of 0.1 mm
was used across the model. The effect of the mesh size was also considered in the study.
Finally, the mesh size was selected so as not to generate long calculation times. Automatic
remeshing was used to maintain a good mesh quality. Many various simulation methods,
such as 2D axial-symmetric, 3D full simulation and 2.5D torsion approaches, were initially
tested. Finally, a 2.5D torsion simulation including the circumferential effects was accepted
for use in this study. A 2.5D model includes all the circumferential velocities needed to
account for the torsional friction during welding. In the 2D axial-symmetric approach, the
DEFORM code is not able to simulate a rotational speed, and the related shear deformation
cannot be computed. The computing time required for a 3D full simulation is very long. In
this paper, the torsional friction model has a significant impact not only on heat generation,
but also on the deformation of the specimen, as noticed in reference [25]. Figure 2c shows
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the model with the sticking conditions at the contact point. This axisymmetric model takes
into account both the axial force (see lower tooling) and the rotational speed (see upper
tooling). The friction coefficient and surface pressures between the weld were taken into
account. When the temperature is low, the friction stress is calculated using the Coulomb
friction law according to the following formulae:

Ys
|os|

Tf = —HOn 1)

where 5 is the shear friction, is the friction coefficient, o;; is the normal stress, and vy is the
sliding velocity; the negative sign characterizes the opposition between the friction stress.
The friction coefficient p can be estimated as follows:

w=aP'Teexp(dV) 2)

where P, T and V are the axial pressure, temperature and linear velocity, and a, b, c and d
are the constants obtained from the experiments.

{
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Figure 2. Two-dimensional axisymmetric model (a), mesh of the samples (b) and sticking condition (c).

When the temperature is high, the shear friction law is adopted and can be described

as follows:
OUs

|vs|

T = —mk 3)

where k is the shear yield stress of the material and m the friction factor [26].

In this study, to determine an appropriate shear friction, preliminary simulations were
carried out. It was found that using a shear friction of 0.175 gave the best results for the
given temperatures.

Data regarding the temperature-dependent thermal conductivity, specific heat and
emissivity for AA were used; these were obtained from the DEFORM software library. The
thermophysical properties of THA were taken from the ASM Handbook [2]. The properties
of both materials for the simulation model are presented in Table 2.

The viscoplastic behavior of the materials is characterized by the temperature, flow
stress and strain rate, and was obtained from the literature [2].

Figure 3 shows the flow stress for the aluminum (Figure 3a) alloy and tungsten
composite (Figure 3b) at a strain of ¢ = 0.1 during deformation. The convective heat
transfer coefficient was assumed to be 10 W/(m? K). The ambient temperature and initial
temperature were set to 20 °C.
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Table 2. Thermophysical properties of the materials.

Material AA THA

Density (kg/m?) 2690 18,000
Young modulus (GPa) 69 385
Poisson ratio 0.33 0.28

Thermal expansion (1/C) 22 %1073 52 x 1076
Specific heat (J/kg K) 528 134
Thermal conductivity (W/m K) 135 90
Melting point (°C) 640 2173
a b
500 1600

- ® - strain rate=0.25 s-1 - m - strain rate=1600 s-1

5tra¥n raiesd sl 1400 - + - strain rate=2500 s-1
- & - strain rate=63 s-1 K
400 ® strain rate=4000 s-1
1200 Sea
ANGE N
= < ~a "~
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s N «
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Temperature (°C) Temperature (°C)

Figure 3. The flow stress of AA (a) and THA (b) at strain & = 0.1 during deformation.

