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Fusion welding of austenitic stainless steels (ASSs) causes undesirable metallographic changes. An attempt
has been made to join 3-mm-thick 316L ASS plates using friction stir welding and correlate the
microstructural evolution and the mechanical properties under various welding conditions. Tungsten alloy
(W-Re) tool was employed for welding. Successful joints were obtained within a range of traverse speeds
(45-85 mm/min) used in this work. Various zones were observed across the joint line. The stir zone
exhibited considerable grain reﬁnement and traces of delta ferrite phase. EBSD images showed a decreasing
grain size with increased traverse speed. XRD patterns and TEM images conﬁrmed the existence of delta
ferrite. The mechanical properties of the joints including microhardness, tensile strength, impact toughness
and bending were further reported.
Keywords

austenitic stainless steel, friction stir welding,
microstructure, tensile strength

1. Introduction
TodayÕs material world is dominated by the omnipresence of
stainless steels. It is a tedious task to enumerate the applications
of stainless steels in each and every ﬁeld. They are used in a
wide range of applications starting from simple cooking vessels
to complicated stents in medical ﬁeld. Chromium is the major
alloying element of stainless steels which imparts the nature of
stainlessness. Chromium helps to form a chromium oxide layer
on the surface of stainless steels to inhibit corrosion. Chromium
is added in excess of 11 wt.% to invoke the self-healing effect,
i.e., passivation. Among the various categories of stainless
steels produced, austenitic stainless steels (ASSs) possess
exceptional corrosion resistance as well as good formability.
Further, they are characterized by higher hot strength and creep
resistance. The austenite phase is stabilized using speciﬁc
alloying elements, and hence, they are named so. They are used
as material for numerous components in various industries
which are not limited to chemical, oil, nuclear, transport,
aerospace, medical, offshore, construction and food processing
(Ref 1-5).
It is impossible to use ASS as material for structural
components without meeting the requirements to make sound
joints. ASS enjoys excellent weldability and can be readily
joined using traditional fusion and high-energy welding
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processes. Successful joints of ASS using gas metal arc
welding (Ref 6), gas tungsten arc welding (Ref 7, 8), ﬂux-cored
arc welding (Ref 9, 10), submerged arc welding (Ref 11), laser
beam welding (Ref 12, 13), electron beam welding (Ref 14)
and plasma arc welding (Ref 15) were demonstrated in the
literature. Nevertheless, the thermal history and the associated
cooling rates in the above-listed processes often produce
undesirable metallurgical changes in the microstructure. Issues
such as chromium carbide formation, hot cracking, sigma phase
precipitation, coarse dendritic structure, segregation of alloying
elements, loss of austenitic phase and sensitization were
encountered during fusion welding. Those defects and undesirable microstructures adversely affect the corrosion resistance
and mechanical properties. It is possible to suppress or avoid
those issues by using solid-state welding techniques (Ref 14).
Among various solid-state welding techniques, friction stir
welding (FSW) has gained considerable momentum to weld
materials having very high melting points (> 1200 C) (Ref
16). Invented at TWI two decades ago, FSW was exploited to
weld pure aluminum and its alloys in similar and dissimilar
conﬁgurations (Ref 17). FSW is a thermomechanical process
which relies on heat and mechanical action for welding. Heat
for welding is generated by rubbing a tool between the abutting
edges. The tool is also provided with a rotary and translatory
motion. The frictional heat brings the material to plastic state,
and the rotary motion creates a material ﬂow around the tool.
The translatory motion causes coalescence of plasticized
material at the back of the tool aided by an axial pressure
exerted along the tool axis. The frictional heat is insufﬁcient to
melt the materials, and the joint is obtained in solid state. It is a
promising technique to prevent or mitigate the issues posed by
fusion welding processes (Ref 18, 19). Joining of high-meltingpoint materials requires tools that should exhibit higher hot
strength and superior wear resistance (Ref 20, 21). Application
of FSW technology to weld various grades of steels (Ref 2224), titanium (Ref 25, 26) and nickel (Ref 27) was outlined in
the literature.
A literature survey on FSW of ASS was carried out.
Reynolds et al. (Ref 28) reported the feasibility to join 3.2-mmthick 304L ASS using FSW and published the welded
microstructure. Park et al. (Ref 29) observed the formation of

