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Abstract: The influence of welding speed on the joint microstructures of an austenitic stainless steel (ASS) produced by friction stir welding
(FSW) was investigated. The FSW process was conducted using a rotational speed of 400 r/min and welding speeds of 50 and 150 mm/min.
The study was carried out using electron backscattered diffraction (EBSD) technique in different regions of the resultant stir zones (SZs). The
results show that the texture of the advancing side (AS) was mainly composed of C {001}(110) and cube {001}(100) texture components along
with partial B/B {112}(110) component. Moving from the AS toward the center and the retreating side (RS), the cube texture component dis-
appeared and the A7 /A3 {111)(112) component developed and predominated the other components. Higher welding speed greatly affected and
decreased the intensity of the textures in the resultant SZs. Moreover, higher welding speed (lower heat input) resulted in lower frequency of

cube texture in the AS.
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1. Introduction

Austenitic stainless steels (ASS) are considered as one of
the important class of engineering materials that are widely
used in many different industrial applications [1-4]. The fric-
tion-stir welding (FSW) of such high melting point materials
have been the case study of many scientists in recent years.
Due to its solid state nature, FSW can effectively reduce the
common problems associated with traditional welding tech-
niques, such as the occurrence of solidification cracking and
coarse dendritic structure in the fusion zone and stress corro-
sion cracking and weld decay in the heat-affected zone
(HAZ) of ASS [1,5]. Friction stir welding utilizes the heat
and the deformation to produce a joint [5—6]. The joints are
usually produced along with simple shear texture compon-
ents [7]. The development of textural components results in
anisotropy through the microstructure of the welded material
and finally affects the mechanical behavior of the welded
material [8]. The simple shear texture components that occur
through the microstructure of the processed face-centered cu-
bic (fcc) metalsinclude A/A {111}(110), A7/A; {111}(112),
B/B {112}(110), and C {001}(110) [7]. The occurrence of
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each component and its contributions are determined by the
Taylor factor [9]. Therefore, different deformational condi-
tions result in the activation of different slip systems, which
in turn causes the formation of different textural components.
Considering the nature of the FSW, the material receives dif-
ferent amount of temperature, strain, and strain rate
throughout the welded region, and different texture compon-
ents develop accordingly. Therefore, temperature, strain, and
strain rate are the most important factors affecting the
thermo-mechanically activated processes, such as the activa-
tion of different slip systems, dynamic recovery, and recrys-
tallization through the microstructure [10]. It has been well
reported that in the FSW process, the heat generation is
mainly linked to the material flow [5—6], and in reports on
textural studies, temperature is not treated as an independent
variable [11-12]. However, the temperature slightly differs in
different regions of the stir zone (SZ), including the advan-
cing side (AS), center, and retreating side (RS). The temper-
ature can be neglected in textural studies, since the mag-
nitude of strain and the strain rate change in the same path,
and their amounts change as the deformation condition
changes; therefore, their combinations might act differently
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in different regions of the SZ. In this regard, several attempts
of FSW application on austenitic stainless steels (ASSs) have
been made [13-20]. The early studies were limited to the
possibility of FSW on such materials. For example, Meran
et al. [13] studied the feasibility of FSW on a 304 ASS.
Reynolds et al. [14] investigated the resultant joint character-
istics including mechanical properties and residual stress of
an FS-welded 304L ASS. However, recent investigations are
mainly about the microstructure formation during the FSW
process. Park et al. [15] and Meran and Canyurt [16] invest-
igated the occurrence of dynamic recrystallization (DRX)
through the microstructure of an FS-welded 304 ASS without
identifying the type the DRX. Sato et al. [17] investigated the
FS-welded joints of a 304L ASS and indicated that a very
fine and recrystallized grain structure developed in the mi-
crostructure of the SZ along with a <100> fiber texture com-
ponent. Rezaei-Nejad et al. [18] studied the microstructural
changes in a friction stir-processed 316L. ASS and reported
the occurrence of discontinuous dynamic recrystallization
(DDRX) as a predominant operating mechanism in the form-
ation of the SZ microstructure. Hajian ef al. [19] conducted
friction stir processing on a 316L ASS using electron backs-
cattered diffraction (EBSD) technique and transmission elec-
tron microscopy (TEM). They reported the occurrence of
DDRX as a responsible mechanism in the microstructure
formation exhibiting a high fraction of dislocations in the SZ.
These researchers also mentioned that partial continuous dy-
namic recrystallization (CDRX) occurred in the SZ. They
showed the presence of subgrains that tended to absorb lat-
tice dislocations and increased their misorientation angle. Liu
and Nelson [20] studied the evolution of grain structure and
the texture of a 304L ASS introduced in FSW joints. They
found that the microstructure formation occurred mainly
through DDRX mechanism due to grain boundary bulging
and migration. Emami and Saeid [21] conducted FSW on a
304 ASS with a different welding parameter (400 r/min, 50
mm/min). They found that the microstructure evolved mainly
through the occurrence of CDRX and partially through
DDRX.

