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In the present study, an ultrafine grained (UFG) AISI 304L stainless steel with the average grain size of 650 nmwas
successfully welded by both gas tungsten arc welding (GTAW) and friction stir welding (FSW). GTAWwas applied
without any filler metal. FSWwas also performed at a constant rotational speed of 630 rpm and different welding
speeds from 20 to 80 mm/min. Microstructural characterization was carried out by High Resolution Scanning Elec-
tron Microscopy (HRSEM) with Electron Backscattered Diffraction (EBSD) and Transmission Electron Microscopy
(TEM). Nanoindentation,microhardnessmeasurements and tensile testswere also performed to study themechan-
ical properties of the base metal and weldments. The results showed that the solidification mode in the GTAW
welded sample is FA (ferrite–austenite) type with the microstructure consisting of an austenite matrix embedded
with lath type and skeletal type ferrite. The nugget zone microstructure in the FSW welded samples consisted of
equiaxed dynamically recrystallized austenite grainswith some amount of elongated delta ferrite. Sigma phase pre-
cipitates were formed in the region ahead the rotating tool during the heating cycle of FSW, which were finally
fragmented into nanometric particles and distributed in the weld nugget. Also there is a high possibility that the
existing delta ferrite in the microstructure rapidly transforms into sigma phase particles during the short thermal
cycle of FSW. These suggest that high strain and deformation during FSW can promote sigma phase formation.
Thefinal austenite grain size in the nugget zonewas found to decreasewith increasing Zener–Hollomon parameter,
which was obtained quantitatively by measuring the peak temperature, calculating the strain rate during FSW and
exact examination of hot deformation activation energy by considering the actual grain size before the occurrence of
dynamic recrystallization. Mechanical properties observations showed that the welding efficiency of the FSW
welded sample is around 70%, which is more than 20% higher than the GTAWwelded sample.

© 2015 Published by Elsevier Inc.
1. Introduction

Stainless steels are undoubtedly a major and important group of
structural alloys for use in different industries from lowend applications
such as home appliances to advanced applications such as spacecraft
[1,2]. Among all types of stainless steels, austenitic stainless steels, in
particular AISI 304L, are well-known due to their good corrosion resis-
tance and great formability. Meanwhile, their relatively low hardness
and yield strength is not sufficient to meet the requirements for some
applications [3]. Moving towards ultrafine and nanocrystalline grain
structure is one of the most effective ways to improve their mechanical
properties, and as a result, ultra-fine grained (UFG) steels are currently
being studied worldwide [4,5].

Weldability is one of the most important considerations for structural
materials being applicable. As previously stated, UFG steels have superior
properties such as improved strength and toughness in comparison with
coarse grained steels. Obtaining comparable properties in the weld zone
and heat affected zone (HAZ) has remained a major concern in the
welding of ultrafine grained steels [6]. Grain growth in the HAZ and the
existing coarse cast structure in the weld zone are the most important
problems that can deteriorate the mechanical properties of the welds in
UFG steels in comparisonwith the basemetal [7]. Monte Carlo simulation
has shown that the average grain size of the HAZ in a fusion welding of a
2 μmgrain size steel can increase to around 120–150 μmunder high heat
input conditions [7]. In the recent years several methods have been ap-
plied to avoid deterioration of mechanical properties during welding of
UFG steels. Usually, heat input control in the traditional welding tech-
niques [7,8], the use of high-energy fusion welding processes such as
laser welding [7], and the use of a coolant such as liquid nitrogen behind
the welding zone [9], can improve the weld quality. Although these
methods have been somewhat successful, deterioration of mechanical
properties in the weld zone is still common. Recently, solid state welding
techniques are being developed to weld advanced materials [10–12]. For
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Table 1
Chemical composition of AISI 304L stainless steel used in this investigation.

Element C Cr Ni Mo Mn Si P S Co Cu V Fe

Wt.% 0.026 18.35 8.01 0.15 1.24 0.323 0.024 0.005 0.129 0.24 0.1 Remain
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example, Miao et al. [13] studied the microstructure and mechanical
properties of an MA957 nanostructured ferritic alloy welded by friction
stir welding and electro-spark deposition welding. Their results showed
a uniform fine scale ferrite structure with nanometer scale particles in
the friction stir welded joint region that caused welding efficiency values
(weld zone strength/base metal strength) of more than 90%. Chen et al.
[14] also confirmed the advantages of friction stir welding of a nanostruc-
turedODS (OxideDispersion Strength)material. Cho et al. [15] found that
the fraction of low-angle boundaries is remarkably high in the weld nug-
get of 409 ferritic stainless steel which can be due to the high strain ap-
plied to the material during FSW. Ahn et al. [16] also introduced FSW as
a proper welding method for 409L ferritic stainless steel due to the com-
parable mechanical properties and corrosion resistance of the welded
zone with the base metal.

