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Abstract: The reliable welding of T91 heat-resistant steel to 316L stainless steel is a considerable issue for ensuring the safety in service of ul-
tra-supercritical power generation unit and nuclear fusion reactor, but the high-quality dissimilar joint of these two steels was difficult to be ob-
tained by traditional fusion welding methods. Here we improved the structure—property synergy in a dissimilar joint of T91 steel to 316L steel
via friction stir welding. A defect-free joint with a large bonding interface was produced using a small-sized tool under a relatively high weld-
ing speed. The bonding interface was involved in a mixing zone with both mechanical mixing and metallurgical bonding. No obvious material
softening was detected in the joint except a negligible hardness decline of only HV ~10 in the heat-affected zone of the T91 steel side due to the
formation of ferrite phase. The welded joint exhibited an excellent ultimate tensile strength as high as that of the 316L parent metal and a
greatly enhanced yield strength on account of the dependable bonding and material renovation in the weld zone. This work recommends a

promising technique for producing high-strength weldments of dissimilar nuclear steels.
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1. Introduction

Ultra-supercritical (USC) power generation units and nuc-
lear fusion reactors are crucial facilities to produce electric
energy under the current severe situation of energy shortage.
The development of the above equipment can not only im-
prove the power generation efficiency but also reduce fuel
consumption and damaging gas emissions [1-2]. Structural
materials with superior thermostability should be used dur-
ing the construction of these facilities due to the harsh ser-
vice environment of high temperature, high pressure, and ra-
diation medium [3]. T91 martensitic heat-resistant steel and
316L austenitic stainless steel are two promising candidate
materials for assembling components of the USC unit and the
nuclear fusion reactor due to their excellent corrosion and
creep resistance to high-temperature steam [4-8]. For in-
stance, the T91 steel is commonly used for fabricating the
cooling pipes, and 316L stainless steel is widely used for va-
cuum vessels or valves. Therefore, it is inevitable to produce
dissimilar joint between the T91 steel and 316L steel.

Welding is an efficient and reliable route that is frequently
used in joining similar or dissimilar materials. Over the years,
dissimilar joints of Cr—Mo (the main alloying component of
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TO91 steel) steels or Cr—W steel to 316L steel have attracted
many investigations on their microstructures and mechanical
properties. Defect-free joints have been obtained using tradi-
tional fusion welding methods, such as gas tungsten arc
welding (GTAW) [9-10], electron beam welding [11-14], or
fiber laser welding [13,15-16]. However, serious coarsening
of microstructures was commonly detected in the weld metal
due to the remelting and solidification caused by the large
welding heat input [9-10,12,16].

At the T91 side, hard yet brittle lath martensite (M) with a
high density of dislocations promoted the susceptibility to
cold-cracking induced failure, and thus affected the safety of
weldment in the course of service. In addition, the dissolu-
tion of the M,;C; phase in the heat-affected zone (HAZ) was
a critical issue for fusion welding, which could deteriorate the
high-temperature properties such as creep resistance of heat-
resistant steels [10]. Hence, a post-weld heat treatment that
prolonged the assembling period was frequently adopted to
relieve the residual stress and enhance the joint’s properties
[9,13,17], which was very inconvenient for industrial applic-
ation. At the 316L side, Cr enriched delta ferrite (F) which
could reduce the corrosion resistance was generated in the
HAZ at elevated temperature [10,18]. Consequently, a new
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welding process with low heat input was required for joining
T91 steel to 316L steel.

Friction stir welding (FSW), a solid-state welding process
with depressed heat effect and significant grain refinement
[19], was proposed to joint aluminum alloys [20], magnesi-
um alloys [21], and polymers [22] which were hard to be
welded by traditional fusion methods. In recent years, FSW
has exhibited the potential of welding steels due to its feasib-
ility in tailoring the microstructures and mechanical proper-
ties of joints [23—24]. Hence, it is viable to resolve the weld-
ing problems and improve the welding quality of dissimilar
steel joints by using FSW. Recently, He et al. [25-26] and
Tang et al. [27] verified the practicality of FSW to fabricate
defect-free joints of 9Cr—1W steel to 316L stainless steel.
Apparent grain refinement was achieved in the stir zone (SZ).
However, obvious HAZ softening was detected at the
9Cr—1W steel side due to the coarsening and aggregation of
precipitates, which implied a weak area where the failure oc-
curred as the loss of creep strength. Sunilkumar et al. [18] ob-
tained dissimilar joints of P9 steel (similar to T91 steel) to
316L stainless steel. They declared that higher strength could
be achieved in FSW joint compared to GTAW joint. Never-
theless, the joint forming, especially the rough bottom sur-
face and deficient in material mixing should be ameliorated
to eliminate the potential creep failure locations.

