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Three rotation rates were selected for friction stir welded (FSW) rolled AZ31 plates, at a constant
welding speed of 100 mm/minutes. As the rotation rate was increased from 800 and 2000 to
3500 rpm, the nugget shape varied from a basin- or ellipse-shaped homogeneous structure to a
two-layer structure. The grain characteristic was similar in the nugget zones (NZs) at 800 and
2000 rpm, with the column-rotated basal plane. However, at 3500 rpm, the equiaxed fine grains
and column-rotated basal plane were found in the lower zone of the two-layer structure, while
elongated coarse grains and the basal plane with little inclination comparable to that in the parent
material (PM)were detected in the upper zone. Tensile tests indicated that the fracture behaviors of
the FSW AZ31 joints at 800 and 2000 rpm were similar with the weak zones being located at the
NZ middle and along the boundary between the NZ and the thermo-mechanically affected zone,
while contrasting fracture features were found at 3500 rpm. The ultimate tensile strength (UTS) of
the joints increased as the rotation rate increased, with the highest UTS being about 95 pct of the
PMat 3500 rpm.The variations in the strength and fracture behavior of the jointswith the rotation
rate were accounted for by the variation in the texture.
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I. INTRODUCTION

MAGNESIUM alloys are the lightest structural alloys
that are commercially available. Nowadays, magnesium
alloys have gained huge interest in the aircraft and
automobile industries because of the need of weight
reduction. Therefore, a reliable welding process is required
to support these applications. However, conventional
fusion welding has some problems, such as porosity,
oxidization, a wide heat-affected zone, and high residual
stress, which limit the use of the magnesium alloys.

Friction stir-welding (FSW), a solid joining method,[1]

can eliminate the welding problems in conventional
fusion welds, and therefore has been successfully used to
weld various magnesium alloys, such as Mg-Al-Zn
alloys,[2–12] Mg-Zn-Y alloys,[13,14] and Mg-Al-Ca al-
loy.[15] Among these magnesium alloys, AZ31, a widely
used wrought magnesium alloy, has been widely sub-
jected to FSW investigations.[2–12] These studies can be
classified into two categories. Some studies were focused
on the mechanical properties of FSW joints.[2–9] The
others paid attention to the texture variation and
material flow patterns during FSW.[10–12]

In the early studies of FSW AZ31,[2–4] the optimiza-
tion of welding parameters was an important issue.

Most studies were conducted on AZ31-H24 plates, and
joint efficiencies (UTSJoint/UTSPM) in the range of 60-
85 pct were obtained by changing the rotation rate and
welding speed.[2,3] However, among these studies,[2–4]

there was no concordant conclusion on the relationship
between the mechanical properties and the rotation rate
and welding speed. Later, Commin et al.[5] found that
the joint properties were related to the heat input, and
high heat input was favorable for good joint properties.
Afrin et al.[6] and Wang et al.[7] reported that the
ultimate tensile strength (UTS) of the FSW joints
increased as the rotation rates increased from 500 to
1500 rpm for both the H24 and hot-rolled AZ31.
Furthermore, Yang et al.[9] found that higher UTS
was obtained with a larger diameter shoulder because of
greater heat input.
The texture of the magnesium alloys is sensitive to

severe plastic deformation because the number of
independent slip systems in the hexagonal close packed
(HCP) structure is limited.[16] Park et al.[17] observed a
strong texture development in FSW AZ61 and suggested
that the basal plane was roughly aligned with the pin
surface in the nugget zone (NZ). A similar result was
also found in the FSW AZ31 by Woo et al.[10] Besides,
the fracture location of the joints was usually located at
the thermo-mechanically affected zone (TMAZ), which
was attributed to the texture development.[10,18] More-
over, Suhuddin et al.[11] investigated the grain structure
development in the NZ using the electron back-scattered
diffraction (EBSD), and found that the material flow
varied in the upper and lower parts of the NZ.
For the FSW AZ31 joints, the welding parameters,

especially the rotation rate, were found to have
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significant effects on the mechanical properties,[2–9] and
the texture was reported to influence the mechanical
behavior.[9,10,19] However, the studies on the texture
distribution were almost based on a single parameter,
without considering the effects of different parameters.
On the other hand, many researchers studied the
mechanical properties of the joints at varied parameters,
but ignored the texture differences. Furthermore,
although the mechanical properties of the FSW AZ31
joints were found to increase with the rotation rate,[5–8]

most studies were conducted at rotation rates of 600-
2500 rpm, and no attempt had been made to evaluate
the FSW AZ31 joints at even higher rotation rates.

In this study, rolled AZ31 plates were friction stir
welded at a wide range of rotation rates with the highest
rotation rate of 3500 rpm, and the joints were subjected
to detailed microstructural examinations and mechani-
cal property evaluations. The aim is to establish the
relationship between the rotation rate, texture distribu-
tion, and mechanical properties.

