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a b s t r a c t

2 mm thick Fe–18.4Cr–15.8Mn–2.1Mo–0.66N high nitrogen austenite stainless steel plate was success-
fully joined by friction stir welding (FSW) at 800 rpm and 100 mm/min. FSW did not result in the loss
of nitrogen in the nugget zone. The arc-shaped band structure, consisting of a small amount of discontin-
uous ferrite aligning in the bands and fine austenite grains, was a prominent microstructure feature in the
nugget zone. The discontinuous ferrite resulted from newly formed ferrite during welding and the
remained ferrite, whereas the fine austenite grains were formed due to dynamic recrystallization of
the initial austenite during FSW. The fine dynamically recrystallized grains in the nugget zone signifi-
cantly increased the hardness compared to that of the base material. The strength of the joint was similar
to that of the base material, with the joint failing in the base material zone.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

High nitrogen austenite stainless steel (HNS) with high
strength, ductility and toughness is considered a group of promis-
ing structural materials for use in various industries [1]. Nitrogen
as an alloying element not only is a strong austenite-stabilizing
element, but also improves both the strength and fracture tough-
ness of the alloy. More importantly, nitrogen can improve the local
corrosion resistance of stainless steel, especially pitting and crevice
corrosion resistance [2,3].

Wide industrial application of HNS depends on effective joining
methods. The weldability of HNS is significantly reduced due to the
addition of nitrogen element. It is hard to achieve defect-free HNS
joints by conventional fusion welding techniques [4]. The nitrogen
loss, welding defects and nitride precipitation in the welding pro-
cess of HNS result in the loss of corrosion resistance and mechan-
ical properties [5,6].

Friction stir welding (FSW) is a solid-state welding method
which sees particular use in the aerospace and automotive indus-
tries [7]. During the welding process, a rotating tool with a spe-
cially designed pin and shoulder is inserted into the plates and
traversed along the line of joint. Both localized heating and plastic
deformation softens the material around the pin. The combination
of tool rotation and translation results in movement of material
from the front to the back of the pin, thereby producing a welded
joint in the solid state. FSW was originally applied in joining low
melting-point materials, such as Al, Mg and Cu alloys [8–10]. The
solid-state nature of the FSW process is also applicable for welding
steel without metallurgical changes or welding defects [7].

Recently, with significant progress in developing welding tools
for joining high melting-point materials [11], a number of FSW
investigations have been dedicated to join various steels [12–15].
In particular, for the austenite stainless steels, the sound joints of
304 steel could be achieved by FSW with the strength of the joints
being equal to that of the base material (BM) [16]. However, for
FSW of HNS, the investigations are quite limited.

Park et al. [17] conducted FSW of 6 mm thick Fe–23Cr–10Ni–
6Mn–2Mo–0.2Si–0.53N austenite stainless steel on a single plate
(technically friction stir processing) for the first time, in which
the pin did not fully penetrate the welding plate. Although some
defects existed in the nugget zone (NZ), the dynamically recrystal-
lized austenite grains were observed and no loss of nitrogen was
detected in the NZ. Miyano et al. [18] achieved defect-free FSW
joints of 2 mm thick Fe–23Cr–0Ni–1Mo–1N austenite stainless
steel. It was reported that the transverse strength of the joints
was higher than that of the BM. However, the joint failed in the
heat-affected zone (HAZ), which is attributed to the fact that the
gauge length of the tensile specimens only included the NZ and
HAZ.

From limited FSW investigations on HNS mentioned above, it is
clear that the microstructure evolution of HNS during FSW and its
effect on the mechanical properties of the joints are not well
understood due to limited microstructural evidences and the
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existence of welding defects as well as the usage of short-length
tensile specimens [17,18]. Therefore, a deep FSW investigation on
HNS is necessary by using defect-free joints and full gage length
tensile specimens which include all microstructural zones.

In this study, a Fe–18.4Cr–15.8Mn–2.1Mo–0.69N–0.04C HNS
was subjected to FSW investigation. The aim is to achieve a sound
FSW joint of HNS and to elucidate the microstructural evolution of
HNS during FSW and its effect on the mechanical properties of the
joints.
Fig. 2. Hardness profile of FSW HNS joint.
2. Experimental details

2 mm thick Fe–18.4Cr–15.8Mn–2.1Mo–0.69N–0.04C austenite
stainless steel plates were used in this study. The plates were
hot-rolled at 1050 �C and then annealed at 1100 �C for 2 h. The
plates were joined by FSW along the rolling direction at a welding
speed of 100 mm/min and a tool rotation rate of 800 rpm. A PCBN
tool with a shoulder 16 mm in diameter and a cylindrical pin 6 mm
in diameter and 1.8 mm in length was used.

