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Abstract

The objective of this study is to examine the effect of rotational speed on the microstruc-
ture, texture, and mechanical properties of joints produced by rotary friction welding of two
dissimilar austenitic stainless steels (AISI 304L and AISI 310S). The choice of these two stain-
less steels is based on their complementary properties and industrial relevance. The study
focuses on welding dissimilar stainless steels to meet industrial requirements. To achieve these
objectives, optical microscopy, scanning electron microscopy equipped with energy-dispersive
X-ray spectroscopy, electron backscatter diffraction, Vickers microhardness testing, and ten-
sile testing were used to characterize the welded joints. The joining of the two dissimilar
stainless steels was successfully achieved. A microstructurally uniform welded zone was ob-
tained at the highest rotational speed. At 1400 rpm and 2000 rpm, the welded joints achieved
tensile strengths of approximately 507 MPa and 500 MPa, respectively, with weld-center hard-
ness ranging from 220 to 230 HV. EBSD analysis revealed three distinct zones in the welded
joint, characterized by different grain sizes and textures. With increasing rotational speed,
unlike the central zone, adjacent zones underwent grain growth while retaining the same grain
orientation as the central zone.

Key words: Rotary Friction Welding (RFW), austenitic stainless steels, microstructures,
texture, mechanical properties
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Rotary friction welding of 304L-310S austenitic stainless steels

1. Introduction

Stainless steels are an important class of engineer-
ing materials widely used in various industries and
environments [1]. They are complex alloys containing
aminimum of 11 % Cr, plus other elements [2]. Based
on their microstructure, stainless steels are classified
into five categories: ferritic, austenitic, martensitic,
duplex, and precipitation-hardening. Austenitic stain-
less steels constitute the largest class [1]. They are at-
tractive engineering materials due to their exceptional
properties, and they are widely used in chemical, me-
chanical, automobile, and nuclear applications, where
assembly is often carried out by welding [3, 4].

Among these grades, AISI 304L and AISI 310S
austenitic stainless steels are widely used. Due to
its excellent mechanical and anti-corrosion properties,

AISI 304L stainless steel is used in nuclear power
plants, marine environments, and chemical plants, as
well as for the transportation of natural gas [5, 6]. AISI
3108 stainless steel is used primarily in the petrochem-
ical industry, nuclear power, geothermal activities and
oil and gas production due to its excellent resistance
to oxidation, hydrogen embrittlement, and corrosion
[7]. The welded joints of AISI 304L and AISI 310S
are recommended for high-temperature zones, where
AIST 310S exhibits improved corrosion/oxidation re-
sistance [8]. Additionally, these dissimilar joints (AISI
304L-AISI 310S) can be employed in petrochemical in-
dustries for catalytic reforming units, where AISI 310S
provides the strength and stability required near fur-
naces, while AISI 304L offers cost-efficient solutions in
cooler sections.

Although austenitic stainless steels are renowned
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Table 1. Chemical composition of base metals: Austenitic stainless steel 304L and 310S

Material Vv Cr Mn Fe Co Ni Cu Mo
SS 304L 0.08 17.49 1.204 72.882 0.095 7.964 0.181 0.087
SS 3108 0.107 24.04 1.495 53.613 0.142 20.293 0.184 0.124

for their weldability [9], welding can still be challeng-
ing due to their physical properties [10]. Traditional
arc welding can result in the formation of intergranular
Cr-rich carbides at grain boundaries, leading to heat-
affected zone (HAZ) cracking, coarse grain growth,
and creep failure [11]. Rotary friction welding (RFW)
has shown promise in overcoming these welding dif-
ficulties and is a valuable method for combining dis-
similar materials [11, 12].

Rotary Friction Welding (RFW) is a thermo-
mechanical solid-state joining process predominantly
used for cylindrical workpieces [13, 14]. The technique
uses controlled rotational motion to generate frictional
heating and plastic deformation at the interface, with
one component fixed and the other spinning while ax-
ial pressure is applied to both. Once the material soft-
ens, rotation stops, and the components are consol-
idated under pressure, forming a strong metallurgi-
cal bond. Generally, RFW has two stages: the fric-
tion stage and the forging stage, which is very short
compared to the first. It enables effective joining of
dissimilar materials, including stainless steels [15-17],
and is cost-effective for creative designs and technical
solutions [18]. The main parameters of RFW are ro-
tational speed, friction time, friction pressure, forging
time, and forging pressure. By controlling these pa-
rameters, an excellent welded joint can be performed.