II. EXPERIMENTAL

Hot-rolled AZ31 plates with a thickness of 6.3 mm
were used in this study. A simple FSW tool was used
with a concave shoulder 24 mm in diameter, and a
cylindrical threaded pin 8 mm in diameter and 5.9 mm
in height. FSW was conducted along the rolling direc-
tion (RD) at a welding speed of 100 mm/minutes with a
tool tilt angle of 2.8�. Three different rotation rates were
used, i.e., the low rate of 800 rpm, the medium rate of
2000 rpm, and the high rate of 3500 rpm, and the FSW
joints were, respectively, denoted as the 800 rpm-joint,
2000 rpm-joint, and 3500 rpm-joint in this study
(Table I). The principal directions of FSW geometry
are denoted as the RD, transverse direction (TD), and
normal direction (ND).

The specimens for microstructure examinations were
cut perpendicular to the RD. Microstructure character-
ization and analysis were carried out by optical micro-
scopy (OM), scanning electron microscopy (SEM,
Hitachi S-3400N), and electron backscattered diffrac-
tion (EBSD, HKL). The OM specimens were etched by
means of a corrosive reagent (4.2 g picric acid, 10 ml
acetic acid, 10 ml H2O, and 70 ml ethanol). The
specimens for EBSD were prepared by electropolishing
using commercial AC2 polishing solution.

The hardness profiles of the transverse cross section
along the mid-thickness of the plate were measured
using a Vickers hardness tester with a 300-g load for
10 seconds. Transverse tensile specimens with a gauge
length of 40 mm and a gage width of 10 mm were

machined, and tested at a strain rate of 1 9 10�3 s�1

using a Zwick/Roell Z050 tester. Besides, mini-sized
tensile specimens, each with a gauge length of 10 mm, a
gauge width of 2.2 mm, and a gauge thickness of
1.7 mm, were cut in the upper and lower parts of the NZ
in the transverse direction for the 3500 rpm-joint, with
the gauge center at the weld centerline, and were tested
at a strain rate of 1 9 10�3 s�1 using an Instron 5848
tester. The results of tensile tests were taken from three
and five specimens, respectively, for the transverse and
mini tensile tests. The fracture surfaces of the transverse
tensile specimens were observed using SEM. Further-
more, additional tensile tests of the 2000 rpm-joint were
performed up to different stress levels of near yield stress
(YS), 70 pct UTS, and 95 pct UTS to analyze the
deformation mechanisms.

III. RESULTS

A. Microstructural Characteristics

Figure 1 shows the microstructure of the parent mate-
rial (PM). The as-received AZ31 shows a typical rolling
microstructure with twins and inhomogeneous grains
(Figure 1(a)). The average grain sizewas determined to be
about 20 lm, and the number fraction of high-angle grain
boundaries (HAGBs) was estimated to be 94.3 pct based
on the EBSD analyses (Figure 1(b)). Furthermore, there
are two prominent peaks in the misorientation angle
distribution in Figure 1(b), which is quite different from a
random distribution of the HCP crystallites.[20] The first
peak appears at 30 ± 5� and the second peak at 86 ± 5�,
which are related to the basal fiber texture[21] and 10�12

� �

twin boundaries,[22] respectively. A strong rolling texture
was found in the PM, with the (0002) normal nearly
parallel to the ND (Figure 1(c)).
Figure 2 shows the macroscopic images of the trans-

verse cross sections of the FSW AZ31 joints at different
rotation rates. At 800 rpm, the NZ exhibited a basin
shape (Figure 2(a)). At 2000 rpm, the NZ changed to an
elliptical shape (Figure 2(b)). At 3500 rpm, a two-layer
structure was clearly observed in the NZ (Figure 2(c)).
In this study, these two regions in this two-layer-
structured NZ were denoted by the upper and the lower
zones, respectively. Specifically, the lower zone in the
NZ bottom at 3500 rpm was elliptical and similar to the
shape of the NZ at 2000 rpm. It is noted that the upper
zone could be hardly observed at 800 rpm (Figure 2(a)),
and it was a thin layer at 2000 rpm (Figure 2(b)).
However, at 3500 rpm, the upper zone expanded down-
ward significantly, with the area roughly equivalent to
that of the lower zone.

Table I. Rotation Rates Used in This Study and Grain Sizes in Various Zones of FSW AZ31 Joints

Sample Rotation rate (rpm) Grain size in NZ (lm) Grain size in TMAZ (lm)

800 rpm-joint 800 18.7 16.7
2000 rpm-joint 2000 23.3 16.4
3500 rpm-joint 3500 25.3 (upper zone) 16.5

17.9 (lower zone)
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For the 800 rpm-joint, equiaxed grain structures with
average grain sizes of ~18.7 and 16.7 lm were, respec-
tively, observed in the NZ (Figure 3(a)) and TMAZ
(Figure 3(b)), with no twins appearing under OM. In the
NZ center, the orientation discrepancies between differ-
ent grains were small (Figure 3(c)), with the c-axis being

nearly parallel to the RD. However, the grain orienta-
tion had obvious variation at the NZ/TMAZ boundary
(Figure 3(d)). While the grains in the NZ side at the NZ/
TMAZ boundary were significantly rotated compared
with that in the NZ center, and the grain orientations in
the TMAZ side were more dispersive. For the 2000 rpm-
joint, the average grain size increased to 23.3 m in the
NZ, but did not change (16.4 lm) in the TMAZ
(Figure 4), and no twins were observed under OM.
Moreover, the grain orientations in the NZ and TMAZ
at 2000 rpm (not shown) were found to be similar to
that at 800 rpm. For the 3500 rpm-joint, the grains in
the upper zone of the NZ were coarse and roughly
elongated along the TD (Figure 5(a)), while the grains in
the lower zone were equiaxed and smaller (Figure 5(b)),
with an average grain size of 17.9 lm. No twins were
observed in both zones of the NZ. The microstructure in
the TMAZ (region 4 in Figure 2(c)) consisted of
equiaxed grains with an average size of 16.5 lm
(Figure 5(c)).
Figure 6 shows the boundary misorientation distri-

