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ABSTRACT. During friction welding,
temperature, stress, strain, and their vari-
ations govern welding parameters, and
knowledge of them helps determine opti-
mum parameters and ways to improve the
design and manufacture of welding ma-
chines. The finite element method was
used for the coupled thermomechanical
problem, and the Johnson-Cook equation
was used to define material properties.
The variations in temperature, deforma-
tion, stress, strain, and strain rate during
continuous welding were systematically
investigated and analyzed. The calculated
results of temperature distribution were in
good agreement with the infrared de-
tected ones. The numerically calculated
results for the shape of the welded joint
also showed an excellent fit with the ex-
perimental observations. The effects of
initial and final pressure on internal para-
meters are discussed. Moreover, the met-
allographical examinations, hardness, and
tensile tests of the samples were carried
out. In addition, in this study, the opera-
tional parameters of the friction welding
process are related to the physical para-
meters of the process. 

Introduction

Friction welding is a complicated met-
allurgical process, accompanied by a se-
ries of physical phenomena: frictional
heat generation, plastic deformation,
cooling of high-temperature metal, and
solid-state phase variation. In the contin-
uous-drive friction welding processes, the
thermomechanical behavior at the inter-
face is obviously critical to the quality of
the welded joint. Fiction welding is a
process in which the heat for welding is
produced by direct conversion of mechan-

ical energy to thermal energy at the inter-
face of the workpieces. In order to model
the friction welding process, a combina-
tion of thermal effects and plastic defor-
mation is needed.

The friction welding process is a solid-
state joining process that produces a weld
under the compressive force contact of
one rotating and one stationary work-
piece. The heat is generated at the weld in-
terface because of the continuous rubbing
of contact surfaces, which, in turn, causes
a temperature rise and subsequent soften-
ing of material. Eventually, the material at
the interface starts to flow plastically and
forms an upset. When a certain amount of
upsetting has occurred, the rotation stops
and the compressive force is maintained
or slightly increased to consolidate the
weld. Friction time, friction pressure, forg-
ing time, upset time, forging pressure, and
rotation speed are the most important op-
erational parameters in the friction weld-
ing process.

Few attempts have been carried out in
the literature to simulate the friction weld-
ing process. In these studies, only one or
two of the operational parameters were
discussed. Most of the simulations were
performed for the stir and inertia friction
welding processes. Only a few efforts were
reported in the literature for the continu-
ous friction welding process. Vairis et al.
(Ref. 1) simulated linear friction welding
of titanium bars. He predicted the tem-
perature rise in the initial phase of the
process. Sluzalec (Ref. 2) used the finite
element method (FEM) to determine the

stress and strain distributions during the
welding process. Fu et al. (Ref. 3) simu-
lated deformation and transient tempera-
ture during the process by the finite ele-
ment method. Alvise et al. (Ref. 4)
simulated the two-dimensional inertia
friction welding process for two dissimilar
materials, though the names of the mate-
rials modeled were not reported. Re-
cently, Sahin (Ref. 5) introduced a friction
subroutine in his visual basic program to
model the shape of the upset in the con-
tinuous friction welding process. 

In this study, friction welding experi-
ments were carried out for 4340 and mild
steel combinations. The various materials
were used to validate the simulation re-
sults. All of the experiments performed
were modeled using the ABAQUS code
and under similar conditions. The physical
parameters such as temperature, stress,
strain, and strain rate fields for a friction
welded joint of a few materials in bar form
were calculated under given boundary
conditions. Variable thermal and mechan-
ical properties of the welded material
were taken into account. The simulation
results were validated against the experi-
ments. An infrared detector was used to
measure the temperature at the contact
surface of the weldment. The infrared de-
tector results are compared with the sim-
ulated values. The observed shape of the
welded joint is also compared with the
simulated one. In all the tension tests car-
ried out, the samples were broken from
their base metals and not the welds. The
metallographical examinations of the
specimens were also performed. More-
over, in this study, the operational para-
meters of the friction welding process are
related to the physical parameters of the
process.