According to previously published work, there are
few studies dedicated to welding dissimilar steels us-
ing RFW [19-21], particularly the welding of dissim-
ilar stainless steels [22]. Mattie et al. [22] devoted
their study to optimizing the RFW parameters for
austenitic to ferritic stainless steels. They found that
the forging pressure and speed have a significant influ-
ence on the total strain. Kumar et al. [23] investigated
304SS joints and reported that the welded strength
and hardness were enhanced at the highest heating
and upset load. A heterogeneous grain structure also
developed in the welded zone. Chatha et al. [24] com-
pared dissimilar stainless-steel welds and found that
the best combination, producing a tensile strength of
3920 kgf and a Vickers microhardness of 278 HV, was
discovered in the SS316-SS304 joints. Kimura et al.
[25] investigated a thin-walled AISI 310S pipe. They
achieved successful joints with 100 % efficiency using
a 1.50mm pipe thickness at a friction pressure of
120 MPa. However, as the thickness decreased, join-
ing became difficult and was not successful at a pipe
thickness of 0.50 mm. Wang et al. [26] studied AISI
304 using EBSD and revealed that dynamic recrystal-

lization (DRX) is primarily produced in the welding
zone; they also observed a distinct shear-type texture
({110} <112>) in the joint region.

However, previous studies on rotary friction weld-
ing of austenitic stainless steels remain very limited
and have predominantly focused on similar [11, 24, 26]
or austenitic-to-ferritic stainless-steel welds [10, 22].
No studies have focused on the specific combination
of AISI 304L and AISI 310S. This represents a signif-
icant and unexplored research gap, since this combi-
nation offers a unique case study due to the consider-
able difference in alloying content (especially Cr and
Ni) and their complementary high-temperature prop-
erties. Using optical microscopy, EBSD, hardness, and
tensile strength testing, this study offers a novel in-
vestigation into the effect of rotational speed on these
particular joints. These techniques present a compre-
hensive correlation between welding parameters, dy-
namic recrystallization, microstructural changes, and
mechanical properties. The objective of this work is
to investigate the effect of rotational speed on the
microstructure, texture, and mechanical properties of
ATSI 304L-AISI 310S RFW joints, thereby filling an
important knowledge gap and providing a basis for
optimizing this welding technique.

2. Experimental procedure

For this study, two austenitic stainless steels,
grades 304L and 310S, were selected in rod form with
a diameter of 12mm. The chemical composition of
the base metals is shown in Table 1. The choice of
AIST 304L and AISI 3108 stainless steels for this study
is rooted in their complementary properties and in-
dustrial relevance. AISI 304L is an austenitic stain-
less steel favored for its corrosion resistance, excellent
mechanical properties, and adaptability to moderate
operating temperatures. It is a material of choice in
applications such as chemical plants, marine struc-
tures, and nuclear facilities, where cost-effectiveness
and durability are critical [27].

In contrast, AISI 310S is an advanced austenitic
stainless steel engineered for extremely high-tempera-
ture conditions. The chemical composition, charac-
terized by elevated concentrations of chromium and
nickel, offers exceptional oxidation resistance and ther-
mal stability, making it a viable alternative to pricier
superalloys in certain applications [28]. This makes it
ideal for demanding applications such as super-heater
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Fig. 1. Schematic representation of the weld joint with the
main coordinate system: Rolling Direction (RD), Normal
Direction (ND), and Transverse Direction (TD).

tubes in HRSGs, where exposure to high-temperature
gas flows is prevalent, and in furnace-adjacent pip-
ing within petrochemical processes. Combining these
materials in dissimilar welded joints provides a unique
solution for applications with varying thermal and me-
chanical stresses, ensuring a balance between perfor-
mance and cost-efficiency.

The machine used to carry out the RFW is a uni-
versal 3-axis vertical milling machine. RFW was per-
formed on rods of 84 mm in length for 304L stainless
steel and 89 mm for 310S steel. Before welding, the rod
ends were polished and cleaned to minimize the effects
of contamination. RFW was carried out by varying
the rotational speed (1000, 1400, and 2000 rpm) while
maintaining the other parameters constant (friction
feed = 40 mm min—!, pressure = 120 MPa).

Temperature changes near the joint line were mea-
sured during welding using an infrared video ther-
mometer (IRVT) device (FI 638TI). For microscopic
observation of the welded joint, samples were cut and
then polished using carbide paper (up to 1200 grains),
then using polishing clothes containing a 6-micron di-
amond paste, and finally electrolytically etched with
10 % oxalic acid (8V, 60s).

