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Abstract Aluminum MMCs are finding greater utility in au-
tomobile and aerospace industries. To boost up the application
of aluminumMMCs in real-time applications, it is essential to
weld these specimens to other engineering materials. There
are several research works reporting the lacuna in arc welding
of dissimilar aluminum/steel joints, viz., preferential melting
of the aluminum alloy and formation of brittle iron-aluminum
intermetallics. However, friction welding process illustrates
positive sign for its employment to join dissimilar alumi-
num/steel. Conversely, intermetallic formation is still of con-
cern. Consequently, to overcome this prevailing problem, in-
terlayers are introduced in this study. At first, dissimilar Alu-
minum MMCs and AISI 304 stainless steel friction welds are
experimented with and without the presence of silver interlay-
er for conceptual understanding and to clarify and confirm the
phenomenal terminologies based on literature. Based on this
experience, a few trials of dissimilar Aluminum MMCs and
AISI 304 stainless steel frictionwelds with silver interlayer are
experimented on trial and error basis to find optimized friction
welding parameter values and these values are used in
ANOVA software to plot and analyze the parameters inter
dependencies. Then, upper and lower limits of friction
welding parameters are fixed to achieve good-quality welds.
These limits are fed into ANOVA to obtain full factorial trials
based on design of experiment (DoE). The weldments are also
evaluated using destructive and non-destructive tests. The

metallurgical characterizations of weldments are analyzed.
Further, a preliminary attempt is made to develop a finite
element model to investigate temperature governing phenom-
enon such as deformation, stress and strain.
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1 Introduction

Friction welding is defined by the American Welding Society
(AWS) as a solid-state joining process in which bonding is
produced at temperatures lower than the melting point of the
base materials [1]. When two materials, one rotating and an-
other fixed, are pressed against each other at a constant pres-
sure (friction pressure), the temperature of the contacting sur-
face rises due to the heat caused by friction, which forms a
high-temperature layer. After the high-temperature layer is
formed, the rotation is stopped at once and higher pressure
(upset pressure) is applied for a certain period of time. The
materials, which are now under high temperature and high
pressure, go through a reaction that forms solid-state bonding.

The diffusion bonding and friction welding can be applied
directly or with the introduction of an interlayer material at the
contact interface [2], and improved weld properties can be
achieved by introducing an interlayer between the contacting
substrates prior to the friction welding operation. Electron
beam welding of aluminum alloy and steel with Ag interlayer
was performed [3]. The results revealed that with the rise of
the beam offset to the silver side from the interface between
silver and steel, the seam morphology was improved, and the
porosity in the Ag interlayer perished.

Joints between a 6061-T6 aluminum alloy and a AISI 1018
steel using various parameters were created by inertia friction
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welding [4], and the joints were evaluated by mechanical test-
ing and metallurgical analysis.

A grain refinement took place in the dynamically recrystal-
lized zone (DXZ) of all the joints. A layered (banded) struc-
ture was observed in the DXZs of the joints produced using
interlayer, which is formed due to the mixing of two base
materials, known as the intercalation of two materials [5]. A
hardness reduction usually takes place in the weld region of
similar AA6061-T6 and dissimilar AA6061-T6/7075-T6
joints due to solution and/or coarsening of strengthening par-
ticles within DXZ and thermomechanically affected zone
(TMAZ) and overaging in heat-affected zone (HAZ) region
[6]. The loss of strength in the weld region occurs in FSWof
aluminum alloys, particularly in age hardened grades, i.e. T6
temper condition, although to an extent it is much lower than
those taking place in fusion welds [7–10]. A banded structure
consisting of Cr-rich precipitates (σ phase) within the stir zone
(SZ) was observed for austenitic steels, i.e. 304 L, which may
result in highly degraded corrosion resistance. Type 304 stain-
less steels often experience similar texture change, i.e. from a
copper type rolling texture to a strong cube structure, to Al-
alloys during static recrystallization [11, 12].

