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Abstract

In this study, Inconel 718 and AISI 316L were joined by continuous drive friction welding
(CDFW) with 27 different welding parameter combinations. After welding the specimens with
these 27 parameters, microstructural analyses were first carried out using an Optical Micro-
scope (OM), a Scanning Electron Microscope (SEM), and Energy-Dispersive Spectrometry
(EDS). Later, mechanical property investigations included hardness and tensile tests. More-
over, hardness distributions were analyzed from the cross-section of the welded specimens.
Besides, the maximum tensile strength was obtained as 736.3 MPa, and the minimum tensile
strength was obtained as 653.6 MPa in all cases. Consequently, friction welding of these dis-
similar materials without any heat treatment was found to be applicable. It was also concluded
that the most appropriate welding parameters among the 27 welding parameter combinations
were 1600 rpm, 6 s friction time, and 40 MPa friction pressure.
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1. Introduction

Many different materials are required for today’s
needs. In many industrial applications, these differ-
ent materials should be used in conjunction. To con-
nect these different materials simultaneously, mecha-
nical or welded connections are generally preferred.
Welded connections are preferred over mechanical con-
nections because they are easier and faster to install.
There are many methods for welded joints in the liter-
ature, such as fusion welding and solid-state welding
(SSW). In fusion welding, it is very difficult to join
materials, especially dissimilar materials, without dis-
turbing their mechanical properties. Therefore, differ-
ent welding methods have been developed [1]. One of
the most commonly used welding methods is friction
welding. This method has attracted considerable at-
tention in modern manufacturing due to its ability to
form strong bonds between dissimilar materials. Un-
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like conventional fusion welding, friction welding re-
quires no melting of the materials. Besides, the fric-
tion welding method produces stronger joints with-
out the use of additional filler material by applying
controlled mechanical friction. This unique character-
istic property eliminates the risk of solidification de-
fects and reduces the area of the Heat-Affected Zone
(HAZ). Thanks to these advantages, the friction weld-
ing method is an appealing choice for various applica-
tions, including the aerospace, automotive, and energy
industries [2, 3].

The fundamentals of friction welding involve the
rubbing of two workpieces together under high pres-
sure. As a result, localized heating occurs at the in-
terface of the materials, and the materials are plas-
tically deformed. Then, an axial or rotational force
is applied to the materials being rubbed. In this way,
the softened materials resulting from frictional heating
during rubbing form a metallurgical bond, which ex-
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hibits extraordinary mechanical properties and struc-
tural integrity [4-6]. There exist several kinds of fric-
tion welding methods. One of them is Linear Fric-
tion Welding (LFW). LFW involves the relative mo-
tion of two workpieces along a linear path. Thanks to
this process, larger and more complex geometries can
be welded together. Consequently, this feature makes
LFW applicable for complex designs and/or compo-
nents with significant dimensional differences. In ad-
dition, precise control of welding parameters in LEW
enables the production of joints with minimal distor-
tion and results in superior mechanical performance
[7-10]. Another notable type of friction welding is
Rotary Friction Welding (RFW), in which one work-
piece rotates against a stationary component. REW
is a very suitable method for combining materials
with different cross-sectional areas. It is particularly
suitable for welding high-strength joints in materials
with cylindrical or tubular geometry. This method is
widely adopted for applications in the automotive and
aerospace industries, where dissimilar materials, for
instance, steel, superalloys, and aluminum alloys, need
to be joined effectively [10-13]. The main disadvan-
tages of RFW are the high device cost and the axial
shortening of the materials during the welding process
[14, 15]. Another friction welding method is Friction
Stir Welding (FSW), which represents a distinct ap-
proach that involves the rotation of a non-consumable
tool, such as a pin or a rod, within the joint interface.
This movement generates frictional heat, plasticizing
the material surrounding the tool and, upon extrac-
tion, forming a bond. FSW has proven to be a re-
liable technique, especially for joining materials that
are difficult to weld and require high strength [16].
This method is suitable even for light alloys used in
the automotive and marine sectors [17-22].
Nickel-based superalloys are well known for their
exceptional corrosion resistance, superior creep behav-
ior, and higher tensile strength properties at high tem-
peratures. Thanks to these properties, they are widely
used in applications such as jet engines, power plants,
and marine diesel engine components [23]. Inconel 718
alloy is one of the eminent nickel-based superalloys.
It can be hardened only by precipitation hardening.
It also exhibits excellent weldability due to its inher-
ent resistance to strain-aging cracking. The favorable
weldability properties of Inconel 718 are linked to the
precipitation kinetics of the Ni3Nb, +”-phase. How-
ever, these alloys have limited application areas. The
main reason for that is their high costs. To reduce
costs, alternative materials can be considered in place
of Inconel 718 when less severe service conditions are
encountered [24-26]. Generally, during conventional
welding of Inconel 718 superalloy, the formation of
laves phases, niobium or boron segregation, and li-
quation cracking may occur [26]. Friction welding is a
well-known SSW technique capable of minimizing such

problems [27, 28].

