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a b s t r a c t

6.3 mm thick Mg–3Al–1Zn plates were friction stir welded with different shoulder dimensions at a tra-
verse speed of 100 mm/min and a rotation rate of 800 rpm. With increasing the heat input by enlarging
the shoulder diameter from 18 to 24 mm, the tensile strength of the welds tended to increase and the
elongation was significantly improved, and the facture location shifted from the thermomechanically
eywords:
riction stir welding
agnesium

affected zone (TMAZ) in the advancing side to the stir zone. The highest ultimate tensile strength of the
welds was obtained by using the shoulder 24 mm in diameter and reached up to 86% of the base material.
The variation in the mechanical properties and fracture location was mainly attributed to the texture
change in the TMAZ. However, the hardness profiles of the welds were hardly influenced by the shoulder
exture
roperties
racture

size.

. Introduction

Magnesium alloys are very attractive for structural applications
or their low density, high specific strength and modulus. Problems
ith the conventional fusion welding, limiting the use of the mag-
esium alloys, could be eliminated by friction stir welding (FSW),
hich is a solid state welding process [1]. Nowadays, FSW has been
idely used to join the magnesium alloys, such as Mg–Al–Zn [2–7],
g–Zn–Y [8,9], and Mg–Al–Ca [10].
AZ31 is one of widely used wrought magnesium alloys with a

ood combination of strength and ductility. In the past few years,
everal investigations have been conducted to weld AZ31 alloy
lates or sheets by FSW and defect free FSW AZ31 joints have
een obtained by many researchers [2–7]. Because of the poor
lastic deformability, generally, high heat input is necessary to
btain the high-quality joints by FSW. For example, Lee et al. [2]
eported that defect free FSW AZ31 joints were obtained at rota-
ion rates higher than 1600 rpm. However, higher ratio of rotation
ate/traverse speed (ω/�), i.e. higher heat input, was reported by
haracheh et al. [7] to decrease the tensile properties of FSW

Z31 joints. More recently, Afrin et al. [5] reported that the yield
trength (YS) and ultimate tensile strength (UTS) of FSW AZ31
oints increased with increasing welding speed, i.e. with decreas-
ng the FSW heat input. These investigations indicate that the
SW heat input exerted significant effects on the weldability of
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the magnesium alloys and the mechanical properties of the FSW
joints.

The failure of the FSW AZ31 joints was generally attributed to
two reasons in these studies. Some investigations [4,5] pointed out
that the oxide layers resulted in the failure of the FSW samples
with reduced mechanical properties since the oxides were found
in the fracture surfaces. However, as easily oxidized alloys, it is
difficult to determine if the oxides on the fracture surface of the FSW
magnesium alloy joint resulted from the joint itself or the oxidation
caused by the environment. On the other hand, many researches
[11–14] attributed the failure of the FSW AZ31 joints to the texture
variation during FSW.

Recently, the texture of FSW/FSP AZ (Mg–Al–Zn) series alloys
was examined by means of X-ray diffraction (XRD), neutron diffrac-
tion and electron backscattered diffraction (EBSD) [11–15]. Park et
al. [11,15] reported that the failure location of FSW AZ61 joint was
associated with the texture because the texture varied in various
weld zones. For the FSW AZ31 joints, texture was considered as a
major factor for the failure, and the joints failed along the plane
with higher Schmid factor [11], or the fracture was due to the plas-
tic incompatibility made by the orientation difference between the
stir zone (SZ) and the transition region [14]. However, these stud-
ies were mostly conducted under a single welding condition. Little
attention was paid to the effect of the welding conditions on the
fracture behavior of the FSW magnesium alloy joints.
In this study, 6.3 mm thick hot-rolled AZ31 plates were sub-
jected to FSW using the tools with different shoulder diameters.
The purpose of this study is to understand the effects of heat input
on the mechanical properties and fracture behavior of the FSW
magnesium alloy joints.

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:zyma@imr.ac.cn
dx.doi.org/10.1016/j.msea.2009.09.044
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Table 1
Shoulder diameters used in this study and grain size in various zones of FSW AZ31
joints.