For EBSD analysis, the standard sample prepara-
tion method was applied on the surface of the welded
joint (ND, RD), as it is shown in the schematic repre-
sentation of the welded joint (Fig. 1). The main coordi-
nate system contains the three main directions: rolling
direction (RD), transverse direction (TD), and nor-
mal direction (ND). The preparation method consists
of mechanical polishing with grade 2400 emery paper,
followed by OPS polishing of the surface samples. A
Zeiss Supra 55 VP FEG-SEM operating at 20kV and
about 2 nA of current, coupled with OIM™ (Orienta-
tion Imaging Microscopy) software from TSL-EDAX
and a Velocity camera, was used for EBSD acquisition

and analysis. The exploration step is 2 um. The EBSD
data were analyzed, considering a grain tolerance an-
gle of 5° and a minimum grain size of 5 pixels, on
several rows. Textures were calculated using the har-
monic method up to a development order of 34 and
assuming a triclinic symmetry of the texture. Each
orientation is modeled by a Gaussian of 5° width at
half height. They are drawn in the section of the rods
(so on the pole figures, the A3 axis corresponds to the
Wire Axis “WA”). Furthermore, the SEM is equipped
with energy dispersive spectroscopy (EDS) for chem-
ical analysis.

Elemental analysis was carried out by energy dis-
persive X-ray spectroscopy (EDS) of the Bruker TES-
CAN VEGA3 SBU scanning electron microscope. The
tensile and hardness tests were the two mechanical
tests applied to the welded samples. The tensile tests
were conducted on specimens 13 cm in length, each
containing a weld seam in the middle. These tests
were performed on a universal Instron 8516 tensile
machine equipped with a 100 kN load cell, with a ten-
sion speed of 1 mm min~!. For each welding condition
(1000, 1400, and 2000 rpm), three tensile specimens
were tested, and the reported values represent the av-
erage. Hardness measurements along the welded joint
were carried out using a ZWICK ROELL INDEN-
TEC type micro-durometer under a load of 300 g and
a holding time of 10s. Indentations were made along
the midline of each welded specimen across the base
metal, HAZ, TMAZ, and weld zone.

3. Results and discussion
3.1. Macroscopic observation

Figure 2 shows the evolution of the welding pro-
cedure of the two dissimilar steel bars (the SS 310S
rod is fixed, but the SS 304L rod is rotating). It is
noted that under the effect of friction, the contact
surface becomes increasingly red, indicating a tempe-
rature increase, which makes this area more plastic.
Consequently, a bead forms at the welded joint. With
the rotation of the 304L stainless-steel rod stopped
(35 s), the welded joint cools gradually. The bead ob-
tained has an almost symmetrical shape, indicating
that the dissimilar steels exhibit nearly identical duc-
tility behavior. For this welding process, the friction
stage lasted 35 seconds, followed by a 10-second forg-
ing stage.

Figure 3 presents the curves of the temperature
evolution of the welded joint for the three rotational
speeds during RFW of 304L stainless steel to 310S
stainless steel. The common point between these three
curves is that they have the same appearance. These
three curves exhibit an ascending part up to a max-
imum temperature of approximately 525°C, corre-
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Fig. 2. Sequence of the RFW process of the two dissimilar austenitic steels.
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Fig. 3. Curves of the temperature evolution of the welded
joint for the three rotational speeds during RFW of 304L
stainless steel to 310S stainless steel.

sponding to the rapid heating during the friction
stage. Then, there is a descending but somewhat slow
part, which corresponds to forging, followed by the
cessation of rotation. However, it was observed that
at the top of the three curves, the more the rotational
speed increases, the temperature also increases, mean-
ing higher rotational speeds generate more heat at the
welded joint.

3.2. Microstructural observation
3.2.1. Base metals

Figure 4 shows the microstructure of the two base
metals. The two stainless steels, 304L (Fig. 4a) and
310S (Fig. 4b), are formed from a single phase, which
is austenite. It should be noted that 310S steel is
composed of larger grains (~ 50 um) than 304L steel
(~10 um).
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Fig. 4. Optical microstructure of: (a) Austenitic-stainless
steel 304L, and (b) Austenitic-stainless steel 310S.