butions in different regions at 800 and 3500 rpm. Similar
misorientation distributions were found in the NZ at
800 rpm (Figure 6(a)) and in the lower zone of the NZ
at 3500 rpm (Figure 6(c)). Compared to that in the PM,
the peak of the misorientation angle at 86 ± 5�
decreased significantly. Besides, most grains had the
misorientation angles between 5� and 30�. However,
the misorientation distributions were different between

Fig. 1—Characteristic microstructural features of the PM: (a) optical image, (b) boundary misorientation distribution, and (c) (0002) pole figure.

Fig. 2—Macroscopic images of the transverse cross section of the
FSW AZ31 joints at different rotation rates (the advancing side is on
the right).
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the upper zone (Figure 6(b)) and lower zone (Figure 6(c))
at 3500 rpm. The number fractions of HAGBs were 82
and 73.2 pct for the upper and lower zones, respectively.
Furthermore, a strong peak at 30 ± 5� with a number
fraction of 23.3 pct was observed in the upper zone, while
the number fraction of misorientation angle at 30 ± 5�
was 32.1 pct in the lower zone.

B. Texture Distribution

Figure 7 shows the (0002) pole figures of different
regions in various FSW AZ31 joints. For the 800 rpm-
joint, the texture of (0002) normal parallel to the RD

was found in the NZ center, and in the TMAZ, the basal
plane being found tilted ~34� to the TD (Figure 7(a)). A
similar texture distribution was found in the 2000 rpm-
joint (Figure 7(b)). For the 3500 rpm-joint (Figure 7(c)),
in the center of the upper zone (region 1), the basal plane
was inclined ~63� to the ND and 71� to the RD.
Compared with the PM, the basal plane in the upper
zone tilted a little less. However, in the center of the
lower zone (region 3), the normal of the basal plane was
parallel to the RD, which was similar to those in the NZ
centers at 800 and 2000 rpm. Furthermore, the transi-
tion region (region 2) between the upper and lower
zones had the texture between the two zones with an

Fig. 3—Microstructure of the 800 rpm-joint: (a) and (b) optical microstructures in the NZ and TMAZ; (c) and (d) EBSD inverse pole figure
maps in the NZ middle and at the NZ/TMAZ boundary.

Fig. 4—Optical microstructures of the 2000 rpm-joint: (a) the NZ and (b) the TMAZ.
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Fig. 5—Optical microstructures of the 3500 rpm-joint: (a) the upper zone, (b) the lower zone, and (c) the TMAZ.

Fig. 6—Boundary misorientation distribution at different rotation rates: (a) the NZ at 800 rpm, (b) the upper zone, and (c) the lower zone at 3500 rpm.
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angle ~38� to the TD and ~54� to the RD. In the TMAZ
(region 4), the angle between the basal plane and the TD
was ~41�. Therefore, compared with that in the PM, the
texture in the lower zone was more intensively changed
than that in the upper zone.

C. Tensile Deformation and Fracture Behavior

Figure 8 shows the microstructures of different
regions in the 2000 rpm-joint deformed to different

stress levels. At a stress level of near the YS, the grain
size in the NZ middle had little variation compared with
the original grains, and almost no twins were observed
(Figure 8(a)). However, obvious twinning was induced
at the NZ/TMAZ boundary (Figure 8(b)). At a stress
level of 75 pct UTS, few twins were found in the NZ
middle with little variation of the grain size (Figure 8(c));
however, the twin density increased significantly at the
NZ/TMAZ boundary (Figure 8(d)). It was noted that
more twins were found in the NZ side than that in the
TMAZ side of the NZ/TMAZ boundary, when the
stress levels were near the YS and at 75 pct UTS
(Figures 8(b) and (d)). Before the fracture (a stress level
of 95 pct UTS), a large number of twins were detected in
the NZ middle, which were thin, straight and long
(Figure 8(e)). Furthermore, the twinning developed
from the grains at the NZ/TMAZ boundary to the
grains in the adjacent NZ gradually (Figure 8(f)). It is
important to note that the twins at the NZ/TMAZ
boundary were almost the same type at different stress
levels, and they were irregular, chunky, and coarse.
Figure 9 shows the EBSD images of the specimen

deformed to a stress level of 95 pct UTS. The twin
boundaries in the NZ middle were identified as com-
pression twins and double twins, marked by the red and
green lines, respectively (Figure 9(a)). However, only
tensile twin boundaries, marked by the blue line, were
detected at the NZ/TMAZ boundary (Figure 9(b)).
Figure 10 shows the macroscopic images of the failed

joints at different rotation rates. As shown in
Figure 10(a), plane A and plane B are the two sides of
a transverse tensile specimen, where the pin passed plane
A earlier than plane B during the FSW process. In the
uniaxial tension, the cracks did not propagate along a
straight line (Figures 10(b) and (c)). For the 800 rpm-
joint, the fracture location was at the NZ middle in
plane A and the NZ/TMAZ boundary in plane B
(Figure 10(b)). Similar fracture behavior was found in
the 2000 rpm-joint (Figure 10(c)). However, a different
fracture mode was found for the 3500 rpm-joint
(Figure 10(d)), with similar fracture locations in plane
A and plane B. The tensile specimen exhibited a 42�
fracture in the upper zone, while the crack was curved
toward the NZ/TMAZ boundary in the lower zone.

