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Abstract
Friction stir welding (FSW) was applied for the joining of 3-mm-thick AISI 316L stainless steel sheets. The investigation was
aimed to explore the relationship between weld joint characteristics and one of the very important primary FSW parameters, the
welding speed. The soundness of the fabricated joints was tested by x-ray radiography technique initially. The microstructural
studies of the joints were carried out using scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
electron back scattered diffraction (EBSD). Discontinuous dynamic recrystallization was the suggestive dominant recrystalliza-
tion mechanism in the weld stir zone (SZ). The presence of fine equiaxed austenite grain boundaries and the consequent increase
in hardness at the weld SZ resulted in joint strength superior to that of the base steel at higher welding speeds. But, at lower
welding speeds, the evolution of delta ferrite decreased the toughness and strength of the joints owing to higher heat generation
(higher peak temperature). However, the delta ferrite formed in the weld SZ has not transformed into sigma phase, probably due
to fast cooling of the weld zone.
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Delta ferrite

1 Introduction

Austenitic stainless steels generally exhibit a combination of
unique properties such as high strength at elevated tempera-
tures, better corrosion resistance, high ductility and good
toughness at low temperatures. These distinctive properties

make austenitic stainless steels the most desirable material in
industrial sectors such as ship building, food processing, pet-
rochemical, and nuclear power generation for the fabrication
of the various parts and structures [1, 2]. As a result, the total
ingestion of austenitic stainless steel was estimated to be about
70% of the total stainless steel consumption (https://masteel.
co.uk/news/popular-grades-stainless-steel-304-316-2/).

With regard to the fusion welding of austenitic stainless
steels, Yan et al. [3] studied the performance of AISI 304
stainless steel weld joints using gas tungsten arc welding
(GTAW), laser and GTAW-laser hybrid welding processes.
The results of experimental analysis revealed that the charac-
teristics of the laser-welded joints were superior over the
GTAW and GTAW-laser hybrid-welded joints. But, at the
weld zone, they found a greater concentration of delta ferrite
in the laser-welded joints, which was attributed to higher heat
input. Feng et al. [4] demonstrated a methodology for carrying
out keyhole gas tungsten arc welding of thick AISI 316L
plates and found that the weld zone was comprised of a mix-
ture of austenite and delta ferrite. The authors speculated that
the formation of delta ferrite in the weld zone was the conse-
quence of higher heat generation (peak temperature) that de-
teriorated the mechanical properties of the weld joints. The
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With regard to FSW of austenitic stainless steels, a few
works are reported in the literature. Meshram et al. [16] per-
formed FSW of 4-mm-thick 316L stainless steel to study the
mechanical properties of the welded joints. Experimental trials
were carried out at a few combinations of tool rotational and
welding speeds and the joints produced at tool rotational speed
of 1100 rpm and welding speed of 8 mm/min had exhibited
the highest joint efficiency of 104%. Meran et al. [17] studied
the FS welding feasibility of 2.5-mm-thick 304 stainless steel
using a tungsten-based tool material. FSW trials were carried
out at tool rotational speed of 1000 rpm by varying the
welding speed between 40 and 100 mm/min. They reported
higher joint strength of 485 MPa for joints produced at tool
rotational speed of 1000 rpm and welding speed of 63 mm/
min. Kokowa et al. [18] studied the microstructural evolution
of friction stir-welded 304 stainless steel plates with two dif-
ferent thickness (2 and 6 mm). The plates were FS welded at
two different welding speed/tool rotational speed combina-
tions; viz. 4.5 mms−1/1300 rpm and 1.3 mms−1/550 rpm.
They reported that the SZ and thermomechanically affected
zone (TMAZ) consisted of equiaxed and recovered micro-
structure. Also, delta ferrite and sigma phase was evidenced
during transmission electron microscopy analysis at the weld
SZ and they construed that the secondary phase formation is
highly influenced by the rate of cooling of the weld zone.
Meran and Caryurt [19] performed FS welding of 304 stain-
less steel by varying the tool rotational speed, welding speed,
axial forces and tool tilt angles. The authors reported that the
peak tensile strength of 430 MPa (85% of the base steel) was
obtained under the welding condition; tool rotational speed of
950 rpm, welding speed of 60 mm/min, axial force of 9 kN
and tool tilt of 1.5°. The authors reported that the weld SZ
consisted of equiaxed grains and the transition zone consisted
of dark shear bands with Cr2O3 layers.