The literature survey reveals that all the previous works
focused on a fixed parameter, and the influence of the de-
formation condition has not been investigated so far. In the
current study, the authors investigate the effect of two differ-
ent welding speeds on the development of microstructure in
different regions of the resultant SZs.

2. Experimental

The material used in this study was an AISI 304 ASS plate
with 2 mm thickness. Bead-on-plate FS welds were applied
on the prepared 100 mm x 100 mm specimen. Based on pre-
vious works [21-23], the welding was conducted along the
rolling direction of the prepared samples at a constant rota-
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tional speed of 400 r/min and welding speeds of 50 and 150
mm/min. Moreover, temperature measurements reported for
FS-welded SAF 2205 duplex 2 mm thick plates have shown
that the temperature significantly decreased with increase in
welding speeds from 50 mm/min to 150 mm/min and at a
constant rotational speed of 600 r/min [22]. Therefore, the
difference in temperature is estimated to be more significant
at a rotational speed of 400 r/min. A WC-based alloy was
used to design the welding tool, with its pin having a conical
geometry. The tool shoulder, pin base, pin tip diameters, and
pin height were 16, 4.5, 3.5, and 1.7 mm, respectively. Dur-
ing the welding procedure, the depth of the pin penetration
into the sample was kept constant at 1.8 mm. To keep para-
meters such as plunge depth and tool vertical force un-
changed, the welding was started with 50 mm/min and con-
tinued with 150 mm/min without any tool pullout. Micro-
structural observations were mainly conducted along the nor-
mal direction—transverse direction (ND-TD) of the cross sec-
tion, using a scanning electron microscope equipped with an
EBSD analysis system. The EBSD data were obtained from
the cross section, which was perpendicular to the welding
direction. The EBSD specimens were mechanically pre-pol-
ished with 1 and 0.25 um diamond pastes, electro-polished
with a solution of 700 mL ethanol, 120 mL distilled water,
100 mL glycerol, and 80 mL perchloric acid at ambient tem-
perature and a voltage of 35 V for 10 s. Electron backs-
cattered diffraction analyses using orientation mapping and
orientation distribution function (ODF) were performed ac-
cording to the methodology described in the previous works
[23-24].

3. Result and discussion
3.1. Base Metal

Fig. 1 displays the results of EBSD analysis on the ND-
TD cross section of a welded sample. Crystal orientation and
grain boundary maps (Figs. 1(a) and 1(b)) show that the base
metal (BM) microstructure included an equiaxed grain struc-
ture. The misorientation angle histogram is similar to that of a
randomly oriented material; however, a very intense peak oc-
curs at 60°. The presence of this peak is related to the forma-
tion of coincidence site lattices (CSLs). The misorientation
angle/axis pairs in the misorientation angle histogram show
that the main fractions of the CSL boundaries are distin-
guished to have a first-order relationship defined by a 60° ro-
tation about <111> axis. It has been reported that the CSL
boundaries are generally generated in the recrystallized mi-
crostructure of fcc-structured materials during the grain
growth phenomenon [21,23-24]. The results from statistical
analysis of the grain boundaries (grain boundary character
distribution (GBCD) diagrams) also reveal that the grain
boundaries were mainly composed of main grain boundaries
known as high-angle grain boundaries (HAGB) and CSLs,
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Fig. 1.
(d) grain boundary characterization distribution.

which implies that the initial microstructure had gone
through an annealing process. Stacking fault energy (SFE) is
one of the main determining factors in the formation of
CSLs; that is, a low SFE helps the formation of annealing
twining and CSLs [21]. Therefore, austenitic stainless steels
with rather low SFEs are more prone to develop such bound-
aries during deformation at high temperatures.

