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ABSTRACT

In this research study, numerical modeling was present to describe the effect of key processing parameters of
continuous drive rotary friction welding (CDRFW) on thermal characteristics of similar aluminum alloy joint and
dissimilar aluminum alloy /low carbon mild steel joint, using (ANSYS). A mathematical model was made to describe the
heat generated in the workpiece due to the frictional force and the plastic deformation, and the heat transfer throw
workpiece was described based on the Fourier law of heat conduction. The parameters were: Frictional pressure (P1),
forging pressure (P2), frictional time (t1), forging time (t2), and rotational speed (N). A range of welding parameters was
taken. The results show that with increases in welding parameters, the welding temperature at the interface region and the
axial shortening will increase for both similar and dissimilar joints. For similar and dissimilar joints, frictional pressure
and rotational speed have the most effect on maximum temperature at the interface, frictional time affects less while forging
pressure and forging time have no effect on maximum temperature at the interface. For similar and dissimilar joints the

most influential parameter on axial shortening was frictional pressure, with little effect for forging time.
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1. INTRODUCTION

Friction welding is the process of joining
materials without reaching melting point for this
reason it’s called a solid-state process and it’s the
most effective process for similar and dissimilar
joining with very high joint strength. Friction
welding is a pressure variation method, in which
with the help of friction that causes heat generated,
the welded joint is formed by joint plastic
deformation of the pieces to be welded without
melting the metal. Thermo-mechanical work
involves friction welding which results in grain
refinement of the weld region. Friction welding is
characterized by low heat requite, easy application,
and material saving. Friction welding is used to
join different shapes like the rod to rod, rod to
plate, etc. [1].

Rotary friction welding (RFW) is the
oldest and most commonly used method and can
be defined as a solid-state process for joining
materials in which the rotational movement at the

interface between the two materials generates heat,
the heat softens the material and the material flows
to the edges, and this material flow is necessary to
remove contaminants and other oxides, etc. from
the weld interface [1]. In rotary friction welding,
one part of the workpiece is held stationary while
the other rotates at a high necessary speed.

The main key variables of direct drive
friction welding are: axial pressure, rotational
speed and welding time. These variables determine
how much energy is introduced in the welding
region and the rate of heat generation at the
interface. It should be noted that during the
different stages of welding, the heat generation rate
at interface is not constant but the difference is not
great, SO many authors assume it constant. During
the welding process, resistance torque and axial
shortening will also change [2]. The changes in the
characteristics of friction welding parameters over
time are shown in Fig. 1.
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Figure 1: Show the variation of the characteristics
of friction welding parameters over time. [2]

2. HEAT AFFECTED ZONE (HAZ)

The heat affected zone (HAZ) it is the
zone that is affected by heat, whether this effect is
apparent or not, and it is divided into four zones, as
shown in Fig. 2, the zones are: (i) contact zone — is
a thin area where friction occurs, with a great strain
and strain rate, the material flow is mainly deform,
with large amplitude. (ii) Fully plasticized zone —
there is a plastic deformation, but it is smaller than
the contact zone, It also has a large strain and strain
rate. (iii) Partial deformation zone — limited plastic
deformation compared to regions (i) and (ii), strain
and strain rate are significantly reduced. (iv) un
deformed zone — no material flow (no plastic
deformation), but the microstructure will be
affected by temperature [3].

Contact zone (i)

3
A

Figure 2: Shows HAZ for RFW process. [3]

3. MATHEMATICAL MODELLING

The mathematical model was made to
find the heat generated at the interface and the heat
transfer through the workpieces during the rotary
friction welding process.

3.1 General assumptions:

The heat generation on the interface
region and pressure applied is assumed to be
uniform. Since the total welding time in this
process is usually very short and the contact
surface is not exposed to the surrounding

environment, the heat loss through convection and
radiation is neglected. The heat input is considered
constant throughout the process. The material is
assumed to be homogeneous and isotropic.
Dynamic friction coefficient considered constant
throughout the process.

3.2 Heat generation

The temperature of the interface weld
zone rises sharply in the rotary friction welding
process, due to intemperate friction and plastic
deformation of the work pieces in a very short
time. In order to calculate the temperature
distribution, the heat transfer analysis is performed
by considering that, heat generation consists of two
parts, heat generation due to the friction at the
interface and the heat generated due to plastic
deformation.