Friction stir processing (FSP) of AISI 316L stainless steel
of 15-mm-thick plate was carried out by Chen et al. [20] and
primarily studied the significance of banded structures in the
processed zone. The FSPwas carried out for the three different
sets of processing parameters with rotational speeds of 4, 5
and 6 rad/s; traverse speeds of 16, 20 and 24 mm/min and tool
working loads of 25, 30 and 35 kN. They found that the band-
ed structure in the processed zone consisted of sigma precip-
itates and the formation was influenced by the heat generation.
Their studies concluded that the proper choice of FSP param-
eters (such as lower tool rotational speed, higher welding
speeds and lower working loads) could restrain the possibili-
ties of sigma phase precipitation in the weld zone. Hajian et al.
[21] studied the microstructural and mechanical properties of
friction stir processed AISI 316L stainless steel of 2-mm-thick
for a constant transverse speed of 63mm/min and varying tool
rotational speeds of 200 and 315 rpm. Their studies revealed
that lower tool rotational speed was more beneficial for the
evolution of equiaxed grains in the stir zone (SZ), which
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weldability studies of 316L stainless steel joints using resis-
tance spot welding was reported by Kocabekir et al. [5]. The
authors found that the joint strength was influenced by the
weld cycle time. The higher weld cycle time not only pro-
duced higher joint strength but also gradually increased the
weld nugget diameter leading to coarsening of grains at the
nugget zone and heat-affected zone (HAZ). Gowrishankar et
al. [6] performed joining of AISI 316L stainless steel plates
using submerged arc welded process with 5, 9 and 13 passes.
The results showed that with increase in the number of passes,
the hardness and tensile properties of the welds were im-
proved, whereas the ductility and toughness of the joints got
deteriorated. The variations in the mechanical properties were
attributed to the abrupt microstructural changes, particularly
the amount, morphology and distribution of the delta ferrite in
the weld nugget.

Owing to the high coefficient of thermal expansion and
lower thermal conductivity of austenitic stainless steel, the
fusion weld austenitic stainless steel joints are more prone to
hot cracking [7, 8]. Hot cracking pave way to cause crevice
corrosion and in turn affects the fatigue life of the
fusion-welded joints. Also, higher heat input leads to the for-
mation of delta ferrite at the weld zone, which was the precur-
sor for the formation of chromium carbides and sigma phases
that degraded the toughness and strength of the fusion-welded
joints [9]. From the literature, it is very clear that higher heat
input (higher welding temperature at the weld nugget and
HAZ) are more detrimental to cause adverse changes in the
physical, mechanical and metallurgical characteristics of the
welds and in turn resulted in the premature failure of the joints
[10–12]. The consequence of higher heat input can be con-
trolled up to a certain extent by taking primitive measures such
as fine tuning of the welding input parameters, but the release
of harmful gases such as hexavalent chromium enriched
fumes owing to boiling of weld pool can lead to serious risk
of respiratory and cancer disorders in welders [13, 14]. This
has forced researchers to explore the possibility of solid state
welding processes for welding of austenitic stainless steels.

Friction stir welding (FSW) is one such solid-state welding
process, invented at The Welding Institute (TWI), UK, by
Thomas et al. [15] for the joining of aluminium alloys. It uses
a non-consumable rotating tool which is plunged at the joint
line of the abutting surfaces and traverse along the joint line to
produce solid-state bonding between the plates. FSW of alu-
minium alloys is now well-established and commercially im-
plemented in many manufacturing sectors. Also, over a de-
cade, FSW was successfully demonstrated in joining of high
melting temperature (HMT) materials like steels and stainless
steels. The development of FSW tool materials made of super
abrasives or a combination of high refractory materials that
exhibit superior qualities such as elevated temperature hard-
ness, higher toughness and better wear resistance has proved
its competency in successful joining of HMT materials.



consequently increased the hardness and strength of the proc-
essed zone than the base steel.

It can be summarised that the reported literatures on FSW/
FSP of austenitic stainless steel are mostly typical cases that
explored the mechanical and microstructural properties
against a single or a few discrete combinations of FSW/FSP
process parameters. Comprehensive studies on FSW of AISI
316L stainless steel that correlates the mechanical properties
and microstructural evolution of the joints with the primary
FSW process parameters is missing in the literatures.
Therefore, in the present study, FSW was applied for joining
of AISI 316L stainless steel sheets in the butt configuration
and the microstructural evolution and mechanical properties
of the joints were correlated with the welding speed (tool
traverse speed).