sigma phase during FSW of 6-mm-thick 304 ASS and
attempted to describe the mechanism. Sato et al. (Ref 30)
explained the phenomenon of recrystallization in FSW of 6.4mm-thick 304L ASS. Miyazawa et al. (Ref 31) developed
iridium alloy tool for FSW of 1.5-mm-thick SUS304 ASS.
Zhou et al. (Ref 32) proposed a technique to reﬁll the keyhole
during FSW of 5.2-mm-thick 316L ASS. Siddiquee and Pandey
(Ref 33) evaluated the wear of tungsten carbide tool during
FSW of 2.95-mm-thick 304 ASS. Darvazi and Iranmanesh (Ref
34) derived a thermomechanical model to compute the cooling
rates and residual stress during FSW of 304L ASS. Liu and
Nelson (Ref 35) identiﬁed the material ﬂow pattern in FSW of
4-mm-thick 304L ASS. Lakshminarayanan (Ref 36) established
empirical relationships to predict the properties of friction-stirwelded 3-mm-thick 304 ASS. Shashikumar et al. (Ref 37)
studied the role of tool material on the joint integrity of FSW of
3-mm-thick 316L ASS.
Literature survey revealed that it is possible to use FSW
technique to join ASS successfully. However, the investigations
are sporadic compared to FSW of aluminum alloys. Therefore,
the present work aims to produce 316L ASS joints using FSW
and study the microstructure using optical microscopy and
electron back-scattered diffraction under different welding
conditions. The mechanical behavior of the joints is further
presented.

etched specimens were observed using an optical microscope
(OLYMPUS BX51 M). The macrograph was recorded using a
stereo microscope (OLYMPUS SZX16). Electron backscatter
diffraction (EBSD) of the stir zone was carried out in a FEI
Quanta FEG SEM equipped with TSL-OIM software. Five
images per welding condition were analyzed to estimate the
average grain size. The microhardness was measured using a
microhardness tester (WOLPERT WILSON 402-MVD) at
500 g load applied for 10 s across the stir zone at the center
of the thickness direction. The tensile specimens (three
specimens per welding speed) were prepared as per ASTM:
E8 M-13a standard having a gauge length of 40 mm, a gauge
width of 7 mm and a thickness of 3 mm. The ultimate tensile
strength (UTS) was estimated using a computerized universal
testing machine (INSTRON 3367) at a speed of 1 mm/min. The
Charpy impact test specimens (three specimens per welding
speed) were machined having a length of 55 mm and width of
10 mm. The stir zone was at the middle of the specimen with a
notch of 45. Impact testing was carried out at room
temperature using a pendulum-type impact testing machine.
The fracture surfaces of tensile and impact tested specimens
were viewed using scanning electron microscope (JEOLJSM6390). Three-point root-bend test was performed as per ASTM
E190-03 speciﬁcations.

3. Results and Discussion
2. Experimental Procedure
3.1 Macrostructure of Welded Joints
316L-grade ASS plates of 3 mm thickness were used for
this investigation. Table 1 presents the details of the composition which was measured using optical emission spectrometry. Plates of size 100 mm 9 50 mm 9 3 mm were cut from
the rolled plates. The welding conﬁguration was square butt
and was accomplished semi automatically using an indigenously built FSW machine (M/s RV Machine Tools, Coimbatore, India). A tool made of W-Re alloy was employed for
welding. A photograph of the tool used for welding is shown in
Fig. 1(a). The tool was designed to have a shoulder diameter of
18 mm and a pin length of 2.7 mm. The pin shape resembled a
frustum with a diameter of 8 mm at the shoulder end and 6 mm
at the free end. The traverse speed was varied from 45 to
85 mm/min in steps of 10 mm/min. The tool rotational speed
and axial force were, respectively, 500 rpm and 9 kN for all the
joints. The rolling direction of the plates was kept perpendicular
to the welding direction. The abutting edges were thoroughly
cleaned using acetone before the commencement of welding.
Figure 1(b) presents an example of a friction-stir-welded 316L
ASS plate.
Specimens were machined perpendicular to the welding
direction for metallographic study. They were mounted
(STRUERS CitoPress), polished (STRUERS LaboPol) and
etched with a conventional reagent consisting of 5 ml HNO3,
10 ml C3H8O3 and 15 ml HCl as well as with a color reagent
consisting of 20 ml HCl, 1 g K2S2O5 and 70 ml H2O. The

