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High-temperature dissimilar connections built of Inconel 718 and AISI 410 martensitic stainless steel (MSS) are widely used in a
range of industries, including boiler construction, the chemical industry, aerospace, and nuclear. When compared to other
materials, Inconel 718 and AISI 410 martensitic stainless steel offer superior strength and corrosion resistance under a variety of
environmental conditions. The rotational speed was adjusted between 1100 and 1500 RPM, while the friction pressure, friction
time, forging pressure, and forging duration were all kept constant during the testing. Five sets of testing were performed, with the
resultant tensile strength (both room temperature and hot tensile) and Vickers Hardness being recorded for each set of trials. To
assess the structural integrity of the joints, a detailed microstructural investigation, SEM-EDS, and XRD were performed at their
interfaces. Mechanical properties were revealed to be high at 1300 RPM due to the small grain size at the interface region; ultimate
tensile strength and hardness were determined to be 571 MPa and 423 HV, respectively, due to the small grain size at the interface
region. Additionally, a pitting corrosion study has been conducted on dissimilar welded joints at optimum conditions, and their
results were discussed and compared with base metals.

1. Introduction

Dissimilar metals are frequently more difficult to combine
than similar metals because of the variations in physical,
chemical, and metallurgical qualities of the parent metals.
There are a variety of extremely efficient solid-state joining
methods being explored for the joining of incompatible
materials, including explosion welding, diffusion welding,
and cold roll welding. Rotary friction welding (REW) is a
solid-state welding method that is extensively used in the
automotive, aeronautical, and railway industries. It is pos-
sible to connect two parts using this technique by clamping

one, while the other rotates and is forged onto the weld
surface [1-4]. Once a sufficient amount of frictional heat has
been produced, the spindle breaks, and the two pieces are
forced together. The most important bonding processes are
diffusion and, in the case of two different materials, the
development of intermetallic phases. Diffusion is the most
important bonding mechanism. As a result of the lack of a
need for filler wire throughout the operation, the weld
quality is superior to that of traditional fusion welding
methods. Other important considerations are the symmetry
of the joint, the stability of the process, the shortest possible
cycle durations, and the narrow heat-affected zone of the
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joint. Due to the elevated local temperature and internal
pressure [5-9], the joint has a limited heat-affected zone and
the material has been distorted plastically. The rotating
speed, friction pressure, friction time, forging pressure, and
forging time are the most important factors to consider
while doing continuous drive rotary friction welding.

At present, rotary friction welding is used to join dif-
ferent materials such as copper, aluminum, titanium, and
steel with one another. Alloy 718 is a NiFe-based superalloy
that has been reinforced with Ni;Nb and shows exceptional
corrosion resistance, as well as remarkable mechanical
characteristics when exposed to high temperatures. Fusion
welding methods such as electron beam welding, tungsten
inert gas welding, and laser welding [10-14] are frequently
used to join alloy 718 together. Alloy 718 has certain flaws
connected to it, such as the development of the leaves phase,
microfissuring, and Niobium segregation, which are all
caused by the fusion welding process. It is possible that this
will occur in the fusion zone or heat-affected zone (HAZ)
and will impair the strength and service life [15-17]. The use
of a solid-state welding technique such as friction welding
may provide an alternate connecting approach that will solve
these problems. The mechanical characteristics of AISI 410
martensitic stainless steel and the nickel-based superalloy
Inconel 718 are excellent, as is their corrosion resistance
[18-22]. High temperature and corrosive environments are
common in the power plant and chemical industries, and the
dissimilar combination is frequently used in the production
of turbine blades, air intake fans, combustion chamber
exhaust systems, control systems, and compressor blades in
jet engines, among other applications. The main compo-
nents of the next-generation boiler (ultracritical boiler),
including the superheater and turbine, are constructed of
AISI410 and Inconel 718 dissimilar joint fabrication. It is less
expensive in terms of cost than nickel alloy when using
martensitic stainless steel. The dissimilar junction of Inconel
718 and AISI 410 significantly lowers material costs while
providing excellent operating performance in high-tem-
perature and corrosive environments, among other benefits.
From the past research literature, we concluded that no
researcher had done substantial studies on the FW of dis-
similar joints between the Inconel 718 and AISI410 materials
regarding metallurgical and corrosion studies. Hence, the
present investigation aims to fill that gap.