FSWhas been successfully applied to aluminumaswell asmagnesium
alloys [17,18], but only limited research has been performed to study the
application of FSW in high temperature alloys such as steels, possibly due
to the lack of suitable tools found for the FSW of such alloys [19]. Accord-
ing to the authors' knowledge, there has not been any published record
on friction stir welding of ultrafine grained austenitic stainless steels
and their microstructural evaluation in the weld zone. Therefore, the
aim of this research is to study the microstructure and mechanical prop-
erties of FSW and gas tungsten arc welded UFG 304L stainless steels.

2. Materials and methods

UFG304L stainless steel sheetswith a thickness of 2mmwere subject-
ed to FSWandGTAW. Table 1 shows the chemical composition of thema-
terial studied. Details of the manufacturing process of the UFG steel can
be found in our previous report [20]. As shown in Fig. 1(a), the
Fig. 1. SEM (a) and TEM (b) micrographs of UFG 304L sta
microstructure of UFG 304L stainless steel consists of a bimodal grain
size distribution with an average grain size of 650 nm. The dark precipi-
tates that can be clearly seen in the microstructure are delta ferrite. TEM
micrograph of an austenite grain in the UFG sample (Fig. 1(b)) shows
that the grains have large dislocation densities. GTAWwas performed in
fuse weld condition without any filler metal, with parameters listed in
Table 2. The welding was performed under argon flow at 10 L/min.

FSW was performed using a vertical milling machine. The
welding tool was made of WC with a shoulder diameter of 16 mm.
A conical pin with the upper and lower diameters of 5.5 and
5 mm, respectively, and length of 1.8 mm, was used. The plates
were fixed onto a steel backing plate to prevent any displacement
during welding. The tilt angle of the tool was selected as 3° from
the normal direction of the plate. Argon gas shield was introduced
around the tool at a flow rate of 10 L/min. Welding trials were per-
formed at a constant rotational speed of 630 RPM and different
welding speeds from 20 to 80 mm/min. The schematic of the FSW
geometry is shown in Fig. 2. Cross-sections ahead of the pin were
selected for microstructural characterization to understand the
changes of the base metal during the heating cycle of FSW. Micro-
structural characterization was also performed on cross-sections
of the FSWwelded region to understand the steady-state conditions
of the welding process. The weld thermal cycles were recorded by a
K-type thermocouple, which was set in a 1 mm diameter hole in the
carbon steel backing plate placed exactly beneath the nugget zone
center.

Microstructural characterization of the welded samples was
performed using optical and scanning electron microscopy. A Field
Emission Scanning Electron Microscope (FESEM, LEO 1530) equipped
with electron backscattered diffraction analyzer was used to
inless steel used as base metal in this investigation.



Table 2
GTAWwelding conditions used in this study.

Condition Current (A) Voltage (V) Argon flow (L/Min)

Fuse welding without filler metal 52 8.7 10
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characterize the grain structure and to measure the average austenite
grain size. Transmission Electron Microscopy of the base metal and
welded sampleswas also performed using an FEI Tecnai G2 20 Scanning
TEM. The TEM samples were produced by Focused Ion Beam (FIB) using
an FEI Quanta 200 3D system from related regions of the welds. The
samples were electrically etched with a solution mixture of 65% nitric
acid and 35% distilled water at a voltage of 1–2 V for around 1min to re-
veal the microstructures for OM and SEM. Microhardness measure-
ments were performed using a Buehler microhardness tester with a
Vickers indenter at the load of 500 gf and dwell time of 10 s. Nanoinden-
tation tests were performed using an Agilent G200 Nanoindenter
equipped with a Berkovich tip in the load control mode withmaximum
load of 10 mN. 25 nanoindentations were performed on selected re-
gions of the weldments and their average was reported as the nano-
hardness. The thermodynamic evolution software THERMOCALC was
used to calculate the equilibrium phase contents at different tempera-
tures. The chemical composition of the studied 304L stainless steel in
Table 1 was selected as input data for the thermodynamic analysis.
3. Results and discussion