This work aims to improve the forming quality as well as
modify the HAZ heterogeneity of dissimilar FSW joints of
TO91 steel to 316L steel by designing the tool size and weld-
ing parameters. The microstructural evolution across the joint
and near the bonding interface was carefully observed based
on achieving defect-free joints by assessing the macromor-
phology. By comprehending the mechanical properties such

as tensile and failure behaviors, the structure—property rela-
tionship of the FSW joint was well discussed.

2. Experimental

2.1. Materials and welding configuration

2 mm-thick T91 heat-resistant steel and 316L stainless
steel sheets were used as the parent materials (PMs) whose
chemical components were presented in Table 1. Before
welding, the T91 steel sheets were normalized at 1050°C for
10 min followed by water quenching to ambient temperature
and then tempered at 750°C for 1 h. The 316L steel sheets
suffered solution heat treatment of 1060°C for 4 h. The above
two types of steel sheets with a dimension of 60 mm x 15
mm were butt welded using a displacement-controlled FSW
machine. As shown in Fig. 1(a), W-25Re alloy was used to
make a small-sized tool with 5 mm in shoulder radius, 2 mm
in pin radius, and 1.7 mm in pin length. During the welding
process, the tool rotated and moved along the butt surface
with a tilt angle of 3° relative to the normal direction. The
tool rotation rates of 300—500 r/min were adopted with a con-
sistent welding speed of 150 mm/min which was relatively
higher than that used in the reported studies [18,25-26,28].
During FSW process, it is acknowledged that higher peak
temperature and stronger plastic deformation are commonly
achieved at the advancing side (AS) than the retreating side
(RS) [29]. Based on this recognition, T91 steel was placed at
the AS and 316L steel at the RS in view of minimizing the
welding defect induced by a lack of deformation in T91 steel
which possessed higher strength and hardness than 316L
steel.

Table 1. Chemical composition of T91 and 316L steels wt%
Material Cr Ni Mo Mn Si C S P Fe
T91 9.24 0.16 0.96 0.47 0.28 0.089 0.006 0.021 Bal.
316L 16.31 10.15 2.04 1.85 0.92 0.028 0.026 0.023 Bal.

2.2. Microstructural characterization

The cross-sectional microstructures of the joint were ob-

Fig. 1. Macromorphologies of stir tool and as-welded joints:
(a) stir tool used in this work, (b—d) top surface images of joints
under various rotation rates, and (e) cross-sectional observa-
tion of 500 r/min joint.

served by a Leica DMi8M optical microscope (OM). The
phase composition and grain structure were carefully ex-
amined using a Zeiss Supra 35 scanning electron microscope
(SEM) which was equipped with an electron backscatter dif-
fraction (EBSD) module. The characteristics of precipitates
and bonding interface were detected by a ThermoFisher
Talos F200X transmission electron microscope (TEM). The
OM, SEM, and EBSD specimens were cut from the as-wel-
ded joint perpendicular to the welding direction. The speci-
mens were ground, polished, and etched with appropriate
solutions for OM and SEM observation. The T91 steel was
etched with 10 g CuSQO, + 50 mL HC1 + 50 mL H,O solution,
while the 316L steel was revealed by electrolytic etching in a
10vol% oxalic acid + 90vol% H,O solution at 5 V for 15 s.
Before the EBSD examination, vibration polishing was ap-
plied to the mechanically polished specimen for removing the
surface stress. TEM foils were cut across the bonding inter-
face using the focused ion beam (FIB) technique. The chem-
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ical component evolution adjacent to the bonding interface
was investigated by energy dispersive spectrometer (EDS) in
both the SEM and TEM.