Figure 2 displays the typical macrographs of friction-stirwelded ASS plates under different welding conditions. It is
inferred from the macrographs that the joining was successful
under the imposed welding parameters. All the plates were
joined successfully and exhibit full penetration. Successful joint
is the result of adequate generation of frictional heat and
material ﬂow during welding. The macrographs do not show
any kinds of defects along the joint line. There is no evidence
for pin holes, tunnels and voids which are three dimensional in
nature. Lakshminarayanan (Ref 36) reported the existence of
various kinds of tunnel defects in the weld zone of friction-stirwelded 304 ASS due to improper selection of welding
parameters. In the present work, the welding conditions favored
proper consolidation of plasticized ASS. However, minor root
defects were present at the back of plate at traverse speeds of 75
and 85 mm/min. This may be due to slight drop in plunge depth
with the increase in traverse speed.
The overall shape of the stir zone is comparable to ‘‘basin
shape.’’ The width of the stir zone is higher near shoulder
region and low at the root of the joint. The shoulder creates
major portion of the frictional heat, and the rotating motion
attempts to move the plasticized material in a circular motion.
This is the material ﬂow due to the shoulder. The tool pin
generates some portion of frictional heat during shearing of
material and stirs the whole material plasticized by the
frictional heat of rotating shoulder. The reduction in the width

Table 1 Chemical composition of ASS 316L steel
Element
wt.%

C

Si

Mn

P

S

Cr

Ni

Mo

Al

Cu

Ti

Fe

0.033

0.332

1.18

0.0150

0.014

17.510

9.01

0.259

0.019

0.540

0.294

Balance
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Fig. 1

(a) Tungsten–rhenium alloy friction stir welding tool and (b) an example of a friction-stir-welded 316L ASS plate

The negligible variation in the stir zone size suggests that the
effect of plastic deformation dominated the effect of frictional
heat.
Onion ring patterns were observed in the stir zone at traverse
speeds less than 65 mm/min. The evolution of onion ring
pattern is not well pronounced at 65 mm/min and disappeared
with further increase in traverse speed. The plasticized material
near shoulder region is much warmer compared to root portion.
The onion rings evolve due to mixing of material ﬂow from
shoulder region (warmer) to root region (cooler). The increase
in traverse speed reduces the material ﬂow due to the shoulder
and lack of intense mixing of shoulder-induced material ﬂow
and material at root leads to the absence of onion rings.

3.2 Microstructure of Welded Joints

Fig. 2 Optical macrographs of friction-stir-welded joints at a
traverse speed of: (a) 45 mm/min, (b) 55 mm/min, (c) 65 mm/min,
(d) 75 mm/min and (e) 85 mm/min

is the net result of material ﬂow induced by shoulder and pin.
The frictional heat and material ﬂow due to the shoulder reduce
along the thickness of the welded plate. Therefore, the stir zone
is broader near shoulder region.
The contour of the stir zone is marked in Fig. 2. The stir
zone is spread almost equally from the joint line, i.e., stir zone
is symmetric with respect to the tool axis. A symmetric stir
zone is formed owing to smooth material ﬂow and proper
consolidation. It was reported in the literature that a symmetric
stir zone is usually characterized by uniform microstructure
(Ref 18). The shape of the stir zone is always offset in relation
to joint line in friction-stir-welded aluminum alloys due to
increased material ﬂow caused by low ﬂow stress. The ﬂow
stress of ASS is so high that the plasticized material does not
move in chaotic manner. Further, the change in the area of the
stir zone with the increase in traverse speed is not substantial.
The area of the stir zone is inﬂuenced by the amount of
frictional heat generated and the degree of plastic deformation.
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Figure 3 depicts the EBSD images of the parent 316L ASS
and stir zone at each welding condition. As-received 316L ASS
exhibits a coarse-grained microstructure. Several annealing
twins are seen inside grain boundaries. It is obvious from Fig. 3
that the grains in the stir zone are smaller than parent metal. The
material in the stir zone experienced reﬁnement of grains. The
grains are approximately equiaxed. The mechanism of grain
reﬁnement is elaborated subsequently. Joining occurs in FSW at
elevated temperature which is mostly greater than the recrystallization temperature of the material to be joined. Hence, FSW
process ﬁts into the category of hot-working processes. It is
well established that the materials processed through hotworking processes are subjected to dynamic recrystallization
phenomenon. Dynamic recrystallization was reported to be the
major cause of grain reﬁnement in friction-stir-welded ASS
(Ref 16, 27, 29). The frictional heat and severe plastic
deformation are responsible for recrystallization. There are
two possibilities of dynamic recrystallization during FSW. The
annihilation and reordering of dislocations may lead to
continuous extended recovery processes. Secondly, grains with
little or no dislocations are generated in discontinuous passion
(Ref 38). The stain rate history of the material and the stackingfault energy dictates the mode of dynamic recrystallization. The
stacking-fault energy of ASS steels is very low compared to
aluminum alloys (Ref 39). Hence, it can be counted that ASS
underwent discontinuous dynamic recrystallization. This is due