3.1. Gas tungsten arc welding

Optical and SEM micrographs from the weld zone and its interface
with the HAZ of GTAWwelded sample are shown in Fig. 3. Lowmagni-
fication micrograph (Fig. 3(a)) shows the defect free weld and its inter-
face with HAZ. As can be seen the microstructure of the weld zone
consists of ferrite and austenite, and both skeletal and lathy ferrite are
visible (Fig. 3(b,c)). The results show that the solidification mode is of
the FA (ferrite–austenite) type [21]. In fact the solidification starts
with the initial ferrite and after that continues with austenite formation
towards the end of the solidification. It should be noted that a
peritectic–eutectic reaction caused austenite formation at this stage.
The existence of two different δ-ferrite morphologies in the weld zone
is related to the existence of different local cooling rates [21]. A skeletal
ferrite morphology results when the cooling rate of the weld zone is
moderate. This is a consequence of the advancement of austenite
consuming the ferrite until the latter is sufficiently enrichedwith ferrite
promoting elements (such as Cr) and depleted from austenite promot-
ing elements (such as Ni and C) at stable conditions at lower tempera-
tures where diffusion is limited. Meanwhile, when the cooling rate is
relatively high, restricted diffusion during ferrite–austenite transforma-
tionwould cause the formation of lathy instead of skeletal ferrite. In fact
Fig. 2. Schematic illustration of
when the diffusion distance is reduced by a higher cooling rate, it is
more possible to form lathy ferrite [21]. Epitaxial growth can be clearly
seen at the interface of the weld and HAZ (Fig. 3(d,e)). In fact during
welding without a filler metal, nucleation occurs by epitaxial growth
without any change in crystallographic plane [21].

The microstructure of the weld can be described by studying the
Creq/Nieq ratio in relation to the solidification type. The liquidus and sol-
idus projections of the Fe–Cr–Ni system along with the related binaries
are shown in Fig. 4(a) [22]. The Fe–Cr system is isomorphous down to
temperatures well below the solidification range. Also, a eutectic reac-
tion can be observed in the Cr–Ni system at 1345 °C and 49 wt.% nickel.
In the Fe–Ni system, there is a short peritectic loop containing δ-ferrite
and after that the system is completely soluble. Thus, in the Fe–Cr–Ni
ternary system, the liquidus projection starts with a peritectic reaction
on the Fe–Ni system (δ+ L→ γ) and moves down to the eutectic reac-
tion (L→ δ+ γ) on the Cr–Ni system. The initial solidifying phase is de-
termined by the position of the alloy with respect to the liquidus
surface. The 70 wt.% Fe isopleth of the ternary Fe–Ni–Cr system shown
in Fig. 4(b) is commonly used to identify the primary solidifying phases
or solidification modes for AISI 304L stainless steel [22]. The amount of
Creq/Nieq is the most effective parameter in determining the solidifica-
tion mode. By increasing the ratio of Cr equivalent to Ni equivalent,
the primary solidification phase changes from austenite to δ-ferrite. In
the usual cooling rate range during GTAW, this change normally occurs
at Creq/Nieq=1.5. It should be noted that this change in ratio is different
in welding processes with more rapid cooling such as laser welding.
During welding without filler metal, the weld pool consists completely
of the molten AISI 304L with Creq/Nieq = 1.8 and so according to
Fig. 4(b), the solidification mode is FA type.
3.2. Friction stir welding

FSW was performed in order to compare the resultant microstruc-
ture and mechanical properties with the GTAWwelded sample.

Fig. 5 shows a low-magnification cross sectional image of the inter-
face of the weld nugget on the advancing side, and the thermo-
mechanically affected zone (TMAZ) in the sample friction-stir welded
at 80 mm/min welding speed. A banded structure is visible in the nug-
get zone as shown in Fig. 5(b–e) at higher magnifications. The banded
region shows lower corrosion resistance in comparison with other
areas of the weld as indicated by its heavily pitted surface. TEM micro-
graph of the corroded region in the advancing side of the weld nugget
clearly shows precipitates formed both in the grain boundaries and in-
side the grains, while the un-corroded region does not show any precip-
itate formation. EDS analysis shows that these particles are Cr-rich
containing 56.73% Fe, 39.6% Cr, 2.71% Ni and 0.96% Mn, in comparison
with the austenite matrix containing 72.22% Fe, 18.49% Cr, 7.94% Ni
and 1.35% Mn. Since no sign of carbon was detected by EDS from
these particles, they cannot be chromium rich carbides. The chemical
composition of these particles derived by EDS indicates that they are
the FSW welds geometry.



Fig. 3. Lowmagnification optical micrograph (a), Optical and SEM micrographs of the weld zone (b,c) and weld/HAZ interface (d,e) in the GTAW sample.