2.3. Mechanical assessment

Hardness examination was conducted on the polished OM
sample surface along the normal direction (weld center) and
transverse direction (thickness center) by using a LECO LM
247AT Vickers microhardness tester. An applied load of 1.96
N and a dwell time of 15 s were applied to each of the testing
sites with a distance between the adjacent points of 0.1 or
0.2 mm. Tensile specimens of the joint were cut along the
transverse direction with a gauge size of 20 mm length and
2.5 mm width. The tensile procedures were operated in an In-
stron 8801 testing system with an initial strain rate of 1 x
107 s at room temperature. Meanwhile, a mechanical ex-
tensometer with a span length of 12.5 mm was used to meas-
ure the actual strain of the tensile specimens.

3. Results and discussion

3.1. Macromorphology

Fig. 1(b)—~(d) shows the top surface morphologies of dis-
similar FSW joints. Under a high rotation rate of 500 r/min,
no macroscopical forming defect was found by observing
both the top and bottom surfaces. However, a crack about 0.6
mm in length was found at the T91 side after dissecting the
joint via a cross-sectional OM specimen (Fig. 1(e)). The
sampling location was marked by yellow dotted lines as
shown in Fig. 1(b). When decreasing the rotation rate to
400 r/min, a sound joint without any visible defect was suc-
cessfully fabricated (Fig. 1(c)). In order to explore a lower
heat input condition, the rotation rate was further decreased
to 300 r/min. However, an apparent tunnel defect was formed
around the stir pin on account of insufficient plastic material
flow (Fig. 1(d)). Hence, 400 r/min was the optimum welding
parameter which was analyzed detailedly in the following.
Note that no obvious tool wear or deformation was found un-
der different welding parameters.

As shown in Fig. 2(a), an obvious bonding interface hard
to be obtained in dissimilar joints of heat-resistant steel to
stainless steel [10,12,18,25,30] was observed between 316L
and T91 steels. The interface originated from the top surface
of the 316L side and gradually extended to the T91 side with
the distance increasing from the weld surface. Then, the in-
terface evolved to the 316L side again and ended near the
weld center. In general, the weld root was the location where
the bonding defect was preferentially developed due to insuf-
ficient material flow under the stir pin [26]. Hence, the bond-
ing interface adjacent to the weld root was especially con-
cerned here whereas no crack or void defect was found
throughout the root region (Fig. 2(b)), indicating an excellent
weld formation of dissimilar T91 steel to 316L steel.

At the T91 steel side, three microstructure regions of SZ,
HAZ, and PM were found as shown in Fig. 2(c) (hereinafter
referred to as T91-SZ, T91-HAZ, and T91-PM respectively,
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316L steel side in kind). The HAZ could be divided into two
subregions intituled HAZ1 and HAZ2 which exhibited dis-
parate microstructural characteristics in the following section.
At the 316L steel side, the joint could be divided into SZ,
thermo-mechanically affected zone (TMAZ), and PM region
(Fig. 2(d)), while the HAZ was not observed as shown in
Fig. 2(e). As shown in Fig. 2(f), a mixing zone that 316L
steel was involved in was found at the bottom of T91-SZ.
This signified apparent material flow and strong mechanical
mixing of the two as-welded materials.

3.2. Microstructure

3.2.1. T91 steel side

The typical microstructures of the T91-PM and T91-SZ
were displayed in Fig. 3. As shown in Fig. 3(a)—(c), the T91-
PM possessed a coarse martensite structure with a prior aus-
tenite grain size of ~20 um. Precipitated phases could be
found along the prior austenite grain boundaries (PAGBs)
and inside the martensite due to the tempering heat-treatment
process. As depicted by Zhang et al. [28] and He et al. [25],
three kinds of precipitations including M,;Cs, M5C, and MX
were commonly generated in heat-resistant steels. Wherein,
the globular M;C¢ carbides were normally distributed along
boundaries of prior austenite grains and martensite laths,
while small globular MX carbonitride and needle-like M;C
carbides precipitated only in the martensite laths. According
to the morphology features of the three precipitations, M»;Cy
and MX phases were clearly observed whereas the M;C
carbide was not found in the T91-PM (Fig. 4(a) and (b)). This
was attributed to the metastable state of M;C which could
easily transform into MyCy under tempering heat treatment
[28]. Compared to the PM, an obvious microstructural re-
finement was detected in the SZ (Fig. 3(d)) where a martens-
itic structure with a high density of MX precipitations was
generated (Figs. 3(e), 4(c), and 4(d)). Compared to the previ-
ous reports [18,25], more effective grain refinement was
achieved in the T91-SZ with a prior austenite grain size of
~5 wm which was nearly a quarter of that of the PM
(Fig. 3(f)).