ATSI 316L is a widely used austenitic stainless steel
in industry. It is preferred due to its exceptional cor-
rosion resistance, formability, ductility, and toughness
properties. These cost-effective structural materials
find extensive applications in a variety of industries
such as cryogenic vessels, cutlery, housewares, cook-
ware, medical equipment, automotive, and aerospace
structures, where they are manufactured into differ-
ent components [29, 30]. Regarded as the most weld-
able stainless-steel type, austenitic stainless steel is
frequently joined by fusion or resistance welding. Nev-
ertheless, these welding techniques can lead to sensiti-
zation in the HAZ and facilitate the occurrence of so-
lidification cracking or hot cracking. The sensitization
phenomenon results in the formation and precipita-
tion of chromium carbide at grain boundaries, partic-
ularly where carbon is abundant. As a result of these
fusion and resistance welding processes, corrosion re-
sistance decreases due to reduced chromium content in
the affected area [31, 32]. To minimize these problems
as much as possible, low-carbon AISI 316L stainless
steel can be selected, as its low carbon content further
reduces chromium carbide formation.

In reviewing the literature on the welding of In-
conel 718 and AISI 316L, several studies were iden-
tified. The friction welding technique was applied to
Inconel 718 superalloy with a different weldable mate-
rial [33-39]. In addition, Gas Tungsten Arc Welding
(GTAW), Electron Beam Welding (EBM), and Laser
Welding (LW) methods were used to weld Inconel
718 superalloy to dissimilar materials [40]. Among
them, D. K. Ramkumar et al. used Pulse Current
Gas Tungsten Arc Welding (PCGTAW) and Continu-
ous Current Gas Tungsten Arc Welding (CCGTAW)
methods [41]. In their study, they used ER2553 and
ErNiCu-7 as filling materials. Following SEM exami-
nations of the welded specimens, they observed that
there was an unmixed region in the HAZ of Inconel 718
for all welded specimens. They also stated that unde-
sirable phases did not form in welds with ErNiCu-7 as
the filler material. According to the tensile test results
of the welded specimens, the ruptures occurred in the
AISI 316L base material. Moreover, they concluded
that better metallurgical and mechanical properties
were obtained with the PCGTAW welding method us-
ing ErNiCu-7 as the filler material [41]. In another
study, Y. F. Li et al. welded these two different al-
loys using the Electrically Assisted Pressure Joining
(EAPJ) method, achieving crack- and gap-free welds.
As a consequence of the tensile tests on the welded
parts, they found that the ruptures occurred on the
SUS 316L material side as it behaves more ductilely.
They presented that these two dissimilar materials
can be welded seamlessly by this SSW method [42].
Bansal A. et al. used the Microwave Welding method
to weld these materials. They performed the weld-
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Table 1. Percentage weight of Inconel 718 and AISI 316L

Elements Al B C Co Cr Cu Fe Mn Mo Nb Ni P S Si Ti
Inconel 718 0.48 0.004 0.03 0.26 193 0.05 175 0.07 3.02 5.23 53.0 0.007 0.001 0.05 0.96
AISI 316L — — 0.017 - 16.576 0.356 Bal. 1.308 2.031 — 10.128 0.0315 0.0254 0.42 —