The nitrogen content of the BM and the NZ of the joint was ana-
lyzed by LECO TCH 600. Microstructural examination was carried
out on the cross-section of the joints perpendicular to the welding
direction. The specimen for optical microscopy (OM) was electro-
lytically etched in a solution of 10% oxalic acid, 90% water at
30 V. The phases in the joint were analyzed using X-ray diffraction
(XRD) and electron backscattered diffraction (EBSD) techniques.
The specimen for electron backscattered diffraction (EBSD) was
prepared by electrolytic polishing with a 10% perchloric acid, 90%
ethanol solution at 30 V. Thin foils for transmission electron
microscopy (TEM) were prepared by twin jet-polishing in 10% per-
chloric acid, 90% ethanol solution cooled to �25 �C with liquid
nitrogen at 15 V.

The Vickers hardness profile of the joint was measured on the
cross-section along the mid-thickness of the welded plate. Tensile
specimens with a gauge length of 40 mm and a width of 10 mm
that includes all the microstructural zones were machined perpen-
dicular to the welding direction with the NZ being in the center of
the gauge.
3. Results and discussion

Fig. 1 shows the typical cross-sectional macrograph of the FSW
joint. No macro-defects were detected in the joint, indicating that a
sound HNS joint could be achieved at a welding speed of 100 mm/
min and a tool rotation rate of 800 rpm by FSW. The nitrogen con-
tent of the NZ was 0.70 wt%, similar to that of the BM (0.66 wt%).
This indicates that nitrogen was not lost during the FSW process.
Similar to those reported in FSW Al alloys and austenite stainless
steel [8,17], NZ, thermo-mechanically affected zone (TMAZ), HAZ
were identified in the cross section of the joint. The NZ of the
FSW HNS joint exhibited a basin shape.

Fig. 2 shows the hardness profile of the FSW joint on the cross
section along the mid-thickness of the joint. The NZ exhibited
hardness values of �330 HV with a width of about 5 mm. Beyond
the NZ, the hardness decreased gradually as the distance from
the NZ increased. The hardness decreased to the level of the BM
(�260 HV) in the regions about 8 mm from the NZ center.
Fig. 1. Macrostructure of FSW HNS joint perpendicular to the welding direction.
The yield strength (YS) and the ultimate tensile strength (UTS)
of the joint were similar to those of the BM (Table 1), with the
joint failing in the BM zone far away from the NZ (Fig. 3). This is
consistent with the hardness distribution of the joint. This
indicates that the sound joint of the HNS could be achieved by
FSW. The fracture location of the joint in this study is different
from that reported by Miyano et al. [18], where the FSW joint of
2 mm thick Fe–23Cr–0Ni–1Mo–1N plate failed in the HAZ, due to
the usage of short-length tensile specimens that only included
the NZ and HAZ in the gauge length. It is noted that the elongation
of the joint was significantly lower than that of the BM. This is
attributed to the heterogeneous hardness distribution on the cross
section of the joint which resulted in the nonuniform deformation
during the tensile process.

Fig. 4a shows the OM image of the BM perpendicular to the roll-
ing direction. The BM exhibited an annealed coarse equiaxed grain
structure with some fine grains at the grain boundaries of the
coarse grains. The average grain size of the BM was determined
to be �39 lm. Some annealing twin boundaries were observed
within some coarse grains. In addition, some d ferrite with a strip
shape was observed in the austenite matrix (marked by arrows).
Although the BM was annealed at the austenite temperature, the
d ferrite formed during the hot-rolling process did not transform
to austenite completely and some remained in the matrix. The
existence of a small amount of ferrite is believed to be related to
the process control during casting of the HNS. The element segre-
gation during the casting process of this HNS resulted in that a
small amount of d ferrite retained in the matrix. This kind of ferrite
was hard to remove completely during the following hot rolling
and annealing process. The similar phenomenon was reported by
Hong et al. [19]. The XRD profile, shown in Fig. 5, also indicated
the presence of a small amount of the ferrite in the matrix. The rel-
ative content of the ferrite was calculated to be 5.6% using the rel-
ative area of the peaks between ferrite and austenite.