.

The samples were welded by varying thewelding speed from
25 to 100 mm/min with increments of 25 mm/min while keep-
ing the other primary FSW parameters at constant values. The
constant values of other parameters fixed by initial trials were
tool rotational speed of 600 rpm, axial force of 12 kN and tool
tilt angle of 1.5°. In order to prevent oxidation of the base ma-
terial, argon inert gas at 15 lpmwas supplied into the weld zone.
AK- type thermocouple sensor installed in the oil hardened steel
backing plate using silver paste was used to record the temper-
ature at the middle of the weld. A hole of 1.5-mm diameter was
drilled approximately at the centre of the backing plate such that
the thermocouple bead stay in flush with the backup plate sur-
face just under the joint line. The FS-welded joints produced
were inspected using x-ray radiography non-destructive test to
assess whether the joints are defect-free, internally.

For microstructural analysis, optical microscopy, using
Mitutoyo; model: BX 51 optical microscope and scanning elec-
tron microscopy using Carl Zeiss, Germany; model: SIGMA
HV field emission scanning electron microscope (FESEM)
interfaced with BRUKERQUANTAX 200 – Z10 EDS detector
were used. Orientation imaging microscopy (OIM) model: FEI
quanta FEG 200 equipped with FESEM, was used to determine
grain features like average grain size and grain misorientation in
a scan area of 132 × 99 μm at a step size of 2.5 μm. For TEM
analysis, Philips CM 12 microscope was used and operated at
120 kV. The thin disc-shaped TEM test specimens were pre-
pared via twin jet electrolytic thinning technique by immersing
in a solution with 10% HClO4 + 90% ethanol at 50 V. The
microhardness evaluation was performed on the metallographic
specimen at the middle of the thickness in the transverse direc-
tion using a Vickersmicrohardness tester, model:MVKH1with
an applied load of 500 gf and dwell time of 10 s.

The transverse tensile properties of the FS-welded joints
were determined using a computer interfaced universal testing
machine, make: Biss (Model No: Bi-04-2360 L1S1, 100 kN
capacity), tested at a chuck speed of 5 mm/min in the room
temperature conditions. Also, Charpy test specimens with 45°
V-notch were prepared as per ASTM A370 standard and test-
ed at room temperature conditions to evaluate the toughness of
the weld joint in an impact testing machine. Further, the mor-
phology of fracture surface of typical Charpy test specimens
was studied using scanning electron microscope (SEM).

Table 1 Chemical composition
of AISI 316L stainless steel Element C Mn S P Si Ni Cr N Mo Fe

wt% 0.02 0.8 0.004 0.04 0.28 12.07 16.58 0.035 2.02 Bal

Table 2 Mechanical properties of
AISI 316L stainless steel Density, g/cm3 Young’s

modulus, GPa
Ultimate tensile
strength (UTS), MPa

Yield strength
(YS), MPa

Percentage
elongation (PE), %

Hardness,
HRB

8 193 630 320 55 79
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2 Experimental procedure

3-mm thick, AISI 316L austenitic stainless steel rolled sheet
was used as the base material for the present study. The tested
chemical composition and mechanical properties of the
as-received base steel sheet are given in Tables 1 and 2,
respectively.

The scanning electron and optical micrographs of the base
steel (in the as-received condition) are shown in Fig. 1. The
base steel consists of mostly coarse austenite grains with tiny
amounts of ferrite. Annealed twins were observed crossing the
grain boundaries. By the mean linear intercept (MLI) method,
average grain size of the base steel was found to be 28 ± 5 μm.
The base sheet was sheared to rectangular size of 100 mm×
50 mm, such that the 100 mm side lies in the rolling direction.
A semi-automatic FSW machine (manufactured by M/s. R.V.
Machine tools, Coimbatore, India) modified by installing a
refrigerating unit for cooling the spindle head assembly (to
alleviate excessive heating of the tool holder and spindle bear-
ings) was used for the welding trials. The FSW tool was de-
veloped using a tungsten lanthanum (99% W–1% La2O3) al-
loy [22]. The tool geometry consists of a plain shoulder of
18-mm diameter with conical pin of 8 and 6 mm root and
tip diameters, respectively, and pin height of 2.8 mm as shown
in Fig. 2.