ing process by adding Inconel 718 powder between
the surfaces to be welded. They measured an aver-
age hardness of 230 £ 5 HV at the weld interface. In
addition, they conducted tensile tests on the welded
specimens. Consequently, they stated that the rup-
tures occurred in the weld zone. Also, the measured
tensile strengths were lower than the tensile strength
of the AIST 316L base material [43]. Hinojos A. et al.
repeated the welding process using powders of these
two different materials with the Electron Beam Melt-
ing (EBM) method. In the method they used, a piece
was first printed from Inconel 718 powder. Later, a
single piece was obtained by printing with AIST 316L
powders. SEM, EDS, and XRD analyses of welded
specimens showed that the NbC content increased and
the melting point decreased. Thus, they concluded
that the EBM method can be used alongside tradi-
tional welding methods [44]. Lalam S. V. et al. used
the CDFW technique to weld dissimilar materials, in-
cluding EN24 and Inconel 718. The welding process
involved specific parameters, such as a friction pres-
sure of 28 kN, a forge pressure of 41.73 kN, a rotational
speed of 1422 rpm, and a burn-off length of 5 mm. Af-
ter welding, the welded parts underwent two distinct
heat-treatment processes. In their studies, they com-
pared the microstructural and mechanical properties
of the welded specimens produced using the specified
parameters. The results showed that friction welding
of these dissimilar metals exhibited superior toughness
but lower strength than their base metals. The tough-
ness value decreased after the first heat treatment;
conversely, the tensile strength increased. There was
a moderate improvement in strength but a significant
reduction in toughness after the second heat treatment
[45]. Beeravolu A. R. et al. used the REFW method to
Inconel 718 to AISI 316L. They subjected Inconel 718
to two different heat treatments before welding. Some
of the friction-welded specimens were subjected to di-
rect post-weld ageing treatment (PWHT). They eval-
uated the mechanical, grain size, and microstructural
properties of welded specimens. They found that, due
to compression and softening of the weld zone at high
rotational speeds, an intermixed zone formed at the
weld interface. Of the welded specimens, the PWHT
specimens showed high strength. This could be related
to the formation of precipitates. In addition, with the
formation of precipitates in the Fully Deformed Zone
(FDZ), the highest hardness values were acquired in
PWHT welded specimens compared to other welding
conditions [33].

In this paper, a superalloy (Inconel 718) and an
austenitic stainless steel (AISI 316L) were welded us-
ing the CDFW method, a frequently preferred friction
welding technique. The main parameters affecting the
welding quality in CDFW are rotational speed (rpm),
friction time (s), friction pressure (MPa), forge time
(s), and forge pressure (MPa) [3, 46, 47]. Although
there are many studies in the literature on the friction
welding of superalloys and stainless steels separately,
there are only a few that report on dissimilar fric-
tion welding of Inconel 718 and AISI 316L. The main
objective of the present study is to evaluate the im-
pact of CDFW parameters. In this context, three main
parameters and three levels for each parameter were
determined based on the literature. Thus, 27 combi-
nations were created in total. The other original aim
of this study is to determine the optimum combina-
tion based on mechanical properties as a result of ex-
perimental studies for the determined combinations.
Furthermore, it aims to analyze the microstructural
and macrostructural changes after the CDFW pro-
cess. Finally, the mechanical properties of the welded
specimens were examined using hardness and tensile
tests. According to the literature, it is clear that to
achieve higher mechanical properties in welded dissim-
ilar materials, some pre- or post-heat treatment pro-
cesses are needed. One of the non-ignorable outcomes
of this study is that, thanks to the determined weld-
ing parameter combination, these mechanical property
performances for welded Inconel 718 and AISI 316L
materials were achieved without any pre- or post-heat
treatment.

2. Materials and methods

In this study, Inconel 718 and AISI 316L were
selected for welding using the CDFW method. The
chemical composition of Inconel 718 and AISI 316L
materials is given in Table 1, and their mechanical
and thermal properties are given in Table 2. The spec-
imens were prepared with a diameter of 12 mm and
a length of 70 mm for welding. Before welding, since
the cutting marks on the specimens’ surfaces were rel-
atively deep, all specimens to be welded underwent
polishing. The surfaces of all specimens were polished
with 80-, 600-, and 1200-mesh SiC abrasive sandpa-
pers and with broadcloth, respectively. Finally, all of
the polished specimens were cleaned with an ultra-
sonic cleaner in 50 % C3HgO (acetone) solution.
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Table 2. Mechanical and thermal properties of Inconel 718 and AISI 316L

Material UTS (MPa) Elongation at break (%) Vickers hardness HV10 Thermal conductivity (W m™'K™!)
Inconel 718 939.1 48.13 235 11.4
AISI 316L 772.6 51.43 229 14.0 - 15.9
Table 3. CDFW parameters [14]
Specified parameters
Specimens
Rotation speed Friction time Friction pressure Forge pressure Forge time

(xpm) (s) (MPa) (MPa) (%)
S1 60 120
S2 16 40 80 32
S3 20 40
S4 60 120
S5 1800 12 40 80 24
S6 20 40
ST 60 120
S8 6 40 80 12
S9 20 40
S10 60 120
S11 16 40 80 32
S12 20 40
S13 60 120
S14 1600 12 40 80 24
S15 20 40
S16 60 120
S17 6 40 80 12
S18 20 40
S19 60 120
S20 16 40 80 32
S21 20 40
S22 60 120
S23 1400 12 40 80 24
S24 20 40
S25 60 120
526 6 40 80 12
S27 20 40

A total of 27 different welding parameter combina-
tions were used for CDFW. Basically, three different
speeds, three different friction times, and three dif-
ferent friction pressures were determined. The deter-
mined welding parameters are listed in Table 3.