3.2. Thermo-mechanically affected zone

Fig. 2 shows the EBSD data obtained from the ND-TD
cross section of the thermo-mechanically affected zones
(TMAZs) at different welding speeds. The resultant micro-
structures show that the FSW severely deformed and elong-
ated the constituent grains of the TMAZs with respect to the
stress imposed through the stirring action of the welding tool.
Misorientation angle histogram (Fig. 2(e)) shows that high
fraction of LAGBs was developed in the TMAZs. Such
boundaries have been reported to be formed in the TMAZ of
FS-welded materials through the occurrence of dynamic re-
covery process [21-24]. During the deformation at high tem-
perature, a certain number of mobile dislocations is neces-
sary in order to accommodate the strain and strain rate.
Therefore, during the welding procedure, new dislocations
are introduced in the microstructure of the evolved material.
These dislocations start to interact with each other and those
with opposite signs are effectively eliminated at the welding
temperature. After the elimination, only one type of disloca-
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EBSD data from the BMs: (a) crystal orientation map, (b) grain boundary map, (c) misorientation angle histogram, and

tions is left in the material, and the dislocations tend to re-
arrange themselves into low-angle grain boundaries
(LAGBs) and form sub-structures; this process is known as
dynamic recovery process.

It is also shown that the fraction of LAGBs in the TMAZ
of the sample welded with 150 mm/min was higher than that
of the sample welded with 50 mm/min. This behavior is at-
tributed to the degree of deformation imposed by the weld-
ing tool, which was higher for the sample welded with 150
mm/min. As the deformation degree increased, the density of
dislocations also increased; therefore, the activation energy
for processes such as dislocation slips and climbs, which are
necessary for softening mechanisms, increased [10]. Com-
paring the GBCDs of the BM and the TMAZ reveals that the
frequency of the CSL boundaries decreased from the BM to-
ward the TMAZ. It seems that the stirring action of the weld-
ing tool affected the orientation of the CSLs and caused them
to deviate from their ideal relationship [20-21].

3.3. Stir zone

Fig. 3 depicts the grain boundary maps along with misori-
entation angle histograms from different regions of SZs. This
figure demonstrates that the deformed grain structure of the
TMAZ (Fig. 2) was replaced by a fine equiaxed and recrys-
tallized structure in the SZs. The relationship between severe
deformation and high temperature leads to the development
of very fine equiaxed microstructures in the SZs through the



1520

Int. J. Miner. Metall. Mater., Vol. 27, No. 11, Nov. 2020

30
(©) w400 r/min, 50 mm/min

- w400 r/min, 150 mm/min
< —— Random

=

2

g

&

o)

O

g

=

Z

0 20 40 60
Misorientation / (°)

mms 400 r/min, 50 mm/min
501 m=m 400 r/min, 150 mm/min

N
=

Number fraction / %
[\®) w
(=} (=}

—_
(=]
T

LAGBs

CSLs HAGBS

Fig. 2. EBSD data from the TMAZs: (a) crystal orientation map for a welding speed of 50 mm/min; (b) grain boundary map for a
welding speed of 50 mm/min; (c) crystal orientation map for a welding speed of 150 mm/min; (d) grain boundary map for a welding
speed of 150 mm/min; (e) misorientation angle histogram; (f) grain boundary characterization distribution.

DRX phenomenon [21,23]. The figure also shows that coars-
er grains were developed in the SZ of the material welded
with low welding speed. This is probably due to the amount
of generated heat during welding procedure. Since the heat
generated during FSW is inversely proportion to the welding
speed, the average grain size of the SZ is increased with a de-
crease in the welding speed, and the SZ resulting from the
low welding speed was subjected to a high temperature,
which in turn resulted in a coarse microstructure [5—6]. Fig. 4
depicts the statistical analysis from the grain boundaries. The
number of LAGBs decreased from the AS toward the RS of
the resultant SZs. This is more likely related to the contribu-
tion of the applied deformation and the temperature. Based
on the asymmetric nature of the FSW in the AS, where the
material receives a higher degree of temperature and deform-
ation, phenomena such as dislocation climbs and slips can
easily be activated, leading to the formation of a large num-
ber of LAGBs [1,10]. On the other hand, it is seen that the
number of CSLs increased in the same path from AS toward
the RS. As the applied stress decreases from the AS toward

the RS, the stirring action of the tool can rotate away and
cause few CSLs to deviate.

Fig. 5 shows the texture of the BM representing the ODF
sections along with the standard textural components of
rolled fcc materials. The ODF sections show that the texture
of the starting material is mainly composed of the textural
components of S {123}<634> (¢, = 59°, & = 37°, ¢, = 63°),
C {112}<111> (¢; =90°, @ = 35°, ¢, =45°), B {011}<211>
(1 =35°, ®=45°, ¢,=90°, G {011}<100> (¢, = 0",
@ =45°, ¢, = 90°), and cube {001}<100> (¢, =0°, @ =0°,
¢y = 0°). Among these textural components, B and C have
been reported to form during the rolling process, while S, G,
and cube have been reported to develop during recrystalliza-
tion process [10]. Moreover, the formation of recrystalliza-
tion textural components has been reported to reduce the in-
tensity of the deformational texture and randomize it. There-
fore, S, G, and cube might be related to the recrystallization
phenomenon, which effectively reduced the intensity of the
BM texture.

