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1. Introduction

Though heat generated during the relative movement

of two parts is considered undesirable because of the wear
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The welding of dissimilar materials is one of the challenging issues in the
fabrication industry to obtain required quality welds using fusion welding
methods. However, some processes recently improved interface bonding
with low joint strength. Unfortunately, the major intermetallic compounds
could not alleviate from the joint interface. Alternatively, solid-state
welding methods revealed fewer intermetallics at the joint interface for
dissimilar material welds. Among them, friction welding was chosen to join
incompatible materials with the necessary properties successfully. Friction
time is a critical parameter for obtaining strong welds through friction
welding, apart from friction pressure, forging pressure, forging time, and
rotational speed. Variability of friction time can change the strength of
friction by changing mechanical properties such as tensile strength. This
change of tensile strength is typically influenced by the intermixing region,
dependent on friction time. In this experiment, carbon steel and stainless
steel have been friction welded to test the impact of friction time on the
joint interface where the substrate’s faying surface meets. This interface
consists of the intermixing region of the two materials on which the friction
welding is performed. The results showed an interesting variation in tensile
strength, with varying friction time. The width of the intermixing zone
increased gradually with friction time until and decreased with the further
increasing. The strength of the welds obtained was the highest of 730 MPa
at a friction time of 4 s and fell as friction time’s increased value after 4 s.

it could cause, it is sometimes used for other applications
such as friction welding. Friction welding is a popular
welding method for dissimilar metals because of several
advantages the welding method offers. Friction welding
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is one of the solid-state welding processes like diffusion
bonding, friction stir welding, etc. Solid-state welding
processes are quite different from the fusion welding
methods to produce the joints with quality. The quality of
the joints is likely to depend on the heat input or the tem-
perature of the welds. The joint temperature of the friction
welding method is much lower than the other welding
processes Y. Therefore, the quality of the welds is utter-
most for any kind of materials to be joined. The joining
of a similar combination of materials revealed successful
metallurgical bonding without defects. Similarly, dissim-
ilar combinations materials were obtained with excellent
joint properties . Due to the increase in demand for
joining dissimilar material combinations in applications
such as cryogenic fluids, power generation industries,
and reactor cooling systems, solid-state welding is most
suitable in the current scenario 'Y, Friction welding
happens due to the heat produced by friction during the
movement of two parts. Friction welding (FW) is a class
of solid-state welding process that generates heat through
mechanical friction between a moving workpiece and a
stationary component, with the addition of a lateral force
called upset to plastically displace and fuse the materials
318 Because of the nature of the process of welding,
the strength of friction welding could vary on different
factors. Some of the factors that need to be optimized for
efficient frictional welding are friction pressure, friction
time, rotational speed, forging pressure, forging time, and
burn-off length "',

In addition, some of the studies were identified the re-
lation between metallurgical properties and the mechani-
cal properties of the similar and dissimilar combination of
friction welds *”’. It is important to note that the interface
of the two joining materials, which is referred to as the
intermixing region has an impact on the mechanical prop-
erties of the weld. The bonding line and intermixing zones
play an important role in the mechanical properties of the
joints . Moreover, the welding parameters influence the
formation of the weld interface with the necessary strength
to attain excellent mechanical properties . Some of the
studies reported that the axial shortening of the materials
at the interface is affected by the welding conditions .
Based on the axial shortening, the joint interface is varied
with the presence of intermixing zone. In this experiment,
we aim to find how the intermixing region is affected by
the various factors involved in friction welding, and spe-
cifically, we consider the effect of friction time and how
the tensile strength of this weld joint is affected by chang-
ing the friction time. It was also reported by some studies

on the impact of friction time on the properties of friction
welded YSZ-alumina composite and 6061 aluminum
alloy, they found that the experimental results showed
that the friction time has a significant effect on the joint
structure and mechanical properties *”. In particular, the
effect of burn-off length reported being changed the inter-
mixing zone along with axial shortening. A large number
of axial shortening joints were revealed with the hardened
intermixing zone over the less axial shortening joints **.
There are some incompatible dissimilar combinations that
are unable to join them using fusion welding methods.
Unfortunately, the same combination of materials was
also not successful to obtain strong joint strength using
friction welding *”. However, the incompatible materials
were joined using interlayer techniques inserting them in
between the two substrates. For example, the joining of ti-
tanium to stainless steel was resulted in brittle joint failure
due to the formation of brittle intermetallic layers. There-
fore, Ni, V, Ta, Al, and Cu interlayers were used to avoid
direct contact between the two materials *. Whatever, the
joint method either with interlayers or without interlayers,
the effect of friction time remains valid to obtain the ex-
cellent joint interface to control the joint strength.