The experimental setup of CDFW is illustrated in
Fig. 1. In experiments, the Inconel 718 specimen was
fixed to the chuck providing linear motion, as indi-
cated by the orange arrow, and the AISI 316L speci-
men was fixed to the chuck providing linear motion, as
indicated by the red arrow, and the AISI 316L speci-
men was fixed to the chuck with rotational movement,

as shown with the blue splined arrow. The CDFW
process was performed using hydraulically operated
CDFW equipment specifically designed for this pur-
pose [48]. According to the specified parameters, a to-
tal of 108 specimens were welded using this setup for
mechanical testing and microstructural analysis. One
of the welded specimens is illustrated in Fig. 2a for
the S1 case specimen.

After the CDFW process, the specimens were sec-
tioned along the transverse axis for microstructure and
hardness analyses (Fig. 2b). The surfaces to be ana-
lyzed were polished with sandpaper up to 2000 grit.
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Rotational motion

Linear motion

INCONEL 718 AISI 316L

Fig. 1. CDFW application image.

To examine the microstructure of the welded spec-
imens more clearly, the specimens were etched. For
the Inconel 718 side, a solution of 85 ml distilled wa-
ter (H20), 5ml glacial acetic acid, and 10 ml HNOj3
was prepared as an etchant [45]. It was electrolytically
etched with this solution for 3s at 2 V. After etching
Inconel 718, a second etchant solution was applied to
AISI 316L material containing 30 ml distilled water,
20ml HCI, and 10 ml HNOs, and was applied for 50
seconds [49].

Hardness tests were performed according to ASTM
E92-17, Standard Test Methods for Vickers Hardness
and Knoop Hardness of Metallic Materials [50]. The
test parameters were a 10kg load with an 11-second
dwell time. The measurements were obtained at 21
points with 1 mm spacing, as shown in Fig. 2c¢, using
the Mitutoyo KK810-165D Vickers Hardness Tester
for each welded specimen.

In terms of tensile tests, welded specimens were
machined according to the dimensions as given in
Fig. 3 in accordance with ASTM E8/E8M tensile stan-
dards [51]. The tests were conducted under a 250 kN
load capacity at a crosshead speed of 2mm min~?,
with 31 % humidity and an ambient temperature of
18°C, using a SHIMADZU AG-X model testing ma-
chine.

3. Results and discussion
3.1. Macrostructure of the welded specimens

Inconel 718 and AISI 316L specimens were welded
using 27 different welding parameter combinations. As
an example of these welded specimens, macro pho-
tographs of S1, S4, and S7 specimens welded at 1800
rpm are presented in Fig. 4. As illustrated in Fig. 4,
the weld joints exhibit good flashes at 16s and 12s
friction time. During this period, as a result of fric-
tional forces sufficient heat was generated to plasticize
the materials at the interface [33]. At 6 s friction time,

INCONEL 718

AISI316L @)

A

Welding interface Hardpess
locations
INCONEL 718 N AISI316L
. . o )
1.0Q ||

Fig. 2. (a) Welded specimen: (b) cross section and (c) hard-
ness measurement locations.

-
c .
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Fig. 3. Tensile test specimen dimensions.
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Fig. 4. Macro photographs of S1, S4, and S7.
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flash was insufficiently formed on the side of Inconel
718 material. Typical friction welding flash shape did
not occur [52]. This shows that the welding param-
eter combinations made at 1800 rpm rotation speed
and 6 s friction time are insufficient for these two dis-
similar materials. During the examination of the weld-
ing flashes, cracks have been observed on the Inconel
718 material side. These cracks can be attributed to
the higher hardness of Inconel 718 compared to AISI
316L at elevated temperatures during welding. Simi-
larly, N. Y. Kim et al. came to the same conclusion in
their studies [38]. The dominance of flash generation
was also observed on the AISI 316L side compared to
the Inconel 718 side. This difference in flash formation
can be attributed to the higher strength of Inconel 718
at elevated temperatures than AISI 316L during the
friction welding process. In contrast, AIST 316L expe-
riences a significant reduction in flow stress at higher
temperatures, causing the alloy to soften and undergo
plastic deformation more easily [33, 34, 38].