D. Mechanical Properties

Figure 11 shows the hardness profiles along the mid-
thickness of the FSW AZ31 joints. As the rotation rate
increased from 800 to 3500 rpm, the hardness profiles
had little variation. There was little difference of
hardness values between the NZ and PM. Hardness
values fluctuated between 50 and 60 Hv.
Table II shows the mechanical properties of the FSW

AZ31 joints. It was found that the UTS increased as the
rotation rate increased. The joint efficiency was only
86.4 pct at 800 rpm, while it increased to the highest
value of 95.2 pct at 3500 rpm. However, the variations
of YS and elongation with the rotation rate were
different from that of the UTS. The YS was about
104 MPa at 800 rpm, and then decreased to 92 MPa at
2000 rpm, and finally increased to 117 MPa at

Fig. 7—The (0002) pole figures at different rotation rates: (a) the NZ
and TMAZ at 800 rpm, (b) the NZ and TAMZ at the 2000 rpm, (c)
regions 1-4 (shown in Fig. 2(c)) at 3500 rpm).
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3500 rpm. The elongation had little variation at differ-
ent rotation rates. Furthermore, through the mini tensile
test of the 3500 rpm-joint, the UTS of the upper zone
was about 255 MPa, and higher than that of the lower
zone (243 MPa).

Figure 12 shows the fractographs of the FSW AZ31
joints. Both the tear ridge and cleavage plane were
observed on the fracture surfaces. However, the tear
ridges were extended along different directions at
various rotation rates. For the 800 rpm-joint and
2000 rpm-joint, the tear ridges were roughly along the
ND (Figures 12(a) through (c)). However, different
directions were found for the 3500 rpm-joint, with a
clear boundary between the upper and lower zones
(Figure 12(d)). The tear ridges were along the TD in the
upper zone (Figure 12(e)), while they tended to extend

along the ND in the lower zone (Figure 12(f)). More-
over, the areas of the zones with the transverse and
perpendicular tear ridges were equivalent, being similar
to the microstructure distribution (Figure 2(c)).

IV. DISCUSSION

A. Nugget Shape Variation

An FSW tool, consisting of a shoulder and a pin, has
two primary functions: heating the workpieces and
driving the material flow.[1] During FSW process, the
heat is generated by the friction between the shoulder
and the workpieces and by the plastic deformation
around the tool. It is generally accepted that the former

Fig. 8—Optical microstructure of the 2000 rpm-joint tensile deformed to different stress levels: (a) and (b) the NZ middle and NZ/TMAZ
boundary near YS, (c) and (d) the NZ middle and NZ/TMAZ boundary at 75 pct UTS, (e) and (f) the NZ middle and the NZ/TMAZ boundary
at 95 pct UTS.
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one produced the most of the heat energy generated.
The heat input (produced by the shoulder) per unit area
and time was given by Frigaard et al.[23]:

q0 ¼
4

3
p2lPNR3 ½1�

where N is the rotation rate, and R is the shoulder
radius. Thus, the heat input from the shoulder increased
with the rotation rate proportionately. Besides, the
shoulder could cause deformation of materials on the
plate surface by the rotation effect.[12]

The nugget shape variation was related to the
shoulder effect. The NZ usually consists of two parts:
the upper zone and the lower zone, which were also
defined as the shoulder-driven zone and pin-driven zone,

respectively, in FSW aluminum alloys.[24,25] Arbegast[26]

found that a basin-shaped nugget was formed at a low
rotation rate because of a thin shoulder-driven zone,
whereas an elliptical nugget was produced at a higher
rotation rate because of a slightly larger shoulder-driven
zone. A similar result was observed in this study, as the
rotation rate increased from 800 to 2000 rpm
(Figures 2(a) and (b)). It is noted that the upper zone
expanded to almost half of the NZ at 3500 rpm
(Figure 2(c)), which was different from other studies at
the rotation rates of 400-2000 rpm.[27,28] At the lower
rotation rate, the shoulder effect on the material flow was
mainly restricted to the narrow near-surface layer.[29] In
this study, the formation of a two-layer structured NZ
should be related to the high rotation rate.

Fig. 9—EBSD images of the 2000 rpm-joint tensile deformed to 95 pct UTS at different regions: (a) the NZ middle (the compression twin
boundaries (56 1�210

� �
± 5�) in red, the double twin boundaries (38 1�210

� �
± 5�) in green), (b) the NZ/TMAZ boundary (the tensile twin

boundaries (86 1�210
� �

± 5�) in blue) (Color figure online).

