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Abstract

The object of the present work is to research the microstructure evolution of AISI 304 stainless steel (304SS) joined by rotary
friction welding. The dynamic recrystallization (DRX) and texture formation process were analyzed by optical microscope and
electron back-scattered diffraction (EBSD) technology. The results showed that DRX, which emerges on the torque rising stage,
mainly occurs in the welding zone, and completes on the torque quasi-steady stage. Furthermore, obvious shear type texture

({110} <112>) forms in the joint of 304SS.
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1 Introduction

AISI 304 stainless steel (304SS) has been widely used as
nuclear structural materials for reactor coolant piping, valve
bodies, and vessel internals owing to its superior corrosion
resistance properties even under high temperature and excel-
lent low temperature toughness. 304SS is preferred over other
stainless steels as the advantages in both welding and defor-
mation [1, 2]. However, problems such as the HAZ cracking
caused by the intergranular Cr-rich carbides along the grain
boundaries in HAZ, coarse grains, and creep failure are often
encountered in welding of 304SS by the conventional arc
welding [3-5].

These negative effects can be minimized by adopting rotary
friction welding (RFW) [6]. As a solid-state process, the peak
temperatures involved in REW do not exceed the melting tem-
perature of the base material. RFW is now well established as a
means of joining many different types of materials because it
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has proved to be a reliable and economical way of producing
high-quality welds [7, 8]. Several authors have demonstrated
that RFW is suitable for the welding of 304SS [6, 9, 10].

During RFW process, steep gradient of strain, strain rate,
and temperature occur in the welding joint, which result in the
microstructural transformations, like dynamic recrystalliza-
tion (DRX) and texture formation [8]. Lots of literatures in-
vestigated the relationship between microstructure and me-
chanical properties of 304SS welded by friction welding.

Sathiya et al. [11] investigated the metallurgical and me-
chanical properties of rotary friction welded 304SS. The cor-
relation between the microstructure and the joint strength was
also discussed. The result showed that the grain size of the
joint was affected by the joining process parameters; mean-
while, the microstructure can be correlated to mechanical
properties of the joint.

Yutaka et al. [12] studied the recrystallization phenomenon
during friction stir welding of 304SS. The result showed that
the welding zone underwent DRX. In the stir zone, a <100>
fiber texture component containing a dominant orientation
was observed from the center to the advancing side.

Kumar et al. [13] investigated the effect of texture on corro-
sion properties of AISI 304SS. He found that at lower cold
reduction levels, when the cold rolling texture just begins to
develop, electrochemical and pitting potential behavior is con-
trolled by tensile rolling stresses. However, at higher cold re-
duction levels, sharp rolling texture nullifies the adverse effect
of the cold rolling residual stresses, and it minimizes the dete-
rioration of corrosion properties in the presence of tensile.
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Table 1 Nominal chemical composition of 304 stainless steel (wt%)
Element Fe C Si Mn Cr Ni S P

Content Bal.  0.10 0.6 1.8 18 9 0.01 0.02

However, the number of reports on the details of micro-
structural evolution in RFW of 304SS, especially DRX and
texture development process, is limited despite the importance
of microstructural evolution on the mechanical properties.

The object of the present study is to examine the micro-
structural evolution process of 304SS during RFW. The mi-
crostructure of the joints is examined by optical microscope
(OM) and electron backscatter diffraction (EBSD) to obtain
the knowledge of the microstructural evolution, especially the
DRX and texture development.