3 Results and discussion

3.1 Effect of welding speed on microstructural
properties of the weld zone

Figure 3 depicts the surface appearance of the weld joints at
different welding speeds. The weld joints produced at 25, 50
and 75 mm/min did not show any external or internal macro
defects. However, by examining the weld joint made at
welding speed of 100 mm/min using x-ray non-destructive
test, a cavity penetrating through the advancing side was ev-
idenced in the welding direction, is a typical tunnel defect that
was formed probably due to the insufficient heat input during

Fig. 1 Typical micrographs of the base steel; a SEM. b OM

Fig. 2 Geometry of the developed FSW tool
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FSW [23], as seen in Fig. 4. Owing to the low-heat generation
and the resulted low plasticization, the material displaced from
the advancing side (AS) to retreating side (RS) was not effec-
tively transferred back to the AS and this possibly led to the
formation of tunnel defect at the AS.

Figure 3 also, illustrates the weld bead appearance with ‘C’
streaks. The C streaks are formed for each revolution of the
tool with an advancement by certain distance in the welding
direction. The streaks are similar and the distance between the
two adjoining streaks, so-called weld pitch, will be constant
for a typical weld joint. The pitch of the C steaks depends on
the welding speed whereas, the legibility of the C steaks was
influenced by the plasticization temperature (heat generation),
axial force and tool tilt. However, for a given tool rotational
speed (N), axial force (F) and tool tilt angle (T), welding speed
was responsible for the plasticization temperature and legibil-
ity of the C streaks. At lower welding speed, C steaks are less
legible and at higher welding speed, the more legible C steaks
are formed. But, if the welding speed was increased beyond
some limit, the legibility of C steaks decreased due to lack of
plasticization temperature and consolidation time. As a result,
the weld joint may attribute to produce a defective weld. Ke et
al. [24] reported that defect-free weld joints can be obtained
when the distance between two consecutive C streaks,
so-called weld pitch, are closer, such that weld zone experi-
ence optimal level of heat generation for the material transfer.
A wider pitch would pave the way to the cavity or tunnel
formation, owing to lower heat generation and consequently
influence the characteristics of the weld joint. Therefore, the
welding speed was found to be a crucial factor responsible for
producing defect-free weld joints.

Figure 5 depicts the optical micrographs of the weld SZ of
typical FS-welded joints at different welding speeds. For all
the welds, the grain size of the weld SZ was lower than the
base steel and found to be 14 ± 2, 7 ± 2 and 3 ± 2 μm at
welding speeds of 25, 50 and 75 mm/min, respectively. It
was observed that the grain size of the weld SZ decreases with
increase in the welding speed and in all the cases the grains



were roughly equiaxed. The equiaxed grains in the SZ was a
clear indication of discontinuous dynamic recrystallization
mechanism (DDRX) involved during FSWof austenitic stain-
less steel and attributed to the nucleation of new strain-free
grains [25]. The low-heat generation per unit length with in-
crease in applied strain at higher welding speeds was the rea-
son for the decrease in grain size.

The microstructural properties at the weld SZ is mostly
influenced by the peak temperature during FSW. The highest
temperature recorded in welds produced at 25, 50, 75 and
100 mm/min were 1164, 975, 798 and 701 °C, respectively.
Typical temperature plots as a function of time for weld joints
produced at different welding speeds are illustrated in Fig. 6.
The temperature recorded would be nearly equal to the actual

(a)

(b)

(c)

(d)

Fig. 3 Surface appearance of a
typical set of FS welded joints. a
25 mm/min. b 50 mm/min. c
75 mm/min. d 100 mm/min

Fig. 4 a X- ray radiography image of the joint produced at 100 mm/min. b Optical micrograph at the advancing side of the joint produced 100 mm/min
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temperature at the joint interface (at the middle of the joint) as
the thickness of the base steel was only 3 mm.