Sample no. Shoulder
diameter, mm

Grain size in
SZ, �m

Grain size in
TMAZ, �m
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. Experimental

Hot-rolled AZ31 magnesium alloy plate 6.3 mm in thickness
as used in this study. Three FSW tools with the same cylindri-

al threaded pin having a diameter of 8 mm and a length of 5.9 mm,
ut with different shoulder diameters of 18, 20 and 24 mm, respec-
ively, were used (Table 1). FSW was conducted along the rolling
irection (RD) at a traverse speed of 100 mm/min and a rotation
ate of 800 rpm, with a tool tilt angle of 2.8◦. Three directions of
he rolled plate were named as normal direction (ND), transverse
irection (TD), and RD, respectively, as shown in Fig. 1.

Samples for microstructure examinations were cut perpendic-
lar to the RD. After being mechanically ground and polished,
he samples were etched with an etching reagent consisting of
.2 g picric acid, 10 ml acetic acid, 10 ml H2O and 70 ml ethanol.
icrostructures were examined by optical microscopy (OM). The

ole figure of the SZs and the diffraction intensity of the thermo-
echanically affected zones (TMAZs) were detected by XRD using

uK� radiation, respectively. The samples for XRD were cut per-
endicular to the RD for both base material (BM) and FSW joints, as
hown in Fig. 1. Furthermore, the SZ was observed by transmission
lectron microscope (TEM). TEM samples were cut perpendicular
o the RD. Thin foils for TEM were ion-milled by PIPS691 at a voltage
f 4 kV.

The hardness profiles of the transverse cross-section along the
enter line of the plates were measured on a Vickers hardness tester
ith a 300 g load for 13 s. Transverse tensile specimens with a

auge length of 40 mm and a gage width of 10 mm were machined,
nd tested at a strain rate of 1 × 10−3 s−1 by using Zwick/Roell
050 tester. Besides, mini tensile specimens with a gauge length of
.5 mm, a gauge width of 1.4 mm, and a gauge thickness of 1.0 mm
ere cut in the SZ perpendicular to the welding direction (as shown

n Fig. 2b), and tested with a strain rate of 1 × 10−3 s−1 by using
nstron 5848 tester. The results of tensile tests were taken from
hree and five specimens, respectively, for the transverse tensile
nd mini tensile tests. The fracture surface of transverse tensile
pecimens was observed by a scanning electron microscope (SEM).

. Results and discussion
.1. Microstructure

The typical cross-section photographs of the FSW AZ31 samples
re shown in Fig. 2. The FSW samples had the similar shape of the

ig. 1. Schematic illustration of the directions for the FSW and the selected area for
nalysis of XRD.
Fig. 2. The typical cross-section photograph of AZ31 FSW specimens: (a)–(c) sample
1–sample 3 (The advancing side of the weld is on the right.)

SZs. With different shoulder dimensions, defect free joints were
produced. Similar to previous reports [4,5], four microstructural
zones, i.e. SZ, TMAZ, heat-affected zone (HAZ), and BM zone, were
identified for the FSW AZ31 samples. Fig. 3a shows a cross-sectional
micrograph of the AZ31 BM. The BM shows inhomogeneous grains
and numerous twins, which are the typical rolled microstructure of
the magnesium alloys. The average grain size of the BM was deter-
mined to be about 21 �m. Fig. 3b–d shows the microstructure of the
SZs of the FSW AZ31 joints prepared with various shoulder dimen-
sions. The SZs were characterized by equiaxed and uniform grains,
indicating the occurrence of dynamic recrystallization (DRX) in the
SZs. For the lowest heat input with the smallest shoulder diame-
ter of 18 mm, the grain of the SZ was the finest, which was about
10 �m and half of the BM. With increasing the shoulder diameter
to 20 and 24 mm, the increased heat input resulted in the increase
of the grain size in the SZ to about 13 and 19 �m (Table 1). Fur-
thermore, it is noted that the twins were seldom observed in the
SZs.

It is clear that the grains of the SZs increased with increasing the
heat input. In several previous researches [11,16], authors claimed
that the SZ was exposed to a temperature higher than the recrys-
tallization temperature but lower than the melting point. So the
material in the SZ underwent DRX under the stirring effects of the
tool, producing fine and equiaxed grains, and the twins disappeared
as well. Increasing the heat input produced higher process tem-
perature in the SZ during FSW, this resulted in the increase in the
size of the recrystallized grains due to the coarsening of the newly
nucleated grains at higher temperatures.