The grain refinement in the DXZ of O-plates, which is
strengthened by solid solution only, results in the increase of
strength in that region, whereas the strength undermatching in
the weld region of T6 joints occurs due to the dissolution and
coarsening of the strengthening particles in these age-
hardened plates [13, 14]. Strength overmatching in the weld
zone was achieved in O joints contrary to the occurrence of
strength undermatching in the weld zone with the joints pro-
duced in the aged (i.e. T6-treated) condition [15]. The heat
input during welding results in a softening in the HAZ of
strain-hardened AA 5754 alloy due to the annealing effect.
The softening takes place in the HAZ of AA 2024 alloy, but
to a higher degree, due to the reason that the heat input during
joining results in overaging in this region [16, 17].

The research work pertaining to interlayers for dissimilar
welding is scanty. Added to this, the studies on Al MMCs to
stainless steel joining with experimentation, destructive and
non-destructive evaluation, analysis on friction welding pa-
rameters’ interdependencies and finite element modeling and
simulation for friction welding process with interlayers have
not been reported in detail. Hence, this research study aims at
addressing this issue with a systematic approach.

2 Experimental procedure

Experimental trials are conducted for three different cases.
Initially, limited experimental trials are carried out based on

data available in the literature. This is followed by trials based
on trial-and-error method. In the third case, the experimental
trials are carried out based on full factorial design obtained
using design of experiments (DOE).

2.1 Case 1: experiments based on data available
in literature

The purpose of this study is to first realize the phenomenon
and for conceptual understanding. A limited set of trials are
conducted and the corresponding parametric interdepen-
dencies observed are reported. Interlayer materials are typical-
ly applied during dissimilar friction welding of metal/metal
combinations such aluminum and steel base materials
[18–21]. The brittle intermetallic layer formation at the
bondline is prevented through judicious selection of an inter-
layer material [2]. The introduction of a 25-μm-thick silver
interlayer produced a substantial improvement in tensile
strength properties during dissimilar aluminum/stainless steel
friction welding [20]. Heat generation during friction welding
depends on the applied friction pressure, rotational speed and
coefficient of friction [22–24]. Friction time, friction pressure,
forging time, forging pressure and rotation speed are the most
interesting parameters in friction welding method [25, 26]. All
of the process parameters are given in Table 1

Table 1 Parameters and its range for friction welding trials

Trail Friction
pressure (MPa)

Friction
time (s)

Forging
time (s)

Forging
pressure (s)

Rotation
speed (RPM)

1 30 4 1 240 1500

2 120 4 1 240 1500

3 240 4 1 240 1500
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Fig. 1 Percentage of fractured particles in MMC/AISI 304 stainless steel
and MMC/Ag/AISI 304 stainless steel friction welds
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2.1.1 Results and discussion

Influence of silver interlayer on particle fracture Introduction
of a silver interlayer between the contacting substrates of
MMC and AISI 304 stainless steel affected the particle frac-
tures. In MMC/Ag/AISI 304 stainless steel friction joints, the
percentage of fractured particles ranged from 6.1 to 2.5 %.
But, in MMC/ AISI 304 stainless steel (without silver inter-
layer) friction welds, particle fracture ranged from 11.1 to
3.8 % (Fig. 1).

Width of the softened zone The dissimilar MMC/Ag/AISI
304 stainless steel friction welds have narrower softened zone
than the dissimilar MMC/AISI 304 stainless steel friction
joints (Figs. 2, 3 and 4). From Figs. 2, 3 and 4, it is found that
the softened zone width ranged from 10.02 mm (welds pro-
duced using a friction pressure of 30 MPa) to 3.40 mm (welds

produced using a friction pressure of 240 MPa) in dissimilar
MMC/Ag/AISI 304 stainless steel welds. But, in dissimilar
MMC/AISI 304 stainless steel welds, the width of the soft-
ened zone varied from 17.25 to 4.80 mm for the friction pres-
sure ranged from 30 to 240 MPa. So, it is clearly understood
that the introduction of silver interlayer reduced the width of
the softened zone in the dissimilar MMC/AISI 304 stainless
steel friction welds.