3. Results and Discussion
3.1. Temperature Distribution

The temperature field distributions during the friction stage of the FRW process of
THA to AA are presented in Figure 4. As can be seen in the graphs, the friction welding
process begins in the places most distant from the axis of the cylindrical samples. This is
where the highest peripheral speed occurs, where the material becomes plasticized as a
result of increasing temperature. Figure 4a shows a relatively rapid increase in temperatures
during the friction period of the samples. After 3 s, the temperature on the surface reached
278 °C. After another 3 s, the temperature almost doubled (Figure 4b). It is likely that
the high-temperature zone widens from the weld line due to heat conduction within the
specimen. As can be seen in Figure 4c, no significant plastic deformation or flash formation
occurred during the friction phase.

a b ¢
Temperature (C) emperature (C) Temperature (C)
l l 511

247 354

441

214 306

182 259 3

150 211 301

17 163 231

84.8 115 161

524 I 67.7 I 90.6 I
20.0 20.0 205
200 Min 20.0 Min 205 Min
279 Max 402 Max 581 Max

s

Figure 4. Distributions of temperature fields in aluminum alloy during the friction period: (a) 3 s
(b) 65 (c) 9.5s. (FF = 12.5 kN, n = 1450 rpm, and UF = 50 kN).
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The maximum interface temperature of 581 °C for the friction weld was achieved in a
time of 9.6 s (Figure 5).

18 700
~——— maximum interface

temperature - 600

-
=)

- = Axial shortening

-
£y

£ .
£ (Predicted) 500
e 12 g Axial shortening
e (Measurement)
2 10 400
-
8
=
- 8 300
<
=
< 6
200
4
100
2
0 -~ 0

0123 456 7 8 911112131415 16

Time (s)

Figure 5. Maximum temperature distribution and axial shortening of welded materials during
friction welding.

Figure 6 shows the temperature distribution fields of the weld zone during the upset-
ting stage of the welding process. As can be seen in Figure 5, after reaching the maximum
value, the temperature drops rapidly to 280 °C within a few seconds during the forging
stage (see Figure 6a—c).

a b

Temperature (C)

483 .
425

Temperature (C) C
331 Temperature (C)
. 278
202 .
28

367
215

215
310
I . 183
176 .
- “ "
138

s 120

9.1
. 885
N - » . I
205 2T 254
205 Min 21.7 Min 254 Min
483 Max 331 Max 278 Max

Figure 6. Temperature distribution of weld zone during the upsetting stage of the FRW process
of THA/AA dissimilar alloys: (a) 11 s, (b) 13 s and (c) 15s. (FF = 12.5 kN, n = 1450 rpm, and
UF =50 kN).

It is found that the weld flash begins from 9.6 s to 15 s and that the largest flash is
obtained after the upsetting process (Figure 6¢). The plastic deformation that accompanies
this welding phase causes the significant shortening of the aluminium alloy (Figure 5). It
can be seen that the maximum axial shortening of 16.8 mm is achieved during this stage.

Figure 7 shows the thermal history of the weld interface for various positions. It can
be seen that the temperature on the outer surface is the highest, while that on the axis has
the lowest value. The highest temperature values were recorded at the welding time of
9.5 s. For all measurement locations, the nature of the temperature distribution is similar.
This is because the temperature increases linearly with the increasing friction time. After
obtaining the highest value, the temperature drops rapidly, but on the outer surface, this
reduction is the smallest.
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Temperature (°C)

01 2 3 4 5 6 7 8 9 1011 12 13 14 15

Time (s)

Figure 7. Thermal curves in the weld interface.

The radial distribution of temperature for various durations is obtained via simulation
in Figure 8.

600

500 = =95 =155 — -11s

400

300

Time (°C)

200

- - 4 —
e — ¢ —

100

Distance (mm)

Figure 8. The radial temperature distribution at different times.

It can be noted that an appropriate welding time is required to reach the friction
welding temperature of the welding process for specific parameters. The radial temperature
was measured for the following welding parameters: rotational speed= 152 rad /s, friction
force = 12.5 kN, upsetting time and force of 5 s and 50 kN, respectively. Similar results were
obtained for other welding parameters.