2. Experimental Details

2.1. Material Selection. Rotary friction welded connections
were constructed from Inconel 718 and AISI 410 martensitic
stainless steel with a diameter of 12mm and a length of
75 mm for a cylindrical rod with a diameter of 12 mm and a
length of 75mm. Using an abrasive cutting machine, the
workpiece was cut, and uneven surfaces were eliminated by
lathe facing and disc polishing (800-2000 grit emery sheets)
before being polished using a disc polisher. The chemical
composition of the basic material is shown in Table 1 of this
document. The mechanical characteristics of basic materials
are given in Table 2. The optical micrographs of the base
materials are exposed in Figure 1. It can be observed that the
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TaBLE 1: Chemical composition of Inconel 718 and AISI410 (wt %).

Material Ni Cr Mo Nb Ti Mn C Al Fe

AISI 410 0.75 135 - - - 1 015 - Bal
Inconel718 Bal 19 3 497 09 08 0.04 05 185

microstructure (Figure 1(a)) of Inconel 718 has a coaxial
grain structure in the y matrix and that there are only minor
quantities of annealing twins present [23-26]. The presence
of annealing twins is only possible in the FCC crystal
structure. Fine carbide depressed in a soft ferrite matrix is
evident in the MSS (Figure 1(b)), and a ferrite structure with
fine carbide depressed in a soft ferrite matrix is also visible
[27, 28].

2.2. Friction Welding Setup and Testing Procedure.
Fabrication of the joints was accomplished using continuous
drive friction welding equipment. Figure 2 depicts the initial
configuration of the workpiece setup arrangement (make:
RV machine tools, Model: SPM-10). The three-jaw chuck
was used to build this machine in two different configura-
tions. To apply friction pressure and forging pressure, one
jaw was moveable in an anticlockwise direction, while the
other jaw was fixed but could be moved forward and
backward in any direction. Inconel 718 was installed in the
rotating three-jaw chuck, whereas AISI 410 was installed in
the stationary three-jaw chuck. The welding machine’s
control unit was programmed with the necessary parameters
(Table 3) that were fixed (rotational speed, friction pressure,
friction time, forging pressure, and forging time). To achieve
the desired rotational speed, both workpieces must be ex-
posed to rubbing action under the influence of the axial
force. Because of the rubbing action, heat was produced
between the workpiece and metals that reached tempera-
tures below the melting point. In addition, an axial short-
ening was induced under the axial force, which allowed the
metals to be connected.

2.3. Testing and Characterization Methods. This experiment
changed one parameter while keeping the other values
constant. To achieve ideal joints, many weld experiments
were carried out, and for each parameter, five joints were
made: tensile test sample, notch tensile test sample, hardness
sample preparation, and microstructure sample preparation.
Figure 3 depicts the tensile test sample produced by the
ASTM E8M standard, while Table 4 lists the findings. The
rotational speed varied between 1100 and 1500 rpm, while
the friction pressure, friction time, forging pressure, and
forging time remained constant. Using Vickers micro-
hardness testing equipment under optimal welding cir-
cumstances, the hardness of dissimilar joints is determined.
When aload of 500 g was applied and the dwell duration was
15 sec, the hardness of the joints was measured along the
welded zone of the joints made from Inconel 718 base metal
to AISI 410 base metal in a different location along the
welded zone. Optical microscopy (OM) was used to in-
vestigate the microstructure of improved welded connec-
tions. A variety of grain-size emery sheets (500, 1000, 1500,
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TABLE 2: Mechanical properties of Inconel 718 and AISI410.