Similarly, the studies on the friction welding of AISI
304 and the effect of friction time on microstructure, mi-
crohardness, and tension-compression properties were
found that with increasing friction time, a hard zone was
found at the interface of the welded joint because of ex-
tended high plastic deformation zone "', Also, in an ex-
periment conducted by Hakan Ates and Nihat Kaya on the
effect of friction time on microstructure and mechanical
properties of friction welded AISI 304 stainless steel to
AISI 1060 steel, the experiment revealed that the tensile
strength of friction-welded joints was not affected by
friction time. The tensile strength of obtained weld joints
can exceed AISI 304SS strength by 30% *. Moreover, in
an experiment conducted by Ozdemir et al., on the effect
of rotational speed on the interface properties of fric-
tion-welded AISI 304L to 4340 steel, it was found that the
thickness of full plastic deformed zone (FPDZ) formed at
the interface was reduced as a result of more mas discard-
ed from the welding interface with the increase of rota-
tional speed /.

The aim of this study is to investigate the influence of
friction time on the dissimilar materials of stainless steel
to carbon steel friction weld’s tensile strength. The cor-
relation between metallurgical and mechanical properties
was also determined and analyzed with the friction time to
obtain the required joint strength.
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2. Experimental Procedure

In this study, austenitic stainless steel and carbon steel
materials with the dimensions of 14 mm in diameter and
120 mm in length rods were used. The faying surfaces of
the substrates were machined and cleaned before perform-
ing the welds. The weld surfaces were polished to get the
required surface roughness, which has a more significant
effect on the enhancement of joint strength. A continuous
drive friction welding machine with a capacity of 200 kN
of ETA make was used to make the friction welds. The
process parameters have a more significant effect in the
friction welding process to obtain the sound welds be-
tween dissimilar materials. The process parameters such
as friction time, friction pressure, upset force, upset time,
and rotational speed have a direct relation to the formation
of joint and on its strength. To achieve the higher tensile
strength of the welds, a new set of welding parameters
were intended after the several experimental trails of the
welds with varying the friction time from 1 s to 6 s, and
other parameters were kept as constant with a friction
pressure of 110 MPa, upset pressure of 240 MPa, upset
time of 5 s and the rotational speed of 1500 rpm. Friction
welded joints were cut into cross sections for metallo-
graphic sample preparations. To evaluate the mechanical
properties of the joints, tensile and fatigue test samples
were prepared as per the ASTM E8 standard. The tensile
tests were performed on the universal testing machine of
the TFUC-400 model. The joint interface microstructural
observations were characterized by an optical microscope,
scanning electron microscope (SEM). To reveal the mi-
crostructural features of the welds, polished surfaces were
etched with 2% nital solution on the carbon steel side and
an aqua-regia solution on the stainless steel side was used.

3. Results and Discussion

Dissimilar materials of austenitic stainless steel to
carbon steel have joined using friction welding by vary-
ing friction time. Friction time is a significant parameter
for generating the required heat to weld the materials.
The selected materials in this study are almost hard and
need to produce sufficient heat at the interface to obtain
the necessary joint properties. It has been identified from
the experimental results that friction time is a dominant
parameter compared to others for this combination of ma-
terials. The impact of friction time on the weld interface
and weld flash are also determined. Figure 1 illustrates
the macrostructure of the friction welded joint with an
interface and weld flash. The weld flash on the carbon