Fig. 4b shows the OM image of the HAZ, which has a microstruc-
ture similar to that of the BM. The microstructure of the HAZ was
hardly affected by the thermal process of FSW. In the TMAZ
(Fig. 4c), a distorted structure with the grains re-oriented was
observed on the advancing side, similar to that of the FSW Al and
steel joints [8,18].

Fig. 4d shows the OM image of the NZ close to the top surface of
the joint. Some bands were observed in the matrix (marked by an
arrow). Similar to other reports [14,17], the NZ was characterized
by fine equiaxed recrystallized grains. The average grain size of
Table 1
Tensile properties of base material and FSW joint.

Sample YS (MPa) UTS (MPa) El. (%)

BM 604 967 53.0
FSW 580 980 30.0



Fig. 3. Macroscopic image showing that transverse tensile specimen fractured at
base material.

Fig. 5. XRD profiles of HNS: (a) base material and (b) nugget zone.
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the NZ was 5.5 lm, much smaller than that of the BM. Few twin
boundaries were observed within the grains due to the dynamic
recrystallization during the FSW process. Moreover, the bands con-
sisted of fine grains, similar to the results of Park et al. [17] and
Reynolds et al. [20] in the FSW joints of 304 stainless steel. The fine
grains in the NZ would increase the strength and the hardness
compared to those in the BM.

To understand the structure of the bands, the NZ was observed
from three planes. The various planes of the FSW joint were
defined by the coordinate axis as shown in Fig. 6a. Fig. 6b presents
the OM image in the XZ plane of the NZ. At the top of the XZ plane
close to the shoulder, many bands were observed. However, at the
zone near the bottom of the XZ plane, as marked by the arrow in
Fig. 6b, the bands almost disappeared. In the YZ plane of the NZ
(Fig. 6c), the bands were similar to those in the XZ plane. In con-
trast to those in the XZ and YZ planes, the bands in the XY plane
were arc-shaped (Fig. 6d), similar to the onion skin that was the
most prominent feature on the surface of the FSW joints [21].

In the FSW 304 stainless steel joint [22], the band structure con-
sisting of fine grains and r phases was also observed in the NZ.
However, the nitrogen element would affect the phase transforma-
tion in steel and change the microstructure. Therefore, the bands in
the NZ of the FSW joint of the HNS might be different from those of
the 304 stainless steel.

Fig. 7a shows the TEM image of the BM. Similar to the OM
image (Fig. 4a), the BM exhibited the annealed coarse grain struc-
ture. Furthermore, there were few dislocations within the grains.
Fig. 7b shows the TEM image of the NZ. The fine grains were
Fig. 4. Optical images of FSW HNS joint: (a) base material, (b) heat affecte
observed in this zone. Some dislocations, retained during the
dynamic recrystallization process of FSW, were observed within
the fine grains. Similar results were also reported in the FSW joints
of Al alloys and steels [14,23]. However, the r phase, which was
reported in the fine grain bands in the NZ of FSW 304 stainless
steel, was not found. Moreover, there were also no other phases
in the matrix. This indicates that the microstructure of the bands
in the NZ was different from that observed in the FSW joint of
the 304 stainless steel [22].

The XRD profile of the NZ, as shown in Fig. 5, indicated that the
ferrite was also present in the matrix, though it was not clearly
observed under OM in Fig. 4d. The relative content of the ferrite
in the NZ was 6.3%, slightly larger than that in the BM. The d ferrite
in the NZ came not only from the remaining ferrite in the BM, but
also from the transformation of the austenite matrix during the
FSW process. Miyano et al. [18] measured the temperature of the
welding center during FSW of 2 mm thick Fe–23Cr–0Ni–1Mo–1N
stainless steel at a tool rotation rate of 400 rpm and a welding
speed of 100 mm/min. It was found that the temperature of the
bottom surface in the NZ could reach 1050 �C. In this study, the
d zone, (c) thermo-mechanically affected zone, and (d) nugget zone.



Fig. 6. Optical images of the bands in various planes of nugget zone: (a)
macrostructure of the joint, (b) bands on XZ plane, (c) bands on YZ plane, and (d)
bands on XY plane.