The different rates of color change in Inconel 718
and AISI 316L materials within the weld zone can also
be evaluated. On the Inconel 718 side, indicated by the
yellow arrow, the color change appears distinct and
sharp, concentrated within a narrow region. This can
be attributed to the more intense heat accumulation

n= 1800 rpm
Friction pressure = 40 MPa

250
240
230
220
210
200
190
170
160

Vickers Hardness HV

+§2 =85 =S8

10987 654321012345678910
Distance from centerline of weld (mm)

n= 1600 rpm
Friction pressure = 60 MPa

250
240
230
220
210
200
190
170
160

Vickers Hardness HV

=510 =513 =516

10987 65432101234567282910
Distance from centerline of weld (mm)

Figs. 5a—d. Vickers hardness variation graphs for welded specimens.



O. Karabey et al. / Kovove Mater. 63 2025 207-221 213

n=1600 rpm n = 1600 rpm
Friction pressure = 40 MPa Friction pressure = 20 MPa
250 240
5 240 5 230
= 230 T 220
v v
g 220 g 210
2 210 =
200
= 200 = 00
£ 190 \ ¥ <
3 180 n | o € 130 . s
= i INCONEL 718 AISI 316L) S 170 INCONEL 718§ AISI 316L
i -+S11 =S§14 =S17 +S12 =815 =518
160 ; 160
1098 76543210123456728910 109876543210123456782910
Distance from centerline of weld (mm) Distance from centerline of weld (mm)
n = 1400 rpm n = 1400 rpm
Friction pressure = 60 MPa Friction pressure = 40 MPa
250 250
: h
S 240 S 240 (h)
= 230 T 230 ;
vl v
$ 220 & 220
= =
£ 200 e 210
3 -
= 200 = 200
72}
5 190 O\ E, 190
2 180 > i T = 180 A AL
= = INCONEL 71§ ! AISI 316L 2 o INCONEL 718 AlISI 316L
5 =519 =522 =825 =520 =S23 =526
160 160 *
1098 76543210123456782910 10987654321012345678¢910
Distance from centerline of weld (mm) Distance from centerline of weld (mm)
n = 1400 rpm
Friction pressure = 20 MPa
250
S 240 (0
T 230
vl
& 220
=
B 210
-
= 200
E_, 190
.2 180 3 : T
= by INCONEL 718§ LY AISI 3161
160 i 521 =524 =527

1098T654321ﬁ12345678910
Distance from centerline of weld (mm)

Figs. be-i. Vickers hardness variation graphs for welded specimens.

on the surface, resulting from the low thermal conduc-
tivity and high-temperature resistance of Inconel 718.
In contrast, on the AISI 316L side, indicated by the
blue arrow, the color transition is smoother and occurs
over a wider area. This is due to the higher thermal
conductivity of AISI 316L compared to Inconel 718.
It is clearly observed that as the heat input increases
with longer friction times, the extent of color change
in both materials becomes even wider.

3.2. Mechanical properties

A total of 577 hardness measurements were taken
from 27 different welded specimens, including Inconel

718 and AISI 316L base materials. Since the hardness
parameters were numerous, hardness changes in the
weld zone were grouped by welds at the same rota-
tion speed and friction pressure. Thus, three welded
specimens were compared based on the variation in
friction time in each graph. Hardness analysis graphs
are shown in Figs. ba—i.

The hardness of the base materials was measured
at 235 HV10 for the Inconel 718 specimen and 229
HV10 for the AISI 316L specimen. According to the
hardness analysis, the AISI 316L material showed
a decrease in hardness in the weld zone. Austenitic
stainless steels, especially AISI 316L, undergo signif-
icant microstructural changes at elevated tempera-
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tures due to their low carbon content and high nickel-
chromium ratio. The thermomechanical effects dur-
ing friction welding activates grain growth and stress-
relief mechanisms, especially in the weld center. This
results in a significant decrease in the material’s hard-
ness. In addition, since AISI 316L has a face-centered
cubic (FCC) structure, grain boundary migration and
dislocation movement are more readily observed at
high temperatures. As grain growth increases under
high-temperature conditions, the material’s hardness
decreases [53]. This is shown in Figs. 11a,b in the mi-
crostructure analysis section.