Microstructures of the TMAZs at the advance side are displayed
in Fig. 4. Nearly equiaxed grains were observed in the TMAZs for
all the FSW samples, which are quite different from the observa-
tions made in FSW aluminum alloys where elongated grains along
the flow line were revealed in the TMAZs [17]. Furthermore, it is
noted that the grain microstructures in the TMAZs were differ-
ent from those in the BM and SZs. According to a previous report
[11], the grains in the TMAZ of FSW AZ61 joint were considered to
experience DRX to form equiaxed grains due to the low recrystal-
lization temperature of about 523 K. Therefore, based on the grain

microstructures in the TMAZs of the present FSW AZ31 joints, it
is concluded that DRX occurred in the TMAZs under the combined
effects of deformation and heating, resulting in the generation of
nearly equiaxed grains. Furthermore, it is noted that the grain size
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Fig. 3. Microstructure of FSW AZ31 joint

n the TMAZs differed slightly among the three samples, which was
3, 14 and 16 �m, respectively, for samples 1, 2, and 3 (Table 1).
t seems that the grain size in the TMAZ was not much affected
y the heat input of the shoulder. In this case, the grain size in the
MAZ was larger than that in the SZ for sample 1, whereas the TMAZ
xhibited smaller grain size than the SZ for sample 3.

Fig. 5 shows the TEM images of the SZs of samples 1 and 3. It
as revealed that there were dislocations within the recrystallized

rains in the SZs and similar results were also observed in other
tudies [3,11]. Magnesium alloys are prone to undergo discontin-
ous DRX (DDRX) due to low stacking fault energy [18]. During
DRX, new grains nucleate at the subgrains, grain boundaries and
islocations. So the dislocation density would decrease. However,
ue to the continuous deformation during DDRX, some strain is
etained in the new grains, making the dislocations accumulated in
he recrystallized grains. Besides, Fig. 5 shows that samples 1 and 3
xhibited quite similar dislocation density in the SZs. It is believed
hat the deformation energy in the SZs during DRX is mainly related
o the stirring of the threaded pin. The same pin size and weld
arameter made the deformation energy similar for samples 1 and
, producing similar dislocation density in the SZs.

.2. Microtexture

The pole figures of the SZ and the BM are shown in Fig. 6. Sim-
lar to a previous report [14], the BM had a strong texture with

he (0 0 0 2) plane perpendicular to the TD and ND. When the pin
assed by, shear plastic flow made the material rotate around the
in column surface. The previous study [14] indicated that the
0 0 0 2) basal plane was distributed around the pin surface after
SW. The orientation of the basal plane (0 0 0 2) after FSW for differ-
ase material, (b)–(d) sample 1–sample 3.

ent regions of the joints was reported by many studies [11,14,15].
They claimed that the basal plane (0 0 0 2) paralleled to the RD in the
BM was switched to tilt to the TD in the transition zone and finally
changed to parallel to the TD in the weld center. Similarly, in the
present study, the texture in the SZ was significantly changed with
the (0 0 0 2) plane having an inclination to the TD (Fig. 6). Besides,
it is noted that samples 1, 2 and 3 exhibited similar texture orien-
tation and intensity as shown in Fig. 6, indicating that the shoulder
size change did not exert a significant effect on the texture in the
SZs.

Fig. 7 shows the XRD results for the BM and the cross-section
around the TMAZ in the FSW samples. The (0 0 0 2) peak in sample
1 was very strong, indicating that the (0 0 0 2) texture still existed.
However, when the AZ31 plate was welded with a larger shoulder
diameter of 24 mm (sample 3), the nearly random grain orien-
tations were revealed since the three highest peaks had similar
intensities. The present result is consistent with that obtained by
Woo et al. [13]. It was reported that the shoulder size variation
resulted in the change in the (0 0 0 2) texture distribution in the
TMAZ of FSP AZ31 [13]. In a previous study of FSW AZ61 [15], the
(0 0 0 2) basal plane around the TMAZ was found to have an incli-
nation of ∼45◦ to the TD. As shown in the present study, sample
1 exhibited obvious texture in the TMAZ and could be more prone
to slip with an orientation of ∼45◦ than sample 3 under the same
condition.
3.3. Hardness profile

Fig. 8 shows the hardness profiles of samples 1, 2 and 3 along
the mid-thickness of the plates. The hardness value of the BM
fluctuated due to the inhomogeneous grain microstructure of the
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Fig. 4. Microstructure of FSW AZ31 joint in T

s-rolled plate. The three FSW samples exhibited similar hardness
rofiles with the SZs having the hardness values of ∼55 Hv, which
as equivalent to the average hardness of the BM.