Fig. 4. (a) The liquidus and solidus projections of the Fe–Cr–Ni system along with the related binaries. (b) The 70 wt.% iron isopleth of the ternary Fe–Ni–Cr system. [22].
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Fig. 5. (a) SEM micrograph of the banded structure in the weld nugget on the advancing side. (b and c) SEM and TEM micrographs of the corroded region inside the banded structure
containing sigma phase precipitates. (d and e) SEM and TEM micrographs of the un-corroded region outside of the banded structure.
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sigmaphase. Image analysis of TEMmicrographs shows that the austen-
ite matrix inside the corroded region is decorated by around 12% of
sigma phase particles. It should be noted that the sigma phase precipi-
tateswere only found at the lowheat-inputwelding conditions. The for-
mation of sigma phase during fusionwelding and FSWof stainless steels
has been reported earlier by several groups [23–27], although until now,
the only hypothesis about the formation mechanism was proposed by
Park et al. [24,25]. They suggested that the austenite grains transforms
to delta ferrite at high temperatures during FSW, which can decompose
again to sigma phase and austenite under high strain and recrystalliza-
tion during friction stirring.

Sigma phase precipitates were found not only in the banded struc-
ture located in the advancing side of the weld nugget, but also in
lower amount in the weld center. Fig. 6 shows the TEM micrographs
of the sigma phase precipitates in theweld nugget center at thewelding
speed of 80mm/min. It can be seen that the sigma phase is formed both
in the austenite and delta ferrite matrix. The width of sigma phase par-
ticles is less than 200 nm. The reasons for sigma phase formationwill be
described in greater details below.

Nanoindentation experiments were carried out to study the effect of
sigma phase formation on the hardness of the banded area in compari-
sonwith other regions of theweld nugget. Fig. 7 shows typical examples
of load–displacement curves out of 25 repeated nanoindentation tests
on the banded area containing sigma phase precipitates and the un-
corroded region comprising austenite grains. The Oliver–Pharr method
[28] was used to calculate the hardness from the load–displacement
curves. The nano-hardness of the banded area and the un-corroded re-
gions were calculated as 5.2 GPa and 4.4 GPa, respectively, which show
that sigma phase precipitation effectively increases the hardness of the
banded area. It was also found that the sigma phase precipitates which
are effectively distributed as a continuous structure in the grain bound-
aries can considerably reduce the amount grain growth of the banded
area during subsequent annealing of the welded samples. Fig. 8 shows
the SEM micrographs of the corroded and un-corroded regions in Fig.
5(a) after subsequent annealing at 1000 °C for 60 min. Considerable
grain growth has occurred in the un-corroded regionwhere the average
grain size increased from 13 μmbefore annealing to around 40 μm after
annealing. Meanwhile, sigma phase precipitates retard growth of the
austenite grains in the corroded region. Therefore, despite the fact that
sigma phase is known to be detrimental to the corrosion resistance of
welded samples of austenitic stainless steels [24,25,29], it has the ad-
vantage of increasing the hardness and thermal stability of thematerial.

The THERMOCALC software was used to study the equilibrium con-
dition of sigma phase precipitation in the investigated alloy. Although
the result of equilibrium condition may be a little different from the ac-
tual processing condition, it can still be useful to understand the precip-
itation temperature range of sigma phase during welding. Fig. 9 shows
the equilibrium precipitation data for the sigma phase calculated by
the THERMOCALC software. As can be seen, the temperature range of
600 °C–700 °C is the most possible range for sigma phase precipitation
whichmatches well with the thermal profile of the FSWwelded sample
with the welding speed of 80 mm/min. The results of THERMOCALC
analysis also show that no sigma phase should form at temperatures
higher than 770 °C, which means that sigma phase precipitates should
dissolve in the matrix at such high temperatures. This explains the ab-
sence of sigma phase in the weld nuggets of samples welded using
high heat input conditions.

Microstructural evolution of the regions ahead the welding tool was
studied to understand the on-going events there before the occurrence
of dynamic recrystallization, and to find out the reasons for sigma phase
formation in theweld nugget. FromEBSD, themicrostructure just ahead
of the welding tool was identified as austenite grains with a small
amount of delta ferrites which are present from the base metal (Fig.
10(a)). It was found that the grain growth has occurred in comparison
with the UFG base metal during the heating cycle of FSW (Fig. 10(b)).
EBSD results also showed that the actual grain size before the occur-
rence of dynamic recrystallization during the heating cycle of FSW
varies between 3 μm at the welding speed of 20 mm/min to 1.5 μm at
the welding speed of 80 mm/min.

TEM sampleswere cut from the regions ahead of the rotating tool for
sampleswelded at thewelding speed of 20mm/min and 80mm/min, in
order to detail examination the phase transformation and microstruc-
tural evolution during the heating cycle of FSW. Fig. 11 shows the
TEM micrograph of typical precipitates present in the region ahead
the welding tool at the welding speed of 80 mm/min. Line scan shows
that these precipitates are Cr rich with lower amounts of Fe and Ni in
comparison with the matrix. EDS analysis shows that these particles
are sigma phase containing 39% Cr, 56.48% Fe, 2.52% Ni, 1.24% Mn and
0.76% Si, which exhibits the same chemical composition as the particles
found in the banded structure (Fig. 5(c)). It should be noted that no sign



Fig. 6. TEM micrographs showing sigma phase formation in the austenite (a and b) and delta ferrite grains (c) in the weld center of sample friction stir welded at the welding speed of
80 mm/min.
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of sigma phase was detected in the UFG base metal and therefore it can
be considered that the particles are formed during the heating cycle of
the FSW with the movement of the rotating tool. The size of sigma
phase particles in this stage was found to be around several hundred
nanometers which is different from the size of sigma phase particles
found in the weld nugget after FSW (around 100 nm or less).