2 Experimental procedure

The material used in the present investigation was the 304SS
with the nominal composition listed in Table 1. Workpieces
with a diameter of 25 mm diameter were joined by RFW. The
welding machine used in the RFW experiment is C320 friction
welding machine. The welding parameters are shown in
Table 2. The friction torque was recorded by computer
through an A/D converter with sampling time of 0.01 s. The
interface temperature of the joints was measured by infrared

Table2 Welding parameters

thermal imaging instrument (Tec VarioCAM @hr., head-HS
Infra) with sampling time of 0.02 s. A pair of thermocouple
is spot welding on the stationary side of the and close to flash
region, to calibrate the data collected by infrared thermogra-
phy instrument, based on the consistency of the thermocouple
and infrared measurements. On this basis, the emissivity of
304SS is 0.8. Figure 1 shows a representative torque and tem-
perature curves. To clarify the microstructure evolution pro-
cess, the welding process was stopped at different stages of
torque as illuminated in Fig. 1. And the joints were cooled
down in water to preserve the microstructure.

The axial cross-section of the joints was obtained for mi-
crostructural examination after welding. The samples for OM
examination were mounted for polishing, then etched by a
reagent of 5 g FeCl; solved in dilute hydrochloric acid
(15 ml HCI + 60 ml H,O). The samples for EBSD examina-
tion were prepared by electrochemical polishing at 20 V in a
polishing solution of 5%HCI1O,4 + 95%C,HsOH for 60 s. The
EBSD detector was an Oxford Nordlys X-max with analysis
software of HKL Channel 5 System (Oxford Instruments)
equipped in a scanning electron microscope (Tescan-
VEGAIILMH).

3 Results and discussion
3.1 Microstructure of the base metal
The base metal (BM) is 304SS rods of which supply state is

annealing treatment after rolling. The initial microstructure
consists of uniform equiaxed grains with an average size of
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Fig. 2 Microstructure of the 304SS base metal

no special high-density orientation distribution. The statisti-
cal results of grain orientation angle are shown in Fig. 3b.
It is generally believed that the grain boundary angle of
high-angle boundaries (HABs) is larger than 15°, and
low-angle boundaries (LABs) are less than 15°. In addition,
HABs are formed after recrystallization because of the ar-
bitrary orientation of recrystallization grains [14]. From the
statistical results, it can be seen that the proportion of
HABs in the BM accounted for 97.6%. It indicates that
there are a large number of recrystallization grains which
generated during annealing in the BM.

Fig. 3 Features of microstructure
of the base material shown by a
EBSD map and b misorientation
distribution
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Fig. 4 {100}, {110}, and {111} pole figures of the BM

Figure 4 shows the {100}, {110}, and {111} pole figures of
the BM. The RD, TD, and ND refer to the rolling direction,
transverse direction, and normal direction, respectively. The
maximum intensity of pole figures is 3.47 in the BM. The
results further suggest that the BM exhibits a relatively ran-
dom texture, i.e., no obvious micro texture in the BM.

3.2 Dynamic recrystallization evolution in the WZ

Figure 5 shows the cross-section macro morphology and mi-
crostructure morphology of welded joint. Four zones
consisting of weld zone (WZ), thermo-mechanically affected
zone (TMAZ), heat-affected zone (HAZ), and base metal (BZ)
can be observed. The WZ consists of equiaxed grains as the
reason that sufficient DRX occurs in the WZ [15]. While,
TMAZ occurs partial DRX and no DRX occurs in the HAZ.
Therefore, to clarify the DRX evolution during RFW process,
stop the welding process at different stages, as have been
illuminated in Fig. 1. The joint was cooled down in water
immediately to preserve the microstructure. Then, the macro-
structure and microstructure of WZ on each stage were exam-
ined by OM, as shown in Figs. 6 and 7, respectively.

During the torque rising stage, DRX occurs in the partial
area of the welding interface (Fig. 6a), and the recrystallization
grains are fine (Fig. 7a). On this stage, the temperature, as well
as the stored energy and dislocation density in the WZ, in-
creases with the welding process. On the welding interface,
the ring area of 1/3~2/3 radius away from the axis has the
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Fig.5 Section macro morphology (a) and microstructure morphology (b)
0f 304SS RFW joint

highest temperature and experiences the most severe plastic
deformation [16]. Therefore, the most obvious DRX occurs in
this area. However, as Fig. 1 shows, since the torque rising
rapidly to the peak value when the RFW process starts, the
duration of torque rising stage is only about 1 s. In addition,
the highest temperature of the joint during this stage is 617 K,
which is not high enough for coarse grains generation. Thus,
the fine recrystallization grains with an average diameter of
1.2 um exist in the WZ.