AZ31 alloy has few precipitation phases. Therefore, the hardness
f the SZ is mainly governed by the gain size and dislocation den-
ity. However, in this study, the significant variation in the grain
ize did not exert a remarkable effect on the hardness profiles of

he FSW joints. Similar results were also reported in recent studies
11,13]. The ratio of the grain sizes in the SZ and BM (dSZ/dBM) was
0 �m/21 �m and 19 �m/21 �m for samples 1 and 3 in this study,
nd was about 14 �m/25 �m and 17 �m/50 �m in Refs. [11,13],
espectively. It is noted that the FSW AZ31 joints with this type

Fig. 5. TEM micrographs of stir zone:
f advanced side: (a)–(c) sample 1–sample 3.

of hardness profile had large grain size (>10 �m) in the SZ. In a
previous study, Chang et al. [19] reported a Hall–Petch relation-
ship between the hardness (HV) and the grain size (d) for the SZ of
friction stir processed (FSP) AZ31

HV = 40 + 72 d−1/2 (1)
Similarly, Wang et al. [12] established a Hall–Petch relationship
between the yield stress (�0.2) and the grain size for friction stir
processed (FSP) AZ31

�0.2 = 10 + 160 d−1/2 (2)

(a) sample 1 and (b) sample 3.
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Fig. 6. XRD pole figures of base material and SZs on transverse plane of FSW AZ31
joints.
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Fig. 7. XRD diffraction intensities of BM and TMAZs on transverse plane.

However, it should be pointed out that the grain size in the FSP
Z31 as reported by Chang et al. [19] and Wang et al. [12] was
onsistently smaller than ∼8 �m. Furthermore, it was reported that
hen the grains in the SZ were refined to be smaller than 1 �m, the
ardness increased rapidly [20]. These results indicated that the
ardness values of the FSW AZ31 joints are insensitive to the grains
ize variation when the grain size is larger than 10 �m, whereas
hen the grain is further refined, for example, to below 8 �m, the

ardness of the FSW AZ31 increases and follows the Hall–Petch
elationship, as demonstrated by Chang et al. [19] and Wang et al.
12].

able 2
ensile properties of mini specimens for stir zones and transverse specimens for FSW join

Sample no. Mini specimen Transverse tensile specimen

UTS, MPa UTS, MPa YS, MPa

1 253.2 ± 2.5 203.4 ± 1.1 104.4 ± 5.3
2 – 207.2 ± 1.9 105.4 ± 1.3
3 243.7 ± 4.3 215.6 ± 0.7 104.0 ± 1.1
BM 258.2 ± 2.8 249.5 ± 0.8 153.0 ± 0.6
Fig. 8. Hardness profiles of FSW AZ31 joints along mid-thickness.

It is noted that with increasing the distance from the center
of the SZs towards the TMAZs, the hardness decreased gradually,
and the lowest hardness values were observed in the TMAZs at the
advanced side for all FSW samples. As shown in Table 1, the grain
size ratio in the TMAZ and SZ is 13 �m/10 �m, 14 �m/13 �m and
16 �m/19 �m, respectively. Clearly, the grains in the TMAZ were
not always larger than those of the SZ for the three samples. There-
fore, the lowest hardness in the TMAZ could not be explained by
the variation in the grain size.

The hardness anisotropy has been found in many alloys [21].
Because the critical shear stress is different in different crystal
planes and directions, the crystal orientation will exert an influence
on the hardness values. During FSW, severe deformations occurred
in the welded joint. As a result, a special orientation distribution
was produced in the FSW magnesium alloy joints [15], i.e., the
(0 0 0 2) rotated around the stir pin, thereby producing the soft-
est region around the TMAZ. So, the lowest hardness distribution
observed in the TMAZ of the FSW AZ31 joints in the present study
is associated with the crystal orientation.