2.2 Case 2: experimental trials based on trial and error
method

Based on the knowledge obtained from the previous set of
experiments, several experimental trials are carried out to cre-
ate a parameter window and identify the suitable range of
parameters which would yield a good-quality weld. Further,
levels are fixed for various output phenomenons such as HAZ,

Fig. 2 a, b Vickers hardness
distribution across the joint
interface at the friction pressure
30 MPa
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stress and weld strength. The objective behind fixing levels is
to determine the interdependencies between various
governing factors using ANOVA. Table 2 presents the details
of the trials carried out.

Three-dimensional plots are obtained by using the data
of Table 2 in ANOVA software. These plots provide a
clear idea of each parameters influence on the output phe-
nomenons (Fig. 5).

2.3 Case 3: experimental trials based on design
of experiments

Table 3 shows the DOE full factorial design based on
which the additional experimental trials are carried out.
These welded specimens are then evaluated for assessing
the strength and quality by subjecting them to destruc-
tive, non-destructive testing, respectively. Besides,

metallurgical characterization is carried out to understand
the weld integrity.

3 Mechanical testing and metallurgical examinations

3.1 Evaluation of mechanical strength through destructive
testing

3.1.1 Tensile test

The transverse tensile test is a standard test for procedure
qualification and is also used to indicate whether the
weld strength equals that of the base metal tensile
strength or less [1, 27]. The five weld samples are pre-
pared by using the optimized friction welding parameter
values as per Table 3 (trials based on design of

Fig. 3 a, b Vickers hardness
distribution across the joint
interface at the friction pressure
120 MPa
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experiments). To find the tensile strength of the welded
joint, the samples are prepared as per ASTM standards
(AWS B4.0). Tensile test is carried out by gripping one
end of the specimen in a universal testing machine
(UTM) and applying an increasing pull on to the speci-
men ends till it fractures (Fig. 6).

The tensile test results are given in Table 4 which indicates
that the weld strength is slightly above the ultimate tensile
strength in the base material of the specimen. Failure in the
base material of the specimens in trials indicates that the weld
joint is stronger than the base material. The failure of speci-
men in the weld means that the weld is weaker than the base
material. From the tensile tests, we observed that there is no
fracture in the weldment, because friction welds were con-
ducted as per the trials based on design of experiments.

3.1.2 Bend test

The quality of the weld, in terms of ductility of the weld metal
as well as tests for opening defects particularly lack of side
wall fusion, root fusion and penetration of welded joint are

most frequently revealed by means of a bend test [27]. For
conducting the bend tests, the five weld samples are prepared
by using the optimized friction welding parameter values as
per Table 3 (trials based on design of experiments). A speci-
men for bend test prepared as per AWS 4.0 standards shown in
Fig. 7. The results of bend test are given in Table 5.

It is observed that all the specimens passed the bend tests
and showed no or 1-mm open discontinuity, respectively.

3.2 Non-destructive testing

3.2.1 Radiography test

Radiography is one type of a non-destructive testing technique
which may be employed to examine the defects in friction-
welded joints [28]. Radiography test of welded specimens
does not demand any preparation. The weld region must be
cleaned before test is performed.

The quality of the friction welded specimens is assessed
using radiography test. Radiography using X-ray is employed
to identify and analyze the defects at the friction-welded joint.

Fig. 4 a, b Vickers hardness
distributions across the joint
interface at the friction pressure
240 MPa
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Table 2 Trials based on trial and error

Sl.
no.

