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1 INTRODUCTION

A wide range of investigations have been carried out
on Friction Stir Welding (FSW), which is an innovative
joining process utilizing frictional heating and intensive
plastic deformation [1,2]. Researchers have been study-
ing microstructures [3,4], mechanical properties [5,6],
corrosion properties [7] of friction stir (FS) welds, and
plastic flows [8,9] during FSW. FSW provides good
mechanical properties in high strength aluminium (Al)
alloys and exhibits good weldability in joining dissimilar
materials [10-12]. Furthermore, FSW often draws atten-
tion as an effective method for improving the mechani-
cal properties in the stir zone (SZ) because the SZ expe-
riences dynamic recrystallisation during FSW and often
shows fine recrystallised grain structure [13-15].
However, most published papers on FSW have been
focussed on relatively low melting temperature materi-
als such as Al alloys and magnesium alloys.

Recently, the feasibility of FSW for stainless and mild
steels with higher melting temperatures has been exam-
ined and reported, and further revitalization of research
and development is advancing FSW [16-20]. Our
research group has investigated on the feasibility of
FSW in stainless steels and reported that FSW offers a
sound weld joint in austenitic, ferritic and duplex stain-

less steels [21]. Austenitic stainless steels are widely
used in nuclear power plant circumstances requiring
high temperature components such as heat exchanger
and chemical reactors because of their good mechani-
cal properties at elevated temperatures and excellent
corrosion resistance. Austenitic stainless steel welds,
however, have problems in stress corrosion cracking
and weld decay due to sensitisation in heat-affected
zone. FSW has the potential to offer weld with a mini-
mal heat-affected zone, small residual stress and dis-
tortion, no crack and macro-segregation due to solidifi-
cation, and a finely recrystallised microstructure. For
these reasons, we have been conducting FSW of
austenitic stainless steels and reported the characteris-
tics of microstructures in FS welds of type 304 austenitic
stainless steel. This paper discussed the microstructural
evolution during FSW in FS weld of 304 austenitic stain-
less steel by reviewing our recent studies [19,22].

2 EXPERIMENTAL PROCEDURE

Two different thick 304 austenitic stainless steel plates
with 2 mm and 6 mm in thickness were used as base
material (BM) in this study. The nominal chemical com-
positions (wt %) of the plates are 17.93 Cr, 8.28 Ni,
0.47 Si, 0.78 Mn, 0.072 C, 0.030 P, 0.005 S for the
2 mm-thick plate and 18.10 Cr, 8.56 Ni, 0.59 Si, 1.08 Mn,
0.040 C, 0.032 P, 0.003 S for the 6 mm-thick plate. FSW
was carried out for each of the two BM plates using a
polycrystalline cubic boron nitride (PCBN) tool [23] tilted
3.5 degrees from vertical. The FSW parameters of trav-
elling-rotation speeds of tool were 4.5 mm/s – 1 300 rpm
for the 2 mm-thick plate and 1.3 mm/s – 550 rpm for the
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6 mm-thick plate. Vickers hardness profile of the weld
was measured on the cross section perpendicular to the
welding direction (WD). Microstructural observations
were performed by optical microscopy (OM), transmis-
sion electron microscopy (TEM) and orientation imaging
microscopy (OIM). The specimens for OM were cut per-
pendicular to the WD, mechanically ground with water
abrasive paper and polished with 3 μm and 1 μm dia-
mond, and etched electrolytically in a solution of 10 %
oxalic acid + 90 % water with a power supply set to
30 volts for about 10 s. Thin disks for TEM with a diam-
eter of 3 mm were cut from various locations of the
welds using an electrical-discharge machine, and were
electrolytically polished in a 10 % perchloric acid + 90 %
ethanol solution. The thin foils were observed at 200 kV
with a JEOL-2000EXII TEM. Identification of the sec-
ond phases in the austenite matrix was determined from
selected area electron diffraction patterns. In order to
measure the grain size in various locations of the weld
and distinguish between ferrite and austenite in large-
scaled areas of the SZ, OIM analysis was carried out.
The sample for OIM was prepared by electrolytical pol-
ishing with the same solution used for the preparation
of the TEM sample. The grain size in the various regions
was measured in OIM maps by the mean linear inter-
cept method.