On the Inconel 718 side, hardness appears to be
more stable and is generally higher than that of AISI
316L. All graphs show a significant decrease in hard-
ness at the weld center. This may be due to softening
of the microstructure caused by the thermal effect of
friction welding. Inconel 718, on the other hand, due
to its niobium and molybdenum content, suppresses
grain boundary movement at high temperatures and
becomes more resistant to hardness loss. This explains
the ability of the Inconel side to maintain higher hard-
ness values in the friction-welded region [54].

At 1800 rpm, the hardness values show a sharp
drop in the weld center, while at lower speeds
(1400 rpm), this drop is less pronounced. When higher
friction pressure (60 MPa) is applied, the hardness
drop in the weld zone is generally less pronounced.
This may be because higher pressure increases mate-
rial flow, resulting in better metallurgical bonding.
For welds with a lower friction pressure (20 MPa), the
hardness drop is sharper and decreases to lower values
in the center [55].

Tensile tests were performed on the welded speci-
mens, and the UTS of the Inconel 718 specimen was
found to be 939 MPa, and the UTS of the AISI 316L
material was found to be 772.6 MPa. In tensile tests,
all specimens ruptured in the HAZ of the AISI 316L
material side. For instance, the tensile test rupture
surfaces of specimens S2, S5, and S8 welded with the
main parameters of 1800 rpm and 40 MPa friction
pressure are shown in Fig. 6.

Cross-sectional narrowing, dimples, and roughness
on the surfaces of the ruptured specimens indicate
that the ductile rupture mechanism is dominant.
The rupture mechanism is also discussed in detail
in the microstructure evaluation section. Stress-strain
graphs for specimens S2, S5, and S8, which are given
in Fig. 6 as a result of tensile tests, are given in Fig. 7.

To compare the UTS of the base Inconel 718 mate-
rial, the base AISI 316L material, and 27 different
welded specimens, a bar graph was created, as shown
in Fig. 8. When the UTSs of the welded specimens
are compared, although the welding parameters of all
specimens differ, the maximum UTS was measured at
736.3 MPa in the welded S17 specimen with a rota-
tional speed of 1600 rpm, a friction time of 6 s, and a

S2

AISI 316L

INCONEL 718 AISI 316L

%ﬁ

Fig. 6. S2, S5, and S8 tensile specimens and rupture sur-
faces.
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n 200 —85 (Friction time = 12 s, Forge time = 24 5)
—88 (Friction time = 6 s, Forge time = 12 5)
0
0 5 10 15 20 25 30
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Fig. 7. Stress-strain tensile graphs of specimens S2, S5, and
S8.

friction pressure of 40 MPa. The minimum UTS was
measured as 653.6 MPa for the S24 specimen when the
rotational speed was 1400 rpm, the friction time was
12 s, and the friction pressure was 20 MPa. Friction-
welding studies for these two materials were carried
out after heat treatment, as reported in the litera-
ture. Beeravolu, A. R. et al. reported a maximum ten-
sile strength of 728 MPa in their study [33]. In this
study, it was observed that better mechanical prop-
erties were obtained with the welding parameters de-
termined without any heat treatment. Thanks to this
enhancement, it is believed to contribute to the litera-
ture and to apply to researchers and industrial areas.
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Fig. 8. Ultimate tensile strength (UTS) of specimens.
Intermixed
region
TMAZ FDZ

Weld interface
Inconel 718 side |

' Orientation

Flash of INCONEL 718 Flash of AIST 316L

Fig. 9. Optical microscope images of S4 (a) cross-section of specimen, (b) 400x magnification of weld interface, (c)
welding regions of Inconel 718, (d) 100x magnification of Inconel 718 base metal, (e) welding regions of AISI 316L, (f)
100x magnification of AISI 316L, and (g) 100X magnification of weld interface.