In a previous study [11], the homogeneous hardness profile of
the FSW AZ61 joint was attributed to the absence of significant
differences in the dislocation density throughout the weld. The
present TEM examinations indicated that the difference of disloca-
tion density in the SZs between samples 1 and 3 was negligible, as
shown in Fig. 5. This is consistent with the similar hardness values
obtained in various SZs.

3.4. Tensile properties and fracture feature

The mechanical properties of the BM and FSW joints are shown
in Table 2. Compared to those of the BM, both the strength and
elongation of the FSW joints were significantly reduced. Similar
results have been reported in the FSW AZ31 joints by other investi-
gators [2–7]. It is noted that the joint efficiency tended to increase
achieved in sample 3. This result is different from that observed
in FSW aluminum alloys where smaller shoulder diameter pro-
duced better tensile properties in AA 6061 alloy [17]. Besides, the

ts.

El., % Joint efficiency, % Fracture location

5.3 ± 0.1 81.5 TMAZ
5.9 ± 0.2 83.0 TMAZ

10.7 ± 0.9 86.4 SZ
22.6 ± 0.4 – –
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the FSW AZ31 joints are influenced by several factors, such as the
ig. 9. Macroscopic images of failed friction stir welded AZ31 joints. (The advancing
ide of the weld is on the right.)

longation of the FSW joints increased with increasing the shoul-
er diameter, especially an obviously enhanced elongation was
btained in sample 3. However, there was little variation in the yield
trength of the joints with the variation in the shoulder diameters.

Fig. 9 shows the failed FSW joints. For samples 1 and 2, the
racture occurred in the TMAZs where obvious plastic deforma-
ion was detected, indicating lower strength in this region. This

s in agreement with lower hardness in the TMAZs, as shown in
ig. 8. Furthermore, the sample thickness did not exhibit an obvious
hinning, which is consistent with a lower elongation in two sam-
les. However, increasing the shoulder diameter to 24 mm (sample

Fig. 10. SEM images showing facture surface
gineering A 527 (2010) 708–714 713

3) resulted in a shift of the fracture locations from the TMAZ to
the SZ. This indicates that the weakest region of sample 3 was
the SZ, rather than the TMAZs, which is contrary to lower hard-
ness in the TMAZs of sample 3. This implies that the hardness is
not the only factor to determine the strength of the magnesium
alloys. Moreover, for sample 3, while the necking was not obvious
at the fracture location, a noticeable thinning in the sample thick-
ness in the SZ was observed, indicating large and homogeneous
plastic deformation, which is consistent with a higher elongation
of sample 3.

Mini tensile test indicated that the SZs of samples 1 and 3 exhib-
ited a tensile strength of 253 and 244 MPa, respectively (Table 2).
This variation trend is consistent with the variation in the grain
size in the SZs (Table 1), but is contrary to that obtained by using
large transverse tensile specimens. For sample 3, although the fail-
ure location shifted from the TMAZ with a grain size of 16 �m to
the SZ with a grain size of 19 �m, the tensile strength increased
compared to samples 1 and 2 with smaller grain sizes in the TMAZs
(13–14 �m) and SZs (10–13 �m). Therefore, the improvement in
the transverse tensile properties of the welds and the shift in the
fracture location with increasing the shoulder diameter imply that
the TMAZ in sample 3 was somewhat enhanced compared to that
in samples 1 and 2, which could not be explained by the variation
in the grain size in the TMAZs.

As a solid solution-strengthened alloy, the tensile properties of
grain size and dislocation density. In Fig. 5, the dislocation density
in the SZ did not have noticeable differences between samples 1
and 3. Therefore, the difference in the tensile properties of the FSW
samples could not be explained by the dislocation density. In some

s: (a) BM, (b)–(d) sample 1–sample 3.
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[18] F.J. Humphreys, M. Hatherly, Recrystallization and Related Annealing Phenom-
14 J. Yang et al. / Materials Science a

revious studies [4,5], the oxide layer in the boundary between the
MAZ and the SZ was considered as a reason for the failure of FSW
Z31 joints. However, in this study, no oxides were detected in

he fracture surfaces of samples 1 and 2 that failed in the TMAZs.
ables 1 and 2 show that the UTS and the elongation of the FSW
amples increased with increasing the grain size in the TMAZs and
Zs, which resulted from the increase in the shoulder sizes. So in
he present study, the texture patterns should be considered as a
ignificant factor in controlling the tensile properties of the FSW
oints.