SLNo. Base metal Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%) Hardness (HV)
1 Inconel 718 1100 1375 20 220

2 AISI 410 415 713 25 188

Non Rotating chuck
FIGURE 2: The machine setup for welding.
TaBLE 3: Welding parameters.
Friction Friction Forging Forging

Sample no. Speed (rpm) Pressure (MPa) Time (sec) Pressure (MPa) Time (sec)
1. 1100 188.95 10 188.95 10

2. 1200 188.95 10 188.95 10

3. 1300 188.95 10 188.95 10

4. 1400 188.95 10 188.95 10

5. 1500 188.95 10 188.95 10

2000, and 2500) and diamond polishing were used to
mechanically polish the specimens before they were polished
with diamonds.

2.4. Pitting Corrosion Behavior for Optimized Condition.
The joint fabricated at 1300 rpm rotation speed was taken
into account for corrosion studies as the joint exhibits
maximum strength at the same speed and the joint results
were compared with the base metals. To carry out the
potentiodynamic polarization examination, the welded joint
and base metal specimens were prepared with a
20mm x 20 mm square shape and a 5mm thickness. A

software-integrated Gill AC Potentiostat system was used in
this study with a working medium of 3.5% NaCl solution. A
scan rate of 0.5 mV/sec was adopted to plot the polarization
measurement as polished specimens were kept in the so-
lution for one hour in an immersed state. The polarization
examination was conducted two times on each sample to
ensure repeatability.

3. Results and Discussion

3.1. Mechanical Properties Characterization. In this study, it
was discovered that the tensile strength rises as the rotational
speed increases from 1100 rpm to 1300 rpm and that the
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FIGURE 3: Tensile test specimen dimension, before test, and after test specimens.
TaBLE 4: Mechanical properties of Inconel 718 and AISI 410 dissimilar joints.
Sample no. Speed (rpm) Failure region Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%)
L. 1100 Interface 460 497 22
2. 1200 Interface 465 500 24
3. 1300 Interface 533 571 27
4. 1400 Interface 524 560 24
5. 1500 Interface 498 532 25

tensile strength progressively declines beyond that point.
The tensile strength was determined to be 497 MPa at the
lowest rotational speed of 1100 rpm and progressively rose
to 571 MPa at the highest rotational speed of 1300 rpm. The
insufficient amount of heat produced at low rotational speed
(1100 rpm) for a consistent friction pressure and friction
duration results in poorer welding because there is not
enough heat generated to soften the metal to form a con-
nection. The metals to be connected are exposed to high heat
and subsequent cooling at a quicker rate when they are
rotated at a high rotational speed. Consequently, metals
become more malleable, allowing them to soften more
readily, resulting in a decreased tensile strength after
1300 rpm. At 1300rpm, a sufficient quantity of heat is
produced, resulting in increased tensile strength of the
material. At the speed of 1500 rpm, more plasticized ma-
terials were expulsed from the interface of the joint as a result
of the generation of friction heat that was higher than the
sufficient limit. This is attributed to reduced joint strength. It
is consistent with the previous researcher [29, 30]. The
change in tensile strength as a function of rotating speed is
shown in Table 4.

3.2. Macrostructure Characterization. Following the find-
ings of this research, it was discovered that the macro-
structures of Inconel 718 and AISI 410 dissimilar joints

exhibit a considerable variance in the flash generation due to
the varied heat input, as shown in Figure 4, and are sig-
nificantly different from one another. Based on the mac-
rostructure, it is evident that flash production is minimal at
1100 rotational speed, and it has also been noticed that the
flash radius increases as the rotational speed increases. The
increase in flash radius may be caused by the heat produced
at the contact during rotary friction welding operations. It is
also apparent from the macrostructural research that the
width of the heat-affected area increases up to the rotational
speed of 1300 rpm, and that the width of the heat-affected
region decreases later on, even though the rotational speed is
raised. A possible explanation for this change in the heat-
affected breadth is the increased rate at which surplus heat is
dissipated into the environment. For this reason, as the
rotational speed increases, the rate of localized melting
(deformation) accelerates, and the fully deformed metal at
the interface moves out within a fraction of a second,
resulting in a high amount of heat being generated at the
interface that dissipates into the surrounding atmosphere
rather than affecting the metals to be joined.