3.2.2. Welded joints

The optical microstructures of all welded samples
were examined using optical microscopy (Fig. 5). This
figure presents a total view of the welded joint, al-
lowing for the visualization of the microstructure of
the different zones that typically form in a welded
joint. These zones have been identified as follows:
the weld zone (WZ), the thermomechanically affected
zone (TMAZ), and the heat-affected zone (HAZ).
These three distinct zones were observed on either side
of the welded joint and are distinguished by the size of
their grains. This distinction is due to the thermal and
thermomechanical effects during rotary friction weld-
ing. Zhu et al. [29] measured the temperature distri-
bution along the welded joint using RFW and an in-
dustrial infrared thermometer, showing that the tem-
perature gradually decreases from the central point
of the welded joint towards the base metal, result-
ing in a microstructural difference along the welded
joint. For the dissimilar joint 304L/310S, the distinc-
tion between the three zones is visible for the rota-
tional speed of 2000 rpm (Fig. 5c), where the thermo-
mechanical contribution is greater, which influences
the grain size. However, with a focused observation
on the microstructure of TMAZ and the WZ, it is
possible to observe two phenomena. The first phe-
nomenon involves an increase in grain size within the
TMAZ as the rotational speed increases. The second
phenomenon is the formation of fine grains in the WZ.
In this same zone, the deformation bands disappear at
high rotational speeds (2000 rpm). By increasing the
rotation speed, the microstructure on either side of
the central zone will undergo grain enlargement. The
central WZ zone forms small grains after being formed

ATST304L
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Fig. 5. Microstructures of samples welded by RFW under three rotational speeds: (a) 1000 rpm, (b) 1400 rpm, and (c)
2000 rpm.

into strong deformation bands. This phenomenon can
be attributed to dynamic recrystallization. Indeed, the
increase in friction heat and plastic deformation at
higher speeds promotes recrystallization and grain re-
finement. This type of recrystallization is a dynamic
recrystallization reaction, as mentioned and observed
by certain authors [19, 30, 31].

3.4. EDS analysis

Figure 6 presents the distribution curves of the
three chemical elements (Fe, Cr, and Ni) through the

welded joint for the three welded samples 1000 rpm
(Fig. 6a), 1400 rpm (Fig. 6b), and 2000 rpm (Fig. 6¢).
Overall, the iron curve shows a remarkable difference
between the two dissimilar steels, on the other hand
for Cr and Ni, the difference is not significant. It is es-
sential to note that the common feature among these
three curves is the continuous variation of these chem-
ical elements through the welded joint, indicating that
welding has facilitated the diffusion of these elements,
i.e., that welding by friction has not created a depleted
area of these elements. The interdiffusion of certain
chemical elements across the interface has been widely
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Fig. 6. Distribution curves of the three chemical elements

(Fe, Cr, and Ni) through the welded joint by RFW under

three rotational speeds: (a) 1000 rpm, (b) 1400 rpm, and
(c) 2000 rpm.

recognized in the RFW of dissimilar materials [32-34].
However, the effect of rotational speed on the distribu-
tion of the three chemical elements is not considerable.

3.5. EBSD analysts

Figure 7 shows the EBSD maps along the welded
joint for the three rotational speeds (Fig. 7a), with the
pole figures in the three selected zones of the welded
joint (Fig. 7b). The central zone for the three welded
joints is formed by small grains. This morphology is
due to the intense friction effect during REW. Wang
et al. [26] investigated the microstructural evolution of
AISI 304 stainless steel following rotary friction weld-
ing. The process of dynamic recrystallization (DRX)
and texture formation was analyzed by optical micro-
scope and EBSD. The results showed that dynamic re-
crystallization (DRX) mainly appears in the welding
zone. In addition, a shear-type texture ({110}<112>)
is formed in the weld joint [26]. Generally, this fine
microstructure contributes to the increase in hardness
in this area. With the increase in rotational speed,
the zone adjacent to the central zone is increasingly
composed of large grains, especially at high rotational
speeds (2000rpm). This grain growth is due to the
thermal effect, which increases with the increase in
rotational speed. This zone is identified as the ther-
momechanically affected zone (TMAZ).

Concerning the pole figures (Fig. 7b) in the three
selected zones of the welded joint for the three samples
welded by RFW with different rotational speeds; it
is worth noting that these three zones (1, 2, and 3)
were selected based on the variation in grain size from
one zone to another. Zone 2 generally corresponds to
the welded zone and the thermo-mechanically affected
zones, while zones 1 and 3 characterize the thermally
affected zones.

The texture of zone 2 exhibits a pronounced
texture, primarily composed of a component ori-
ented along the {110}<112> direction at a speed of
1000 rpm. Note that the texture is not orthotropic due
to the rotating friction.