During the torque decreasing stage, DRX occurs on the
whole welding interface (Fig. 6b) and the WZ consists of
equiaxed grains (Fig. 7b). It is analyzed that the dislocation
density in the WZ reduces gradually with DRX process.
Couple with the increasing of strain and temperature, more
DRX grains form on the un-recrystallized material. The for-
mation of new grains continuing with further deformation and
eventually extends to the entire welding interface. Compare
Fig. 7b with Fig. 7a, the DRX grains on torque decreasing
stage are coarser than those on torque rising stage, the reason
is that grains grow under the action of thermal and deforma-
tion on torque decreasing stage.

Fig. 6 Evolution of
macrostructure of the WZ. a
Torque rising stage. b Torque
decreasing stage. ¢ Torque quasi-
steady stage. d Torque steady

During the torque quasi-steady stage, the joint is completely
bonding, as shown in Fig. 6¢c. The WZ consists of equiaxed
grains which turn coarser compare with those on torque decreas-
ing stage. With the welding process, the heat produced by fric-
tion and plastic deformation further increase. Meanwhile, the
temperature and the deformation tend to be uniform on the fric-
tion interface. Under the effect of high temperature, as well as
severe plastic deformation and axial pressure, adequate DRX
occurs in the WZ. Simultaneously, DRX grains further grow
due to the increasing of temperature, as shown in Fig. 7c.

During the torque steady stage, there is no obvious change
in the morphology of the WZ compare with that on torque
quasi-steady stage. The grains with an average diameter of
18 wm exist in the WZ, which nearly equal to that of the BM
(25 pm). It is analyzed that the heat generation and dissipation
reach a balance on this stage; thus, the joint nearly keeps at a
stable temperature, as shown in Fig. 1. In addition, the work
hardening phenomenon that corresponds to dislocation prolif-
eration and DRX process that corresponds to dislocation disap-
pearance also reaches a balance. Thus, the macrostructure of
the WZ has no obvious change. However, with the time in-
creasing, the size of DRX grains increases due to the heat
accumulation and finally, the microstructure is replaced by rel-
atively equiaxed grains with an average grain size of 18 pm.

3.3 EBSD analysis of microstructure evolution
in the weld zone

According to the above analysis, DRX emerges on torque
rising stage in the WZ and completes on torque quasi-steady
stage. Thus, the characteristics of the microstructure of the
WZ on these two stages were studied by EBSD technology
to further investigate the DRX evolution behavior and grains
orientation during REW.

Figure 8 shows the EBSD map and misorientation angle dis-
tribution in the WZ on torque rising stage. As it is seen, green
dominates in the EBSD map, which indicates that the grain ori-
entation mainly concentrates in the normal direction of crystallo-
graphic plane {110}. The statistical result of grain orientation
angle indicates that the proportion of LABSs is 30%. It obviously

stage
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Fig. 7 Evolutions of
microstructure of the WZ. a
Torque rising stage. b Torque
decreasing stage. ¢ Torque quasi-
steady stage. d Torque steady
stage
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Fig. 8 Microstructure characteristic of the WZ on torque rising stage
shown by a EBSD map and b misorientation distribution

increases compared with that of the BM (3.4%). On the other
hand, the proportion of HABs decreases to 70%. The reason is
that, the original grains in the BM are segmented into a number
of cellular substructures due to the slipping and the pile-up of
dislocation on torque rising stage. This phenomenon results in
decreasing of the HABs. Above analysis further indicates that
DRX occurs in the WZ during this stage.