The variation profiles of phase composition versus tem-
perature were calculated by Thermo-Calc software as shown
in Fig. 5. The phase transformation temperatures A.; and A
were calculated as 820°C and 860°C for the T91 steel, re-
spectively. Under the heat effects induced by friction and
plastic deformation, the temperature of the SZ rapidly in-
creased and reached a peak value beyond the A.;. During this
process, the martensite (a-Fe) in the SZ was transformed into
austenite (y-Fe) and the dissolution of precipitations oc-
curred. In the single-phase austenite region, severe plastic de-
formation and dynamic recrystallization occurred under the
rotational tool, and hence produced refined austenite which
was transformed into martensite after the subsequent air
cooling [31]. Generally, grain coarsening would proceed due
to the high-temperature duration after the stirring process,
and thus counteracted the structural refinement effect during
the dynamic recrystallization process of FSW.

In this work, the peak temperature and cooling rate were
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Fig. 2. Cross-sectional OM morphologies etched by CuSO, solution (a—c) and oxalic acid solution (d—f) for displaying the macro-
structures of T91 steel side and 316L steel side, respectively.
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Fig. 3. Microstructures of T91 steel before and after FSW: (a—c) PM; (d—f) SZ. The insert in (e) indicates the enlarged SEM figure.
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Fig. 5. Composition evolution of equilibrium phase of T91
steel with temperature.

deliberately controlled by using a small-sized stir tool as well
as a high welding speed, which enabled a relatively low peak
temperature and a shortened duration time at the austenitic
phase region. Therefore, the coarsening of austenite grains
was suppressed and more effective refinement of martensite
structure was achieved. Under the action of the welding heat
cycle, the My;Cq carbides were dissolved into austenite and
hard to be reprecipitated at room temperature due to rapid
cooling. However, a large number of MX phases were
formed due to the self-tempering effect of martensite which
was usually observed during the quenching process of low
carbide steels [32-34]. Owing to the rapid cooling, a small
amount of retained austenite (RA) with a dark and vimineous
appearance could be found near the martensitic lath boundar-

Fig. 4. TEM images displaying the features of precipitations in the PM (a, b) and SZ (c, d) of T91 steel.

Int. J. Miner. Metall. Mater., Vol. 30, No. 1, Jan. 2023

=

e Egraose% 50 nm

ies as revealed in Fig. 4(c).

In the HAZ1, three sites were chosen to disclose the struc-
ture changes as shown in Fig. 6(a). At the location near the
SZ (site b), a martensite structure which was similar to that in
the SZ was observed (Fig. 6(b1)). MX precipitations could be
easily found in the martensite laths yet rarely discovered at
the PAGBs (Fig. 6(b2)). At the location far from the SZ (site
¢), martensite with a structure size as large as that of the site a
was observed (Fig. 6(cl)). Meanwhile, some MyCy carbide
particles were found inside the martensite (Fig. 6(c2)). At the
location near the PM (site d), more M,;C, carbide particles
together with some ferrite were observed in the martensite
matrix (Fig. 6(d1) and (d2)). The formation of ferrite indic-
ated that the peak temperature in this region was near A.

From the above results, it could be validated that the mi-
crostructure in HAZ1 was not coarsened but refined com-
pared to that in the SZ and PM. Some previous works
ascribed this phenomenon to the recrystallization process that
occurred in this region under the peak temperatures of near
A [25-26]. The rapid cooling in HAZ restrained the grain
growth and promoted the formation of the refined martensit-
ic structure [28]. In this work, we further improved the grain
refinement of the HAZ1 by decreasing the peak temperature
and increasing the cooling rate via the small stir tool and high
welding speed. In addition, the M,;C4 carbides were gradu-
ally dissolved with temperature increasing as shown in Fig. 5,
which was the reason that My;C, carbide was hard to be
found at the location close to the SZ (site a).