3.2.1 Heat generation by friction
The frictional heat generated rate per unit
volume (g) is given as: [4] [5] [6]

. 2
4y = ;7 UPRw @

Where (u) is dynamic friction coefficient, (p) is
the axial pressure, (R) is the total radius of the
workpiece and (w) is angular velocity.

3.2.2 Heat generation by plastic deformation
At first, all heat generation from the
rotary friction welding process came from the
friction at the interface, and with raising the
temperature the yield stress reduce until it became
less than flow stress, and then the plastic
deformation start. In the analysis of material
deformation, the relationship between the thermal
strain and the material will be affected by the
temperature distribution during the heat transfer
process, and the deformation of the material will
change boundary conditions, the heat transfer
space, and energy transfer [4]. Due to the low value
of plastic heat generation compares with friction
heat generation and the difficulty of calculation,
many researchers were neglected it. In this current
research, the laws governing the heat resulting
from the deformation were clarified, and they were
calculated implicitly through the ANSY'S program.
The rate of heat generation per unit volume due to
plastic deformation (g,) can be defined as: [4] [5]

[6]
Qp = fo.é 2

Where () is the thermal efficiency, and
according to the theory of the plastic deformation,
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most of the work came from plastic deformation is
converted into heat, and usually the thermal
efficiency (B) is set to (0.9), the rest of the energy
is stored in the form of vacancies and dislocations
[7]. For this research the thermal efficiency (B)
was taken (0.9) as well. (a,) is the equivalent flow
stress and defined as the instantaneous value of
stress required to continue plastically deforming a
material, and it must exceed the yield stress (a5) to
start the plastic deformation in the work piece.

The equivalent flow stress can be found
from Johnson-Cook damage model as [8].

0, = (A + Be™) * [1 +an(1 +io)] x [1 -
()] @

Where (g), (€) and (&,) are strain, strain
rate and reference strain rate respectively. (Toei)
and (T..n) are melting temperature and room
temperature respectively. A, B, C, n and m are
material dependent constants and they obtained
from experiment, where A is the reference yield
stress, B is the constant strain hardening, C is the
coefficient of strengthening, n is the coefficient of
strain hardening and m is the coefficient of thermal
softening [8].

The total rate of heat generation per unit volume,
for the welding process (§) is expressed as:

9=4rtq (4)

3.3 The heat transfer of the welding process
Based on the assumption of no heat loss

through convection and radiation for the rotary
friction welding process, the unsteady state Fourier
law of heat conduction in the coupled heat-
mechanical problems in (x) axis with no heat loss
through convection and radiation can be expressed
as Eq. (5): [5] [9] [10]. The sketch for the process
is shown in Fig. 3.

Heat generated

¥

(rotated) q (stationary)
specimen | =p

specimen

Figure 3: The boundary condition for heat
conduction model. [10]

92T aT q aT
a—S+tu—+—=— 5
ax2 ox  pcp at ( )

Where (T) is the temperature, (t) is the
time, ( p) is the material density, (c,) is the specific
heat capacity, (u) is the velocity of the axial
shortening and (a) is thermal diffusivity and it
represent the ratio of the heat conducted throw the
material to heat stored per unit volume, and it
formula is:

k

a=— (6)

PCp
Where (k) is the thermal conductivity.

4. MATERIALS AND PROPERTIES
The materials used in this current research
was aluminum alloy (6061-T651) and low carbon
mild steel. The chemical compositions of the
materials were given in the Tables (1) and (2).

Table 1: Chemical composition of aluminum
alloy (6061-T651). [11]

Si Fe Cu Mn Mg Cr 7n Ti Al
0.66 0.4 024  0.07 0.9 0.18 002 002 base

Table 2: Chemical composition of low carbon
mild steel. [12]

C Si Mn P S Cr Ni MO Cu Al Fe

0.19 037 1.57 0.023 0027 006 0.03 001 004 0046 base

During rotary friction welding, the
temperature of the workpieces rises and with the
change of temperature of both materials
workpiece, their properties will also change. The
variable properties with the temperature that took
place in this research were density, thermal
conductivity, specific heat, volumetric thermal
expansion, young’s modulus, strain rate,
equivalent flow stress, and yield stress. For Al-
alloy (6061-T651) the properties were taken from
research work [11], for low carbon mild steel the
properties were taken from research work [12].
The dynamic friction coefficient for a similar Al-
alloy joint was taken as (1.4) and for dissimilar Al-
alloy/mild steel joint was taken as (0.47) [13].