Fig. 3 EBSD (IPF + grain boundary) maps of (a) 316L ASS and friction-stir-welded joints at a traverse speed of: (b) 45 mm/min, (c) 55 mm/
min, (d) 65 mm/min, (e) 75 mm/min and (f) 85 mm/min

to the fact that the recovery process is incomplete owing to
separation of dislocations.
Sato et al. (Ref 30) suggested that some parts of the stir zone
undergo static recrystallization. The stir zone of ASS typically
experiences temperature in excess of 1200 C during FSW.
After the plasticized material is consolidated, the tool advances
further. The consolidated material at the back of the tool will be
subjected to temperature in excess of 750 C for some period of
time during cooling. This temperature is in the range of static
recrystallization of 316L ASS (Ref 40). The plastic deformation
during FSW is non-uniform such that the dislocation density

would vary across the stir zone. The elevated temperature may
destroy dislocations in some grains, while some amount of
dislocations may survive subsequent to consolidation. The
presence of such dislocations would further lower the static
recrystallization temperature. Static recrystallization reﬁnes
grains having some amount of dislocation density. Those
grains are stable throughout the cooling cycle to room
temperature. On the other hand, dynamically recrystallized
grains having lower or no dislocations would experience grain
growth during cooling. A closer observation of the EBSD
images of the stir zone (Fig. 3b-f) gives evidence for this
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phenomenon. Although grains are reﬁned below the size of
parent metal, the reﬁned grains do not display uniform size
distribution across the stir zone. The size distribution is bimodal
in nature similar to the observation of Sato et al. (Ref 30).

Fig. 4 Effect of traverse speed on grain size of friction-stir-welded
316L ASS joints

Several ultra-ﬁne grains are distributed in the stir zone amidst
grains which are several folds larger. The ultra-ﬁne grains
initially experienced dynamic recrystallization followed by
static recrystallization. The bigger grains underwent dynamic
recrystallization followed by small degree of coarsening during
cooling.
Figure 4 represents the variation in grain size with the
increase in traverse speed. The average grain size was measured
to be 14.86 lm at 45 mm/min and 11.3 lm at 85 mm/min. The
grain size is reduced with an increase in the traverse speed.
FSW process involves generation of frictional heat and severe
plastic deformation due to the mechanical action of the rotating
tool. Both the factors inﬂuence the grain structure evolution
during joining. The grains tend to coarsen with the increase in
frictional heat. On the other hand, the increase in plastic
deformation reduces the grain size. The ﬁnal grain size is the
resultant of those two effects which oppose each other (Ref 41).
The increase in traverse speed reduces the frictional heat input
per unit length of weld which results in faster cooling rate.
Simultaneously, the available stirring effect also decreases with
increased traverse speed. However, the decreasing trend
suggests that the effect of frictional heat is dominated over
the effect of plastic deformation. This implies that although