There is the possibility that the sigma phase precipitates after FSW
are related to the sigma phase ahead the rotating tool formed during
the thermal cycle of FSW — stirring of the weld nugget may fragment
the existing large sigma phase particles into nanometric precipitates
Fig. 7. Load–displacement nanoindentation curve of the corr
in the weld nugget zone. However, this mechanism alone cannot justify
the concentration of sigma phase particles in the advancing side of the
weld nugget. Therefore, in addition to this mechanism, some other
mechanism for the sigma phase formation should also occur. Since,
sigma phase is a Cr rich precipitate rather than austenite (FCC) and
delta-ferrite (BCC), its formation is a diffusion controlled process that
needs Cr atoms diffusion within grains or along grain boundaries [29].
It is reported that the formation of sigma phase in austenitic stainless
steels is not readily observable when the Cr content is less than 20%.
However, its formation can be accelerated by 100 times,with increasing
oded and un-corroded regions of the banded structure.



Fig. 8. SEM micrographs of the corroded and un-corroded regions of Fig. 5(a) after subsequent annealing at 1000 °C for 60 min.
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the Cr content to around 25%–30 wt.%, since a higher Cr content de-
creases the necessity of atomic diffusion to form sigma phase [29]. In
other words, although the direct formation of sigma phase from austen-
ite is thermodynamically possible, itwould normally take several tens of
hours that are not available in the FSW condition. For example, the start
of sigma phase precipitation in single phase 321 stabilized austenitic
stainless steel was detected as 72 h at the temperature of 973 K [30].
It can be concluded that the existing of delta ferrite in the microstruc-
ture can play an important role in the formation of sigma phase. Howev-
er the decomposition of delta ferrite to sigma phase during ordinary
aging at 700 °C takes at least 0.5 h which is much longer than the hold-
ing time in the FSW [31]. It was also reported [32,33] that high strain
and occurrence of recrystallization can considerably accelerate sigma
phase formation. For example, Ameyama et al. [32] have reported that
ferrite grains rapidly transforms to sigma phase in a micro duplex (fer-
rite and austenite) structure produced by high strain powder milling
during sintering. Vitek and David [33] have also confirmed the positive
effect of recrystallization on the sigmaphase formation during the aging
of 308 austenitic stainless steels. Since FSW introduces high strain into
thematerial at a high temperature and it is accompaniedwith recrystal-
lization, there is a high possibility that the existing delta ferrite in the
microstructure rapidly transforms into sigma phase particles during
the short thermal cycle of FSW.

Some amount of recovery also took place in the region ahead the ro-
tating tool at thewelding speed of 20mm/min,whichwas not observed
at the welding speed of 80 mm/min. The formation of dislocation cells
which are visible in the TEMmicrographs of Fig. 12(a and b) can confirm
that existence of dynamic recovery beside grain growth at the welding
speed of 20 mm/min. In other words, higher heat input at the slower
Fig. 9. Equilibrium sigma phase precipitation data in the temperature range of 600–900 °C
obtained by THERMOCALC analysis.
welding speed of 20 mm/min promotes recovery besides grain growth,
while only grain growth alone without considerable recovery occurred
at the welding speed of 80 mm/min before occurrence of dynamic
recrystallization.

Fig. 13 shows the temperature profiles recorded at the constant rota-
tional speed of 630 RPM and different welding speeds during FSW. It
can be seen that the peak temperature is 960, 865, 770 and 720 °C for
the welding speeds of 20, 32, 50 and 80 mm/min, respectively. As can
be seen the peak temperature decreases with increasing welding
speed. Similar results were reported in the welding of duplex stainless
steels [34-35]. It can be concluded that the welding speed has a signifi-
cant effect on the thermal profile and finally on the microstructure and
mechanical properties of the welds. The microstructure of the weld
nugget depends on the peak temperature and cooling rate during
FSW. Meanwhile, these factors are controlled by process parameters
such as the rotational and welding speeds that can finally determine
the total heat input during FSW. Frigaard et al. [36] proposed the follow-
ing equation for the net heat input (Q) during FSW:

Q ¼ 4
3

� �
π2μ P ω R3 ð1Þ

where µ is the friction coefficient, P is the applied pressure (Pa), R is the
tool shoulder radius (m), andω is rotational speed of the tool (Rev/s). In
this studywe could notmeasure the real friction coefficient and vertical
pressure quantitatively. Furthermore, it is reported that the applied
pressure is almost constant when the plunge depth during FSW is con-
stant, and also, the friction coefficient during FSW is always constant.
The heat input per unit length of the weld can be obtained by dividing
the total heat input, Q, to the welding speed, υ, namely (Q/υ), and
since μ, P and R are constant, (Q/υ) is proportional to (ω/υ). So, it is
clear that the increasing of the welding speed causes decreasing of the
heat input per unit length. It was also demonstrated [34-35] that the
peak temperature TP ( changes with υ and ω according to:

TP

Tm

� �
¼ K
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� �
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� �
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where Tm is the melting point of the alloy being welded (, and K and α
are constants. From Eq. 2 and the results of the thermal profile in Fig. 13,
a simplified relation between Tp and υ is as follows:

Tp ¼ 1800
1
v

� �0:213

: ð3Þ

Results of EBSD analysis of the samples welded at 20 mm/min and
80 mm/min are shown in Fig. 14. It should be noted that the EBSD anal-
ysis was performed at the weld center on the ND-TD plane (transverse



Fig. 10. (a) Phase map and (b) Inverse Pole Figure (IPF) map of the region just in the front of the tool pin before the occurrence of dynamic recrystallization at the welding speed of
20 mm/min.
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cross section). The microstructure of both samples in the weld center
consists mostly of equiaxed austenite grains with a small amount of
delta ferrite. EBSD analysis shows that the amount of delta ferrite
Fig. 11. Typical TEM micrograph of sigma phase precipitates in the regions ahead the welding
increases from 2% at the welding speed of 20 mm/min to 7% at the
welding speed of 80 mm/min. It seems, therefore, that at the higher
temperature at the slower welding speed of 20 mm/min, most of delta
tool at the welding speed of 80 mm/min along with line scan profiles of major elements.



Fig. 12. TEMmicrographs of the region just ahead the welding tool at the welding speed of 20 mm/min.
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ferrites are dissolved in the austenite grains. For the sample welded at
20 mm/min, the average austenite grain size was found to be 21 μm
with a standard deviation of around 9.5 μm. The fraction of grains hav-
ing size larger than 35 μm is just 9%. The largest and smallest grain
size observed from the EBSD micrograph is 42 and 7 μm, respectively.
Meanwhile the average grain size for the sample welded at 80 mm/min
was found to be 11 μm with a standard deviation of 3.7 μm. In this
case, the largest and smallest grain size was found as 21 and 5 μm, re-
spectively. The presence of fine equiaxed austenite grains is related to
the occurrence of dynamic recrystallization during FSW [37]. Also, it
can be seen that the grain size after welding at 20 mm/min is higher
than that at 80 mm/min which should be due to the excess heat input
at the slower welding speed.

The FSW process is in fact a kind of thermomechanical process be-
cause during FSW, the material undergoes intense plastic deformation
at elevated temperatures and this can be accompanied by dynamic re-
crystallization to finally produce a finemicrostructure. Under the severe
plastic deformation during FSW, the austenite grain size depends on the
strain rate and the temperature. The combined effect of these two
parameters can be represented by the Zener–Hollomon parameter as
follows [38]:

Z ¼ε
�
exp

QA

RT

� �
ð4Þ

whereε
�
is the strain rate, T is temperature, R is gas constant andQA is the

hot deformation activation energy. According to the flow pattern
Fig. 13. (a) Measured thermal profiles during different FSW trials, and (b) the change of
modeled by Reynolds [39], the approximate strain experienced by the
material during FSW can be expressed as:

ε ¼ Ln
L

APR

� �
þ ln

APR
L

� �����
���� ð5Þ

where APR is the tool advancement per revolution, and L can be
calculated as

L ¼ 2r cos−1 r−a
r

h i
ð6Þ

where r is the pin diameter and a is the distance from the advancing to
retreating side of the tool wherematerial flows into this region. Consid-
ering the value of r=5mmand a= r, L=15.7was used for all samples.
Finally the strain rate can be calculated as

ε
� ¼ ε

t
ð7Þ

where t is deformation time that can be expressed as t ¼ r
υ :

The value of the activation energy QA for hot deformation for coarse
grained AISI 304 is about 400 kJ/mol [40]. Grain size has a considerable
effect on the value ofQA and so thementioned value should not be valid
for UFG 304 stainless steel. For example, the values of QA for 304
peak temperature with welding speed at the constant rotational speed of 630 rpm.