5. NUMERICAL SOLUTION

In this research work, the numerical
simulation of the rotary friction welding was
formed using (ANSYS Coupled Field Transient-
2021), Coupled Field Transient is a coupled
between static structure and transient thermal. The
Coupled field transient is solved based on the
Finite element method.
5.1 Geometry and meshing

A three-dimensional model consisting of
two rods specimen’s parts was created by ANSYS
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with rod diameter (10 mm) and (32 mm) in length.
To reduce the time of ANSY'S solving, the mesh
near to the interface was fine and along with the
work, pieces were coarse. The number of nodes
was (44825) and the number of the elements was
(125308) which was a very good quality mesh with
good solving time in comparison with a lower and
higher number of elements that were chosen first,
the model is shown in Fig. 4.

Figure 4: Show the current two rods of specimens
the geometry and the mesh.

5.2 Boundary conditions

For the similar materials Al-alloy joint,
one component is held stationary and the other
rotates at a constant speed. The axial pressure was
applied normally on the surface of the rotating part.
The axial pressure was given in two steps like the
actual process. For dissimilar materials Al-
alloy/mild steel joint, mild steel was held
stationary and Al-alloy was the component that
rotated and given axial load.

5.3 RFW parameters range

The welding key parameters for rotary
friction welding are, frictional pressure (P1),
frictional time (t1), forging pressure (P2), forging
time (t;) and rotational speed (N). Range of
welding parameters for similar Al-alloy joint are:
(P1: 24-32 MPa), (P2: 34-70 MPa), (t1:3-7 sec), (tz:
1 sec) and (N: 1000-1600 rpm)). Range of welding
parameters for dissimilar Al-alloy / mild steel joint
are: (P1: 50-75 MPa), (P2: 60-100 MPa), (t1: 3-7
sec), (t2: 1 sec) and (N: 1200-1650 rpm)).

6. RESULTS AND DISCUSSIONS

The numerical results that will be shown are,
a typical result of temperature profile and axial
shortening, validation of current modeling, and the
effect of each processing parameter on the
temperature at the interface region and the axial
shortening, all for both similar and dissimilar
joints. The contribution for welding parameters
was presented.

6.1 Typical results of temperature profile and
axial shortening

Atypical result of temperature profile and
axial shortening got from similar joint and for a
dissimilar joint. The processing parameters are
kept constant as (P1=30 MPa, P,=40 MPa, ;=3 sec,
t,=1 sec and N=1500 rpm) for similar joint and for
dissimilar joint, the processing parameters are kept
constant as (P1=70 MPa, P,=80 MPa, t;=3 sec, t,=1
sec and N=1500 rpm). Fig. (5-a) shows the
variation of temperature profile with time at the
interface between the two rods weldment produced
by rotary friction welding while Fig. (5-b) shows
the variation of the axial shortening with time for
the welded rod, both for the similar joint. It’s
observed that at the beginning of the welding
process, the temperature rises significantly, while
the decrease in length is small because of the high
flow stress for both rods compare with applied
axial pressure. The temperature continues to rise
until it reaches a point of relative stability and this
stage is called the first stage. With the temperature
increasing, the flow stress for both rods will
reduce, with decreasing the flow stress, the
material of the rods cannot withstand the applied
axial pressure, and the plastic flows outward
reducing the length and this stage is called the
second stage, where most of the heat is taken for
plastic deformation and the temperature rise is
little in this stage. The third stage begins when the
rotation stops, at that moment the temperature at
the interface will start decreasing and the axial
pressure is increased as needed and the decreases
in height become greater. With the decrease of the
temperature at the interface, the flow stress
increases again and overcomes the applied

pressure.
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Figure 5: Temperature profile (a) and axial
shortening (b), for similar joint.

For the dissimilar joint, the temperature
profile with time at the interface region was shown
in Fig. (6-a) while the axial shortening with time
was shown in Fig. (6-b). It’s noted that the welding
stages for dissimilar joint have close behavior to
stages of similar joint welding, but need more axial
force. For dissimilar case, most of the decrease in
height occurred in the second stage it could be
because the forging pressure given in the third

stage was close to frictional pressure.
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Figure 6: Temperature profile (a) and axial
shortening (b), for dissimilar joint.