Fig. 5 Optical micrographs of friction-stir-welded 316L ASS joint at a traverse speed of 45 mm/min showing: (a) parent metal, (b) HAZ, (c)
transient zone, (d) stir zone at the top, (e) stir zone at the middle and (f) stir zone at the bottom
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higher stirring was available at 45 mm/min, the higher
frictional heat produced at the same traverse speed results in
coarsening of grains. Likewise, the stirring available at 85 mm/
min is low compared to 45 mm/min. But the available stirring
was sufﬁcient to produce ﬁner grains, and the frictional heat at
the same condition was insufﬁcient to coarsen the grains.
Optical micrographs of friction-stir-welded 316L ASS at
45 mm/min etched using a conventional etchant are presented
in Fig. 5. The ﬁgure reveals the existence of different zones
across the welded joint. The micrograph of the parent metal is
similar to the structure observed using EBSD in Fig. 3(a). The
horizontal lines represent the banded structure due to the rolling
process. It is interesting to observe the microstructure of heataffected zone (HAZ) in Fig. 5(b) which resembles the parent
metal microstructure. There is no obvious coarsening of grains
in the region adjacent to the stir zone. This observation agrees
to several earlier investigations. Nevertheless, the reasons were
not well documented. A clear formation of HAZ characterized
with coarser grains was observed in friction-stir-welded
aluminum alloys. The absence of HAZ in the present work
can be correlated to the following factors: (a) FSW is a low heat
input process and the frictional heat generated may be
insufﬁcient for volumetric heating of wider region beyond stir
zone and (b) the thermal conductivity of stainless steel
( 17 W/mk) is several folds lower to that of aluminum alloys
( 180 W/mk) which delays the propagation of frictional heat
in the lateral direction. In spite of similar grain structure, it is
possible that HAZ region might have experienced softening due
to exposure to the thermal cycle during welding. The micrograph of the transition zone (Fig. 5c) gives evidence to
thermomechanically affected zone (TMAZ). TMAZ is characterized by reoriented and slightly elongated grains. The
reorientation and elongation are caused by the shearing action
of the rotating tool.

The micrographs of the stir zone along the thickness
direction are shown in Fig. 5(d) and (e). The population of
twins is reduced considerably in the stir zone. This could be
attributed to the breakup of initial twin boundaries due to the
mechanical action associated with intense deformation in
plastic state. The original twins undergo a crystallographic
rotation due to the imposed strain and are eventually destroyed
(Ref 42). Ultra-ﬁne grains are observed at the top portion of
Fig. 5(d), which was closer to shoulder region. This could be
due to the additional stirring provided by the tool shoulder.
Costa et al. (Ref 43) applied friction stir processing on tool steel
using a pin-less tool and observed a region of ﬁner grains
beneath the tool region. The contrast of stir zone micrographs is
uniform such that there are no micron-level second-phase
particles. The tool is subjected to severe conditions during FSW
of ASS. Subsequently, the wear of the tool is expected. The
worn debris of the tool is usually embedded and distributed in
the stir zone (Ref 33, 37). The inclusion of wear debris will
cause the micrograph look like to that of steel matrix composite
reinforced with ceramic particles. The absence of worn debris
suggests that there is no signiﬁcant wear of the W-Re tool under
the imposed experimental conditions. This could be one of the
reasons for negligible change in stir zone area as discussed in
the previous section. No attempts were made in this work to
estimate the tool life. Figure 5(f) presents a clear view of the
onion ring structure observed at the bottom of the stir zone.
Alternate layers of grains with different sizes were noted in the
onion ring structure. The formation of such a structure is the
evidence of intense mixing of plasticized material ﬂow in the
stir zone region. FSW process can be visualized as an extrusion
process. Each rotation of the tool contributes to extrusion of
one plasticized layer in the form of semicylindrical shape. If
such number of extruded layers is sliced, it will resemble the
structure observed in Fig. 5(f) (Ref 18).

Fig. 6 Color optical micrographs of friction-stir-welded 316L ASS joint at a traverse speed of 45 mm/min showing: (a) parent metal, (b) stir
zone at the middle at 45 mm/min, (c) stir zone near advancing side at 45 mm/min and (d) stir zone near advancing side at 65 mm/min
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Fig. 7 XRD patterns of (a) 316L ASS and friction-stir-welded joints at a traverse speed of: (b) 45 mm/min, (c) 55 mm/min, (d) 65 mm/min,
(e) 75 mm/min and (f) 85 mm/min

The same samples were polished again and etched with a
color etchant, and the color micrographs are shown in Fig. 6.
Color etching provides a clear evidence for any change in
phases during welding. The austenite phase is revealed in light
blue color. A clear color change is observed at the bottom of the
stir zone near advancing side in some joints. Regions displaying violet and dark blue colors are visible. The color etchant
used in the present work would reveal delta ferrite in those
colors (Ref 44). This result is similar to the observation of Park
et al. (Ref 45) who observed dark etched regions using
conventional etchant. They reported that those regions were
characterized by the presence of ferrite phase. The peak
temperature reached, and the associated cooling cycle led to the
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transformation of austenite into delta ferrite in few regions
within the stir zone. The alloying elements of ASS bring down
the transformation temperature of austenite phase to delta
ferrite. The delta ferrite was reported to be the precursor for the
formation of sigma phase in friction-stir-welded ASS (Ref 29).
Sigma phase can form in two ways during welding of ASS: (a)
direct transformation of austenite phase into sigma phase and
(b) emergence of duplex microstructure consisting of ferrite and
austenite phase may accelerate the formation of sigma phase.
The ﬁrst case requires exposure to higher temperature over a
longer period which is not possible in FSW. Depending upon
the strain rate and thermal history, the second case may occur in
FSW of ASS.