3.2. Experimental Validation
3.2.1. Experimental Temperature Validation

The typical simulation result is obtained under a friction force, upsetting force, friction
time, upsetting time and rotating speed of 12.5 kN, 50 kN, 9's, 5 s and 1450 rpm, respectively.
The computed and measured temperatures on the AA side are plotted for comparison. As
shown in Figure 9, the thermocouples were placed in the middle of the radius and the axis of
the joint at distances of 20, 25 and 30 mm from the welding line (see Figure 1b). Initially, the
thermocouples were positioned close to the weld interface, but they were consumed during
the forging phase of the welding process. Due to the continuous “upset’ (axial shortening)
of the specimens during welding, it is naturally difficult to place thermocouples that can
record exact temperatures. Consequently, the first thermocouple was located about 20 mm
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away from the weld interface. The thermocouple wires were stuck onto the surfaces of the
measuring specimen with high-temperature-resistant glue.

Temperature distribution in 1/2 radius

300
= = Predicted at z=20 mm PR
250 = « Predicted at z=25 mm /
!
— - Predicted at z=30 mm /
7
O 200 Measured at z=20 mm ’
~ 4
g Measured at z=25 mm
;a-'-; 150 Measured at z=30 mp\/
¥ Ve
g
= 100
50

0 . L 1 1 1 L I
0123456 7 8 9 10111213 14 15 16 17
Time (s)
Figure 9. Predicted and measured temperature in AA side at the Y2 radial position and at a distance
of 0, 20, 25 and 30 mm from the original weld interface.

Figure 9 shows the similar characteristics of the temperature course during the heating
of the materials. The predicted temperature values are slightly higher than the tempera-
ture values obtained from the thermocouple readings. According to the authors [27,28],
these differences could be a result of reading the delay times and the time constant of
the thermocouples.

Figure 10 shows the validation of the temperature at half of the sample radius.

600

500 b:'\%\ - » Predicted
@) S~ O Experiment
g 400 ~. P
I S
-E -~ ~
g 30 285
g ~®237
£ 200 275 o /‘02()1
= 229

100 195

0
0 5 10 15 20 25 30 35

Distance from the interface (mmm)

Figure 10. Validation of maximum temperature at the % radial position.

As can be seen from Figure 10, the predicted temperature is slightly higher than the
temperature obtained by the experiment at distances of 20, 25 and 30 mm from bond line.
The accuracy of the predicted temperature is quite good. The temperature results indicate
small deviations of 3.6%, 3.5% and 3% for distances of 20, 25 and 30 mm from the interface.
The maximum temperature near the welding point reached 538 °C in 1/2 of the sample
radius for 9.5 s (Figure 10). Despite the plastic deformation of the material, this temperature
did not reach the melting point of the aluminium alloy.

3.2.2. Macroscopic Morphology Validation

During the welding process, the plastic deformation of the joined materials occurs.
The result of this process is the shortening of the soft metal and the formation of a weld
flash. After completing the welding process, both the weld flash and the length of the
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samples were measured. A comparison of the macroscopic morphology of the friction
welds using numerical simulation is shown in Figure 11.

b

Figure 11. Comparison of the macroscopic morphology of the friction welds (a) and numerical
simulation (b).

It can be seen from Figure 11 that the flash morphologies are nearly identical. A
quantitative comparison of the flash dimensions obtained via the experiment and numerical

simulations is shown in Table 3. Axial shortening is also selected for comparison.

Table 3. Comparison of flash dimension and axial shortening.

Flash Dimensions Shortening, mm

Width, mm Height, mm
Measurement 33.66 16.84 16.61
Predicted 32.16 16.34 16.22

The results indicate very small deviations of 4.45%, 2.96%, and 2.34% in the flash
width, flash height and axial shortening of the friction welds.

3.3. Effect of Friction Force on Interface Temperature

Figure 12 shows the influence of the frictional pressure force on the temperature in
the joint during welding. The maximum temperature was obtained for the highest friction
force. By increasing the friction force, the temperature rises and reaches the maximum
interface temperature at a time of 7.5 s for all axial forces.