Experimental Samples

Experiments were carried out to fric-
tion weld the samples with 20-mm diame-
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ters and 100-mm lengths. The operational
parameters of the process for the similar
and dissimilar materials welded are tabu-
lated in Table 1. 

Materials

In this investigation, Grade 4340 steel
and mild steel were used. The chemical
compositional ranges, and mechanical
and physical properties for the materials
used in this study are given in Tables 2–4,
respectively.

The typical final shape of mild steel to
mild steel bars and 4340 steel to mild steel
bars obtained from the experiments is
shown in Fig. 1A and B, respectively.
Comprehensive information about the
numerical and experimental phases of
other materials can be found in Rahbar
(Ref. 6).

Modeling

In this investigation, the continuous
friction welding process of Grade 4340
steel and mild steel was numerically simu-
lated by the ABAQUS 6.4-11 Pro com-
mercial software code (Ref. 7). The objec-
tive of the study was to consider the
variations of temperature, deformation,
stress, strain, and strain rate during the
process. Moreover, in this study, the oper-
ational parameters of the friction welding
process are related to the physical para-
meters of the process. 

Johnson-Cook Constitutive Equation

In the friction welding process, contin-
uous rubbing of contact surfaces gener-
ates the heat at the weld interface. The
temperature of the material increases with
heat and therefore subsequent softening
of the material occurs. The material at the
interface starts to flow plastically and
forms an upset collar. Therefore, the type
of equation that can be used to describe
the material behavior during the process
must include the effect of temperature as
well as strain and strain rate. Therefore,
the Johnson-Cook equation (Ref. 8) is
used in which the von Mises yield stress is
defined as a function of strain, strain rate,

Fig. 1 — The final shape of the following friction welds: A — Mild steel to mild steel; B — 4340 steel to
mild steel.

A B

Table 1 — Friction Welding Parameters of the Various Experiments Performed

Materials Initial Pressure Final Pressure Friction Time Rotation Speed
(MPa) (MPa) (s) (rev/min)

4340 Steel–4340 Steel 80 100 7 3000
Mild Steel–Mild Steel 20 30 6 3000
4340 Steel–Mild Steel 50 75 6 3000

Table 2 — Composition Ranges of the Materials Used in This Study

Grade C Mn Si P S Cr Mo Ni
min. 0.38 0.6 0.15 — — 0.7 0.2 1.65

4340 Steel
max. 0.43 0.8 0.30 0.035 0.04 0.9 0.3 2.0

min. 0.03 0.2 — — — — — —
Mild Steel

max. 1.25 16 0.5 0.05 0.05 — — —

Table 3 — Mechanical Properties of the Materials Used in This Study

Tensile Yield Strength
Elongation Rockwell C

Strength 0.2% Proof
Grade (% in 50 mm) (HRC)

(MPa) (MPa)
min. max.

min. min.

4340 Steel 744.6 473.2 22 39
Mild Steel 420 350 15 26

Table 4 — Physical Properties of the Materials Used in This Study

Mean Coefficient of Thermal SpecificElastic Thermal Expansion ConductivityDensity HeatGrade Modulus (μm/m°C) (W/m.K)(kg/m3) 0°–100°C(GPa)
0°–100°C 0°–315°C 0°–538°C at 100°C at 500°C (J/kg.K)

7700–
4340 Steel 190–210 17.2 17.8 18.4 16.2 21.5 500

8300

7800–
Mild Steel 200 9.5–12.6 11.7 12.8 44 470

8000
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and temperature, i.e.,

where ε is the equivalent plastic strain, ε°p
is the plastic strain rate, T° is the homolo-
gous temperature

and T is the absolute temperature. A, B, n,
c, and m are five constants. The expression
in the first set of brackets gives the stress
as a function of strain for ε°p =1 and T°=0.
The expressions in the second and third
set represent the effects of strain rate and
temperature, respectively. The Johnson-
Cook parameters for the materials used in
this study are tabulated in Table 5.