In the HAZ2, a ferrite/martensite dual-phase (DP) struc-
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1 pm

Fig. 6. Typical microstructures at different locations in T91-HAZ1: (a) OM morphology; (b1-d2) SEM images captured at the cor-

responding sites of b, ¢, and d in (a).

ture was generated as shown in Fig. 7. The HAZ2 was loc-
ated between the HAZ1 and PM and suffered inferior peak
temperature which was lower than that of the HAZ1 (Fig.
7(a) and (b)). The peak temperature in HAZ2 was between
A and A, which was marked as an inter-critical region as
shown in Fig. 5. During the welding process, ferrite — aus-
tenite — martensite phase transformation proceeded in the
HAZ2. However, a part of ferrite was not transformed into
austenite and retained at the ambient temperature. Thus, par-
tial austenitization was accomplished and the DP structure
was obtained (Fig. 7(c)). In the DP structure, MX and M Cq
particles were clearly observed due to the self-tempering ef-
fect of martensite and the incomplete dissolution of M,;Cq
particles under the peak temperature between the inter-critic-
al region. In addition, it should be noted that the HAZ2
owned a small width of less than 0.2 mm which was hard to
be achieved in the previous studies [26,28].
3.2.2.316L steel side

The microstructures in the 316L-SZ were observed as well

and obvious grain refinement was detected as shown in
Fig. 8(a) and (d). The 316L-PM consisted of single-phase
austenite with an average grain size of 13 pm (Fig. 8(b) and
(c)). However, after severe plastic deformation and dynamic
recrystallization, the coarse PM was refined to a uniform
equiaxed structure with an average austenite grain size of
2.3 pm which was only one-sixth of that of the PM
(Fig. 8(f)). This strong grain refinement was not achieved in
the previous dissimilar FSW joints due to grain growth at el-
evated temperatures under high heat input conditions
[18,25,35]. In addition, Cr-enriched phases which could de-
teriorate the corrosion resistance of SZ and HAZ were com-
monly found in FSW stainless steel joints [18,36], such as &
ferrite and o phase [37-38]. However, by decreasing the peak
temperature and enhancing the cooling rate, the development
of 6 ferrite and o phase was suppressed because no obvious
variation of phase composition was detected in the SZ and
TMAZ compared with the PM (Figs. 8(¢) and 9(b)). As
shown in Fig. 9(a), material flow with an obvious shearing

20um

Fig. 7. Typical microstructures in T91-HAZ2: (a, b) overviews by OM and SEM respectively; (c) enlarged image of the marked re-

gion in (b).
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Fig. 9. Material flow observed near TMAZ at 316L steel side: (a) low magnification image; (b) high magnification image.

direction from PM to SZ was detected, indicating a strong
shear deformation of the grain structure in the TMAZ.
However, the TMAZ was not found at the T91 side since the
shearing morphology of austenite grain was covered up by
the martensitic transformation. Similar phenomena were
found in the FSW joints of DP [34] or Q&P steels [39].
3.2.3. Interface zone

The bonding interface played a crucial role in welded
joints of dissimilar materials. A defect-free bonding interface
with strong mechanical mixing and metallurgical bonding in-
dicated excellent bonding strength of the two materials for
welding. Fig. 10(a) shows the sound bonding interface ob-
tained in the current work. An indented interface morpho-
logy was found between T91-SZ and 316L-SZ as shown in
the enlarged image of Fig. 10(b). It is denoted that mechanic-
al mixing was achieved between T91 and 316L steels as a
result of the formation of a mixing zone in which the inter-
face was involved. In order to reveal if there was element dif-
fusion between these two steels, an EDS line scan was adop-
ted across the interface. As shown in Fig. 10(c), gradient dis-
tributions of the main elements of Fe, Cr, and Ni were identi-
fied in the mixing zone, where an increase in Fe and de-
creases in Cr and Ni were found from the 316L steel side to
the T91 steel side. Therefore, metallurgical bonding of 316L
and T91 steels was successfully achieved. As shown in
Fig. 11, the metallurgy feature of the interface was further in-

vestigated by TEM before which the foil specimen was ac-
curately extracted via FIB (Fig. 11(a)). As shown in Fig.
11(b)~(d), a clear interface that possessed inhomogeneous
composition of Ni element was found, while no apparent
gradient distributions of Fe, Cr, and Mn were observed across
the interface. This further confirmed the adequate element
diffusion and metallurgical bonding of the interface on a mi-
cro-scale.

