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Friction welding is one of the most effective and widely used solid-state joining methods in modern
industries. Plastic deformation of interface material is the essence of friction welding, and welding process
parameters affect the welding quality greatly. To understand the friction welding process better, it is
important to calculate the temperature, stress, and strain fields of welding interface material in the welding
process. In this paper, continuously driven friction welding of Al-Cu-Mg alloy round bars that are com-
monly used in aerospace structures are calculated with the finite element method (FEM). FEM calculations
and results are explained and discussed in much detail. For example, depending on experiments as
reference, FEM results show that a temperature of 490 °C, which is below the low value of Al-Cu-Mg alloy
melting point, is obtained at the end of 0.6 s of friction welding. During the whole process of friction
welding, the calculated equivalent strains increase monotonously, and the equivalent strain at the center
of circular section of interface material is the largest.

Keywords aluminum alloy, coupled simulation, finite element
method (FEM), friction welding

1. Introduction

Friction welding is one of the most effective, energy-saving
processes for solid-state joining of similar and dissimilar met-
als and alloys. It has the advantage of high joint integrity. The
technology is widely used in high-tech industries, such as the
aerospace industry. Friction welding is a process that involves
complex thermodynamics, mechanics, and metallurgical quali-
ties in the welding process. The plastic deformation of the
interface material, which affects the welding process and joint
quality greatly, is the essence of friction welding. However, it
is difficult to measure the stress, strain, and other field param-
eters, thus it is very important to research these areas as well as
other parameters of friction welding, including interface mate-
rial plastic deformation. Finite element method (FEM) numeri-
cal simulation is a very powerful tool for simulating plastic
deformation processes. Depending on the deformation field
parameters calculated by FEM, the quality of the joint can be
predicted and the welding processing parameters can also be
optimized.

This work will focus on continuous driven friction welding.
The rotational motion of the components to be welded has a
constant rotation speed (n), and the other component to be
welded is pushed toward the rotated part by sliding. The com-
ponents are joined together under an axial friction pressure (Pf)
for a certain friction time (tf). The drive is then closed, and the
rotary component quickly stops while the axial pressure is
increased to a higher upsetting pressure (Pu), where it is kept
for a predetermined time (tu).

In the friction welding process, a changing temperature will
also cause the thermophysical parameters of the materials to
fluctuate; instantaneously, the plastic deformation of the inter-
face materials will change the heat-transfer space, boundary
conditions, and energy transformation. So, the thermomechani-
cal coupled finite element (FE) model was used to calculate the
friction welding process. In the literature, just a few studies on
numerical simulation of friction welding have been done, but
most of them are not concerned with the thermomechanical
coupled behavior or have not given detailed calculations.
Sluzalec (Ref 1) established a FEM model computing the strain
and stress fields in the welded components. Bendzsak (Ref 2)
computed steady-state flow in friction welding using a numeri-
cal model. Recently, Fu (Ref 3) carried out a coupled defor-
mation and heat flow analysis by FEM. D’Alvise (Ref 4) car-
ried out a numerical code to simulate the inertia friction
welding. This method helps to visualize the specific responses
of the process easily and quickly and define the quality of the
joint. Chen (Ref 5) developed his finite element modeling of
friction stir welding, including thermal and thermomechanical
analysis. Sahin (Ref 6) developed a computer program to simu-
late how the weld flashes occur in the welded joints with equal
or different diameters. The aim of this study is to predict the
temperature, stress, strain fields, and deformation in continuous
driven friction welding by of the help of commercial FE soft-
ware.

2. Energy Model and Boundary Conditions of
Friction Welding Process

In friction welding, heat is generated into thermal energy by
conversion of mechanical energy at the friction interface ma-
terial. The friction surface is the symmetry surface of plastic
deformation material. The heat flux density is assigned to the
interface of the symmetry surface for similar material welding
when calculating the deformation by FEM. To deduce the heat
flux density model, a microannulus that has an inner diameter
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r and a width dr in the friction surface is defined in Fig. 1. The
area of the microannulus is ds � 2�rdr. The friction on the
microannulus is computed as dF � 2�pf ndr. So, friction heat
power in the microannulus area is written as follows:

dq = 4�2r2�pf ndr (Eq 1)

where Pf is the axial friction pressure, � is the friction coeffi-
cient, and n is the axis rotation speed.

Depending on Eq 1, the integration of an annulus from inner
diameter Di to outside diameter Do in the friction surface is the
heat quantity of the area. The interface heat flux density model
of continuous driven friction welding is then as follows
(Ref 7):

q =
4

3
�pf n�

�Ro
3 − Ri

3�

�Ro
2 − Ri

2�
� (Eq 2)

where � is the friction heat efficiency, Ri � Di/2, and Ro �
Do/2.