According to the findings of the macrostructural in-
vestigation, the flash generation rate was higher in mar-
tensitic stainless steel (AISI 410) than in nickel-based
superalloy (SU 718). Due to the increased hardness of the
nickel-based superalloy, there may be an excess of flash
generation (SU 718). This property of the nickel-based
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FIGURE 4: Macrostructure of dissimilar friction welded joints.

superalloy demonstrates its high-temperature strength and
toughness as well as its corrosion resistance. Increased high-
temperature characteristics of the nickel-based superalloy
are achieved through the inclusion of cobalt, molybdenum,
nickel, and other alloying components (SU 718).

3.3. Microstructure Characterization. All of the welding
settings were used to demonstrate the microstructures at the
interface area and several other locations of the rotary friction
welded Inconel 718 to martensitic stainless steel AISI 410
dissimilar joints including the full deformed zone (FDZ), the
partially deformed zone (PDZ), and the heat-affected zone
(HAZ) in Figures 5 to 9. The interface area is subjected to both
mechanical force and frictional heat as a result of the de-
formation of the contact region. As a result, at the micro-
scopic level, recrystallization and mechanical interlocking
take place, resulting in changes in grain size and mechanical
characteristics. It is discovered that at rotating speeds of
1100 rpm, 1200 rpm, 1400 rpm, and 1500 rpm, the parent
metal grains have become elongated and have recrystallized
structures, which results in a decrease in strength after

1300 rpm. When looking at the interface layer, two distinct
grain sizes can be seen, which indicates that the two materials
have been adequately mixed in this area. These grains are
extremely fine when looking at them perpendicular to the
direction of the compressive force. By comparison, when the
rotational speed is low, the grain structure is not tightly
packed owing to a lack of an adequate quantity of frictional
heat, resulting in incomplete plastic deformation as compared
to the sample when the rotational speed is 1300 RPM. As a
result of the grain size being much bigger than normal, the
tensile strength may have decreased. When the rotating speed
is increased to 1500 rpm, the friction heat and continuous
forging pressure involved increase, resulting in more heating
and more molten metal being drawn away from the com-
pletely deformed zone (flash), resulting in rapid cooling in
this area [31]. As a consequence, the area becomes brittle, and
its mechanical characteristics are degraded.

3.4. Microhardness Characterization. Hardness measure-
ments were taken from the welded zone to the base material
(Inconel718) and from the welded zone to the base material
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FiGuRre 5: Dissimilar weld joint microstructure at 1100 rpm.

(AISI 410), and each measurement was taken from a distance of
0.1 mm from the welded zone to the base material. Figure 10
depicts a clear representation of the hardness graph. The
hardness of dissimilar joints was influenced by the change in
their parameters. Compared to 1100, 1200, 1400, and 1500 rpm
rotational speeds, the interface hardness of the dissimilar joint of
Inconel 718 and AISI 410 were higher at 1300 rpm. Meanwhile,
the near PDZ of Inconel 718 hardness is higher compared to the
PDZ of AISI 410 due to the high working temperature, as shown
in Figure 10. In addition, the measured hardness at the HAZ on
both sides was found to be lower when compared to the other
region, as the region experiencing the friction heat with the
absence of metal deformation action was attributed to weak-
ening the HAZ. Despite the variation in rotation speed, the peak
hardness plot was found at FDZ as the interface of the dissimilar
joint experiences severe plastic deformation due to dynamic
recrystallization.

3.5. Fractography with EDS Analysis. A scanning electron
microscope (SEM) was used to analyze the fracture surfaces
of the tensile-tested Inconel 718 and AISI 410 dissimilar joint

specimens to better understand the failure patterns. Fig-
ure 11 depicts a scanning electron micrograph of the fracture
surface of a tensile specimen that was produced using the
optimal parameters and shows the surface of the fracture.
When comparing Inconel 718 and AISI 410 samples, it is
possible to differentiate between the two distinct fracture
surface morphologies seen in the micrograph. In Figure 11,
microvoid coalescence was shown to be the most prevalent
kind of fracture. This kind of fracture surface growth occurs
as a result of the development of microvoids in second-phase
particles during the deformation process. Dimple patterns
around the graphite nodules indicate deformation of the
surrounding ferrite during the last phase of training leading
up to the fracture of the nodules [32-34]. It demonstrates the
comparatively large cavity size as compared to the size of the
graphite nodules. The hole formation may have been trig-
gered by the graphite and its matrix losing its cohesion. The
material’s fracture surface was mostly comprised of brittle
dimples, with a few cleavage facets scattered throughout.
As a consequence of the fracture propagating on multiple
planes of varying heights, the facets are marked with river
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FIGURE 6: Dissimilar weld joint microstructure at 1200 rpm.