The Finite Element Modeling of the 
Friction Welding Process

In this analysis, the eight-node element
was used. The modeling was performed
3D with reduced integration points and

coupled temperature-displacement equa-
tions were employed. The C3D8RT ele-
ment type was used. A proper contact al-
gorithm was employed in the model. The
general contact algorithm is used in mod-
eling the friction welding process due to
the following reasons:
• During the friction welding process,

more than two surfaces can take part in
contact.

• The edge of the materials must be in-
cluded during the contact procedure.
In addition, an algorithm was written

and coded into the software to express the
contact definition of the process. Two-step
modeling was used in order to suitably ex-
press the process. In the first step, rotating
and transition speeds were applied to the
left bar and when a certain amount of up-
setting had occurred, the second step, the

rotation stopped and the compressive
force was maintained or slightly increased
to consolidate the weld. The boundary
condition is defined so that the materials
positioned in the right-hand side of the
paper are fixed, and the materials suited in
the left-hand side of the paper are rotat-
ing. According to this, the centerline
nodes could only move in the “z” axis and
not in “x” or “y” axis. The initial and final
pressures are applied to the fixed bar. The
initial pressure is applied during the weld-
ing time in which its values are increased
to the final pressure during the braking
time while the rotating speed decreases to
zero. The adaptive mesh type was used to
adjust with the grain refinement during
the contact deformation process. Thermal
effects are assumed to be adiabatic. 
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Fig. 2 — Initial configuration of the simulation of two bars before welding. Fig. 3 — The final shape of the weld between stainless steel and mild steel.

Fig. 4 — The final shape of the weld between mild steel and mild steel.

Table 5 — The Johnson-Cook Parameters for the Materials Used in This Study (Ref. 7)

Material A B n C M
(MPa) (MPa)

Mild Steel 310 350 0.3 0.02 0.5
4340 Steel 792 510 0.26 0.014 1.03

Fig. 5 — The “centerline” path upon which the analysis carried out in this
paper is based.
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Results of the ABAQUS Analyses
and Experiments

Figure 2 shows the initial configuration
of the process. The final configuration of
the friction welding of 4340 steel bar to
mild steel bar is shown in Fig. 3. The left-
hand side of the model in Fig. 3 is the 4340
steel bar. The final shape of the mild steel
bar to mild steel bar is depicted in Fig. 4.
Comparing Figs. 1 and 3 shows that simu-
lation is relatively successful in modeling
the out shape of the weld. The thin edge
of the upset produced in experimental re-
sults could not be achieved due to the lim-
itation of element size and type and avoid-
ance of more complexity.

Validation of the Simulation Results 

The sizes of upseting occurring during
the friction welding process were com-
pared with the corresponding simulation
results. The results are tabulated in Table
6. Validation of temperature results are
described in the Hardness Distributions
section of this paper.

To analyze the simulation results, a typ-
ical “centerline” path similar to what is
shown in Fig. 5 is chosen. The path has 150
mm length and includes the weld zone, the
heat-affected zones (HAZ), and parts of
both base metals. The path starts at 50 mm
from the left bar end to 50 mm from the
right bar end. It covers all the changes that
might occur during the friction welding
process.

Microstructures

The metallographic images of the mild
steel to mild steel samples before and after
welding are shown in Fig. 6A–C. Figure
6B, C shows the fine grain size structure
produced at the HAZ and the weld zones,
respectively. After cooling and applying
the subsequent pressure, the process of re-
crystallization and growth takes place that
results in a fine grain structure — Fig. 6C.
The fusion zone has finer grain than the
HAZ. Typical temperature profile ob-
tained from the simulation is shown in Fig.
6D. Figure 6D shows a very high temper-
ature is produced at the collision zone. In
addition, it will be shown later in the sec-
tion titled Plastic Strain Distributions  that
the very high plastic strain is produced at
the collision zone. High-temperature and
plastic strain with fast cooling results in a
fine grain structure at the contact zone.
According to the Hall-Petch equation, the
material strength depends on the grain
size, and smaller grains produce the
higher strengths (strength test results are
described in the next section).

Similar trends are seen in friction weld-
ing of other samples. Figure 7A, B shows

the metallographic images of the 4340
steel to mild steel samples before and after
welding, respectively.