Fig. 14. EBSD map and grain size distribution of the weld center for the samples FSW at 20 mm/min (a–b) and 80 mm/min (c–d).
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stainless steel with grain size of 8 and 35 μm are about 354 and 457 kJ/
mol, respectively [41]. Parsa et al. [41] suggested the following
equation for the relationship between the QA of AISI 304 and the
grain size (GS):

QA ¼ 287:5 GSð Þ0:1: ð8Þ

Because of the excess stored energy in the grain boundaries of UFG
304L stainless steel, this material tends to exhibit grain growth during
the heating cycle of FSW [42]. As stated previously, our observation
shows that the grain size in the front of the rotating pin and before
the occurrence of dynamic recrystallization is not the same as the base
metal. Therefore, in order tomore accurately calculate the activation en-
ergy, the actual grain size obtained by EBSDwas used in Eq. (8). The cal-
culated parameters using Eqs. (4)–(8) are summarized in Table 3. Also,
the austenite grain size in the stirred zone after FSW is finally related to
the Zener–Hollomon parameter in Fig. 15. The Zener–Hollomon param-
eter that includes the effects of both the deformation temperature and
strain rate controls the stored energy in the hot deformation process
which is an important factor influencing the recovery and recrystalliza-
tion during FSW and hence the final grain size [38]. As can be seen in
Fig. 15, the austenite grain size after FSW decreases with increasing
Zener–Hollomon parameter. A similar trend was also observed in the
FSWofM190 ultrahigh strength steels [38]. The variation of the austen-
ite grain size after FSW in Fig. 15 is well represented by the linear
relationship of

1
d
¼ 0:0062 Ln Zð Þ−0:1456: ð9Þ
3.3. Mechanical property evolution

Fig. 16 compares themicrohardness values of the weld center under
different welding conditions. As can be seen themicrohardness value of
the base metal is 330 HV and all welds show lower hardness than the
UFG basemetal. Increasing thewelding speed in FSW causes a consider-
able increase in the microhardness and this is related to the lower grain
size obtained by a reduction of the heat input. Themicrohardness of the
weld zone in the samplewelded at 80mm/min is 285HVwhich ismuch
higher than that for the samples welded by GTAW. A considerable de-
crease in the weld zone microhardness of UFG plain carbon steel and
UFG-IF steel was observed respectively by Ueji et al. [43] and Sun et al.
[44] after FSW. These reductions can be related to the grain growth
caused by the welding heat, and as stated previously, decreasing the
heat generated during welding can considerably affect the microstruc-
ture and resultant mechanical properties.

The microhardness evolution was also investigated along the trans-
verse cross section of the weldments (ND-TD plane) which is shown in
the Fig. 17. As can be understood, the lowest hardness of the GTAW
sample occurs inside the welded zone where a coarse grain cast struc-
ture is produced through a solidification process. The hardness of the
GTAW sample increases gradually on moving away from weld zone to-
wards the HAZ and the base metal. As shown in Fig. 3(d and e), the mi-
crostructure of the HAZ in the GTAW sample is characterized by
equiaxed grains which formed from grain growth of the initial ultra
fine grains of the base metal. The amount of grain growth is lower in
the regions far from the welded zone since these regions experienced
lower temperatures. This is why the hardness of the GTAW sample in-
creases with increasing distance from the weld center. Interesting, the
microhardness profile of the FSW sample is not the same as that of



Table 3
Summary of calculated peak temperature, strain, strain rate, Zener–Hollomon parameter
and austenite grain size in different FSW conditions.

Welding
speed

Peak temperature
at weld nugget
(°C)

Strain
(%)

Strain rate
(s−1)

Z (s−1) Austenite grain
size after FSW in
the weld center
(μm)

20 960 12.41 0.827 2.98 × 1013 21
32 865 11.46 1.223 3.5 × 1014 15
50 770 10.57 1.760 4.7 × 1015 13
80 720 9.63 2.57 1.55 × 1016 11

148 S. Sabooni et al. / Materials Characterization 109 (2015) 138–151
the GTAW sample, with the lowest hardness occurring in the HAZ re-
gion. The average hardness of the weld nugget in the FSW sample at
thewelding speed of 80mm/min is around285HV,which is nearly con-
stant within the weld nugget. Meanwhile, the lowest hardness which is
260 HV occurs in the HAZ region adjacent to the TMAZ. EBSD was per-
formed on the TMAZ andHAZ regions to characterize the grain structure
there, but it did not show any considerable difference. TEM samples
were extracted from related regions of TMAZ and HAZ in order to
study the substructures there. Fig. 18(a) and (b) show the TEM micro-
graphs of the TMAZ and HAZ, respectively. Fig. 18(c and d) show EDS
and Selected Area Diffraction (SAD) results of the the precipitates
present in Fig. 18(a). These observations show that the precipitates
present are Cr rich, with 29 wt.% Cr compared to ~18 wt.% in the sur-
rounding matrix, and exhibit a BCC structure which was finally identi-
fied as delta ferrite. Nano-twins can clearly be observed in the TMAZ
Fig. 16. Average microhardness values of the base metal and th