Friction
time (s)

Forging
time (s)

Forging
pressure (Mpa)

Friction
pressure (Mpa)

Rotational
speed (rpm)

Thickness of
inter layer (μm)

Level
fixation

HAZ Level
fixation

Weld
strength

Level
fixation

Stress

1 3 0.8 30 225 1500 2 2 Wider 1 Reasonable 2 High

2 3 0.8 30 225 1500 12 1 Narrow 1 Reasonable 1 Low

3 3 0.8 30 240 1500 2 2 Wider 1 Reasonable 2 High

4 3 0.8 30 240 1500 12 1 Narrow 1 Reasonable 1 Low

5 3 0.8 30 250 1500 2 2 Wider 1 Reasonable 2 High

6 3 0.8 30 250 1500 12 1 Narrow 1 Reasonable 1 Low

7 3 0.8 60 225 1500 2 2 Wider 1 Reasonable 2 High

8 3 0.8 60 225 1500 12 1 Narrow 1 Reasonable 1 Low

9 3 0.8 60 240 1500 2 2 Wider 1 Reasonable 2 High

10 3 0.8 60 240 1500 12 1 Narrow 1 Reasonable 1 Low

11 3 0.8 60 250 1500 2 2 Wider 1 Reasonable 2 High

12 3 0.8 60 250 1500 12 1 Narrow 1 Reasonable 1 Low

13 3 1.5 30 225 1500 2 2 Wider 1 Reasonable 2 High

14 3 1.5 30 225 1500 12 1 Narrow 1 Reasonable 1 Low

15 3 1.5 30 240 1500 2 1 Narrow 1 Reasonable 2 High

16 3 1.5 30 240 1500 12 1 Narrow 1 Reasonable 1 Low

17 3 1.5 30 250 1500 2 1 Narrow 1 Reasonable 2 High

18 3 1.5 30 250 1500 12 1 Narrow 1 Reasonable 1 Low

19 3 1.5 60 225 1500 2 1 Narrow 1 Reasonable 2 High

20 3 1.5 60 225 1500 12 1 Narrow 1 Reasonable 1 Low

21 3 1.5 60 240 1500 2 1 Narrow 1 Reasonable 2 High

22 3 1.5 60 240 1500 12 1 Narrow 2 Good 1 Low

23 3 1.5 60 250 1500 2 1 Narrow 2 Good 2 High

24 3 1.5 60 250 1500 12 1 Narrow 2 Good 1 Low

25 4 0.8 30 225 1500 2 1 Narrow 2 Good 2 High

26 4 0.8 30 225 1500 12 1 Narrow 2 Good 1 Low

27 4 0.8 30 240 1500 2 1 Narrow 2 Good 2 High

28 4 0.8 30 240 1500 12 1 Narrow 2 Good 1 Low

29 4 0.8 30 250 1500 2 1 Narrow 2 Good 2 High

30 4 0.8 30 250 1500 12 1 Narrow 2 Good 1 Low

31 4 0.8 60 225 1500 2 1 Narrow 2 Good 2 High

32 4 0.8 60 225 1500 12 1 Narrow 2 Good 1 Low

33 4 0.8 60 240 1500 2 1 Narrow 2 Good 2 High

34 4 0.8 60 240 1500 12 1 Narrow 2 Good 1 Low

35 4 0.8 60 250 1500 2 1 Narrow 2 Good 2 High

36 4 0.8 60 250 1500 12 1 Narrow 2 Good 1 Low

37 4 1.5 30 225 1500 2 1 Narrow 2 Good 2 High

38 4 1.5 30 225 1500 12 1 Narrow 2 Good 1 Low

39 4 1.5 30 240 1500 2 1 Narrow 2 Good 2 High

40 4 1.5 30 240 1500 12 1 Narrow 2 Good 1 Low

41 4 1.5 30 250 1500 2 1 Narrow 2 Good 2 High

42 4 1.5 30 250 1500 12 1 Narrow 2 Good 1 Low

43 4 1.5 60 225 1500 2 1 Narrow 2 Good 2 High

44 4 1.5 60 225 1500 12 1 Narrow 2 Good 1 Low

45 4 1.5 60 240 1500 2 1 Narrow 2 Good 2 High

46 4 1.5 60 240 1500 12 1 Narrow 2 Good 1 Low

47 4 1.5 60 250 1500 2 1 Narrow 2 Good 2 High

48 4 1.5 60 250 1500 12 1 Narrow 2 Good 1 Low
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From the test results, it is observed that there are only few
pores at the weld joint which do not directly affect the quality
and is well within the acceptable limits.