marks (see illustration). In crystallography, this kind of
fracture propagates along low-index crystallographic planes
has low energy [35-38] and is brittle. A microcrack developed
at the graphite-matrix contact that encircled the nodule and
subsequently spread to the matrix can also be observed in the
micrographs. The fracture modes showed plastic deformation
around the graphite nodules, and the fracture mechanisms
are a combination of cleaves and dimple patterns, indicating
that the heat-affected structure has been transformed into a
ductile structure as a result of the welding process.

The energy-dispersive X-ray analysis (EDS) of the
friction-welded Inconel 718-AISI 410 interfaces was
performed using the best possible parameters throughout
the portion of the interface. The findings of the EDS
examination of chromium with iron distribution over the
interface of Inconel 718 with AISI 410 in the axis of the
dissimilar connected samples are clearly shown in Fig-
ure 12, which is visible. The records were analyzed, and it
was discovered that there was a diffusion of chromium
with iron, as well as a contact between Inconel 718 and
AISI 410. The findings of the EDS mapping of the

distribution of chromium and iron at the interface of the
Inconel 718-AISI 410 joints are shown in Figure 12. That
may be seen in the maps, as well as in the AISI 410 matrix.
Figure 12 shows that chromium and iron may also occur
and can be dispersed in a “more uniform” manner. During
friction welding, the nodular chromium and iron particles
between the Inconel 718 and AISI 410 samples are de-
formed into ellipsoids or are even flattened, depending on
the amount of force applied to the sample surface.
Consequently, the chromium operates at AISI 410, which
would result in greater heat generation during friction
[39, 40]. Because of this, there is more heat in the friction
contact zone, resulting in higher temperatures and greater
diffusion coefficients in the zone. As a result, the me-
chanical characteristics of mechanical joints at the point
of contact are substantially decreased.

The existence of this ailment was previously documented by
several writers. When the microstructure was observed using
various rotational speeds, it was discovered that only the
chromium and iron content had been somewhat distorted and
that the globular shape of the material had been maintained in
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AISI 410

FiGure 7: Dissimilar weld joint microstructure at 1300 rpm.

contrast to the parent material. Those findings are in agreement
with the results of the EDS linear microanalysis and they
corroborate the findings of hardness variations at the interface.
Carbon transfer across an Inconel718-AISI410 steel interface is
shown to be a consequence of friction welding, as demonstrated
by the findings of this study. Steel is enriched with chromium
atoms as a consequence of this process, which also results in the
formation of a solid solution between steel and iron [41, 42].

3.6. X-Ray Diffraction Analysis. When using dissimilar
friction welding, the main mechanism that enhances joint
integrity is the high-temperature solid-state diffusion of
different components. This occurs as a result of the si-
multaneous application of rotating speed and applied fric-
tion pressure in the welding process. In addition, previous
study findings demonstrated that the joint strength of dis-
similar joints rose with an increase in the mutual solubility of
components contained in the materials that were to be
connected, as previously reported. The element distribution
along the friction welded Inconel 718-AISI 410 dissimilar
junction was determined using an EDS line scan, which