The Tensile Tests

Experiments were also conducted to
measure the weld strength of the samples.
Figure 8A shows the tensile test of mild
steel before the weld, and Fig. 8B depicts
the tensile strength of the weld after the
friction welding process. The two figures
are similar showing the rupture occurs in
the mild steel base bars and not at the weld
zone.

Hardness Distributions

The study was also conducted to find
the hardness distributions across the
joints. Figure 9 shows the typical hardness
distributions (in Vickers) for the friction
welded joints of 4340 steel-mild steel.
Maximum hardness is obtained at the fu-

sion zones (which have a finer grain size).
The hardness is decreased in the HAZ due
to temperature softening and coarser
grain size structure produced (see typical
temperature profile in Fig. 6D and mi-
crostructure in Fig. 6B). In the experi-
ments and the simulations, the bars were
fixed at the right-hand side and rotating at
the left-hand side of the figure. This pro-
duces some rigidity at the bar ends and
causes the increase of hardness at a dis-
tance far away from the weld centerline.
The increase in hardness away from the
joints, which is due to fixing the bars dur-
ing the test, is shown in Fig. 9. 

The Temperature Distributions

Friction causes the increase in temper-
ature at the interface. The highest tem-
perature is obtained at the weld centerline
and the temperature decreases with dis-
tance away from the weld centerline. Fig-
ure 10A shows the temperature distribu-

Fig. 6 — Metallographic images of the interface of a mild steel to mild steel friction weld: A — Initial
mild steel structure before welding; B — the microstructure obtained after welding in the HAZ; C — the
microstructure achieved in the fusion zone; D — temperature profile.

Table 6 — Comparison of Upsetting Thickness between Simulations and Experiments

Materials Size of Upsetting Size of Upsetting Comparison
(Simulation) (Experiments) (% Error)

(mm) (mm)

Mild Steel-Mild Steel 1.9 2 5
4340 Steel-4340 Steel 1.8 2 10
4340 Steel-mild Steel 2.3 2.2 4.5

C

D

B A
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tions for friction welding of 4340 steel to
mild steel material bars, and Fig. 10B
shows profiles for friction welding of mild
steel to mild steel bars. The graphs are
drawn based on the normalized tempera-
ture. The normalized temperature is the
ratio of actual temperature to the melting
point temperature in °C. The data on the
figures show the ratio of actual tempera-
ture to the melting temperature for some
critical points. The figures clearly show
that the welding zones consist of two heat-
affected zones and a center zone. Higher
temperature is obtained for the friction
welding of 4340 steel to mild steel materi-
als. The heat-affected zone peak temper-
ature is found to be lower in the right-hand
sides of Fig. 10A and B than it is in the left-
hand side of Fig. 10A and B. The differ-
ence is attributed to positioning the fixed
bar to the right-hand side of the figures
and suiting the rotating bar in the left-

hand sides of the figures and the initial and
final pressures are applied to the fixed
bars. The maximum temperatures mea-
sured by the infrared detector for the 430-
mild steel and mild steel-mild steel com-
binations were 1425° and 1480°C,
respectively. The corresponding simula-
tion results predicted were 1440° and
1520°C, respectively. 

The Plastic Strain Distributions

The transient temperature produced in
the friction zone causes the variations of
all the physical parameters during the fric-
tion welding process. The plastic strain
distributions are similar in shape to the
temperature distributions. Figure 11A
shows the plastic strain distributions for
friction welding of 4340 steel to mild steel
materials, and Fig. 11B depicts profiles for
the friction welding of mild steel to mild

steel bars, respectively. The peak plastic
strain is obtained at the centerline. The
figures show that the plastic strain de-
creases with distance from the centerline.
In the heat-affected zone, the plastic
strain increases slightly due to the increase
of temperature. The temperature de-
creases further at distances away from the
heat-affected zones.