- b
600
— . 125kN 5 oW
o
500 } 15.5kN =~ 500
; 185kN £
7. -—
_ 400 - (-// i = +=215kN £ 400
9 /0 '}"} — - 245kN 2
e , .
£ 300 § 300
g E 200
£ 200 E
= éé 100
100 0 \

10 12 14 16 18 20 22 24 26

0 L
01 2 3 45 6 7 8 910111213 14 15
Time (s)

Friction force (kN)

Figure 12. Influence of friction force on temperature during welding: temperature and various
friction force in time (a), friction force and maximum temperature (b).
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3.4. Effect of Friction Force on Axial Shortening

Figure 13 shows the effect of the friction force on axial shortening for friction forces of
12.5,15.5,18.5, 21.5 and 24.5 kN. It is clear that during the friction phase between materials,
axial shortening takes place. As the friction time increases (from 12.5 to 18 kN), the axial
shortening of the samples increases linearly. During the upsetting phase, it can be seen that
a logarithmic shortening of the material takes place when using axial forces from 18.5 to
25 kN (Figure 13b).

a
12 b
11 -.-245N 12
10 ~ - 215kN PR E
0 185kN ; g 10
2 ——155kN . a5
E8 — - 125kN ! g8
w 7 I 5 6
2 R iaiakaiindadaty £
g6 |
5 ' 5 4
3 0
2 10 15 20 25 30
1 Friction force (kN)
0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (s)

Figure 13. Effect of friction force on the axial shortening of the specimen: axial shortening and various
friction force in time (a), friction force and axial shortening (b).

For all applied forces, the maximum shortening of the samples did not exceed 4 mm
at the end of the friction phase. After this time, plastic deformation occurred and a weld
flash was formed. This process took a few seconds. A rapid loss of material occurred after
applying the upsetting force for a welding time of 8 s. The maximum material shortening
was 3.5 mm for a friction force of 12 kN. Doubling the friction force shortened the material
by an additional 7 mm (Figure 13b). Moreover, from Figure 13a, it can be seen that the
forging period had a minimal effect on the upset. The axial shortening is almost unchanged
throughout this stage. A similar observation reported in the references [29-31].

3.5. Effective Stress Distribution

Figure 14 shows the effective stress evolution at the three various positions of the weld
interface.

As can be seen in Figure 14a, the effective stresses for the three positions during the
friction period are relatively small. These stresses at the beginning of the friction process
are 25, 45 and 50 MPa for the surface, axis, and 1/2 of the radius, respectively. The effective
stresses on the sample surface are the smallest because no relative motion happens and
only slight friction stress exists in this place [32]. The stresses gradually decrease and reach
a value of 20 MPa at the end of the friction stage (Figure 14c) for all positions. At the
beginning of the forging stage (Figure 14d), there is a sudden increase in stress, achieving
60 MPa and 80 MPa on the surface and in the axis of the joint, respectively. Constant
effective stress takes place during forging from 10 to 12 s (Figure 14e). After stopping the
welding process, the stress drops to zero. Moreover, it can be seen that the effective stress is
lower in the periphery joint compared to the interior of the weld interface. According to
the authors of reference [26], the friction stress is proportional to the shear yield strength.
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Figure 14. Predicted effective stress in the aluminum alloy specimen for various radial positions at the
weld interface; effective stress flow during welding time (a), friction stage (b,c), forging stage (d,e).

4. Conclusions

An experimental and FEM simulation study of the CDFW process of a THA with
an aluminum alloy is presented. The temperature distributions, effective stress, flash
dimensions and axial shortening are calculated on un-rotated friction-welded aluminium
parts. An increase in the friction force causes an increase in temperature during the
friction period of the samples. It can predict the shape of the flash with a high degree of
accuracy. The predicted temperature was slightly higher than the temperature obtained
in the experiment. The maximum interface temperature of 581 °C is below the melting
temperature of the aluminum sample. The results indicate very small deviations of 4.45%,
2.96%, and 2.34% in the flash width, flash height and axial shortening of the friction welds.
With an increasing friction force, axial shortening increases exponentially. The effective
stresses on the sample surface are the smallest because no relative motion occurs and only
slight friction stress exists in this place.
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