steel side is higher than the stainless steel. It is due to
that the yield strength of the carbon steel is much lower
than the stainless steel that too at high temperature, it is
much lower than the room temperature. Therefore, the de-
formed weld flash on carbon steel is more extensive than
stainless steel. In addition, the weld interface is slightly
irregular on the carbon steel side with deformed notches.
The detailed observations of the weld interface have been
examined in microstructures. Figure 2 indicated the for-
mation of intermixing zone in with the carbon steel bands
at different friction times. The dark-colored islands in the
stainless steel matrix belong to the carbon steel, which is
mixed during welding. The width of the intermixing zone
was occupied with the more prominent bands of carbon
steel. It is owing to the interchanging of softened metal at
the interface during friction time with the rubbing action
of faying surfaces. Figure 2b confirms that the weld inter-
face is strongly bonded metallurgically without defects.
It is worth mentioning the effect of friction time on the
weld interface. In Figure 2, it is clearly indicated that the
increase of intermixing zone as increasing friction time.
In general, the weld interface examines to conform to the
interface bonding and other defects caused by insufficient
heat and pressure. The quantitative analysis of the inter-
mixing zone between carbon steel and stainless steel has
been determined according to the friction time depicted
in Figure 3. It revealed that the remarkable trend between
friction time and intermixing zone with the polynomial
fitted curve R is 0.99. The width of the intermixed zone
increases with the increasing friction time. The effect of
friction time until 4 s is not dominant to produce a broad
intermixing region.

In contrast, the intermixing zone increased drastically
with increasing friction time by more than 4 s. In addition,
the weld interface becomes asymmetrical if the friction
time raises further to 7 s. Therefore, the maximum friction
time of 6 s was used for the selected dissimilar combina-
tion of materials. Intermixing zone consisting of hard and
soft layers which belong to stainless steel and carbon steel,
respectively. During friction welding, due to the action of
angular velocity, the softened material from the carbon
steel tries to go away from the center to the periphery of
the joint. At this instance, some of the material remains in
the central region and is mixed with the opposite matrix.
Therefore, the intermixing region is directly related to the
friction time up to some level and it also depends on the
certain combination of materials.
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Figure 1. Macrostructure of the dissimilar friction welds with different amounts of weld flash.
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Figure 2. Microstructures show the weld interface with intermixing zone at friction time of (a) 1 s, (b) 3 s (¢) 6 s, and (d)
enlarged view of (b).
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Figure 3. The relation between friction time and intermix-
ing zone with the polynomial fitting curve.
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Figure 4. The effect of friction time on the tensile strength
of the dissimilar friction welds

It is essential to analyze the intermixing zone and
its characteristics with the mechanical properties of the
welds. As mentioned earlier, the microhardness tests con-
firmed that the hard and soft later in the intermixing re-
gions. But the mechanical properties dramatically depend
on the width of intermixing zone. Figure 4 represents the
joint tensile strength according to the friction time. The
strength of the welds increases gradually with the increase
of friction time until 4 s, while the strength of the welds
decreases with the further increase of friction time. In the
correlation study between the intermixing zone and the
tensile strength concerning friction time, the maximum
tensile strength was obtained at a width of the intermixing
zone is about 65 um. Figure 5 illustrates the fracture mor-
phology of the tensile fractured surfaces with the ductile
mode of fracture. The fracture surfaces confirmed that the

welds were free from the cracks.

Figure 5. SEM analysis of the tensile fracture surface
with ductile mode of failure.

4. Conclusions

The dissimilar materials of stainless steel to carbon
steel have been friction welded to study the effect of fric-
tion time on the tensile strength of the welds. Based on the
presented results, the following conclusions are drawn:

* The range of friction time from 1 s to 6 s was deter-
mined as suitable for the friction welding of carbon
steel to stainless steel welds.

» The width of the intermixing zone increased gradu-
ally with friction time along with the axial shorten-
ing.

» The strength of the welds obtained was the highest
of 730 MPa at a friction time of 4 s. The further
increase of friction time after 4 s resulted in decreas-
ing in joint strength.

* As a result of friction time the maximum tensile
strength was obtained at a width of the intermixing
zone is about 65 pm.

» The softened carbon steel materials diffused toward
the stainless steel within the intermixed zone during
the friction stage.
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