Apart from peak temperature, the two different mecha-
nisms, namely the rate of heat generation and the rate of ma-
terial deformation, also govern the microstructure evolution.
Increase in heat generation results to coarsening of grain size,
whereas increase in deformation rate results reduction in size
of the grains. At welding speed of 25 mm/min, the peak tem-
perature was about 80% of the melting temperature of the base
steel, where the heat generation was dominant over the

deformation rate. The nucleated grains underwent grain coars-
ening owing to slow transverse speed of the tool experiencing
higher heat generation per unit length of the weld. As a result,
the grains absorbed more heat under the influence of the tool
shoulder and coarser grains were evolved in the weld SZ. At
welding speed of 50 mm/min, the maximum welding temper-
ature recorded was about 67% of the melting temperature of
the base steel. The decrease in heat generation and the increase
in rate of material deformation led to the reduction in grain
size at the weld SZ. Interestingly, the average grain size was
approximately half of the average grain size in the SZ of the
joint produced at welding speed of 25 mm/min. However, at
75 mm/min, the SZ depicted a fine refinement of the grains in
the weld SZ. The lower welding temperature (about 55% of
the melting temperature of the base steel) and the higher ma-
terial deformation rate at 75 mm/min could be the probable
cause for the above microstructural feature. Also, the cumula-
tive effect of lower heat generation and increase in material
deformation rate on grain refinement is more significant at
higher welding speeds.

Figure 7 depicts the EBSD-IPF image of the SZ of the weld
joint produced at welding speeds of 25, 50 and 75 mm/min.
The presence of equiaxed grains interspersed with deformed
grains confirms the occurrence of DDRX in the SZ. The ma-
terial flow ascribes a typical simple shear deformation of the
grains in the weld SZ and probably as a result most of the

Fig. 5 Optical micrographs of the weld stir zone at a 25 mm/min, b 50 mm/min and c 75 mm/min

Fig. 6 Typical FSW thermal history plot at welding speeds of 25, 50, 75
and 100 mm/min
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Fig. 7 Typical EBSD-IPF image of the stir zone for joints produced at welding speed of a 25 mm/min, b 50 mm/min and c 75 mm/min
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refined grains are presumably rotated to 111 shear plane ori-
entation, a typical characteristic of the FCC material (base
steel). Grain boundary misorientation diagrams were used to
study the deformation of the grains at the weld SZ with regard
to change in the welding speed as depicted in Fig. 8. At
25 mm/min, the boundary fraction of the low- and
high-angle grain boundaries at the SZ was 58 and 42%, re-
spectively. But, at 50 and 75 mm/min, the boundary fraction
of low-angle grain boundaries was increased to 77 and 90%
with decrease in the fraction of high-angle boundaries to 23
and 10%, respectively. The higher fraction of low-angle grain
boundaries at higher welding speeds signifies that DDRX was
the dominant recrystallization mechanism at the SZ during the
FSW process.

Away from the SZ, distinct TMAZwere observed on either
side, where the grains are partially dislocated by the influence
of thermo-mechanical effects of the tool pin and shoulder.
Figure 9 depicts typical optical micrographs of the TMAZ
on the advancing side of the joints. The average grain size in
the TMAZ of welds produced at welding speeds of 25, 50 and
75 mm/min was found to be 16 ± 2, 10 ± 2 and 7 ± 2 μm,
respectively. The formation of sub-grain boundaries was more
predominant in the TMAZ region. However, relatively low
temperature in this zone influences wider grain dislocations
and adversely affect the recovery of the dislocated grains.
Austenitic stainless steels are classified among medium to

low stacking fault energy (SFE) material and therefore, the
low SFE of the base steel, also, affects the recovery of the
dislocated grains. As a consequence, the dislocations can
hardly rearrange themselves into sub boundaries and thus pile
up inside the grains [26].

Unlike carbon steel, stainless steel does not have transfor-
mation (i.e. from 1100 °C to room temperature) and thus, the
features of recrystallization are believed to remain intact after
FSW. Thus, even at low-temperature recrystallization process
(0.55 times the melting temperature of the base steel at 75mm/
min), mostly austenite grain boundaries were distributed in the
weld SZ. But, during FSWat 25mm/min, the relatively higher
welding temperature (0.8 times the melting temperature of the
base steel) and cooling rate in the weld SZ are believed to
greatly influence the phase change and material properties of
the base steel. Figure 10 illustrates the Fe–Cr–Ni
pseudo-binary diagram of the base AISI 316L stainless steel.
The chromium and nickel equivalents were determined from
the Schaeffler relationships [27], using Eqs. (1) and (2).