Fig. 10—(a) Schematic diagram of tensile specimens, (b) to (d) fracture locations at 800 rpm, 2000 rpm, and 3500 rpm, respectively (the advanc-
ing side is on the right).
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At a high rotation rate of 3500 rpm, much larger heat
input, based on Eq. [1], led to a high temperature in the
upper zone, and further, a low heat-dissipation rate was
produced in the upper zone for a thicker plate of
6.3 mm. Thus, the area of the upper zone with the high
temperature expanded downward, which was proved by
the simulation of temperature field in the FSW joints.[30]

Besides, the extrusion effect of the shoulder was more
significant in this soft region. Therefore, the region
affected by the shoulder changed from a narrow near-
surface layer to an area roughly equal to the lower zone
at 3500 rpm.

B. Grain Characteristics

As shown in Figures 3 through 6, the grains charac-
teristics in the NZs at 800 and 2000 rpm were similar to
those in the lower zone of the NZ at 3500 rpm. This
indicates that similar recrystallization mechanisms oper-
ated in these regions, leading to the equiaxed grains and
the similar boundary misorientation distributions
(Figures 6(a) and (c)). The peak of misorientation angle
at 86 ± 5� decreased significantly compared to that in
the PM, which was consistent with the previous study of
FSW AZ31[11] and attributed to the high temperature
[~673 K (~400 �C)][5] and high strain[31,32] during FSW
process. Besides, most grains had misorientation angles
between 5 and 30�, which was consistent with the FSW
AZ31[11] and friction stir-processed (FSP) AZ31.[12] This
specific nature of misorientation distribution was attrib-
uted to the texture:[11] the grains were rotated around
the h0001i direction in the NZ, and the maximal
rotation angle was limited to 30� because of the
symmetry of the HCP crystal structure.

However, the average grain size varied in the NZs at
800 and 2000 rpm and in the lower zone of the NZ at
3500 rpm (Table I). The largest grain size was obtained
at 2000 rpm. Then, the grain size decreased at 3500 rpm
(the lower zone) and was close to that at 800 rpm. This
variation should be attributed to the change in the heat
input and plastic deformation. The Zener-Hollomom
parameter is usually used to analyze the strain rate and
temperature during dynamic recrystallization. The
equation is

Z ¼ _e expðQ=RTÞ ½2�

where _e is the strain rate, Q is the activation energy for
lattice diffusion (a constant for AZ31 alloy), and RT has
its usual meaning.
In Eq. [2], only the strain rate and temperature varied

at different rotation rates. Chang et al.[33] reported that
the temperature in the NZ of FSP AZ31 increased as the
rotation rate increased, and then it nearly remained
stable with the rotation rate higher than 2000 rpm.
However, the strain rate was reported to increase with
the rotation rate.[32] Therefore, it can be inferred that the
Z parameter decreases as the rotation rate increases
from 800 to 2000 rpm, and then increases when the
rotation rate reaches 3500 rpm. In the FSP AZ31, the
relationship between the grain size and the Z parameter
was estimated by ln d ¼ 9:0� 0:27 lnZ,[33] with the
standard deviation for the grain size being less than
1.4 lm. In this study, the grain size differences was
about 4.6 lm between the NZs at 800 rpm and
2000 rpm, and about 5.4 lm between the NZ at
2000 rpm and the lower zone at 3500 rpm, indicating
that it was suitable to use the Z parameters to analyze
the grain size variation. The largest grain size at
2000 rpm could be attributed to the small Z value,
while the smaller grain sizes at 800 and 3500 rpm were
related to the larger Z value.
Equiaxed grains were observed in the TMAZ of the

FSW AZ31 of the current study, which could be
attributed to the dynamic recrystallization.[9] At differ-
ent rotation rates, the grains in the TMAZs were smaller
than those in the NZ because of the lower temperature
in the TMAZ.[5] Besides, the grain size in the TMAZ
varied little at different rotation rates, which was
attributed to a weak dependence of the heat input[34]

and plastic deformation on the rotation rate in the
TMAZ. In particular, the plastic deformation in the
TMAZ was much weaker than that in the NZ and thus
it could be conjectured that the strain in the TMAZ
varied little at different rotation rates.
It should be noted that the grain structures were

different between the upper and lower zones in the
3500 rpm-joint, which could be attributed to the

Fig. 11—Hardness profiles along the mid-thickness of the joints at
different rotation rates (the advancing side is on the right).

Table II. Transverse Tensile Properties of FSW AZ31 Joints at Different Rotation Rates

Sample YS (MPa) UTS (MPa) El (pct) Joint efficiency (pct)

800 rpm-joint 104.0 ± 0.8 215.6 ± 0.5 10.7 ± 0.7 86.4
2000 rpm-joint 92.1 ± 0.5 221.2 ± 1.1 10.6 ± 0.8 88.7
3500 rpm-joint 117.1 ± 2.0 237.5 ± 2.0 10.8 ± 0.9 95.2
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different temperatures and deformations during FSW
process. As discussed above, the formation of the
equiaxed grain in the lower zone was due to the dynamic
recrystallization. However, the temperature in the upper
zone was higher than that in the lower zone, leading to
the coarse grains in the upper zone (Figure 5(a)).
Besides, during the FSW process, the extrusion effect
was exerted on the upper zone by the shoulder,[1] thus
causing the grains to be elongated along the TD.