Fig. 8. EBSD maps showing grain boundaries and phase distribution of nugget zone
(gray is ferrite, and white is austenite).
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tool rotation rate was 800 rpm, higher than that used by Miyano
et al. [18]. The higher rotation rate would result in a higher heat
input, thus the NZ would experience a higher temperature.

It is well known that the actual temperature of the NZ is higher
than that of the measured locations [7]. Therefore, the temperature
of the NZ during the FSW process possibly exceeded the transfor-
mation temperature of austenite to d ferrite, which was reported
to be 1150 �C for this Fe–Cr–Mn–N steel [24]. On the other hand,
it was reported that the d ferrite could form in the NZ of austenite
stainless steel, though the duration of the NZ at the peak temper-
ature was only several seconds during FSW [22]. Therefore, it is
possible for the d ferrite to form in the NZ during the FSW process,
and then the content of the ferrite increased slightly in the NZ
compared to that in BM.

Fig. 8 shows the EBSD map of the NZ. The white grains were
austenite and the gray grains were ferrite. The discontinuous fer-
rite grains and the fine austenite grains formed the band structure
Fig. 7. TEM images of HNS: (a) base
in the matrix (marked by black arrows), similar to that observed in
Fig. 4d. Therefore, it can be presumed that the bands observed in
Figs. 4d and 6 were the mixture of the ferrite grains and the fine
austenite grains.

It was documented that the Mo element could promote the
occurrence of dynamic recrystallization, because it retarded static
recrystallization due to a solute drag effect [25]. Momenia et al.
[25] reported that in the hot-compression process of a superau-
stenitic stainless steel, the dynamically recrystallized grains
nucleated on the original grain boundaries, forming the fine recrys-
tallized grains with the bulging grain boundaries due to the solute
drag effect of Mo. Xu et al. [26] also found the fine dynamically
recrystallized grains on the original grain boundaries during the
tensile process at a high temperature in a high Mo austenitic stain-
less steel. Therefore, it could be deduced that the fine austenite
grains were also formed during dynamic recrystallization process
due to the effect of the Mo element in the matrix.

During the FSW process, the materials experienced severe plas-
tic deformation with the rotating tool. The d ferrite formed during
FSW and the remaining ferrite of the BM would also flow with the
matrix. The ferrite with the bcc crystal structure was more difficult
to deform compared to the austenite with the fcc crystal structure
at high temperatures. Therefore, the ferrite would follow the aus-
tenite flow during FSW and was distributed with discontinuous
lace. In addition, the ferrite in the austenite matrix restrained the
deformation of the matrix, especially the matrix between the dis-
continuous ferrite. The dynamic recrystallization was prone to
occurring in these regions.

On the other hand, HNS has much lower stacking fault energy
compared to the Al alloys, and therefore, the dynamic recrystalliza-
tion more easily occurred in HNS than in the Al alloys [27]. There-
fore, the fine austenite grains formed between the discontinuous
ferrite. For thin sheets, the shoulder dominates the material flow
in the NZ during the FSW process. Thus, the discontinuous ferrite
d material and (b) nugget zone.
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was distributed in the arc-shaped bands, similar to the onion skins
on the surface of FSW joints. Moreover, more bands were observed
on the top of the XZ plane where the matrix was prone to being
affected by the shoulder.

4. Conclusions

In this study, the friction stir welding of 2 mm Fe–18.4Cr–
15.8Mn–2.1Mo–0.66N–0.04C austenite stainless steel plates was
carried out and the microstructure and mechanical properties of
the joint were investigated. The following conclusions are reached.

(1) Sound FSW joint of 2 mm Fe–18.4Cr–15.8Mn–2.1Mo–
0.66N–0.04C austenite stainless steel plates were success-
fully achieved at a welding speed of 100 mm/min and a tool
rotation rate of 800 rpm. The nitrogen was not lost during
the FSW process.

(2) The fine equiaxed recrystallized grains in the nugget zone
increased the hardness of the nugget zone significantly.
The strength of the joint was similar to that of the BM, with
the joint failing in the BM zone.

(3) The arc-shaped band structure was the prominent micro-
structure feature in the nugget zone and it consisted of a
small amount of discontinuous ferrite aligning in the bands
and fine dynamically recrystallized austenite grains between
the discontinuous ferrite.
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