Fig. 10(d) is the EBSD image quality (IQ) map measured
near the mixing zone. It is displayed that heterogeneous mi-
crostructures were obtained in the mixing zone. In the in-
verse pole figure (IPF) map of Fig. 10(e), it was evident that a
fine grain subregion was formed in the mixing zone, where
an obvious difference in the grain sizes could be detected
compared to the adjacent regions of both the 316L and the
TO91 steels. As shown in Fig. 10(f), the fine grain subregion
was located at the T91 side with a bce crystal structure and
abutted against the T91-SZ. Due to the considerable differ-
ence in the mechanical and thermal properties of 316L steel
and T91 steel [2], mechanical incompatibility certainly exis-
ted in the mixing zone during the plastic deformation process
of FSW. As shown in Table 1, the T91 steel had lower con-
tents of Cr, Ni, Mo, and Mn elements compared to that of
316L steel. The element distinction signified a lower deform-
ation resistance of the prior austenite of T91 steel due to the
inferior strength at an elevated temperature arising from the
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Fig. 10. Microstructural development adjacent to the bonding interface of dissimilar FSW joint: (a) OM image; (b) SEM image of
the area b in (a); (c) EDS line scan results showing the element distributions across the interface (scan line as shown in (b)); (d-g)
EBSD results exhibiting the grains (e), phases (f), and local misorientation (g).

lower content of solution elements. More severe plastic de-
formation might occur in the softer zone near the T91 side as
verified by the high kernel average misorientation (KAM) in
Fig. 10(g). Consequently, a subregion with smaller grain
sizes was generated in the mixing zone near the T91 steel.

3.3. Mechanical properties

Fig. 12 shows the evolution of microhardness across the
dissimilar FSW joint along with various directions. A valley-
type hardness distribution with large value differences was
observed in the normal direction (Fig. 12(a)). At the T91-SZ,
the hardness was as high as HV 400, while low hardness val-
ues of nearly HV 200 were measured in the 316L-SZ. In the
transverse direction, a great hardness increase was detected
when the measuring point was located in the T91-SZ (Fig.
12(b)). The average hardness values of the 316L-PM steel
and T91-PM were HV 149 and HV 276, respectively.
However, the hardness values were increased by HV 50 and
HV 130 in the SZs compared to the PMs of 316L steel and
T91 steel, respectively. At T91-SZ, the refinement of the
martensite structure was an important reason for the hard-
ness enhancement due to grain refinement strengthening
(Fig. 3). Besides, we concluded here that the precipitation
hardening also played a crucial role in the hardness improve-
ment. As revealed in Fig. 3(e) and Fig. 4(d), the high density
of nano-sized MX phases could further strengthen the
martensite by pining the mobile dislocations inner the
martensite laths and astricting the plastic deformation of the
martensite structure. As proposed above, the grain refine-

ment-induced hardening was the only mechanism for the
hardness improvement in 316L-SZ, which was one of the
reasons for the great microhardness distinction between T91-
SZ and 316L-SZ.

HAZ was commonly a weak region in most of the steel
joints, where premature failure occurred during tensile de-
formation due to material softening [39—40]. In the previous
work [26], severe material softening with apparent hardness
drop could be observed in the HAZ of heat-resistant steel,
while the corresponding reason was not clarified. Here we
achieved a dissimilar joint of T91 steel to 316L steel without
obvious material softening for both the two steels. The hard-
ness gradually decreased with the distance increasing from
the SZ. In T91-HAZ, negligible material softening with a
minor hardness decline compared to the PM was observed as
shown in Fig. 12(b). The formation of the ferrite phase was
the main reason for the material softening in this region
(Fig. 7(b)), and a similar result was reported in the FSW re-
search on martensitic steel [39]. The minimum hardness was
confirmed to be located in the HAZ2 with decreasing amp-
litude of only HV ~10 compared to the hardness of adjacent
PM (Fig. 13). In addition, the width of the softened zone was
only ~0.1 mm, which was consistent with the narrow temper-
ature range of only 40°C obtained in the inter-critical region
(Fig. 5). Therefore, the softening degree and width of the
softened zone were well controlled in the current FSW joint
via the adjustment strategies of low peak temperature as well
as high cooling rate. In order to ameliorate the heterogeneous
microstructures and hardness across the as-welded joint,
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Fig. 11. TEM results of the bonding interface: (a) sampling process via FIB; (b) bright field (BF) image; (c) high-angle annular

dark field (HAADF) image; (d) EDS mapping results.
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Fig. 12. Microhardness distributions of dissimilar FSW joint along with the normal direction (a) and transverse direction (b).