revealed that iron is concentrated near the weld interface,
while chromium and nickel varied gradually. An XRD study
was performed to determine the intensity of phase presence
at diffracted angles, which are presented in Figure 13. The
existence of NbNi; (38%), NiTi, (16.2%), FeNi (16.2%), Fe,Ti
(16.2%), CrNiFe (9.8%), and NbC (3.6%) was discovered as
phase compounds and the same was confirmed with alloying
elements present in the base metals. The volume fraction of
these compounds was calculated by taking a ratio between
the particular phase intensity and the total peak intensity of
all phases. Furthermore, compounds such as NbNi; CrNiFe,
and FeNi are identified as strengthening compounds (y”) in
the nickel-based matrix. Meanwhile, the refined grain with a
uniform microstructure observed in the weld interface re-
gion could be associated with the dissolution of the
strengthening compound in the nickel-based matrix. In
addition, iron, nickel, and chromium were all prevalent
components in the intermetallic zone, as was the foundation
material for Inconel 718 and AISI410, which were all de-
veloped in this region. At their highest concentrations,
chromium solubility reached 0.51 percent and nickel
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F1GURE 8: Dissimilar weld joint microstructure at 1400 rpm.

solubility reached 0.54 percent. When iron is subjected to
friction, the elements chromium and nickel are readily
dissolved. Iron and nickel, on the other hand, may react with
the chromium present in the nickel alloy, resulting in the
formation of different intermetallic compounds such as
CrNiFe and FeNi. As shown in the XRD findings (Figure 13),
since the mutual solubility between chromium, iron, and
nickel is greater when compared to magnesium and tita-
nium, FeNi diffused toward the steel alloy interface during
friction welding, resulting in the production of CrNiFe
intermetallic complex.

3.7. Pitting Corrosion Analysis. Figure 14 shows the polari-
zation curve behaviour for FW dissimilar joints and parent
metals. The parent metal Inconel 718 has superior corrosion
potential (0.392 mA/cm?) when compared to the AISI 410 MSS

parent metal, as the Inconel 718 base metal has superior me-
chanical properties even at high temperatures. Furthermore, the
corrosion potentials for the AISI 410 MSS base metal and the
dissimilar welded joint are 0.568 mA/cm? and 1.58 mA/cm?,
respectively. The joint displayed a condensed state of corrosion
current as the occurrence of dynamic recrystallization during
the FW was attributed to weakening microstructure integrity,
which might be the reason for this condensation. In addition,
the formation of the third phase at a dissimilar interface could
be the reason for increased corrosion. When compared to the
optimized level, joints manufactured at speeds other than
1300 rpm have lower corrosion potentials. This is because of the
occurrence of potential mode change (positive region) at
1300 rpm as the welded surface becomes partially passive with
NaCl solution. The corroded samples captured by SEM shown
in Figure 15 also reflect the same as the corroded region was
found high in the dissimilar joint.
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FiGure 11: Fractography of tensile-tested samples of dissimilar friction welded joints.
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4. Conclusions

Various rotating speeds were used in conjunction with constant
friction pressure, friction time, forging pressure, and forging
time to achieve rotary friction welding of Inconel 718 and MSS
410 materials. The following conclusions were made from the
microstructural, SEM, EDS, XRD, and mechanical property
analyses, as well as from the mechanical property assessment.

(a) One may observe high tensile strength and elon-
gation when the rotating speed is 1300 rpm, the
friction pressure is 188 MPa, the friction duration is
10 sec, the forging pressure is also 188 MPa, and the
forging time is 10sec. Tensile strength rises with
increasing rotational speed up to 1300 rpm, after
which it begins to decline. The failure occurs on the
AISI 410 side of the test in all cases.

(b) The highest hardness was found at FDZ, and thereafter
the hardness gradually declines. When the 1300 rpm
rotational speed is moved away from the interface of
the five rotational speeds, it shows the greatest hard-
ness. The findings of the hardness test are in excellent
accord with those of the tensile strength test.

(c) The hot tensile strength of steel diminishes when the
temperature is raised from room temperature to 650
degrees Celsius. The lowest strength was obtained at
650 degrees Celsius, and the tensile strength of a
friction-welded dissimilar joint is 44 percent lower
than the tensile strength obtained at room
temperature.

(d) There are some recrystallized features in the FDZ,
which results in finer grain size. At the PDZ, the
grains were somewhat elongated, while at the HAZ,
the granules are coarse.

(e) EDS and XRD examination confirmed the existence
of chromium concentration as well as CrNiFe in-
termetallics at the interface between SU-718 and
AISI 410, which would result in an enhancement in
the hardness and tensile strength of the dissimilar
joint.
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