Fig. 8 Pseudo-binary section of the Fe-Cr-Ni ternary system at
70% Fe (Ref 47)

The XRD patterns of the procured ASS and the stir zone at
various traverse speeds are shown in Fig. 7. The base metal
(Fig. 7a) shows austenite phase alone. However, the stir zone
shows additional peaks of delta ferrite at traverse speeds of 4565 mm/min (Fig. 7b-d). No peaks of delta ferrite are observed
above 65 mm/min (Fig. 7e and f). There is no trace of sigma
phase peaks under any welding condition in this work. It is
interesting to observe that the peaks of austenite broadened
slightly after FSW. The grain size is inversely proportional to
peak broadening according to the Scherrer equation (Ref 46).
Therefore, peak broadening can be related to ﬁne grains
generated during FSW because of the recrystallization process
elaborated earlier. The formation of delta ferrite and the absence
of sigma phase (r) can be understood using pseudo-binary
section of the Fe-Cr-Ni ternary system at 70% Fe (Ref 47) as
shown in Fig. 8. The chromium equivalent (Cr + Ni + 1.5Si +
0.5Nb) and the nickel equivalent (Ni + 0.5Mn + 30C) were
computed according to Schaefﬂer relationship using the
composition given in Table 1. The two blue lines mark the
window of the chromium equivalent and the nickel equivalent
for the base material. The existence of delta ferrite below
75 mm/min suggests that the peak temperature was above
1200 C. The austenite phase entered into two-phase region
(c + d), and a portion of the austenite was transformed into
delta ferrite. It is established in the literature that the ferrite
grain boundaries are preferential sites for the nucleation of the
sigma phase in stainless steels (Ref 29). The stir zone passes
through c + r region during cooling as seen in Fig. 8.
Nevertheless, sigma phase did not precipitate out. This can be
ascribed to higher cooling rate which limits the duration of
exposure in the c + r region. Villanueva et al. (Ref 48) studied
the decomposition of delta ferrite into sigma phase in detail and
found that an exposure of more than 30 min is required for total
transformation. This duration is unlikely to occur in FSW. The
absence of delta ferrite above 65 mm/min can be related to
lower peak temperature below 1200 C. The stir zone was not
exposed to c + d region.
Figure 9 presents a montage of bright-ﬁeld transmission
electron microscopy (TEM) micrographs of the weld zone of
friction-stir-welded 316L ASS joint at a traverse speed of
45 mm/min. Several microstructural features including ﬁne
grains, dislocations, delta ferrite and micro-twins are observed.
The walls of the cell structures are well developed because of

high-density dislocations. The evolution of ﬁne-grain structure
is clearly noticed in Fig. 9(a) and (b) which is attributed to the
process of recrystallization and severe plastic deformation.
Deformation and recrystallization continue repeatedly until the
plasticized material is forged at the back of the tool. It is evident
from Fig. 9(a) and (b) that all the grains do not have the same
degree of dislocations. The grains which pose brighter have
little amount of dislocations. The darker grains are ﬁlled with
more amount of dislocations. The dislocation density varies
across the stir zone. This observation suggests that the dynamic
recrystallization was discontinuous during FSW as discussed
previously. Figure 9(c) shows the presence of sub-grain
boundaries as indicated by the arrow mark. The pointed grain
boundaries can be divided into several different grain boundaries. They are characterized by high amount of dislocations
indicating the heterogeneous microstructural evolution. They
are seldom formed inside the dynamically recrystallized grains.
Prangnell and Heason (Ref 49) reported that the grain
subdivision occurs immediately under the action of simple
shear deformation compared to other type of deformations. The
high-density dislocation substructures could be transformed
into high-angle boundaries under the application of high strain
levels imposed during FSW. Figure 9(d) and (e) shows a closer
view of dislocation density in the stir zone. The evolution of
fresh grains and severe plastic deformation generate dislocations in the stir zone. Figure 9(f) and (g) shows the presence of
delta ferrite, which is located along the recrystallized austenite
grain boundaries. Delta ferrite exhibits an elongated shape and
was formed due to the thermal cycle as presented earlier.
Figure 9(h) reveals the existence of micro-twins which could
not be seen in optical micrographs and EBSD maps clearly.
They display straight and parallel boundaries which elongate
throughout the grain from a grain boundary. Sato et al. (Ref 41)
demonstrated that statically recrystallized grains in austenitic
stainless steel undergo twinning during FSW. These twins are
probably annealing twins in contrast to mechanical twins which
usually exhibit lenticular morphology with nanometric width.
The severe plastic deformation is capable of destroying the
twins present in the parent metal. The emergence of annealing
twins can be attributed to the post-dynamic recrystallization
phenomena like grain growth or grain boundary migration
caused by static recrystallization subsequent to the welding
cycle. Those twins are found inside austenite grains with lowerdislocation densities. The cooling cycle is longer in austenitic
stainless steels because of poor thermal conductivity. Therefore,
it suggests that some degree of static recrystallization occurred
during the cooling cycle.