3.3. Microstructure properties distinctive regions. These regions are called Fully De-
formed Zone (FDZ), Thermo-Mechanically Affected
In friction welding, the weld cross-section contains Zone (TMAZ), HAZ- and Base Metal (BM). Opti-
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INCONEL 718

INCONEL 718

3 ! 4 L 5 Y 6 by 7 g 9 |(] kcv

Fig. 10. SEM and EDS images of S2, S5, and S8.

cal Microscope images and weld zones of S4 speci-
men welded with 1800 rpm rotation speed, 12 s friction
time and 60 MPa friction pressure welding parameters
are shown in Fig. 9. The etched specimen is given in
Fig. 9a. Upon examination, it can be seen that the
area affected by welding on the Inconel 718 side (indi-
cated by the dashed red arrow) is narrower than that
on the AISI 316L side (indicated by the dashed yel-
low arrow). In the optical microscope images given in

Figs. 9b and 9g, the intermixed zone in the weld region
is observed. The intermixed region is the zone where
the two materials are completely mixed and lies within
the FDZ. EDS analysis of this region revealed distinct
variations in the ratios of Ni, Cr, and Fe [34, 39]. This
is also an indication of the intermixed zone (Fig. 10).
The intermixed zone was observed in all welds. FDZ,
TMAZ, and HAZ regions are shown in Figs. 9¢ and
9e for Inconel 718 and AISI 316L, respectively. The



O. Karabey et al. / Kovove Mater. 63 2025 207-221 217

Table 4. EDS analysis of S2, S5, and S8

Elements (wt.%)

Specimen Spectrum
Cr Fe Nb Ni Mn Mo Si
1 17.83 60.2 1.26 16.19 1.38 2.39 0.53
S2 2 17.40 50.04 4.08 21.82 1.12 3.03 0.42
3 17.60 67.74 - 10.09 1.58 2.46 0.53
1 17.83 60.87 1.29 15.46 1.41 2.47 0.50
S5 2 17.36 57.82 2.41 16.00 1.40 2.64 0.52
3 17.86 68.14 - 9.69 1.49 2.30 0.53
1 20.16 17.54 4.52 50.12 0.24 3.05 0.24
S8 2 18.06 43.89 2.66 26.71 0.93 2.75 0.41
3 17.98 60.30 - 16.21 1.31 2.18 0.49

white arrows also show the grain orientations result-
ing from friction welding in these two dissimilar mate-
rials. FDZ, TMAZ, and HAZ in Inconel 718 are nar-
rower than those in AIST 316L. This is evident from
the color change in the weld area in the macro pho-
tographs in Fig. 4, indicated by the yellow and blue
arrows. Figures 9d and 9f show the internal structure
of the weld unaffected zone, i.e., the base metal, of
Inconel 718 and AISI 316L materials, respectively.

SEM and EDS analyses of the weld interface sec-
tions of the welded specimens were performed. After
the analysis, no cracks or gaps were observed in the
weld area. The weld zones along the weld line were
also examined under an optical microscope, and it was
observed that the joint was complete. SEM and EDS
images of S2, S5, and S8 specimens welded with 1800
rpm rotational speed and 40 MPa friction pressure pa-
rameters are shown in Fig. 10, and EDS analysis data
are shown in Table 4. EDS analyses were evaluated ac-
cording to the weight % of Fe, Ni, and Nb elements in
the selected regions in Fig. 10. According to the Spec-
trum 3 EDS data, it is seen that there is no Nb element
in S2, S5, and S8 specimens, and therefore, this region
is on the side of AISI 316L material. The low Ni ratio
in the Spectrum 1 and 2 EDS data, and the presence
of the Nb element in these regions, confirm that these
zones are intermixture regions. However, as seen in the
Spectrum 1 EDS analysis of specimen S8, the selected
region is Inconel 718 material [39].

The tensile test results showed that the welded
specimens ruptured on the AISI 316L side. In addi-
tion, hardness measurements revealed a decrease in
hardness on the AIST 316L side. When the reason for
the rupture from this side and the hardness decrease
was investigated with an optical microscope, it was ob-
served that there was grain growth in the AISI 316L
material in the S21 specimen, as shown in Fig. 11b.
The ruptures occurred in the HAZ where this grain
growth occurred [56, 57]. As seen in Fig. 9¢ and 9e,
TMAZ and HAZ are wider on the AISI 316L side than

Fig. 11. (a) AISI 316L base material grain size and (b)
AISI 316L HAZ grain size of S21 specimen.

on the Inconel 718 side. The hardness graphs show
that the hardness of AISI 316L changes at a distance
of 7-8 mm from the welding center, confirming this.
On the Inconel 718 side, the TMAZ and HAZ are very
narrow. It is approximately 0-2mm away from the
welding center. The effect of welding parameter com-
binations on hardness varied across welded specimens.
When specimens with different rotational speeds and
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Fig. 12. (a) SEM image of the S2 specimen ruptured from the AISI 316L part and (b) SEM image of the S2 specimen
ruptured from the INCONEL 718 part.