3.3 Metallurgical analysis

A few weld samples are completed by using the optimized
friction welding parameters as shown in Table 6 according
to the trials based on design of experiments for metallurgical
examination.

From the extensive metallurgical examinations on the
friction-welded specimens, the microstructure of the fusion
zone consisting of fine-grained dendritic microstructure pre-
cipitates at the grain boundaries is observed. The reason for

the formation of this fine grain microstructure in the FZ is the
high solidification rates involved which helps retaining the
strength of the re-solidified aluminum. No solidification
cracking or liquation cracking occurred in the FZ or in the
HAZ. A narrow HAZ is formed and the coarsening of the
strengthening precipitates in the HAZ is not that pronounced.
There was, however, some liquation at the grain boundaries in
the FZ and HAZ. Although grain boundary liquation was
detected in the FZ and HAZ, no liquation cracking is ob-
served. The joints are stronger than the aluminum parent metal
with only a thin diffusion layer at the interface.

Another important observation to note is that the grain
boundary liquation becomes more pronounced as the amount
of Si along the grain boundaries increases. The overaging in

Fig. 5 Three-dimensional parametric plots
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Table 3 Trials Based on Design of Experiments

Run Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6
A: friction time B: forging time C: forging pressure D: friction pressure E: thickness F: rotational speed

1 4 1.2 50 260 12 1500

2 4 1.2 50 260 8 1500

3 4 1.2 50 250 12 1500

4 4 1.5 60 260 8 1500

5 4.25 1 55 255 10 1500

6 4.5 1.5 50 260 8 1500

7 4.25 1.35 66.8 255 10 1500

8 4.25 1.35 55 255 14 1500

9 4 1.5 50 260 12 1500

10 4 1.5 60 250 8 1500

11 4 1.2 50 250 8 1500

12 4.5 1.2 60 260 8 1500

13 4 1.2 60 250 12 1500

14 4.5 1.5 60 260 12 1500

15 4.25 1.35 55 255 10 1500

16 4.25 1.35 55 255 10 1500

17 4 1.5 50 250 12 1500

18 4.25 1.35 55 255 10 1500

19 4.5 1.2 50 250 12 1500

20 4 1.5 50 260 8 1500

21 4.25 1.7 55 255 10 1500

22 4.5 1.5 60 250 8 1500

23 4.5 1.2 50 250 8 1500

24 4 1.2 60 250 8 1500

25 4.25 1.35 55 255 10 1500

26 4.25 1.35 55 255 5 1500

27 4.5 1.2 60 250 8 1500

28 4 1.5 60 250 12 1500

29 4.25 1.35 55 255 10 1500

30 4.8 1.35 55 255 10 1500

31 4.5 1.2 60 260 12 1500

32 4.25 1.35 43 255 10 1500

33 4.5 1.2 60 250 12 1500

34 4 1.5 50 250 8 1500

35 3.6 1.35 55 255 10 1500

36 4.5 1.5 50 250 12 1500

37 4.5 1.5 50 260 12 1500

38 4.5 1.2 50 260 12 1500

39 4.25 1.35 55 255 10 1500

40 4.25 1.35 55 243 10 1500

41 4 1.2 60 260 8 1500

42 4.5 1.2 50 260 8 1500

43 4.5 1.5 60 260 8 1500

44 4 1.2 60 260 12 1500

45 4.25 1.35 55 255 10 1500

46 4.5 1.5 60 250 12 1500

47 4 1.5 60 260 12 1500

48 4.5 1.5 50 250 8 1500

49 4.25 1.35 55 266 10 1500

50 4.25 1.35 55 255 10 1500
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Fig. 6 Friction-welded transverse tensile test specimen