3.3 Mechanical Properties of Welded Joints
The microhardness distribution across the welded joints
under various welding conditions is presented in Fig. 10(a).
The stir zone exhibits higher hardness to that of parent metal in
all the joints. The distribution of hardness proﬁle across the stir
zone is approximately symmetrical. The oscillation in the
hardness proﬁle both in the stir zone and in the parent metal is
within a narrow range. This could be attributed to even grain
size along the measured path. The hardness of the stir zone is
inﬂuenced by the grain size, the dislocation density and the
phase transformation. The severe plastic deformation created
dislocations in the stir zone. The increase in traverse speed may
lower the degree of deformation due to reduced stirring.
Simultaneously, the increase in traverse speed may retain the
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Fig. 9 TEM micrographs of friction-stir-welded 316L ASS joint at a traverse speed of 45 mm/min showing: (a) and (b) ﬁne grains, (c) subgrain boundaries, (d) and (e) dislocations, (f) and (g) delta ferrite and (h) micro-twins
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Fig. 10 (a) Effect of traverse speed on microhardness of friction-stir-welded 316L ASS joints and (b) Hall–Petch relationship between the
microhardness and the grain size

Fig. 11 Effect of traverse speed on: (a) stress–strain graphs and (b) extracted values of tensile test of friction-stir-welded 316L ASS joints

generated dislocations due to reduced peak temperature. There
is no major phase transformation observed in the stir zone. The
traces of delta ferrite phase are unlikely to change the hardness
drastically. The grain reﬁnement is a signiﬁcant factor to
inﬂuence the hardness according to established Hall–Petch
relationship. Smaller grains offer more grain boundary area to
retard the motion of dislocations across them. Hence, the
overall increase in hardness of the stir zone is attributed to grain
reﬁnement. It is inferred from Fig. 10 that the hardness values
increase with the increase in traverse speed. The reason can be
attributed to the grain size trend reported in Fig. 4. The increase
in the ﬁneness of the grains leads to improved hardness. The
obtained hardness values are plotted as a function of the
reciprocal of the square root of the grain sizes in Fig. 10(b) to
verify the inﬂuence of grain size. The plot reveals the existence
of a linear relationship between grain size and hardness. The
Hall–Petch relationship can be written as HV = 342.46d 1/2
+ 100.19, where d is the grain size. Hall–Petch relation in the
hardness suggests that the grain boundaries become the main
obstacle to the slip of dislocations. The material with a smaller
grain size would have higher hardness or strength as it would
impose more restriction to the dislocation movement.
Figure 11 shows the representative stress–strain graphs and
the average of extracted values as a function of traverse speed.
Figure 12 reveals the fracture morphology of the joints with
varying traverse speeds. The offset yield strength was com-