Creq ¼ Cr þMoþ 1:5 Siþ 0:5 Nb ð1Þ
Nieq ¼ Niþ 0:5 Mnþ 30 Cþ Nð Þ ð2Þ

From the phase diagram, it is found that the peak temper-
ature during FSWat welding speed of 25mm/min lies near the



region of (δ + γ) indicating the possibility of the delta ferrite
existence in the weld SZ. Thus, the microstructural features of
the SZ at welding speed of 25 mm/min were explored using
SEM, TEM and XRD. The TEM and SEM-EDS analysis
shown in Fig. 11a, b confirm the emergence of delta ferrite
with thin flake-like structure between austenite grain bound-
aries [28]. The delta ferrite would emerge when the SZ tem-
perature exceeded the transformation temperature (δ + γ) re-
gion such that the ferrite stabilizing elements like chromium
and molybdenum transform more into ferrite phase by de-
creasing the austenite stabilizing elements like nickel and ni-
trogen (i.e. paramagnetic material property of the austenite
was transformed to ferromagnetic property of the delta ferrite).
The result of EDS analysis of the area (Fig. 11b) confirmed the
presence of the following elements; Fe = 69.50%, Cr =
21.85%, Ni = 6.63%, Mo = 2.04% and N = 0.03% (wt%).
The higher concentration of chromium and the lower concen-
tration of nickel in comparison to the base steel is a clear
indication of delta ferrite formation in the weld SZ.

In order to estimate the amount of delta ferrite in the weld
SZ, a ferritescope (model: mp30) was used. The amount of
delta ferrite in the weld SZ was found to be 7.21 ± 0.45%. The
results of the EDS analysis at welding speed of 25 mm/min
was validated byXRD analysis and a typical XRD spectrum is

Fig. 8 Grain boundary misorientation details at the weld SZ of the joint made at a 25 mm/min, b 50 mm/min and c 75 mm/min
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shown in Fig. 12. The intensity (counts)-the peaks of higher
and lower intensity confirmed the presence of austenite and
delta ferrite phases in the weld SZ. However, no sign of sigma
phase was detected in the XRD analysis. No delta ferrite was
observed in the SZ of the weld joint produced at welding
speeds of 50 and 75 mm/min, probably due to the lower peak
temperature and faster cooling rate of the weld zone.

Beside δ-ferrite, sigma phase evolution is believed to have
a great influence on the weld joint characteristics of austenitic
stainless steels. The sigma phase has a body cubic tetragonal
structure, and its precipitation temperature is perceived be-
tween 600 and 1000 °C [29]. The lattice constants ao and co
of sigma phase in AISI 316L stainless steel are 0.921 and
0.478 nm, respectively [10]. The sigma phase mostly precip-
itate in the ferrite grain boundaries, as the preferential sites for
the nucleation in case of austenitic stainless steels. The pre-
cipitation potential of sigma phase in high Cr-rich regions (i.
e. delta ferrite) was estimated about 100 times than that in the
austenite phase regions. Only a few researchers have reported
the precipitation of sigma phase during FSP [20] and FSW
[30, 31] of austenitic stainless steels. The authors speculate
that the sigma phase precipitation was due to the emergence
of δ-ferrite at higher welding temperatures experiencing se-
vere strain in the material during frictional stirring, which



Fig. 9 Optical micrographs of the TMAZ on the advancing side. a 25 mm/min. b 50 mm/min. c 75 mm/min

Fig. 10 Fe–Cr–Ni ternary system for 70% Fe [27]
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subsequently led to the decomposition of delta ferrite to sig-
ma phase during the cooling thermal cycle [32]. Therefore,
the weld SZ of the joint produced at 25 mm/min was exam-
ined using XRD and TEM for the possible existence of sigma

phase. But, in both methods, sigma phase precipitation was
not observed in the weld SZ. This may be due to the fact that
delta ferrite has probably not decomposed to sigma phase
owing to the relatively faster cooling of the weld SZ (due to
low thickness of the base steel plate). Kokawa and
co-researchers [18], also, reported that delta ferrite was
retained in the SZ because of the higher cooling rate during
friction stir processing (FSP) of 2-mm-thick 304 stainless
steel. But, in the case of FSP of 6-mm-thick 304 stainless
steel, the authors found that the delta ferrite was decomposed
to sigma phase owing to relatively slower cooling rate. The
studies carried out by Villanueva et al. [33] claims that the
precipitation of sigma phase in AISI 316L was especially
observed at the δ/γ (i.e., delta ferrite/ austenite) interface
boundaries as the preferential sites for nucleation during age-
ing. As the ageing temperature was increased, the sigma
phase precipitates were observed at the triple point as well
as at the δ/γ interface boundaries. It was also reported that the
decomposition of the delta ferrite to sigma phase during age-
ing at 700 °C had taken a minimum of 0.5 h, which is too
longer a period to happen in any FSW process. Further, the
joint interface region was also examined using micro etchants
such as Groesbeck and modified Murakami reagents for the
possible existence of sigma phase [22] and confirmed that no
sigma phase precipitation in the weld SZ.