Table 4 Results of tensile test on the friction-welded specimens

Specimen/
material

Specimen size
in mm

UTS in
MPa

Position of
fracture

1 12.7×6.00 456 Base metal

2 12.7×6.00 506 Base metal

3 12.7×6.00 498 Base metal

4 12.7×6.00 493 Base metal

5 12.7×6.00 448 Base metal

Fig. 7 Friction-welded bend test specimen

Table 5 Bend test results

Specimen Bend test Remarks

1 No open discontinuity observed Passed

2 No open discontinuity observed Passed

3 1-mm open discontinuity observed Passed

4 No open discontinuity observed Passed

5 1-mm open discontinuity observed Passed

Table 6 Friction-welded specimens with friction welding parameters for metallurgical examination

Specimen Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6
A: friction time B: forging time C: forging pressure D: friction pressure E: thickness F: rotational speed

1 4 1.2 50 260 12 1500

2 4 1.2 50 260 8 1500

3 4.25 1 55 255 10 1500
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the HAZ region of the welding leads to a decrease in the
strength of HAZ while the strength of the fusion zone is re-
stored to the level of the heat-affected zone. The acceptable
level of cracking, debonding and porosity were determined in
the joints produced. However, no weld-defect formation took
place in the weld regions of all the joints produced (Figs. 8, 9,
10, 11, 12, 13, 14, 15 and 16).

3.3.1 Metallurgical examination on specimen 1

A: friction
time (s)

B: forging
time (s)

C: forging
pressure
(Mpa)

D: friction
pressure
(Mpa)

E: thickness
(μm)

F: rotational
speed (rpm)

4 1.2 50 260 12 1500

3.3.2 Metallurgical examination on specimen 2

A: friction
time (s)

B: forging
time (sec)

C: forging
pressure
(Mpa)

D: friction
pressure
(Mpa)

E: thickness
(μm)

F: rotational
speed (rpm)

4 1.2 50 260 8 1500

3.3.3 Metallurgical examination on specimen 3

A: friction
time (s)

B: forging
time (s)

C: forging
pressure
(Mpa)

D: friction
pressure
(Mpa)

E: thickness
(μm)

F: rotational
speed (rpm)

4.25 1 55 255 10 1500

100 µm

Fig. 8 Fusion line of the friction welded specimen 1

100 µm

Fig. 9 Weld interface of the friction-welded specimen 1

100 µm

Fig. 10 SEM micrograph of the friction-welded specimen 1

100 µm

Fig. 11 Fusion line of the friction-welded specimen 2

100 µm

Fig. 12 Weld interface of the friction-welded specimen 2

100 µm

Fig. 13 SEM micrograph of the friction-welded specimen 2
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4 FEM for friction welding of rods with silver
interlayer

The material properties of the aluminum alloy, stainless steel
and silver are used for the FEM analysis.

4.1 Boundary condition and heat input

For this study, an assumption is made that the friction welding
process is carried out at room temperature with air as the
medium in the setup. The necessary mathematical equations
for the FEA are adopted here.

4.2 Results and discussion

4.2.1 Deformation analysis

A unique pattern and characteristic is prevalent as shown in
Fig. 17 and is 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 temperature, 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 temperature decreases which, in turn, reduces the von
Mises stress. At a closer distance to the weld centerline, the
increase of temperature produces more plasticity while the rest
of the material resists against the deformation which, in 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 increases due to tem-
perature softening produced 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
aluminum alloy and stainless steel is found to be higher than
that of the individual materials. This matter is attributed to
friction welding of two dissimilar materials, which in turn
produces more resistance to deformation due to the materials’
yield stress variations at temperatures. The deformation is ob-
served to be prominent along x-axis and z-axis with its value
ranging between 3.67 and 3.73 units at the weld line
possessing silver interlayer. The deformation increase while
moving towards aluminum alloy and contrarily decreases to-
wards the stainless steel rod.