The typical results of temperature
distribution and axial shortening were shown in
from of ANSYS contour at different instants of
time for similar joint in Fig. 7 and for dissimilar
joint in Fig. 8.

Figure 7: Temperature distribution and axial
shortening at (1.5, 2.5 and 3.5 sec) for similar
joint.

; T —— e
Figure 8: temperature distribution and axial
shortening at (1.5, 2.5 and 3.5 sec) for dissimilar

joint.
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6.2 Validation of current modelling

Any result of numerical study need
validation to find out the correctness of their
results. The validation of current modelling was
made between two numerical cases with two
different experimental studies.

Case (1): the comparison was made
between the numerical solutions with previous
researches conducted by Xiong [14] for similar Al-
alloy joint as shown in Fig.9. The rod diameter was
(10 mm) and the rod length was (50 mm) for each.
The processing parameters are kept constant as
(P1=29.2 MPa, P,=34 MPa, t;=3 sec, t,=1 sec and
N=1600 rpm). It is noticed that the temperature rise
at the interface for the first stage is faster for the
numerical solution compare with the experimental
result. There is temperature stability in the second
stage of the numerical solution with fluctuating
stability of the experimental results. In the third
stage, the temperature drop is more or less the
same. The maximum temperature difference
between the numerical and experimental results for
stage two was (35.92 °C) at the time (1.82 sec).
The temperature profile for the numerical solution
was very smooth probably because of the
assumptions that were taken with ideal conditions

that do not exist in reality.
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Figure 9: The temperature profile for numerical
solution and previous experimental [14], for
similar joint.

Case (2): the comparison was made
between the numerical solutions with previous
researches conducted by Seli [4] for dissimilar Al-
alloy/mild steel joint as shown in Fig.10. The rod
diameter was (20 mm) and the rod length was (100
mm) for each. The processing parameters are kept
constant as (P1=45 MPa, P,=55 MPa, t;=3.1 sec,
t=0.9 sec and N=900 rpm). It is noticed that the
temperature profile at the first stage of the
experimental results is similar to the previous

experimental study [4], where the temperature rise
is slower than the numerical solution but the
second stage is more stable compared to the
previous results. The maximum temperature
difference  between the numerical and
experimental results for stage two was (17.88 °C)

at time (2.2 sec).
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Figure 10: The temperature profile for numerical
solution and previous experimental [4], for
dissimilar joint.

6.3 Effect of RFW process parameters

6.3.1 Effect of frictional pressure (P1)

The temperature profile with time at the
interface area between the two rods at different
frictional time were shown in Fig. (11-a) for
similar Al-alloy joints and in Fig. (12-a) for
dissimilar Al-alloy/mild steel joints. The axial
shortening with time for the welded rod at different
frictional time were shown in Fig. (11-b) for
similar Al-alloy joints and in Fig. (12-b) for
dissimilar ~ Al-alloy/mild  steel joints. The
processing parameters for similar joint are kept
constant as (P,=40 MPa, t;=3 sec, t;=1 sec and
N=1500 rpm) and for dissimilar joint are kept
constant as (P,=80 MPa, t;=3 sec, t;=1 sec and
N=1500 rpm). It is observed that as the frictional
pressure increases, the temperature at the interface
will increase, and the axial shortening will also
increase for both similar and dissimilar joints. In
dissimilar joints, the increase in temperature
between each case was higher than in similar
joints. In a similar joint most of the decrease in
length occurred in the third stage while in a
dissimilar joint most of the decrease in length
occurred in the second stage, it could be because
the forging pressure given in the third stage was
close to frictional pressure in a dissimilar joint
case.
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Figure 11: (a) Temperature profile variation and
(b) axial shortening variation, at different
frictional pressures for similar joint.
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Figure 12: (a) Temperature profile variation and
(b) axial shortening variation, at different
frictional pressures for dissimilar joint.