In analyzing the heat transfer on the surface of structure, the
boundary conditions that are correlated to the temperature are
defined in the following expressions:

T = T on the temperature boundary �T (Eq 3)

q = −�
�T

�n
on the heat flux boundary �q (Eq 4)

The heat flux boundary conditions of friction welding pro-
cess are included as follows:

(1) The heat flux boundary condition of friction surface:

qf = �f |�f ||	r | (Eq 5)

where qf is the heat flux density of friction power, �f is the
heat partition coefficient (in general, �f � 0 0.5), �f is the

friction stress of interface, and 	r is the sliding speed of the
friction interface.

(2) Heat convention boundary condition:

q = h�Ts − T
� (Eq 6)

where h is heat convention coefficient, Ts is the surface tem-
perature of part, and T
 is the external environment mediator
temperature.

(3) Heat emission boundary condition:

q = ���T s
4 − T 


4 � (Eq 7)

where � is the Stefan-Boltzmann constant and � is radiant
efficiency.

3. Thermomechanical Coupled Analysis and
FE Model

The temperature change of the deformation material will
induce the physical property change. That will change the me-
chanical property of material, which will affect the deformation
of the material. At the same time, the deformation process of
material will affect the temperature distribution. In the material
deformation analysis, the constitutive relationship of material
and thermal strain will change by the influence of temperature
field in the heat-transfer process. In analysis of the heat-
transfer process, material deformation changes the heat-
transfer space, boundary conditions, and energy transition dur-
ing the deformation process.

A temperature field that acts on the deformation material
will generate thermal deformation, and the thermal strain of the
isotropic material is as follows:

�Tij = ��T�i = j�

0�i � j�
�i, j = x, y, z� (Eq 8)

where �Tij is the thermal strain component and  is the thermal
expansion coefficient; �T is the numeric value of temperature
change, and �T � T − Tr, where Tr is the reference tempera-
ture.

Heat converted from deformation energy will affect the ma-
terial temperature. So it should be taken into consideration in
heat-transfer analysis, i.e.:

�p = p��̇ (Eq 9)

where �p is the heat source density that converted from plastic
deformation energy, p is the heat conversion efficiency (in
general, p � 0.9∼0.95; �, is equivalent stress, and �̇ is equiva-
lent strain rate).

In friction welding, the deformation process of joint mate-
rial is accompanied with energy conversion and temperature
change. Only when the deformation process coupled with the
heat-transfer analysis is taken into account can FEM calcula-
tions simulate the actual welding process.

In the first step, experiments are done to get welding process
parameters. In the experiments, 30 mm diameter Al-Cu-Mg

Fig. 1 Friction surface sketch
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alloy AA2024 (T3) round bar specimens are joined by con-
tinuous drive friction welding; the appropriate welding process
parameters are as follows: axis rotation speed is n = 1450
r/min, axial friction pressure is Pf � 89.96 MPa, friction time
is tf � 4 s, upsetting pressure is Pu � 141.37 MPa, and
upsetting and keeping pressure time is tu � 6 s. The left speci-
men in the Fig. 2 is from only friction for 4 s with no upsetting
and keeping pressure; note the many cracks. The complete
welding process specimen is displayed in the right side of Fig.
2; in addition to many cracks, there are deep splits in the flash.
Because the plasticity of Al-Cu-Mg alloy is poor, when it de-
forms under high speed, cracks and splits occur easily during
friction welding.

MSC.Marc software (MSC Software Corporation, Los An-
geles, CA) is used to simulate the continuous drive the friction
welding process. Because each side of the weld joint is the
same, only one side of deformation sample was computed. The
round bar sample has axial symmetry, and a two-dimensional
(2D)-coupled FE model was established. The model dimension
is 25 mm in length and 30 mm in width, which is equal to the
diameter of the round bar samples; it was originally meshed
into 3000 elements whose dimension is 0.5 × 0.5 mm, as shown
in Fig. 3. The remesh function was selected in MSC.Marc to
reduce the inaccuracy when the mesh distortion is too large.

4. Simulation Results and Discussion

Heat flux was loaded on the interface nodes of the FE model
depending on Eq 1 at different radius; other welding process
parameters are the same as in the experiments. When the pres-
sure load was acted on the deformation boundary, it was easy
to stop the calculation, due to the excessive deformation in the
element when the iterative computation was not convergent.
The displacement load that can be adjusted by the speed of
motion load was acted on the interface, and the pressure
roughly meets the experimental parameters.

The calculated deformation and temperature field of FE
model at t � 4 s when the drive is closed are presented in Fig.
4. The calculated deformation is same as for the experiment
specimens. The calculation deformation and temperature field
of FE model at t � 4.6 s when the upsetting deformation is
stopped are presented in Fig. 5. However, there are obvious
errors in the calculation deformation. In this study, a two-
dimensional FEM model is constructed, but it cannot calculate
specimen radial cracks and splits. Thus, the difference in de-
formation between FEM calculation and experimental results
can be large.