As discussed above, the pole figures in the SZs were similar for
hese three FSW samples, indicating that the texture of the SZ was
ot a critical factor in influencing the strength of the welds. A pre-
ious study [15] found that the softest region was in the TMAZ for
FSW AZ61 joint. In the present study, a high intensity of (0 0 0 2)
iffraction was found around the TMAZ for sample 1 and this made
he material prone to slip along the (0 0 0 2) at low critical resolved
hear stress. This is consistent with the obvious plastic deformation
n the TMAZ of sample 1, as shown in Fig. 9. In this case, the strength
f the TMAZ was lower than that of the SZ with the fracture occur-
ing at the TMAZ for sample 1. By comparison, the TMAZ of sample
was enhanced due to nearly random texture in this region. In this

ase, the weak (0 0 0 2) diffraction intensity in the TMAZ made the
trength of the TMAZ higher than that of the SZ, resulting in a shift
n the fracture location from the TMAZ to the SZ. Because the SZ was
bviously wider than the TMAZ, more homogeneous plastic defor-
ation occurred in sample 3 than in sample 1, thereby producing

arger elongation in sample 3.
The SEM micrographs of the fracture surfaces of the tensile spec-

mens are shown in Fig. 10. The fracture surfaces consisted of tear
idges, dimples and cleavage facets for both the BM and the FSW
amples, which show the quasi-cleavage crack feature, as reported
n other magnesium alloys [22]. Besides, the tear ridges were elon-
ated along a certain direction and the direction was different for
he FSW samples and BM. It was found that the tear ridges of the
M was along the LD (Fig. 10a). However, some differences in the
irection of the tear ridges were found when the heat input was

ncreased. For the joints failed in the TMAZs, the tear ridges had
ittle change (Fig. 10b and c), compared to the BM; whereas for
ample 3 failed in the SZ, the direction of the tear ridges shifted to
xtend along the ND (Fig. 10d). Therefore, the change in the direc-
ion of the tear ridges would have some relations with the fracture
ocations.

Materials tend to crack along the crystal face with the weakest
tomic binding forces in a quasi-cleavage crack, such as (0 0 0 2)
asel plane of the magnesium alloys. As discussed above, the tex-
ure patterns are different in the TMAZ and SZ, this would make the
ear ridge direction altered. For the rolled BM, the (0 0 0 2) plane
long the LD and the direction of the tear ridges were along the
ame direction. For samples 1 and 2, the orientation of the (0 0 0 2)

lane in the TMAZ just had a declination to the TD and did not have
large change compared to the SZ, and this orientation could make

he tear ridges along the LD on the whole. However, for sample 3,
he (0 0 0 2) plane was rotated around the pin in the SZ and it could

ake the tear ridges extend along the ND.

[
[
[
[

gineering A 527 (2010) 708–714

4. Conclusions

With increasing the shoulder diameter from 18 to 24 mm, the
gains in the SZ increased remarkably, and the grains in the TMAZ
exhibited a slight increase.

The three FSW samples exhibited similar hardness profiles along
mid-thickness of the plates with the lowest hardness in the TMAZ
on the advancing side.

The texture in the SZ was significantly changed with the (0 0 0 2)
plane having an inclination to the TD, and the texture orientation
and intensity was similar for the three FSW samples.

With a smaller shoulder 18 mm in diameter, the TMAZ exhibited
a strong (0 0 0 2) texture, whereas with a larger shoulder 24 mm
in diameter, nearly random grain orientation was observed in the
TMAZ.

With increasing the shoulder diameter, the tensile strength of
the joints tended to increase and the elongation was significantly
improved, with the failure location of the joints shifting from the
TMAZ to the SZ. Besides, the tear ridges in the fracture surface were
changed from the TD to the ND. These are mainly attributed to the
variation in the texture.
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