Fig. 13. Microhardness values of T91 softened zone.

post-weld heat treatment has been proposed in an ongoing
study which would be published in our future work.

The uniaxial tensile properties of the FSW joint and both
PMs were exhibited in Fig. 14. As shown in the engineering
stress—strain curves of Fig. 14(a), the 316L-PM owned a low
yield strength (YS) of 307 MPa, an ultimate strength (UTS)
of 627 MPa, and an excellent total elongation (TEL) of
~60%. The T91-PM possessed higher strength of both the Y'S
and UTS, but the ductility was drastically lower than that of
the 316L-PM. The YS, UTS, and TEL of 388 MPa, 640
MPa, and 17% were achieved respectively for the FSW joint.
The YS of the FSW joint was increased by ~80 MPa (26%
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increase) compared to that of the 316L-PM. In addition, the
UTS of the joint was as high as that of the 316L-PM, demon-
strating a high-strength dissimilar joint was fabricated in the
present work. After the tensile test, the joint was broken in
the PM region of the 316L side, as shown in the insert of
Fig. 14(a). The fracture surface of the joint was full of
dimples, voids, and tearing ridges and similar to that of the
316L-PM, indicating a good ductility of the joint (Fig. 14(b)).

From the above discussions, it was inferred that the excel-
lent tensile strength of the FSW joint was closely related to
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Fig. 14.

the microstructural modification achieved in both the as-wel-
ded steels. The dependable bonding interface as well as the
hardening of the dissimilar joint without apparent material
softening avoided the severe deformation and failure in the
weld zone, and hence transformed the plastic strain to the soft
material of 316L-PM where eventual fracture developed.
Therefore, the high-strength dissimilar joint of T91 steel to
316L steel was achieved via the FSW technique which could
apply to other steel materials for producing high-quality dis-
similar weldments.

Tensile testing results of the FSW joint and PMs: (a) engineering stress—strain curves; (b) fracture morphologies of

316L-PM and FSW joint. The insert in (a) shows the failure location of the joint.

4. Conclusions

In this work, the high-strength dissimilar joint of T91 heat-
resistant steel to 316L stainless steel was successfully fabric-
ated via the FSW technique. The main conclusions are as fol-
lows.

(1) Defect-free joint with a large bonding interface could
be produced using a small-sized tool with a rotational rate of
400 r/min as well as a relatively higher welding speed of 150
mm/min. When the higher or lower rotational rate of 500 or
300 r/min was adopted, crack or tunnel defect would gener-
ate respectively due to the inappropriate material flow.

(2) Typical SZ and PM regions were found at both the T91
steel side and the 316L steel side. However, the HAZ (in-
cluding two subregions) was only observed at the T91 steel
side and the TMAZ was only visible at the 316L steel side.
Unprecedented grain refinement was achieved in both the
T91-SZ and the 316L-SZ. The microstructure in T91-HAZ1
was not coarsened but refined compared to that of the T91-
PM. The ferrite/martensite DP structure was found in the
T91-HAZ2.

(3) A strong bonding interface was formed via both the
mechanical mixing and metallurgical bonding between these
two as-welded steels. A mixing zone with heterogeneous mi-
crostructures and gradient distributions of Fe, Cr, and Ni ele-
ments was found around the interface. In the mixing zone, a
fine grain subregion was developed at the T91 side due to the
mechanical incompatibility of 316L steel and T91 steel.

(4) No obvious material softening was detected in the dis-
similar joint except a negligible hardness decline of only
HV ~10 in the T91-HAZ2 due to the formation of the ferrite

phase. The FSW joint presented excellent UTS as high as that
of the 316L-PM and a considerable improvement of the Y'S.
Tensile failure in the 316L-PM was observed in the joint with
a ductile fracture morphology on account of the dependable
weld zone.
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