4.2.2 Stress analysis

In the friction welding process, continuous rubbing of
contact surfaces generates 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 (Fig. 18).

Simulation results show that the final pressure does not
significantly affect the stress obtained at the fusion zone and
on the fixed bar. However, the stress increases slightly in the
rotating bar with the final pressure. In other words, the HAZ
stress increases in the rotating bar with the final pressure.
Figures reveal that initial pressure is a more important param-
eter than final pressure in affecting the stress. The stress in-
duced is observed to be 280 units in the weld line in the
presence of silver interlayer. While on other portions, the
stress appears to decrease. However, in the aluminum alloy
rod the stress is reasonably higher than in the steel rod.

100 µm

Fig. 15 Weld interface of the friction-welded specimen 3

100 µm

Fig. 16 SEM micrograph of the friction-welded specimen 3

100 µm

Fig. 14 Fusion line of the friction-welded specimen 3
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Fig. 17 Deformation along different axes and total deformation

Fig. 18 Induced stresses in the welded rods
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4.2.3 Strain analysis

Figure 19 shows the strain rate distributions for friction
welding of aluminum alloys and stainless steel materials.
Strain rate variations are wider than those for similar materials
friction weld.

However, Fig. 19 shows that the strain rate is zero at
the weld interface due to temperature softening and
might be positive and negative in the heat-affected zone,
decreasing from zero to a minimum value and reaching
again at x=0, to rise to a maximum positive at the heat-
affected zone. This variation of the strain rate is seen in
modeling of all samples. The strain rate approaches zero
at a far distance since no deformation occurred at dis-
tances away from the weld and HAZ regions. More fluc-
tuation of the strain rate was observed in the material’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. The simulation
results show that the effective strain distributions are not
affected by the final pressure. Figure 19 reveals that ini-
tial pressure is more effective than final pressure on
changing the effective strain profiles. The strain is higher
in the steel rod and decreases while moving towards
aluminum alloy rod with 1.002 units induced at the weld
line with silver interlayer.

5 Conclusions

On the basis of this study, the following conclusions can be
drawn.

& The introduction of silver interlayer reduced the percent-
age of fractured particles and also the width of softened
zone at the bondline.

& The percentage of reinforcing particles in the MMC/AISI
304 stainless steel joints ranges from 11.1 to 3.8 % particle
fracture. After the introduction of silver interlayer, the per-
centage of reinforced particles ranges from 6.1 to 2.5 %
particle fracture. Therefore, the introduction of silver in-
terlayer shows 3.15 % decrease in particle fracture when
compared to normal friction welding process.

& The experimental trials based on trial-and-error method
find the optimized friction welding parameters. Friction
welding parameters’ interdependencies are also plotted
and analyzed using ANOVA. Further, the range of param-
eters are fixed and fed into ANOVA to get full factorial
trials based on the design of experiment.

& The mechanical testing and metallurgical characteriza-
tions of the friction welded joints with interlayers reveal
higher strength, hardness, better micro structural integrity
and good quality.

& Simulation results predict a high value of plastic strain
produced at the weld centerline due to increasing the

Fig. 19 Induced strains in welded rods
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temperature. The peak von Mises stress is produced at
distances away from the weld centerlines. The von Mises
stress reduces in the fusion zone due to temperature soft-
ening. The von Mises stress obtained for friction welding
of steel to aluminum alloys is found to be high. This is
attributed to friction welding of two dissimilar materials,
which in turn, produces more resistance to deformation,
and is also due to the materials yield stress variations at
temperatures.
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