Because of the existence of the extrusion effect, the
deformation in the upper zone was different from that in
the lower zone, and hence a different boundary misori-
entation distribution was produced (Figure 6(b)). It was
reported that the deformation could induce the trans-
formation of the twin boundaries into random HAG-
Bs[11,35] because of the crystallographic rotations.
Therefore, the peaks of 86 ± 5� boundaries in the upper

zone were lower than those in the PM (Figures 1(b) and
6(b)). On the other hand, this extrusion effect made the
boundary misorientation with intense peaks of 30 ± 5�
boundaries similar to that in the PM. In the lower zone
(Figure 6(c)), the characteristic misorientation distribu-
tion was found with most grain boundaries (89 pct) in
the range of 5-30�, thus the misorientation angle at
30 ± 5� (32.1 pct) was part of this range rather than the
distinctly intense peak.

C. Texture Distribution

The schematic evolution of the basal plane is shown in
Figure 13. Two types of texture distribution were found
in the FSW AZ31 joints at different rotation rates. The
first one was observed in the 800 rpm-joint and
2000 rpm-joint. As shown in Figures 7(a) and (b), the

Fig. 12—SEM fractographs of FSW AZ31 joints: (a) macrograph at 800 rpm; (b) and (c) micrographs at 800 and 2000 rpm; (d) macrograph at
3500 rpm; (e) and (f) micrographs of the upper zone (region E) and lower zone (region F) at 3500 rpm.
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basal plane was perpendicular to the normal plane in the
NZ middle, while it was tilted to the TD at an angle of
~40� in the TMAZ. Park et al.[17] measured the pole
figures at different regions of the FSW AZ61 and
suggested that the basal plane in the NZ roughly
surrounded the pin column surface. Similar texture
distribution was also reported in AZ31 by Woo et al.[10]

In the current study, textures in the specific locations
(NZ middle and TMAZ) were consistent with the
previous study.[17] Besides, the NZ shape and rotation
rates in this study were similar to those in the previous
studies.[10,17] Therefore, the (0002) basal planes are
parallel to the pin column surface in the NZ at 800 and
2000 rpm (Figure 13(a)).

A different type of texture distribution was detected in
the 3500 rpm-joint. In the two-layer structured NZ, the
texture distribution in the lower zone was similar to
those in the NZs at 800 and 2000 rpm, with the basal
planes being parallel to the pin surface (Figure 13(b)).
As discussed above, the extrusion effect from the
shoulder was exerted on the softened material in the
upper zone; thus, the basal plane was no longer rotated
(Figure 7(c)). Therefore, the basal plane in the upper
zone inclined somewhat compared to that in the PM
(Figure 13(b)). Similar texture evolution was also found
in the thin top surface of FSW AZ31 joint at a low
rotation rate[17] and in the whole NZ of FSP AZ31 using
a very short and small pin.[19] It can be concluded that
this texture evolution resulted from the shoulder effect,
and thus the high rotation rate and small pin are
conducive to this texture evolution.

In summary, the texture distribution in the NZs was
related to the rotation rate. At 800 and 2000 rpm, the
upper zone was only a thin layer, and thus the column-
rotated basal plane was the main texture distribution of
the NZ. However, at 3500 rpm, with the expansion of

the upper zone, the texture in the upper zone became
more significant, which would exert a significant effect
on the mechanical properties of the joint (this will be
discussed in Sections IV–D and IV–E).

D. Fracture Behavior

Two types of fracture behaviors were found in the
transverse tensile specimens of the FSW AZ31 joints.
The first one (fracture type I) was found in the 800 rpm-
joint and 2000 rpm-joint: the fracture location was at
the NZ middle in plane A and the NZ/TMAZ boundary
in plane B (Figures 10(b) and (c)). The second one
(fracture type II) was detected in the 3500 rpm-joint,
where similar fracture behaviors were found in planes A
and B, with the fracture path inclined about 42� to the
tensile direction in the upper zone and warped toward
the NZ/TMAZ boundary in the lower zone (Fig-
ure 10(d)). However, in the hardness profiles (Fig-
ure 11), there was no obvious lowest hardness region.
Therefore, other factors should be responsible for
different fracture behaviors.

1. Fracture type I
For fracture type I, it can be concluded that two weak

regions, the NZ/TMAZ boundary and the NZ middle,
existed in the joints, based on Figures 10(b) and (c). The
weak region at the NZ/TMAZ boundary was related to
the texture distribution. Many studies[17,18] pointed out
that the material in the TMAZ were prone to deforming
and failing because of soft orientation with ~45�
inclination between the basal plane and the tensile
direction. The similar orientation in the TMAZ was
found in the current study (Figure 7), which could cause
the failure. Another reason for the fracture should be
the non-uniform plastic deformation at the NZ/TMAZ
boundary. Although a similar suggestion was also given
by Woo et al.,[10] detailed study was lacking. As shown
in Figures 3(d) and 7(a), the basal plane in the TMAZ
side was tilted ~60� compared to that in the NZ side.
Furthermore, a higher Schmid factor (0.4-0.5) was
observed in most grains in the NZ side, while the lower
Schmid factor (about 0.2) was detected for the grains in
the TMAZ side (Figure 14). This indicates that the
grains in the NZ side were prone to deforming at an
early stage during the tension.
The non-uniform deformation at the NZ/TMAZ