6.3.2 Effect of forging pressure (P2)

The temperature profile with time at the
interface region and the variation axial shortening
with time, both at different forging time are shown
in Fig. 13 for similar joint and in Fig. 14 for
dissimilar joint. The processing parameters for
similar joint are kept constant as (P1=30 MPa, t;=3
sec, tp=1 sec and N=1500 rpm) and for dissimilar
joint are kept constant as (P1=70 MPa, t1=3 sec,
t2=1 sec and N=1500 rpm). It is observed that the
forging pressure doesn’t have any effect on the
temperature profile but only on axial shortening.
With increasing the forging pressure, the decreases
in length will be higher. The percentage of
decreasing in length is greater in a similar joint
than that of a dissimilar joint, it could be because
of the larger difference between frictional pressure
and forging pressure for the similar joint.
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Figure 13: Temperature profile and variation of
axial shortening at different forging pressures for
similar Al-alloy joint.
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Figure 14: Temperature profile and variation of
axial shortening at different forging pressures for
dissimilar joint.

6.3.3 Effect of rotational speed (N)

The temperature profile with time at the
interface region between the two rods at different
rotational speed are shown in Fig. (15-a) for
similar Al-alloy joint and in Fig. (16-a) for
dissimilar Al-alloy/mild steel joint. The axial
shortening with time for the welded rod at different
frictional time are shown in Fig. (15-b) for similar
joint and in Fig. (16-b) for dissimilar joint. The
processing parameters for similar joint are kept
constant as (P1=30 MPa, P,=60 MPa, t;=3 sec and
t,;=1) and for dissimilar joint are kept constant as
(P1=70 MPa, P,=80 MPa, t1=3 sec and t,=1 sec). It
is observed that as the rotational speed increases,
the temperature at the interface will increase, and
the axial shortening will also increase. The effect
of rotational speed on the results for both similar
and dissimilar joints is similar to that of the effect
of frictional pressure.
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Figure 15: (a) Temperature profile variation and
(b) axial shortening variation, at different

rotational speeds for similar joint.

600

500

400

300

N
o
o

Temperature at interface (°C)

100

N=1650 rpm
N=1500 rpm
N=1350 rpm

0 04 08 12 16 2

5 ——

Axail Shortening (mm)
- N w
[o wn N wn w wn

o
wn

0
0

N=1200 rpm

T T T T T
24 28 32 36 4
Welding Time (sec)

b

N=1650 rpm
N=1500 rpm
N=1350 rpm
N=1200 rpm

J—_

T T
04 08 12 16 2 24 28 32 36 4
Welding Time (sec)

Figure 16: (a) Temperature profile variation and
(b) axial shortening variation, at different
rotational speeds for dissimilar joint.
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6.1.4 Effect of frictional time (t1)

The temperature profile with time at the
interface region between the two rods with
different frictional time are shown in Fig. (17-a)
for similar Al-alloy joint and in Fig. (18-a) for
dissimilar Al-alloy/mild steel joint. The variation
of axial shortening with time for the welded rod at
different frictional time are shown in Fig. (17-b)
for similar joint and in Fig. (18-b) for dissimilar
joint. The processing parameters for similar joint
are kept constant as (P1=20 MPa, P,=40 MPa,
N=1500 rpm and t,=1) and for dissimilar joint are
kept constant as (P1=38 MPa, P,=48 MPa, N=1500
rpm, to=1).1t is observed that as the frictional time
increases, the temperature at interface will
increases too, and the axial shortening will also
increases. The effect of frictional time on the
results for both similar and dissimilar joint look
like the effect of frictional pressure and rotational

speed.
550 —

500

B
wv
o

5
o
o

Temperature at interface (°C)

150 t1=7 sec

izt

=5 sec

100 t1=4 sec

t1=3 sec
50 T T T T T T T

0 1 2 3 4 5 6 7 8

Welding Time (sec)

1.2 —

b

tl=7 sec
1| ti=6sec
t1=5sec
t1=4 sec
t1=3 sec

Axail Shortening (mm)
o o
)} )

N
ES

0.2

0 1 2 3 4 5 6 7 8
Welding Time (sec)
Figure 17: (a) Temperature profile variation and
(b) axial shortening variation, at different
frictional times for similar joint.
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Figure 18: (a) Temperature profile variation and
(b) axial shortening variation, at different
frictional time’s for dissimilar steel joint.