3 RESULTS AND DISCUSSION

3.1 Microstructures in FS weld

Figure 1 shows a low magnification overview of the cross
section in a FS weld of 2 mm-thick 304 stainless steel.
Since the length of the pin of the welding tool was
shorter than the thickness of the plate, the pin could not
fully penetrate the plate. The width of the SZ in upper
surface of the plate is about 10 mm, which roughly cor-
responds to the diameter of the shoulder. The SZ does
not take the form of an elliptical nugget with an onion
ring pattern. Small tunnel-type defects are seen around
the border between the SZ and the TMAZ at the advanc-
ing side (AS) as shown in Figure 2 where a darkly

etched region is observed near the tunnel-type defects
indicated by arrows. The dark region is discussed later.

The optical micrographs and TEM images of several
regions in the 2 mm-thick FS weld are shown in
Figures 3 (a)-(d) and 4 (a)-(d), respectively. The regions
observed by OM and TEM are indicated in Figure 1.
The BM has an annealed grain structure with a low den-
sity of dislocations. Annealing twin boundaries are also
observed in some grains. The average grain size of the
BM was about 8.8 μm. The SZ shows a roughly
equiaxed grain structure. Dislocation density in the SZ
is slightly higher than that in the BM. The average grain
size in the SZ was 7.0 μm, which is slightly smaller than
that in the BM. It is also detected in the SZ that small
grains with a very low density of dislocations coexist
with grains containing dislocations. This means that
dynamic recrystallisation occurred in the SZ induced by
the intense plastic deformation and accompanying fric-
tional heating during FSW. On the other hand, the
TMAZs in both the retreating and the advancing sides
(RS and AS) have a grain structure with a relatively high
density of sub-boundaries and dislocations, as shown in
Figures 4 (b) and (d). These micrographs suggest that
the TMAZs are characterised by dynamic recovery,
which is in good agreement with the typical microstruc-
tural characteristics in FS welds of Al alloys [4].

Figure 1 – Macroscopic cross sectional view of the 2 mm-thick FS weld

Figure 2 – Defects in the advancing side
of the stir zone in Figure 1
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The hardness distribution across the transverse direc-
tion in the 2 mm-thick weld is shown in Figure 5. The
average hardness value of the BM is 180 Hv. The weld
shows higher hardness than the BM. The hardness of
the weld increases from the unaffected BM region
toward the TMAZ. The maximum hardness is measured
in the TMAZ about 3 mm apart from the weld centre.
The hardness of the SZ is slightly lower than that of the
TMAZ.

The grain size distribution measured by mean intercept
method for the OIM maps is shown in Figure 6. The SZ
has smaller average grain size than the BM although
the grain size is slightly scattered in the weld. The TMAZ
has slightly finer grain size than the BM. It is well known
that finer grain size generally results in higher hardness.
According to the Hall-Petch relationship for hardness in
304 stainless steel [24], the difference in hardness
between the BM and the SZ should be 10 Hv and the
difference between the BM and the TMAZ should be
5 Hv. However, the weld has a hardness difference of
about 20 Hv between the BM and the SZ and a differ-
ence of about 30 Hv between the BM and the TMAZ,
which does not agree with estimates from the Hall-Petch
relationship. This means that the increase in hardness

in the weld cannot be explained by grain size alone.
Besides the grain size distributions, in the present weld,
dislocation density may also affect the hardness distri-
bution, because dislocation densities in the SZ and the
TMAZ are higher than that in the BM, as shown in
Figure 4. Additionally, the TMAZ has many sub-grains,
which also cause an increase in hardness. These results
suggest that the high dislocation density and sub-grains
formed during dynamic recrystallisation and recovery
processes result in a higher hardness in the SZ and the
TMAZ.