The calculated axial friction welding pressure is presented
in Fig. 6. The axial pressure is seen to fluctuate during the
welding process. The calculated axial pressure gradually in-
creases at the early welding stage, and then a pressure peak
appears; after the peak point, the axial pressure gradually de-
creases. When the upsetting formation begins, the axial pres-
sure rapidly increases and is maintained. At the beginning of
welding, the interface temperature of the material is low, so the
calculated axial pressure gradually increases with the motion
until it reaches a peak point. When the pressure reaches its peak
point, the interface temperature is high enough, and the mate-
rial strength of the interface is reduced at this temperature, so
that the deformation pressure is decreased.

Temperatures in different radius nodes of the welding in-
terface that are picked from the FEM calculation are shown in
Fig. 7. Because the maximum radius of friction interface has
the maximum linear speed, heat generated there is the maxi-
mum and temperature rises faster than any others. It can be
confirmed from the curves of t � 0.1 s and t � 0.3 s that the
temperature is highest at the maximum radius of friction inter-
face at the identical time. The heat will move from the high-

Fig. 2 Without upsetting specimen (left) and complete welding pro-
cess specimen (right)

Fig. 3 Half FEM mesh of weld specimen

Fig. 4 Deformation and temperature contour bands at t � 4 s
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temperature area to the low-temperature area when there are
temperature differences, so the interface temperature is gradu-
ally uniform, shown as the curve t � 0.4 s in Fig. 7. The
temperature curve of t � 0.6 s is 490 °C, which is lower than
the low value of the melting point in Al-Cu-Mg alloy (502-
638 °C); it rises slightly compared with that of the t � 0.4 s
curve. After t � 0.6 s, the calculated interface temperature is
almost the same as the t � 0.6 s curve and there is little
fluctuation. This indicates that the interface energy is in dy-
namic balance.

During the early welding stage, the interface temperature is
low, the deformation equivalent stress is large, and the tem-
perature at small inner radius is lower than that at the large
outer radius. So, the interface’s inner equivalent stress is
greater than the outer equivalent stress. It is indicated by the t
� 0.1 s curve in Fig. 8. The t � 0.3 s curve in Fig. 8 shows
that the equivalent stress at the large outer radius of the inter-
face area is higher than that of the small inner radius. This is
correct because the interface temperature reaches the starting
forge temperature and materials begin to motion to the outside
and turn to the flash, so the equivalent stress at the large outer
radius of the interface area is higher than that of small inner

radius. The equivalent stress of the t � 4.2 s curve in Fig. 8 is
almost a horizontal line, and the right end is a little low, so the
flash is easier to deform than the inner material during the
upsetting when the drive is stopped.

The calculated equivalent strain of welding interface mate-
rial at radii of 0, 5, and 13 mm during the process are shown in
Fig. 9. The figure shows that the equivalent strain gradually
increases and reaches the maximum value when the material
stops upsetting deformation. It can be seen in Fig. 9 that the
equivalent strain of the small inner radius is larger than that of
large outer radius, so the interface material from the inside
motions to the outside and turns to the flash. The keeping
pressure stage when material is not being deformed is not at the
key research stage, and the subsequent process has not yet been
calculated.

5. Conclusions

Depending on the experimental parameters, a 2D thermo-
mechanical coupled FE model was established to calculate con-
tinuous driven friction welding Al-Cu-Mg alloy bars using

Fig. 5 Deformation and temperature contour bands at t � 4.6 s

Fig. 6 Axial pressure

Fig. 7 Temperatures at different radii of welding interface

Fig. 8 Welding interface equivalent stress along the radius at differ-
ent welding times
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MSC.Marc. The temperature field, stress field, strain field, and
deformation of HAZ materials were calculated. The calculated
deformation is the same as the experimental specimen before
the drive is completed. Because the 2D FE model cannot cal-
culate radial cracks and splits, obviously there are some dif-
ferences between the calculated deformation and experimental
results when upsetting occurs.

The calculation results indicate that temperature of interface
material tends to be same when the welding time is 0.4 s. The
temperature is 490 °C at 0.6 s, which is lower than the lowest
melting point value of Al-Cu-Mg alloy. After that time, the

calculated temperature is nearly constant. This indicates that
the interface energy is in dynamic balance.

The calculated equivalent strain of welding interface mate-
rial is gradually increased monotonously during the welding
process, and the equivalent strain reaches a maximum value
when the materials stop upsetting deformation. The inner in-
terface material moves to the outer surface and turns to flash,
and the calculations confirm that the equivalent strain of the
small inner radius is greater than that of the large outer radius.
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