3.2 Effect of welding speed on impact strength
of the joints

Table 3 presents the values of toughness of the weld joints
produced at different welding speeds as obtained by Charpy
test (tested at room temperature condition). The test results
reveal that all the weld joints have lower toughness than the
base steel. However, the weld joint made at 75 mm/min ex-
hibited nearly similar toughness as that of the base steel.

Fig. 11 Microstructure of weld
stir zone of the joint produced at
25 mm/min. a TEM image of δ-
ferrite and austenite (γ). b SEM
image of δ-ferrite island in the
matrix of austenite. c
Corresponding EDS analysis

Fig. 12 XRD spectrum of the
weld zone of the joint produced at
25 mm/min
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For all the welds, the fracture occurred from the centre of
the V-notch towards the retreating side of weld. The
SEM-BSE images of typical fractured Charpy specimens are
shown in Fig. 13. The fracture surface morphology clearly
indicates (mostly) ductile mode of failure in all the cases. At
welding speed of 25 mm/min, the fracture morphology shows
elongated quasi-cleavage surface with the presence of voids.
Elongated quasi-cleavage surface was the result of high local-
ized heating and voids are formed probably due to improper



material coalescence. The formation of delta ferrite was the
probable cause for the lower toughness of the weld joints. At
50 mm/min, the fracture morphology was highly fibrous with
more population of dimple throughout, probably due to the
near optimal level of heat generation and material strain rate.
Therefore, the higher joint toughness observed at 50 mm/min
was quite rational. At 75 mm/min, the high population of fine
fibrous dimple structure was wide spread probably as a con-
sequence of the lower heat generation. However, possibly due
to the increase in rate of deformation, the cleavage surface was
observed rarely between the highly fibrous dimple surfaces.
Therefore, the predominant fibrous dimples with rarely ob-
served cleavage surface on the fracture surface substantiate
the slight reduction in toughness of the joint produced at
75 mm/min to that of the base steel toughness.

3.3 Effect of welding speed on microhardness
of the joints

Themicrohardness distribution across the weld zone at welding
speeds of 25, 50 and 75 mm/min is shown in Fig. 14. The base
metal exhibits some uncertainty in hardness, as they are origi-
nally subjected to cold rolling and solution annealing treat-
ments and its value was equal to 190 ± 5 HV. For all the welds,
the microhardness of the weld SZ was significantly higher than
the base steel hardness. The highest microhardness of 275 HV
was observed in the SZ of the weld produced at welding speed
of 75 mm/min. At 75 mm/min, the evolution of fine equiaxed
grains in the weld SZ could be the probable reason for higher
hardness. Away from the SZ, in the TMAZ on either side also,
higher hardness was observed. In the TMAZ, formation of
deformed grains and sub-grain boundaries are inherent charac-
teristics. However, the rearrangement of sub-grains between
deformed grains could be the probable cause for the relatively
better hardness at the TMAZ than the base steel. At welding
speeds of 25 and 50 mm/min, a low hardness region was ob-
served near the transition region of TMAZ and HAZ at the RS
of the joints. This may be probably due to lack of material
coalescence in the transition zone of the joint. But, at 75 mm/

Table 3 Evaluated toughness of Charpy specimens of the joints at
different welding speeds

Welding speed
(mm/min)

25 50 75 Base metal

Toughness (J/cm2) 39 ± 0.30 48 ± 0.43 49 ± 0.54 50 ± 0.15

Fig. 13 SEM fractographs of the Charpy specimens at welding speeds of a 25 mm/min, b 50 mm/min and c 75 mm/min
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HV ¼ 219:27 d−1=2 þ 169:18 ð3Þ

where HV = Vickers microhardness and d = grain size at the
SZ.

3.4 Effect of welding speed on tensile properties
of the joints

The evaluated transverse tensile properties of the FS-welded
316L stainless steel joints are shown in Fig. 16. All the weld

joints exhibited higher yield strength (YS) compared to that of
the base metal. The observed joint yield strength was 467, 555
and 579 MPa at welding speed of 25, 50 and 75 mm/min,
respectively, and the base steel has a yield strength of
320 MPa. The significantly higher joint yield strength was
mainly due to the refinement of grains in the SZ of the joints.
During the dynamic recrystallization process in the SZ, the
mean travel distance of the dislocation decreases and soon starts
pile up of dislocations at grain boundaries [34].This also con-
tribute for the increase in yield strength of the FS-welded joints.