3.2 Ferrite and sigma formation during FSW

A darkly etched microstructure was observed around
the defects in the 2 mm-thick weld, as shown in Figure 2.
The details of the darkly etched microstructures
observed in three different locations of the SZ are shown
in Figure 7. Besides the region around the defects
[Figure 7 (a)], the region near the weld centre
[Figure 7 (b)] also has a darkly etched microstructure.
High magnification observation reveals that the darkly
etched microstructure is finely scattered in the advanc-

Figure 3 – Optical microstructures in
(a) BM, (b) TMAZ of retreating side (RS),
(c) SZ, (d) TMAZ of advancing side (AS)

in 2 mm-thick weld

Figure 4 – TEM images of corresponding regions
in Figure 3

Figure 5 – Hardness profile in the 2 mm-thick weld
Figure 6 – Grain size distribution

in the 2 mm-thick weld by OIM
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ing side of the SZ, as shown in Figure 7 (c). The darkly
etched microstructure seems to be widely and inhomo-
geneously distributed in the SZ. In order to identify the
darkly etched microstructure, OIM analysis was carried
out on the above-mentioned three regions. During OIM
data collection, austenite (fcc) and ferrite (bcc) data files
were used as references, because there is a high pos-
sibility that the austenite matrix is transformed to delta-
ferrite by the exposure to high temperatures during the
welding process. The OIM maps obtained from the
above-mentioned three regions are indicated in Figure 8.
Austenite (fcc) and ferrite (bcc) are indicated with gray
and white in the OIM maps, respectively. Figure 8 shows
that small ferrite phases, about 1 μm in size, are formed
along the grain boundaries and at their triple junctions

in the austenite matrix in these regions. The size of the
ferrite phase is slightly larger near the weld centre, as
shown in Figure 8 (b).

The detection and identification of ferrite was also per-
formed in the advancing side of the SZ by selected area
electron diffraction pattern in the TEM. Figure 9 presents
that the ferrite phases are formed along the grain bound-
aries of the recrystallised austenite matrix in the advanc-
ing side of the SZ. Most of the ferrite has an elongated
shape, whose dimension is smaller than 1 μm in width
and about 2 μm in length. This result is roughly the same
as that of the OIM analysis. The ferrite phases observed
in the present weld are thought to be formed by heat-
ing to high temperatures during FSW.

Figure 7 – Optical micrographs of darkly etched regions
(a) around the defect, (b) near the weld centre,

(c) the advancing side of the stir zone in the 2 mm-thick weld

Grey and white colours indicate austenite matrix and ferrite formed along the grain boundary, respectively.
Figure 8 – OIM maps in darkly etched regions
(a) around the defect, (b) near the weld centre,

(c) the advancing side of the stir zone in the 2 mm-thick weld



38 MICROSTRUCTURES IN FRICTION STIR WELDED 304 AUSTENITIC STAINLESS STEEL

The microstructural characteristics in the 6 mm-thick weld
are qualitatively identical to those in the 2 mm-thick weld,
except for sigma formation at the advancing side instead
of ferrite, as described as follows. Band structures at the
advancing side were observed in the 6 mm-thick weld
as shown in Figure 10. The band structures can be
divided into region “A” and region “B”, as shown in
Figure 10 (a). Detailed micrographs of regions “A” and “B”
are shown in Figure 10 (b) and (c), respectively. Region
“A” has deeply etched lines, while region “B” shows a
lamellar structure consisting of a region with many pits
and a region without pits. The lamellar structure in region
“B” looks like a segment of an onion ring which is fre-
quently observed in Al and Mg alloy FS welds [25].

The OIM maps and TEM images of regions “A” and “B”
are shown in Figure 11. Figure 11 (b) reveals that large
particles with size of 500-1 000 nm exist on the grain
boundaries in region “A”. On the other hand, the OIM

map of region “B” showed that the regions with many
pits in the lamellar structure correspond to regions con-
sisting of finer grains, as shown by the arrows in
Figure 11 (d). Additionally, a TEM image [Figure 11 (e)]
indicates that the regions with many pits have small par-
ticles with size of 200-400 nm both along the grain
boundaries and in the grain interiors. EDS spectra
obtained from the particles in regions “A” and “B” are
presented in Figure 11 (c) and (f), respectively. The
large particles in region “A” consist of 54.6 wt % Cr,
43.1 wt % Fe and 1.0 wt % Ni, while the small particles
in region “B” consist of 33.8 wt % Cr, 60.6 wt % Fe and
5.0 wt % Ni. EDS results suggest that these particles
should be Cr-rich carbides or sigma phases. Higher