6.4 Contribution of welding parameters

Using statistic method (ANOVA-
Contribution), contribution percent of processing
parameters on both maximum temperature at the
interface region and the axial shortening was
obtained, as shown in Table (3) for similar Al-alloy
joint and Table (4) for dissimilar Al-alloy/mild
steel joint. For similar and dissimilar joints it is
observed that the two parameters that have the
most effects on the maximum temperature at the
interface are frictional pressure and rotational
speed, while frictional time affects less. The effect
of frictional pressure is slightly more than the
effect of rotational speed. Forging pressure and
forging time have no effect on temperature rising
at the interface probably because of the rotational
stop in the third stage, so there is no heat
generation. The most influential parameter on the
axial shortening of the welded rod was frictional
pressure, with a greater percentage for the
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dissimilar joint compared with the similar joint.
The forging pressure has more effect on axial
shortening for similar joints compared with the
dissimilar joint. The rotational speed and frictional
time, have a near effect on axial shortening for both
similar and dissimilar joints. Forging time has the
least effect on axial shortening for both similar and
dissimilar joints and it is the effect on the
dissimilar joint was much lesser.

Table 3: Contribution percent of welding
parameters in the similar joint.

parameters Maximum Axial
temperature  shortening
Frictional pressure  46.83% 31.38%
Rotational speed 38.32% 17.68%
Frictional time 14.85% 18.42%
Forging pressure 0% 26.2%
Forging time 0% 6.32%

Table 4: Contribution percent of parameters in the
dissimilar joint.

parameters Maximum Axial
temperature  shortening
Frictional 44.98% 34.34%
pressure
Rotational speed  40.99% 20.06%
Frictional time 14.03% 21.3%
Forging pressure 0% 20.36%
Forging time 0% 3.4%

7. CONCLUSION

The current research work has been
studied the continuous drive rotary friction welding
numerically using (ANSYS) for similar and
dissimilar joints with a range of welding
parameters. The most prominent results obtained
were as follows:
1- In general, with increasing of welding
parameters, the welding temperature at the interface
region and the axial shortening of the workpiece
will increases.
2- For similar and dissimilar joints, frictional
pressure and rotational speed has the most effect on
the welding temperature at the interface region,
frictional time affects less while forging pressure

and forging time has no effect on maximum
temperature.

3- The most deformation happened in dissimilar
welding process is for Al-alloy, because it’s weaker
than mild steel.

4- Contribution percent of parameters on the
maximum welding temperature at the interface
region were: (P1: 46.83%), (N: 38.32%), and (ti:
14.85%) for similar joint, and for the dissimilar
joint were: (P1: 44.98%), (N: 40.99%) and (ti:
14.03%).

5- For similar and dissimilar joints the most
influential parameter on the axial shortening was
frictional pressure.

6- Contribution percent of parameters on the axial
shortening were: (P1: 31.38%), (P2: 26.2%), (N:
17.68%), (t1: 18.42%) and (tz: 6.32%) for similar
joint, and for the dissimilar joint were: (Pi:
34.34%), (P2: 20.36%), (N: 20.06%), (t1: 21.3%)
and (tz2: 3.4%).

REFERENCES

[1] C. J. Brown, An analytical model of material
deformation in rotary friction welding of thin-
walled tubes. Brigham Young University, 2018.

[2] N. S. Kalsi and V. S. Sharma, “A statistical
analysis of rotary friction welding of steel with
varying carbon in workpieces,” Int. J. Adv. Manuf.
Technol., vol. 57, no. 9-12, pp. 957-967, 2011.

[31 M. Maalekian, “Friction welding—critical
assessment of literature,” Sci. Technol. Weld.
Join., vol. 12, no. 8, pp. 738-759, 2007.

[4] H. Seli, A. I. M. Ismail, E. Rachman, and Z. A.
Ahmad, “Mechanical evaluation and thermal
modelling of friction welding of mild steel and
aluminium,” J. Mater. Process. Technol., vol. 210,
no. 9, pp. 1209-1216, 2010.

[5] M. Maalekian, E. Kozeschnik, H. P. Brantner, and
H. Cerjak, “Comparative analysis of heat
generation in friction welding of steel bars,” Acta
Mater., vol. 56, no. 12, pp. 2843-2855, 2008.

[6] J. Chen and B. Young, “Stress—strain curves for
stainless steel at elevated temperatures,” Eng.
Struct., vol. 28, no. 2, pp. 229-239, 2006.

[71 Q. Li F. Li, M. Li, L. Fu, and Q. Wan, “Finite
element simulation of deformation behavior in
friction welding of Al-Cu-Mg alloy,” J. Mater.
Eng. Perform., vol. 15, no. 6, pp. 627-631, 2006.