The Von Mises Stress Distributions

Figure 12 shows the von Mises stress
profiles for the two samples. In Fig. 12A,
the von Mises stress profiles for friction
welding of 4340 steel to mild steel are
shown and in Fig. 12B, profiles for friction
welding of mild steel to mild steel are de-
picted. The asymmetry in the von Mises
stress profiles seen in Fig. 12A in compar-
ison with Fig. 12B is attributed to welding
dissimilar materials (i.e., 4340 steel to

Fig. 7 — Metallographic images of the interface of 4340 steel to mild steel: A — The initial 4340 steel structure before welding; B — the microstructure achieved
after welding in the fusion zone of 4340 steel-mild steel friction weld sample (initial mild steel structure is shown in Fig. 6A).

Fig. 8 — Stress-strain graphs: A — The mild steel specimen; B — the mild steel to mild steel weld.

A B

A B
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mild steel bars). In addition, the 4340 steel
has more strength than the mild steel and
therefore the von Mises stress in the right
side of Fig. 12A is higher than that in the left
side of the figure. In addition, a special pat-
tern and characteristic exist in both figures
and are described as follows: At a very far

distance from the weld centerline, the von
Mises stress is found to be similar to the von
Mises stress of material at room tempera-
ture, since the effects of temperature and
deformation on the material are negligible.
At a closer distance to the weld centerline,
in the heat-affected zone, the temperature

increases and the yield stress at tempera-
ture decreases which, in turn, reduces the
von Mises stress — Fig. 12A, B.

At a closer distance to the weld center-
line, the increase of temperature produces
more plasticity while the rest of the mater-
ial resists against the deformation which, in

Fig. 9 — Typical hardness distributions of the 4340
steel-mild steel and A12017-A12017 samples.

Fig. 10 — Normalized temperature profiles for friction welding of the following: A — 4340 steel to mild
steel materials; B — mild steel to mild steel materials.

Fig. 12 — Von Mises stress distributions for friction welding of the following: A — 4340 steel to mild steel
materials; B — mild steel to mild steel materials.

Fig. 13 — The strain rate distributions for friction
welding of the following: A — 4340 steel to mild steel
materials; B — mild steel to mild steel materials..

Fig. 11 — The plastic strain distributions for friction welding of the following: A — 4340 steel to mild
steel materials; B — mild steel to mild steel materials.

A B

A B

A

A

B

B
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turn, increases the von Mises stress. At the
weld centerline, where the two surfaces are
in contact with each other, the von Mises
stress reduces and the peak plastic strain in-
creases due to temperature softening pro-
duced at the weld centerline. At distances
away from the weld zones due to resistance
of the material against the deformation, the
von Mises stress increases. The von Mises
stress obtained for the friction welding of
4340 steel to mild steel is found to be higher
than that of mild steel to mild steel materi-
als. This matter is attributed to friction
welding of two dissimilar materials, which in
turn produces more resistance to deforma-
tion due to the materials’ yield stress varia-
tions at temperatures.

The Strain Rate Distributions

The strain rate is an important physical
parameter in plasticity. Therefore, the
analysis was carried out to consider the
strain rate distributions in the friction weld-

ing process. The most deformation oc-
curred in the interface as a result of high
transient temperature and subsequent ma-
terial flowing. Figure 13A shows the strain
rate distributions for friction welding of
4340 steel to mild steel materials, and Fig-
ure 13B illustrates the strain rate distribu-
tions for friction welding of mild steel to
mild steel materials. Different strain rate
patterns are obtained for friction welding of
4340 steel to mild steel and for mild steel to
mild steel materials, respectively. In gen-
eral, the strain rate of the order of 101 ob-
served for friction welding of 4340 steel to
mild steel materials compared to the strain
rate of the order 1 obtained for friction
welding of mild steel to mild steel materials.
Strain rate variations for the mild steel to
mild steel friction weld are wider than those
for the 4340 steel to mild steel friction weld.
However, the figures show that the strain
rate is zero at the weld interface due to tem-
perature softening and might be positive
and negative in the heat-affected zone, de-

creasing from zero to a minimum value and
reaching again at x = 0; to rise to a maxi-
mum positive at the heat-affected zone.
This variation of the strain rate is seen in
modeling of all samples. The strain rate ap-
proaches zero at a far distance since no de-
formation occurred at distances away from
the weld and HAZ zones. More fluctuation
of the strain rate was observed in the mate-
rial’s left-hand side than in the right-hand
side. The reason is attributed to fixing of the
right-hand-side bar and rotation of the left-
hand-side bar. The strain rate fluctuations
are increased with the bar rotation velocity.