With the speed of 1400 rpm, the texture of zone
2 is similar to that of the sample with the speed
of 1000 rpm, except that a slight rotation of the
{110}<112> component is observed, resulting in a
tilting of the central pole part of the polar figure {001}
towards its center. This rotation continues for 2000
rpm since an almost texture of fiber <100> // WA
appears, but with all the same reinforcement of the
component {001}<110>. The development of textures
in a welded joint depends on the type of steel being
welded and the welding process applied. For example,
Priymak et al. [35] found the presence of a pronounced
crystallographic texture close to that of the (110)[001]
plane with the axis normal to the surface of the welded
joint of medium-carbon alloy steels joined by the ro-
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Fig. 7. (a) RD-IPF EBSD maps along the welded joint of the three samples welded by RFW, and (b) pole figures in the
welded joint of the three samples welded by RFW under three rotational speeds: 1000 rpm, 1400 rpm, and 2000 rpm.
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Table 2. Ultimate tensile strength values of the base
metals and the welded samples by REW under three rota-
tional speeds: 1000 rpm, 1400 rpm, and 2000 rpm

Sample 304L 3108 1 2 3

Rm (MPa) 915 692 320 507 500

tary friction welding process.

Based on the EBSD results, RFW generates small
grains whose crystal orientation evolves as a function
of speed, with a majority direction <100> // WA for
the highest speed. In the adjacent zone, the grains
grow, developing the same texture as the small grains,
the growth of <100> // WA grains appearing prefer-
ential. In the thermally affected zones (Zones 1 and
3), there appears, on the one hand, a slight growth of
grains (for 2000 rpm, 30 um for 316L steel, and 46 um
for 310S) and, on the other hand, the disappearance of
the <111> // WA fiber texture from the initial states
in favor of a quasi-isotropic texture.

3.6. Tensile tests

Tensile tests were conducted on the two base met-
als and on the three samples welded under varying
rotational speeds. Table 2 summarizes the ultimate
tensile strength values of the tested samples. It can
be seen that 304L stainless steel has the greatest ul-
timate tensile strength (915 MPa) compared to 310S
stainless steel (692 MPa). This difference is mainly due
to the difference in grain size between these two base
metals, where 304L steel has very fine grains com-
pared to 310S steel. For the ultimate tensile strength
values of the welded samples, the joints welded at a
rotational speed of 1400 and 2000 rpm have the high-
est values compared to those welded at a rotational
speed of 1000 rpm. Madhappan et al. [20] concluded
that tensile tests showed that dissimilar welded joints
achieved less strength compared to a similar joint.

3.7. Hardness measurements

The hardness measurements along the welded
joint, obtained by varying the rotational speed dur-
ing RFW of the two different steels, are shown in
Fig. 8. It is clear that the difference between the
three welded samples is difficult to distinguish, as the
curves are interconnected and have a similar appear-
ance. The general appearance of the microhardness
curves shows high hardness on the side of 304L stain-
less steel (Fig. 8a), reaching a value of 250 HV, com-
pared to 310S stainless steel (Fig. 8b), which has a
value of 190 HV. The high hardness value of 304L
stainless steel can still be attributed to the small grain
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Fig. 8. The Vickers microhardness profiles in the welded

joint of: (a) 304L stainless steel to (b) 310S stainless steel

after variation of rotational speed during REW (1000 rpm,
1400 rpm, and 2000 rpm).

size in this material, as confirmed by EBSD analysis
and optical microscopy. Additionally, the hardness at
the center point of the welded joint has a median hard-
ness (220-230HV) compared to the maximum values
measured in the two dissimilar stainless steels. For the
TMAZ, the hardness on the 304L stainless steel side
(Fig. 8a) has an average value of 205 HV and an av-
erage value of 155 HV on the 310S stainless steel side
(Fig. 8b). In contrast, the HAZ of the two different
steels has a hardness value almost equal to that of the
base metals.

4. Conclusions

This investigation aimed to study the effect of ro-
tational speed on the microstructural and mechanical
behavior of two dissimilar stainless steels joined by the
rotary friction welding. The main results obtained are
as follows:

— These two steels were successfully welded by the
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rotary friction welding.

— The increase in rotational speed influences the
microstructure of the welded joint, with the rota-
tional speed of 2000 rpm presenting a homogeneous
microstructure at the interface of the welded joint.

— Based on the EBSD results, friction welding gen-
erates small grains whose crystal orientation evolves
as a function of speed, with a majority direction
<100> // WA for the highest speed.

— The welded joint with a rotational speed of 1400
and 2000 rpm has the highest value of ultimate tensile
strength.

— Rotary friction welding favored the atomic diffu-
sion through the welded joint of some elements such
as iron, chromium, and nickel.

In real industrial practices, these results show
that using high rotational speeds (1400-2000rpm) in
rotary friction welding of 304L/310S promotes dy-
namic recrystallization, resulting in a more uniform
microstructure and improved mechanical properties.
It provides guidance on selecting the optimal weld-
ing parameters for joining various types of stainless
steel in high-temperature environments, such as heat
exchangers, boilers, and petrochemical pipelines.
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