Figure 9 – TEM images of ferrite formed along
the grain boundary of the austenite matrix

in the advancing side of the stir zone Figure 10
(a) Cross sectional view of the stir zone at the

advancing side in the 6 mm-thick weld
(b) Detailed microstructure of region “A”
(c) Detailed microstructure of region “B”

Figure 11 – Typical OIM maps and TEM images in regions “A” and “B” and EDS analyses
in the regions of Figure 10
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magnified TEM images of the particles in regions “A”
and “B”, and the selected area electron diffraction pat-
terns obtained from the particles are shown in Figure 12.
The TEM images show that the particles contain numer-
ous stacking faults aligned into a preferential orienta-
tion. The electron diffraction pattern reveals that the
particle is sigma phase with tetragonal structure,
a = 10.9221 Å and c = 5.6403 Å. Closer observation
using TEM was also tried to the retreating side of the SZ,
but any evidence for the presence of sigma phase was
not found in the retreating side.

In the 6 mm-thick weld, ferrite phase was not detected,
but they deduced from circumstantial evidence that the
sigma phase formation can be accelerated by the emer-
gence of delta-ferrite at high temperatures and the fer-
rite can further decompose to sigma and austenite
phases rapidly under the high strain and recrystallisation
[20]. On the other hand, the 2 mm-thick weld does not
have any sigma phase in the advancing side of the SZ,
but ferrite phase was detected in the SZ although the
amount of ferrite was small. This difference in as-welded
microstructures between the 2 mm- and 6 mm-thick
welds is probably attributed to the difference in the cool-
ing rate due to the differences in plate thickness and
travelling speed. The ferrite formed by the exposure to
high temperatures during the heating procedure of FSW,
even though the formation of ferrite was deduced from
the circumstantial evidence in the 6 mm-thick weld,
would decompose to sigma and austenite phases dur-
ing the cooling procedure if the cooling rate was slow.

The weld in the thinner plate undergoes the more rapid
cooling after the FSW when the FSW parameters are the
same. In addition, the travelling speed applied to the
2 mm-thick weld was about 3.4 times faster than that to
the 6 mm-thick weld. The increase in the travelling speed
increases the cooling rate during FSW. Therefore, the
thinner thickness and the higher travelling speed result
in an increased cooling rate in the 2 mm-thick weld,
which may prevent the decomposition of the ferrite to
sigma. This is one of the possible reasons why the fer-
rite phases remain in some parts of the SZ in the 2 mm-
thick weld. The presence of ferrite in the 2 mm-thick
weld may confirm that the sigma phase observed in the
6 mm-thick weld can be decomposed from the delta-fer-
rite formed in the austenite matrix during FSW.

4 CONCLUSION

The microstructure and hardness distribution were
examined in friction stir welds of 2 mm- and 6 mm-thick
304 austenitic stainless steel plates. The 2 mm-thick
weld had small tunnel-type defects in the advancing side
of the SZ. The SZ and TMAZ in the both welds were
characterised by dynamically recrystallised and recov-
ered microstructures, respectively. The hardness of the
weld was higher than that of the BM. The TMAZ showed
the maximum hardness, which was attributed to the
slightly finer grain structure having a relatively higher
density of sub-boundaries and dislocations. Small ferrite

Figure 12 – Higher magnified TEM images of the particles in the regions “A” and “B”,
and selected area electron diffraction patterns
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phases were observed along the grain boundaries of
the recrystallised austenite matrix in the advancing side
of the SZ in the 2 mm-thick weld, while small sigma
phases were detected in the 6 mm-thick weld at roughly
the same locations as those of ferrite phases in the
2 mm-thick weld. This suggested that the ferrite was
formed during the heating cycle of FSW and then
remained due to the higher cooling rate in the thinner
weld, while decomposed to sigma due to the lower cool-
ing rate in the thicker weld during FSW.
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