boundary was revealed by the twin evolution during
the tension (Figure 8). At a stress level of near YS, a
large number of twins were formed in the NZ side, while
few twins were found in the TMAZ side (Figure 8(b)).
These irregular, chunky, and coarse twins were identi-
fied as the tensile twins (Figure 9(b)), which observation
was consistent with other studies.[36,37] However, the
twinning was often observed in the grains after yielding
in the AZ31 sheet.[36] In this study, because the grains in
the NZ side had the higher Schmid factor, the basal slip
occurred early at a lower stress. Then, the anisotropic
stress concentration emerged, and the tensile twins were
formed to accommodate the concentrated stresses
before the yield. It could be inferred that the micro-
scopic yielding occurred in the NZ side at a lower stress.

Fig. 13—Schematic of evolutions of basal planes in the FSW AZ31
joints at different rotation rates: (a) 800 and 2000 rpm, (b) 3500 rpm.
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When the stress reached 75 pct UTS, most regions
experienced plastic deformation, but the deformation
was still non-uniform (Figure 8(d)). At this stress level,
the twinning was an important deformation mecha-
nism.[36] In the tensile specimen, the twin density
decreased from the NZ/TMAZ boundary to the NZ
interior because of the column-rotated basal plane. At
the NZ/TMAZ boundary, a higher twin density was
found in the NZ side than in the TMAZ side, indicating
that the adjacent NZ was easier to deform. Therefore,
the existence of the weak zone at the NZ/TMAZ
boundary was due to the orientation favoring deforma-
tion and the incompatible deformation.

The other weak zone was the NZ middle. At the stress
levels of near YS (Figure 8(a)) and 75 pct UTS
(Figure 8(c)), little deformation was observed in the
NZ middle, with few twins and little variations of the
grains compared with the original grains without
deformation. It should be attributed to the texture
distribution. During the tension, the (0002) normal was
perpendicular to the tensile direction (Figure 7) in the
NZ middle, and the Schmid factor was nearly zero for
most grains, so that both the basal slip and tensile twin
were difficult to activate. However, when the stress
reached 95 pct UTS, a large number of compression
twins and double twins were formed (Figures 8(e) and
9(a)), which was different from the tensile twins at the
NZ/TMAZ boundary (Figure 9(b)).

The compression twinning is expected when a grain is
in compression along the c-axis.[38] As for the double
twinning, it is generally known that the compression
twins form first, and the tensile twins propagated within
the original compression twins.[39] In this study, when
the specimen was subjected to uniaxial tension, there
was a compression along both the thickness and width
directions. Besides, the normal of the basal plane was

parallel to the RD in the NZ middle. Therefore, the
compression strain was parallel to the c-axis, causing the
compression twinning and double twinning. In contrast,
the grains were oriented unfavorably for the compres-
sion twinning at the NZ/TMAZ boundary. Moreover, it
was reported that the average value of critical resolved
shear stress (CRSS) for the compression twinning is
about 112 MPa,[39] which is much higher than that for
the tensile twinning (4 MPa).[40] This explains the result
that the compression twins were obviously observed
only at the high stress (95 pct UTS).
Furthermore, there was an important relationship

between the fracture and the compression twins. The
role of the tensile twinning appeared to accommodate
the stress concentration.[36] However, the compression
twins were reported to cause fracture.[39–41] In the NZ
middle, the formation of the compression twins and
double twins could produce a highly localized shear-
deformation region and lead to the strain incompatibil-
ity and the failure at the twin interface. Therefore, at 800
and 2000 rpm, the possible fracture mechanism was
that: the crack originated at the NZ/TMAZ boundary
because of the orientation favoring deformation and the
incompatible deformation, and then it propagated to the
NZ middle for the effect of the compression twinning
and double twinning.

2. Fracture type II
For fracture type II found in the 3500 rpm-joint,

similar fracture behaviors were found in planes A and B.
This should be attributed to the two-layer structure of
the NZ. Column-distributed basal plane was found in
the lower zone, while a slightly titled basal plane to that
in the PM was found in the upper zone. Thus, the
fracture behavior in the upper zone was similar to that
in the PM, leading to the fracture along the plane with
the highest shear stress. Consequently, the fracture path
inclined ~42� to the tensile direction (Figure 10(d)).
Furthermore, the upper zone expanded at 3500 rpm,
and thus its effect on the fracture was more important.
However, because of the texture distribution in the
lower zone, the straight fracture line was warped toward
the NZ/TMAZ boundary. Therefore, the mixed fracture
was found in the tensile specimen.

E. Mechanical Properties

The hardness profiles had little variations at different
rotation rates, with hardness value in the NZ equivalent
to that in the PM. Similar hardness profiles were also
found in the previous study of FSW AZ31,[9] which were
attributed to the hardness insensitivity to the grains size
variation at a certain range.
As the rotation rate increased, the YS decreased

slightly from 800 to 2000 rpm, and then increased at
3500 rpm (Table II). Both the grain size and texture
could influence the YS. At 800 and 2000 rpm, the grain
characteristic and the texture distribution of the NZs
were similar, but grain coarsening was found in the NZ
at 2000 rpm, and thus the lower YS was measured at
2000 rpm, with similar fracture locations in the NZ
(Figures 10(b) and (c)). At 3500 rpm, the higher YS

Fig. 14—EBSD Schimid factor analysis for basal slip at the NZ/
TMAZ boundary at 2000 rpm.
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could be related to the fine grains in the lower zone and
the texture distribution in the upper zone. During the
tension, the material in the lower zone tended to yield
early for the column distributed basal plane, while the
texture in the upper zone made the material yield at a
higher stress. Therefore, a slightly higher YS was
observed at 3500 rpm.