Effects of Initial Pressure on Internal 
Parameters

Effects of Initial Pressure on Von Mises
Stress

Figure 14 shows the effects of initial
pressure on the von Mises distributions
for friction welding of mild steel to mild

Fig. 14 — Effects of initial pressure on von Mises stress for constant final
pressure on 4340 steel to mild steel.

Fig. 15 — Effects of initial pressures on plastic strains for constant final pres-
sure — 4340 steel to mild steel.

Fig. 16 — Effects of final pressures on von Mises stress for constant initial
pressure — 4340 steel to mild steel.

Fig. 17 — Effects of final pressures on equivalent strain profiles for constant
initial pressure on 4340 steel to mild steel.
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steel bars when the final pressure is kept
constant. Three initial pressures were cho-
sen — 0.8 (in yellow), 1.2 (in green), and 1
(in red) — times the initial pressure from
Table 1. The numbers in the figures show
the magnitude of von Mises stresses for
that point. The simulation results show
that all the diagrams follow similar pat-
terns. Simulation results show that the von
Mises stress increases with the initial pres-
sure. Increase of pressure to the ratio of
1.2 causes the von Mises stress to increase
about 50 MPa. The figure shows that the
initial pressure does not affect the von
Mises stress for the fixed bar (see the
right-hand sides of the profiles in Fig. 14).
Moreover, the magnitude of von Mises
stress at the contact surface (fusion zone)
increases with initial pressure. This matter
is attributed to more hardening occurring
in the fusion zones by increasing the initial
pressure. In addition, Fig. 14 shows that
the initial pressure of 16 MPa (0.8 P) is not
sufficient to produce deformation and
plasticity. It is also implied that the initial
pressure is an important parameter that
helps with plasticity similar to rotational
velocity.

Effects of Initial Pressure on Plastic Strain

Figure 15 shows the effects of initial
pressure on the plastic strain profiles for
friction welding of mild steel to 4340 steel
bars when the final pressure is kept con-
stant. The highest plastic strains occurred
at the contact zones. Simulation results
show that the plastic strain at the contact
zone increases with the initial pressure.
The numbers in the figure show the mag-
nitude of plastic strain at the fusion zones.
In addition, the figure shows that the fu-
sion zones shift toward the fixed bar (to
the right-hand side) by increasing the ini-

tial pressure, which in turn causes an in-
crease in pressure and plasticity at the
contact surface. 

Effects of Final Pressure on Internal 
Parameters

Effects of Final Pressure on Von Mises
Stress

Figure 16 shows the effects of final
pressure on the von Mises stress distribu-
tions for friction welding of mild steel to
4340 steel bars when the initial pressure is
kept constant. Three final pressure ratios
of 1.8, 2, and 2.2, to the defined final pres-
sure in Table 1, were selected for simula-
tions. Figure 16 also shows the von Mises
stress along the rods.

Simulation results show that the final
pressure does not significantly affect the
von Mises stress obtained at the fusion
zone and on the fixed bar. However, the
von Mises stress increases slightly in the
rotating bar with the final pressure. In
other words, the HAZ von Mises stress in-
creases in the rotating bar with the final
pressure. Comparison between Figs. 14
and 16 reveals that initial pressure is a
more important parameter than final
pressure in affecting the von Mises stress.

Effects of Final Pressure on Equivalent
Strain

Figure 17 shows the effects of final
pressure on the equivalent strain distribu-
tions for friction welding of mild steel to
4340 steel bars when the initial pressure is
kept constant.

The simulation results show that the ef-
fective strain distributions are not affected
by the final pressure. Comparison be-
tween Figs. 14 and 17 reveals that initial
pressure is more effective than final pres-

sure on changing the effective strain 
profiles.