il Element Weight% Surface ruptured Element Weight%

from AISI 316L side SiK  0.66 from INCONEL 718 SiK = 0.66 |
CrK 1891 side CrK | 18.76 |
MnK = 1.80 MnK 1.89 |
FeK 6647 FeK = 66.46 |
NiK 937 NiK & 944 |
MoL  2.80 MoL | 2.79
Total 100 Total = 100

6 7 8 9 keV

Fig. 13. EDS analysis of ruptured surfaces of S2 specimen: (a) AISI 316L and (b) INCONEL 718.

constant other welding parameters are compared, it All ruptures resulting from tensile tests were evalu-
is observed that the TMAZ and HAZ are wider at ated through visual inspection on the AIST 316L side.
higher rotational speeds. The reason is that the heat SEM images and EDS analyses were performed on the

input increases with higher rotational speed. At the ruptured specimens by selecting the images closest to
same time, the TMAZ and HAZ are wider as the in- the weld interface. These analyses were performed for
crease in friction pressure increases the heat input by specimens S1, S2, S3, S10, and S19. As an example,

increasing the friction pressure. SEM images of specimen S2 are shown in Figs. 12a,b,
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and EDS graphs are shown in Fig. 13.

The SEM images in Figs. 12a,b show that because
of plastic deformation, crater-like dimples were formed
perpendicular to the tensile direction. It is observed
that the micro dimples coalesce to form larger dim-
ples. This shows that cracks merge under tensile load
and that this initiates rupture. In addition, there is no
obvious grain boundary rupture or planar crack prop-
agation in the images. These observations collectively
confirm that the rupture mechanism is ductile. The
presence of this dimpled structure indicates that plas-
tic deformation is at a high level and rupture occurs
by a micro-void coalescence mechanism [58, 59].

The EDS graphs and elemental ratios in Figs. 13a,b
clearly show that the Cr content is approximately
18.5 wt%, the Ni content is around 9 wt.%, and the
absence of Nb confirms that the cracking occurred en-
tirely within the AISI 316L material.

4. Conclusions and recommendations

In this paper, Inconel 718 and AISI 316L were suc-
cessfully welded by the CDFW method. The effects
of different welding parameters on the quality of the
welded joints were systematically investigated. The ef-
fect of predetermined welding parameters on the me-
chanical and microstructural properties of the welded
specimens was investigated. The following conclusions
were drawn:

1. For all welding parameter combinations, the dis-
similar weld INC 718/AISI 316L was obtained without
any cracks or incomplete joints. In addition, by exam-
ining the % element ratios by weight in the joints using
EDS analyses, it was observed that complete mixing
occured.

2. The macrostructure of the welded specimens ex-
hibited a greater occurrence of flash on the AISI 316L
side compared to the Inconel 718 side. This indicates
that the AISI 316L material underwent greater plastic
deformation during the CDFW process.

3. As aresult of macroscopic examinations, increas-
ing the friction time, friction pressure, and rotational
speed in the welded specimens led to an increase in
HAZ width and weld flash size.

4. When the hardness distributions were examined,
no significant hardness change was observed in Inconel
718 material, and a decrease in hardness was observed
in AISI 316L material. Grain coarsening was observed
in the regions where this hardness decrease occurred.
It is thought that this is due to slow cooling after
welding, caused by the low thermal conductivity of
AISI 316L. In addition, this hardness decrease can be
prevented by controlling the cooling rate after welding
under control.

5. The tensile specimens ruptured in the HAZ re-
gion on the AISI 316L side for all of the dissimilar

welded specimens. This results from the HAZ having
grains larger than those of both the weld interface and
the parent metal.

6. Friction welding of dissimilar INC 718/AISI316L
materials was found to have slightly lower UTS than
non-welded specimens. The maximum UTS was ob-
tained as 736.3 MPa in specimen S17 at 1600 rpm, 6s
friction time, and 40 MPa friction pressure parame-
ters.

In conclusion, it has been shown that these two
dissimilar materials can be successfully joined by the
CDFW method. Furthermore, thanks to these opti-
mized welding parameters, higher mechanical and mi-
crostructural property enhancements were achieved
without the need for additional pre- or post-processes,
such as heat treatment before welding. Consequently,
this achievement simplifies the application and re-
duces processing time. Accordingly, the cost of pro-
duction will also be reduced due to the advantages of
this study.
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