Figure 9 shows the {100}, {110}, and {111} pole figures of
the WZ on torque rising stage. The maximum intensity of pole
figures is 10.57, which is an obvious increase compared with
that of the BM (3.47). It proves that the texture is formed in the
WZ, of which the {111} crystallographic plane parallels to the
welding surface, and the <110> crystal direction parallels to
the frictional direction (the shear direction). Since the face-
centered-cubic structure, the slip system of 304SS is {111}
<110>. And the sub grains are formed due to the disloca-
tion-tangle. Meanwhile, the sub grains rotate under the action
of axial pressure and torsional loading that result in the acti-
vation of the slip system. The slip surface {111} rotates
around the vertical direction of the workpiece’s axial (i.e.,
RD direction), and the normal direction of the slip surface is
coincident with the axial pressure direction. Thus, the {111}
crystallographic planes and <110> crystal direction of the
grains in the WZ parallel to the welding surface and frictional
direction, respectively.

Figure 10 shows the EBSD map and misorientation angle
distribution of the WZ on the torque quasi-steady stage. The
blue color dominated in the EBSD map which indicates that
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Fig. 9 {100}, {110}, and {111} pole figures of the WZ on torque rising stage

the grain orientation is mainly concentrated in the normal
direction of {111} crystallographic plane. The statistical re-
sults of grain orientation angle in the WZ indicate that the
proportion of HABs is 77%, which increases compare with
that on the torque rising stage (70%). While the LABs’ pro-
portion decrease to 23%. The reason is that the temperature of
the WZ increase with the welding process on this stage results
in the dislocation moving easily. Meanwhile, with the increas-
ing of deformation in the WZ, the dislocation wall that is
perpendicular to the slipping surface is formed by the disloca-
tion pile-up. Then, the dislocation wall further develops to the
sub grains. Because the attraction effect between stress field
and dislocation, the unstable sub grain boundary absorb the
moving dislocations in grains. This leads to the increasing of

Fig. 10 Characteristic
microstructure of the WZ on
torque quasi-steady stage shown
by a EBSD map and b
misorientation distribution
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orientation difference of grain boundary. Eventually, the sub
grain boundaries transform into HABs.

Figure 11 shows the {100}, {110}, and {111} pole figures
of WZ on torque quasi-steady stage. The maximum intensity
of pole figures is 6.2. As it is seen, the {110} crystallographic
plane parallels to the welding surface, and the <111> crystal
direction parallels to the TD direction. Thus, the <112> crystal
direction parallels to the ND direction. According to the for-
mer research [17], 304SS mainly has the brass type texture
({110} <112>) when it subject to large shear stress. Since the
WZ undergoes the axial pressure and shear stress along the
normal direction during RFW, obvious shear type texture
({110} <112>) eventually forms in the joint of 304SS welded
by RFW.
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Fig. 11 {100}, {110}, and {111} pole figures of the WZ on torque quasi-steady stage
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4 Conclusion

The microstructure characteristics of 304SS joint welded by
RFW were studied. The conclusions are as follows:

(M
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DRX emerges in the torque rising stage in WZ and com-
pletes on the torque quasi-steady stage. On the torque
rising stage, the recrystallization grains with an average
diameter of 1.2 um exist in the WZ. The grains gradually
grow up with the welding process. Eventually, the aver-
age diameter of WZ is 18 pum, which nearly equal to that
of the BM (25 um).

The proportion of LABs in WZ is 30% on torque rising
stage, which was significantly higher than that of BM
(3.4%). With the welding process, the moving disloca-
tions are absorbed by the sub grain boundaries, which
gradually transform into HABs. Finally, the proportion
of LABs in WZ is 23%.

EBSD pole figures show that there is no obvious micro
texture in the BM. During torque rising stage, metal in
the WZ starts to slip under the action of axial pressure.
The slip surface {111} rotates to the direction that paral-
lels to the welding surface. The <110> crystal direction
parallels to the frictional direction. Eventually, obvious
shear texture ({110} <112>) appears in the WZ with the
welding process.
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