Fig. 15. Variation of austenite grain size after FSW versus Zener–Hollomon parameter.
region which are absent in the HAZ region. The temperature and strain
in the TMAZ are not as high as in the weld nugget to allow dynamic re-
crystallization, but it seems that the stress in the TMAZ is sufficient to
cause the formation of mechanical twins. Therefore, it seems that the
higher hardness of the TMAZ in comparison with the adjacent HAZ is
due to the mechanical twins formed during the deformation in the
TMAZ.

Fig. 19 shows the engineering stress–strain curves of the UFG
base metal, GTAW sample and FSW sample at the welding speed of
80 mm/min. It should be noted that the tensile specimens were cut
in the transverse direction of the welded samples. The UFG base metal
shows a yield strength of 720 MPa, ultimate tensile strength (UTS) of
920 MPa and tensile elongation of around 47%. Both the GTAW and
FSW samples show lower yield strength and UTS than the UFG base
metal. The existence of a cast coarse grained structure in the GTAW
weld zone causes considerable drop in the mechanical properties of
the weld so that the yield strength drops to 340 MPa which is just 47%
of that of the base metal. Meanwhile, the existence of fine dynamically
recrystallized grains in the weld nugget of the FSW sample along with
the distribution of nanometric sigma phase precipitates lead to an in-
creased yield strength to 500 MPa, which means a welding efficiency
of 70%. Final rupture occurred at the weld zone in the GTAW welded
sample while occurred in HAZ in the FSW welded samples. It is consis-
tent with the results of microhardness measurements where the mini-
mum hardness located in the weld zone in GTAW while located in
HAZ during FSW. The results of microhardness profile and tensile tests
confirm that FSW is an alternative and potentially betterwelding proce-
dure for the welding of UFG steels rather than conventional fusion
welding methods.
4. Conclusions

An ultrafine grained AISI 304L was successfully welded by both gas
tungsten arc welding and friction stir welding techniques. The results
showed that significant differences were present between the micro-
structures of the FSW and GTAW welded samples. The microstructure
of GTAWwelded sample shows a cast microstructure consisting of aus-
tenite and ferrite, which both lathy and skeletal ferrite present. Friction-
stir welded samples exhibited a microstructure consisting of fine
equiaxed austenite grains along with some elongated δ-ferrite. TEM ob-
servations showed that nanometric sigma phase precipitates were
formed in the weld nugget, which were mostly distributed as a contin-
uous structure at grain boundaries in the advancing side of the weld
nugget forming a banded structure in the transverse cross section. It
seems that the sigma phase precipitates were initially formed at the re-
gions ahead the rotating tool during the heating cycle of FSW, and were
finally fragmented into nanometric particles in different regions of the
e weld zone produced under different welding conditions.



Fig. 17. Microhardness distribution of the GTAW and FSW samples along transverse cross section (ND-TD plane) of the weldment.
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weld nugget. Also there is a high possibility that the existing delta ferrite
in themicrostructure rapidly transforms into sigma phase particles dur-
ing the short thermal cycle of FSW. It was found that the existence of
strain and recrystallization can promote sigma phase formation.
THERMOCALC analysis showed that the temperature range of 600–
Fig. 18. TEMmicrographs of the TMAZ (a) and HAZ (b) in the sample welded at thewelding spe
and SADP of particles (c) and matrix (d) of TMAZ.
700 °C is the most possible range for sigma phase precipitation which
agrees with experimental results. The final austenite grain size in the
nugget zone of the friction-stir welded samples was found to be a func-
tion of the Zenner–Hollomon parameter obtained quantitatively by
measuring the peak temperature and calculating of the strain rate
ed of 80mm/min showing the existence of mechanical twins in the TMAZ, alongwith EDS



Fig. 19. Engineering stress–strain curves of the UFG base metal and welded samples.

150 S. Sabooni et al. / Materials Characterization 109 (2015) 138–151
during the welding process. A considerable reduction in grain size was
observed with increasing Zener–Hollomon parameter caused by an in-
crease in welding speed. Microhardness evolution along the transverse
cross section of the weldments showed that the minimum hardness of
the GTAW sample occurred at the weld center, while this occurred at
the HAZ in the FSW samples. Mechanical property evolution confirmed
that FSW is an alternative, or even better, welding technique for the
welding of ultrafine grained steels than conventional fusion welding
processes.
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