puted to be 330 MPa at 45 mm/min. The yield strength
increased to 350 MPa at 65 mm/min. The UTS was computed
to be 539 MPa at 45 mm/min. The UTS increased to 559 MPa
at 65 mm/min. The change in strength with the increase in
traverse speed was marginal. The joints failed outside the stir
zone. The stir zone was intact due to higher hardness induced
by grain reﬁnement. The fracture surfaces (Fig. 12a-c) reveal a
network of ﬁne dimples. The dimples are deep, uniformly
distributed and well developed which suggests that the failure
was ductile in nature. The yield strength and UTS diminished
above 65 mm/min, and the joints failed at the stir zone due to
root ﬂaws. The failure is possibly originated from those root
ﬂaws and reduced the joint strength. The fracture surfaces
(Fig. 12d and e) reveal coarse and shallow dimples. There are
no ﬁne dimples which suggest that the specimens failed
prematurely before necking. The UTS of parent 316L ASS was
tested to be 585 MPa. Hence, a maximum joint efﬁciency of
95.56% is realized at a traverse speed of 65 mm/min. The
percentage elongation was measured to be 24.5% at 45 mm/
min. The percentage elongation increased to 29.4% at 65 mm/
min. The percentage elongation is reduced above 65 mm/min.
Figures 13 and 14, respectively, present the impact toughness and fracture morphology of impact tested joints with
varying traverse speeds. The impact toughness was estimated to
be 35 J at 45 mm/min. The impact toughness increased to
37.3 J at 65 mm/min. The corresponding fracture surfaces
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Fig. 12 Tensile fracture morphology of friction-stir-welded 316L ASS joints at traverse speed of: (a) 45 mm/min, (b) 55 mm/min, (c) 65 mm/
min, (d) 75 mm/min and (e) 85 mm/min

and e) present lesser number of ﬁne dimples and relatively ﬂat
to that of previous images.
The photographs of the specimens subsequent to root-bend
test are depicted in Fig. 15. All the specimens bent fully
without any rupture at the root. The ductility of the joints is
adequate for structural applications. The joints with root ﬂaws
also successfully passed the bend test. The root ﬂaw was not
large enough to cause breakage during bending. The top portion
of the stir zone is subjected to compressive stress during rootbend test. Those compressed regions might not have allowed
the propagation of failure from the smaller root ﬂaw.

Fig. 13 Effect of traverse speed on impact toughness of frictionstir-welded 316L ASS joints

(Fig. 14a-c) show a population of large number of ﬁne dimples
which suggests that the specimens can store more amount of
energy before failure. The impact toughness is dropped above
65 mm/min due to root ﬂaws. The fracture surfaces (Fig. 14d
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4. Conclusions
A 3-mm-thick 316L ASS plate was effectively joined using
FSW under various traverse speeds. The conclusions from this
research work are presented below:
•

Macrographs showed no major defects in the stir zone.
Small-sized root ﬂaws were detected at traverse speeds

Fig. 14 Impact fracture morphology of friction-stir-welded 316L ASS joints at traverse speed of: (a) 45 mm/min, (b) 55 mm/min, (c) 65 mm/
min, (d) 75 mm/min and (e) 85 mm/min

structure of HAZ was similar to the parent metal.
Stir zone exhibited ﬁne grains which were attributed to
dynamic recrystallization followed by static recrystallization. Traces of delta ferrite phase were detected at the bottom of the stir zone near the advancing side. The majority
of the twins present in the parent metal were not found in
the stir zone. No debris due to tool wear was noticed in
the stir zone. W-Re tool endured the welding conditions
in the present work without appreciable wear. EBSD
images displayed a decrease in grain size with increased
traverse speed. The role of frictional heat generated was
more pronounced to that of plastic deformation on the size
of grains.
• TEM images revealed the existence of dislocations, delta
ferrite and micro-twins.
• The hardness of the stir zone was higher to that of parent
metal due to ﬁner grains and the presence of dislocations.
The increase in traverse speed resulted in an increase in
hardness due to ﬁner grains.
• The joint strength was 539 MPa at 45 mm/min and
479 MPa at 85 mm/min. The higher joint strength up to
•

Fig. 15 Photograph of specimens after root-bend test. Numbers
indicate the value of traverse speed

above 65 mm/min. The stir zone was roughly symmetric,
and the change in the area of the stir zone with increased
traverse speed was not signiﬁcant. Onion ring structure
was observed at traverse speeds below 65 mm/min.
• Various zones were observed across the joint line. TMAZ
exhibited rotated and slightly elongated grains. The grain
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65 mm/min was attributed to higher strength of the stir
zone. The root ﬂaws reduced the strength above a traverse
speed of 65 mm/min.
• The impact toughness was 35 J at 45 mm/min and 31.9 J
at 85 mm/min. It showed similar trend to that of tensile
strength.
• All the joints were successfully tested for root-bend test
which ensured adequate ductility for structural applications.
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