The ultimate tensile strength (UTS) of the weld joints are
542, 610 and 632MPa at welding speeds of 25, 50 and 75mm/
min. At 25 and 50 mm/min, the weld joint strength was only
86 and 97% of the base steel UTS. But, the UTS of the joint
made at 75 mm/min depicted a higher strength than the base
steel. In all cases, the location of fracture was away from the
weld SZ. A typical set fractured tensile specimen is shown in
Fig. 17. At 25mm/min, the fracture locationwas in the HAZ at
the RS of the joint. The fracture location was consistent with
the microhardness distribution as discussed above. As ob-
served in Fig. 3a, the wider bead at 25 mm/min thinned down

Fig. 14 Microhardness
distribution across the FS-welded
joints

Fig. 15 Hall-Petch relationship between microhardness and the grain size
in the SZ

Fig. 16 Evaluated tensile properties of FS-welded 316L stainless steel
joints
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min, no such low hardness regions were observed. As
discussed above, the relatively higher microhardness observed
in the weld SZ was primarily due to decrease in grain size. The
microhardness distribution at the SZ is consistent with the
Hall-Petch relationship, where the grain size decreased for in-
crease in welding speeds. Figure 15 depicts the correlation
between the Vickers microhardness and grain size of SZ at
different welding speeds. The linear relationship portrayed in
the plot is given in Eq. (3)



the thickness of SZ owing to the shoulder plunge and as a
result, the RS became the weakest part. This fact, together with
the coarse grains, might have caused the fracture of the trans-
verse tensile test specimen in the HAZ at the RS. At 50 mm/
min, the location of fracture was at the outer boundary of the
TMAZ of the RS of the weld joint. The low dislocation density
of grains at the outer boundary of the TMAZ of the RS could
be the probable reason for marginal reduction in the weld joint
strength. But, at 75 mm/min, the location of fracture was at the
base steel. The decrease in the grain boundary migration, ow-
ing to high dislocation density of grains, could be the reason
for the strengthening of the weld zone.

It was clear that the mechanical properties of the weld joints
are influenced by the grain size and the resultant microstruc-
tural phase during FSW. At lower welding speed, the presence
of delta ferrite in the weld stir zone decreased the hardness as
well as the strength of the joint; but with increase in the trans-
verse speed, the evolution of equiaxed austenite grain bound-
aries increased the joint strength as well as the hardness of the
FS-welded joints. However, the ductility of the joints in all the
cases was lower than that of the base steel. The limited duc-
tility in the weld SZ was associated with reduction in the grain
size and the strain hardening characteristics of the base steel.
The increase in the strain-hardening exponent decrease the
mean free path of the dislocation motion and further accelerate
dislocations accumulation against grain boundaries [35].

4 Conclusions

From the mechanical and metallographic characterization of
the joints, the following key conclusions are derived.

& The welding speed has significant influence on the micro-
structure evolution in the weld zone and hence on the joint
strength and toughness.

& With increase in welding speed, the average grain size of
the weld stir zone (SZ) decreased drastically and at
75 mm/min, the average SZ grain size is 3 ± 2 μm against
the base metal grain size of 28 ± 5 μm.

& The grain refinement in the SZ was preceded by discon-
tinuous dynamic recrystallization (DDRX) mechanism
and the evolution of fine and equiaxed grains in the SZ
at 75 mm/min resulted in joint strength more that of the
base steel. The tensile strength and toughness at 75 mm/
min are 632 MPa and 49 J/cm2, respectively. The tensile
strength and toughness of the base steel are 630 MPa and
50 J/cm2, respectively.

& Considering strength and toughness of the joints and pro-
ductivity, higher welding speeds are conducive. But, when
the welding speed exceeds certain limit, lack of material
plasticization and coalescence lead to internal tunnel
defects.

& The microhardness at the SZ increases with increase in
welding speed and this observation was in good agree-
ment with the well-known Hall-Petch relationship be-
tween welding speed and microhardness.

& At low welding speeds, the formation of delta ferrite was
confirmed in the weld SZ, but no sign of precipitation of
sigma phase was observed anywhere in the weld zone at
any welding speeds.
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