However, the UTS increased with the rotation rate
(Table II). As the rotation rate increased from 800
to 2000 rpm, a slight UTS increase from 215.6 to
221.2 MPa was found. It could not be attributed to the
grain size variation, because the grain size in the NZ
increased. Because of the same fracture location at the
NZ/TMAZ boundary (Figures 10(b) and (c)), the UTS
increase should be related to the enhancement of this
region. For the basin-shaped nugget at 800 rpm, the
NZ/TMAZ boundary was roughly a straight line, which
was ~53� to the tensile direction. Besides, the basal plane
tilted ~40� to the TD in this region. Therefore, the NZ/
TMAZ boundary was not only the plane with the
highest shear stress for the geometry factor, but also
prone to deforming for the texture factor. However, at
2000 rpm, only the texture factor operated because of
the elliptical nugget. Consequently, a slightly higher
UTS was observed at 2000 rpm.

At 3500 rpm, the highest joint efficiency of 95 pct was
obtained, which should be attributed to the two-layer
structure of the NZ. For the mini tensile test, the UTS of
the upper zone were slightly larger than that in the lower
zone. In the lower zone, the soft orientation was found
in the TMAZ (Figure 7(c)). However, in the upper zone,
no obvious soft region existed during the tension,
because the basal plane only tilted at a small range
compared to that in the PM. As a result, the upper zone
had a higher tensile strength despite the coarse grains
(Table I). Therefore, a higher tensile strength of the joint
was achieved at 3500 rpm.

In the previous studies of FSW AZ31,[2,5,6,9] a wide
range of rotation rates (600-2500 rpm) were used to join
rolled plates, but the joint efficiency was not as high as
that in the present study. It was noted that the rotation
rates in these studies were much lower than that in this
study. Therefore, it could be inferred that high rotation
rate is beneficial to improving the mechanical properties
of the FSW AZ31 joint.

Both tear ridges and cleavage planes were observed on
the fracture surface of the joints (Figure 12), indicating
the quasi-cleavage fracture. The direction of the tear
ridges may have some relation with the texture distri-
bution. It was reported that the basal plane was the
main habit plane of the cleavage in the HCP metals,[38]

which contributed to the lower critical fracture stress for
Mode I slit cracks. In the NZs at 800 and 2000 rpm and
the low zone at 3500 rpm, the basal plane was rotated
around the pin column, and the orientation was
different for each grain, forming the cleavage discontin-
uous distribution and the tear ridges roughly along the
ND (Figures 12(b), (c) and (f)). However, at 3500 rpm,
the basal plane in the upper zone inclined little to that in
the PM, leading to the tear ridges almost along the TD
(Figure 12(e)).

V. CONCLUSIONS

1. The NZ changed from basin to elliptical shape as the
rotation rate increased from 800 to 2000 rpm at a con-
stant welding speed of 100 mm/minutes. At 3500 rpm,
the two-layer structure was obtained in the NZ, with the
area of the upper zone equal to that of the lower zone.

2. Similar equiaxed fine grain structure was found in the
NZ at 800 and 2000 rpm, and in the lower zone of the
NZ at 3500 rpm. However, elongated coarse grains
were observed in the upper zone of the NZ at
3500 rpm.

3. In the NZ at 800 rpm and the lower zone at
3500 rpm, the 10�12

� �
twins almost disappeared

with the misorientation angle between 5� and 30�
for most grains. However, a strong peak at 30 ± 5�
was observed in the upper zone, which was similar
with that in the PM.

4. The column-rotated basal plane was the main tex-
ture distribution in the NZ at 800 and 2000 rpm
and in the lower zone at 3500 rpm. However, the
basal plane in the upper zone had little inclination
compared to that in the PM at 3500 rpm.

5. Both the NZ middle and the NZ/TMAZ boundary
were the weak zones during tension. The weak zone
in the NZ middle was due to the compression twin-
ning and double twinning at high stress level, while
that at the NZ/TMAZ boundary resulted from the
non-uniform deformation and ~45� inclination
between the basal plane and the tensile direction.

6. At 800 and 2000 rpm, both the NZ middle and the
NZ/TMAZ boundary were the fracture locations.
However, at 3500 rpm, because of the enhancement
of the upper zone, the tensile specimen exhibited a
42� fracture in the upper zone, while the crack was
curved toward the NZ/TMAZ boundary in the
lower zone.

7. The YS decreased with increasing the rotation rate
from 800 to 2000 rpm for the grain coarsening in
the NZ, and then it increased at 3500 rpm for the
two-layer structure. Besides, the UTS increased with
the rotation rate, with the highest joint efficiency of
95 pct at 3500 rpm, which was attributed to the
variations in both the texture and nugget shape.
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