[8] M. Murugesan and D. W. Jung, “Johnson Cook
material and failure model parameters estimation
of AISI-1045 medium carbon steel for metal
forming applications,” Materials (Basel)., vol. 12,
no. 4, p. 609, 2019.

[91 M. A. El-Hadek, “Numerical simulation of the
inertia friction welding process of dissimilar
materials,” Metall. Mater. Trans. B, vol. 45, no. 6,
pp. 2346-2356, 2014.

[10] K. A. Shrikrishana and P. Sathiya, “Finite element
modelling and characterization of friction welding
on UNS S31803 duplex stainless steel joints,”

Al-Rafidain Engineering Journal (AREJ)

Vol.27, No.1, March 2022, pp.116-126



126 Faris Ibrahim Salih: Effects of Key Processing Parameters of Continuous .....

Eng. Sci. Technol. an Int. J., vol. 18, no. 4, pp. 2011.

704-712, 2015. [13] D.D. FULLER, “2d. coefficients of friction,” Am.
[11] P. T. Summers et al., “Overview of aluminum Inst. Phys. Handb., vol. 1, p. 42, 1963.

alloy mechanical properties during and after fires, [14] J. T. Xiong, J. L. Li, Y. N. Wei, F. S. Zhang, and

Fire Sci.” Rev, 2015. W. D. Huang, “An analytical model of steady-state
[12] P. Biswas, N. R. Mandal, O. P. Sha, and M. M. continuous drive friction welding,” Acta Mater.,

Mahapatra, “Thermo-mechanical and vol. 61, no. 5, pp. 1662-1675, 2013.

experimental analysis of double pass line heating,”
J. Mar. Sci. Appl., vol. 10, no. 2, pp. 190-198,

by 1 4 ) ad) pailaddl Jdo ) gal) ellsial) alalt o) cdlalaal) e il

Alilal) e g Aglidall
Lla ) s gall ae 397908 OMabas yual e ad) ) b
abdulhagghamid@uomosul.edu.iq asdawood54@gmail.com faris.enp67@student.uomosul.edu.iq

A sal) Tl e — Tl IS - o gal) el

sl

L)l e IS4 ) jall pailadll el sall Sl<iay) e\.a.uw‘)ﬂ (u\M\) O alase ).u'Ll Caal g CJ}MJM: A «Canall sl Gﬁ
.(ANSYS) gl » dbwuyjﬁ\umddl&u/(TGS 6060) ?MY\MMM\)LLJJS\}(TGS 6060) ?MY\A\.S.\.MJMM\
;«Lu\c.bﬂ\d);aj‘)a.“d\.su\ ?\A.U‘A-JAS&L\J‘ ‘ckﬂluﬁdmla.“a}ﬂbd&a‘){\mckﬂ\J;\Jaﬂﬂ\a)\)ﬂ\@af@uab)ca}adm?a
MMYMM\J)gW\&}&M\M«J&;WL&A GJNLSwLSu\M\ 8 )\)ﬂ\d&d}ﬂ@)}ﬂuybdbw@myﬁuehﬂ\
u.un..\l_,.ud\a‘)\);“ujath\‘_A‘Lﬁ.\yu\M\wancAM\g.:)@.la\dA_\x.“J.xM\C_nLu L) paiall i (s 340 &3 A gall Ae ) )
dan e 5SSl Al sall de judl g SWIAY) Jaral IS aldiall e g 4l Jay Hlt ckﬂ\d}ln‘fuhasﬂmb‘)‘;\éaydlﬁjumkﬂ\
wdﬂ.ehﬂ\wd}mﬂ\'&)|)ﬂ\:«;‘)a‘;;)ﬁﬂjé\%ﬂ@éﬁdﬁﬁﬂ\&;;dﬂ&ﬂ\b&bh\csﬂ&Y\&_ﬂj\)ﬁUed}mﬂ\E‘)bﬂ\
,M\aﬁ}l@ﬁﬁu@‘éﬂ\d}bgOM\gc\);sl:.jsS\Jl&wlé&ytmoﬁgwl);}@w&g)l

£ ALl lalsh
Al el oSl 8 Sleail] 3 5] jadl Ao Cir paT Cile sl sl LS Y alad cdussel dadail

Al-Rafidain Engineering Journal (AREJ) Vol.27, No.1, March 2022, pp.116-126