The Proposed Experimental and Physical
Welding Windows

It is possible to draw a welding window
based on the experimental parameters.
The two most important experimental pa-
rameters are the rotational velocity and
the initial pressure. It was found previ-
ously that the initial pressure is more im-
portant than the final pressure. Figure 18
shows the welding window for the 4340-
mild steel combinations. In any welding
window, minimum values of pressure and
rotational velocity are required in order to
produce the weld. If the initial pressure
and rotational velocity are below these
limits, there would not be enough plastic
deformation to consolidate the weld.
Moreover, there exists maximum pressure
and rotational velocity. If the initial pres-
sure exceeds a threshold limit, it may re-
sult in cracking and distortion of the ma-
terials. If the rotational velocity exceeds a
threshold limit, it produces more heat at
the temperature and more softening and
may produce melt at the interface and,
therefore, there would be no weld in the
interface.

It is also possible to draw the numeri-
cal welding window based on the numeri-
cal parameters. It was found from this
study that the most influential numerical
parameters are the von Mises stress and
the effective strain. Figure 19 shows the
numerical welding window for the 4340-
mild steel combinations. In the numerical
welding window, it is not possible to draw
a line of minimum and maximum von
Mises and effective strain similar to what
can be drawn for the initial pressure and
rotational velocity welding window. This

Fig. 18 — The experimental welding window. Fig. 19 — The numerical welding window.
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may be attributed to more dependency on
variables such as the von Mises and effec-
tive strain to those of initial pressure and
rotational velocity. The numerical welding
window shows the welding window bound-
aries. As long as the numerical values of
von Mises and effective strain obtained
from any operational parameters used are
inside the window, we can suggest that
welding may occur. 

The numerical welding window makes it
possible to find the required essential oper-
ational parameters for friction welding of
any combinations. This proposal may help
in reducing lots of trial and error experi-
ments carried out to produce the weld for
any similar and dissimilar combinations. 

Conclusions

Numerical calculations and experi-
ments were performed to analyze the con-
tinuous friction welding process, which is
a typical process with a high temperature,
large deformation, and transient opera-
tion. The mathematical model of continu-
ous friction welding is presented. The cou-
pled effects of the mechanics and heat
transfer are taken into account in the
model. The distributions of temperature,
deformation, von Mises stress, strain, and
strain rate during the continuous friction
welding process were numerically ana-
lyzed. The simulation results of tempera-
ture were in good agreement with the ex-
perimental points. The shape of the upset
collar obtained from the simulations also
fits excellently with those experimentally
observed. With the finite element method
(FEM) used in this paper, distribution of
welding temperature, flow stress, and
plastic strain and strain rate can be ob-

tained. That means this model can be used
as an industrial tool to predict evolution of
temperature, stress, strain, and final
geometry of the welded parts.

The following conclusions can be
drawn from this study. 
• Simulation results predict a high value

of plastic strain produced at the weld
centerline due to increasing the tem-
perature.

• Similar trends to those obtained with
the plastic strain distributions are ob-
tained for the temperature distribu-
tions.

• The peak von Mises stress is produced at
distances away from the weld centerlines. 

• The von Mises stress reduces in the fu-
sion zone due to temperature softening.

• The von Mises stress obtained for fric-
tion welding of 4340 steel to mild steel
is found to be higher than that achieved
for friction welding of mild steel to mild
steel materials. This is attributed to fric-
tion welding of two dissimilar materials,
which in turn produces more resistance
to deformation, and is also due to the
materials yield stress variations at tem-
peratures.

• A very fine grain structure is produced
at the weld zone, which in turn causes
the higher strength according to the
Hall-Petch relation. 

• The results of the tensile test predict
that the weld zone is stronger than the
base metals since the rupture occurred
outside of the welding area. 

• The shape of the upsetting obtained
from the simulation is similar to that
achieved from the experiments.

• The initial pressure is a more effective
parameter than the final pressure on
changing the von Mises stress and

equivalent strain distributions. 
• The experimental and numerical weld-

ing windows are proposed to determine
the operational and numerical parame-
ters to produce the weld. 
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