Figs. 6 and 7 show the results of texture analysis from the
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ant SZs.

Grain boundary character distribution of the result-

centerline of the resultant SZs. Pole figures {111} and {110}
show that a simple shear texture was introduced through the
SZs microstructure. Shear textures are generally represented
by the sample coordinate system of {shear plane (SP)}<shear
direction (SD)>, associated with the crystal coordinate sys-
tem of {hkl}<uvw> [25-26]. The common fcc slip system is
{111}<110>, which can be described as {I111}//SP and
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EBSD data from different regions of resultant SZs (AS, CEN, and RS correspond to advancing side, center, and retreating

<110>//SD [20-23]. It is also clear from Fig. 6 that intensit-
ies of the resultant pole figures decrease from the AS, where
the material received a high magnitude of temperature and
deformation with respect to the center and the RS [24]. This
behavior indicates the existence of strain gradient in the SZs.

As indicated in Fig. 6, the positions of the ideal simple
shear textures are very close to each other in the pole figures
and might be overlapping. Therefore, to carefully investigate
the texture, ODFs were calculated to avoid any interference.
Fig. 7 depicts the resultant ODFs from the AS, center, and the
RS of the SZ, at ¢, = 0° and ¢, = 45°. The ideal simple shear
texture components for fcc materials are also presented in
Fig. 7. The ODF sections also confirm the presence of a
simple shear texture in the SZ. The results show that the tex-
ture of the AS was mainly composed of C {001}<110> and
cube {001}<100> texture components along with partial B
{112}<110> component. The components C and B have
been well reported to occur throughout the microstructure of
a processed fcc material in simple shear deforming technique
[21], whereas the cube texture usually occurs through the mi-
crostructure of a recrystallized materials. It can be seen from
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Fig.S5. Texture of the BM represented with ODF sections.
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the ODF sections that the cube texture was developed in the
AS for both welding speeds. The cube texture formation for
both welding speeds is more likely due to the amount of heat
generated in the region. For the AS, where the welding and
rotational speeds are of the same direction, the applied strains
from the advancing force and the rotational force strengthen
each other, and the material receives higher amount of heat.
Therefore, the material in the AS receives a high temperature,
which results in the occurrence of static and/or discontinuous
DRX. It can be seen that the intensity of the texture in the AS
tended to decrease with increasing welding speed. This beha-
vior implies that the rotational speed has a very significant in-
fluence on the development of simple shear textures, which
decrease by increasing the welding speed. The ODF sections
apparently show that the textural components of C, B, and
cube were replaced by A7/A5 {111}(112) and B/B (112}

Fig. 8.
(b) 150 mm/min.

4. Conclusion

The microstructural changes of a friction-stir-welded AISI
304 austenitic stainless steel were evaluated using EBSD.
The results revealed that very fine microstructures associated
with simple shear textures were developed in the stir zone of
the produced joints. The ASs of the stir zones also experi-
enced static and/or discontinuous DRXs and developed a
cube {001}(100) recrystallization texture component. It was
found that the cube texture disappeared moving from the AS
toward the center and the retreating side. The simple shear
texture component of Aj/A% {111}(112) also developed in
the center and the retreating side. In addition, it was observed
that with increasing welding speed from 50 to 150 mm/min,
due to lower heat generation, finer grains were formed in the
SZ. On the other hand, the frequency of cube texture com-

(110) running from AS toward the center and the RS of the
resultant SZs. Moreover, the intensity of the texture de-
creased in the same path. However, the reason for the change
in the textural components has not been fully determined thus
far [11-12,25]; it is the strain, strain rate, and temperature
that have been discovered to affect the hot deformation beha-
vior of the processed material in the FSW [26]. Further crys-
tal orientation maps from the AS of the resultant SZs in Fig. 8
qualitatively show that the frequency of cube texture com-
ponent decreased as the welding speed increased. This is
probably due to the amount of heat generated in the SZs. The
SZ welded with low welding speed (higher heat input) resul-
ted in the formation of a higher number of grains with cube
texture components compared with the sample welded with
high welding speed.

ik
&

L

Crystal orientation maps from the AS of the SZs indicating the frequency cube texture component: (a) 50 mm/min;

ponent decreased as the welding speed increased.
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