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A friction stir welded (FSW) Mg–3Al–1Zn (AZ31) joint, prepared at a welding speed of 100 mm/min and a
rotation rate of 800 rpm, was subjected to stress fatigue test. During fatigue deformation, while the spec-
imen thickness shrank around the nugget zone (NZ)/thermomechanically-affected zone (TMAZ) bound-
ary, it varied little in the NZ middle. Besides, the surface appearance differed between the two sides of
a fatigued specimen. This non-uniform deformation was attributed to different grain orientation distri-
butions and sheared material layers in various regions, which influenced the fatigue life and fracture
behavior of the joint.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Mg alloys are attractive in the aerospace and automotive indus-
tries due to their weight reduction and energy saving qualities.
Some defects, such as porosity, oxidization, wide heat-affected
zone, and high residual stress, are often produced in conventional
fusion welded joints and these limit the use of Mg alloys. Friction
stir welding (FSW), a solid joining method [1], is proved to be an
enabling welding technique for joining Mg alloys [2,3].

The fatigue behavior of FSW joints of Mg alloys is an important
consideration for the engineering design, and several investiga-
tions have been done recently. Most studies were focused on the
analysis of fatigue data, including S–N curves [4–6], fracture sur-
face examination [4,7], and fatigue crack growth behavior [7]. Pad-
manaban et al. [4,7] reported that the fatigue resistance of a FSW
AZ31 joint was higher than that of the pulsed current gas tungsten
arc welded joint. Chowdhury et al. [5] found that the fatigue
strength of a FSW AZ31 joint was affected by the pin thread orien-
tation. However, to the authors’ knowledge, no work on the fatigue
deformation mechanism of FSW joints of Mg alloys is reported in
the open literature so far, though similar work was reported for
wrought Mg alloy [8–10].

In the wrought Mg alloys, the strong basal texture has a signif-
icant effect on the fatigue deformation behavior [8,9]. Unlike the
wrought alloys, the nugget zones of FSW joints have a unique tex-
ture distribution with the basal plane roughly rotated around the
pin surface in the NZ [11]. This causes some difficulties in the anal-
ysis of the deformation mechanism during both uniaxial tension
and fatigue tests. The deformation mechanism of FSW AZ31 joints
during uniaxial tension has recently been investigated by Xin et al.
[12] and Yang et al. [13]. It was revealed that the region around the
NZ/TMAZ boundary was prone to neck and the NZ middle suffered
from the least deformation during tension, which was attributed to
the texture distribution. The fatigue deformation of FSW Mg joints
should definitely be affected by the heterogeneous microstructure,
but the correlative work is lacking.

In this study, the FSW joint of a rolled AZ31 Mg alloy plate was
subjected to stress fatigue investigation. The aim is to understand
the effect of the texture distribution on the fatigue properties and
deformation behavior of the FSW AZ31 joint.

2. Materials and experiments

6.4 mm thick AZ31-H24 plate was used in this study. FSW tool
with a shoulder 24 mm in diameter and a cylindrical threaded pin
8 mm in diameter and 5.9 mm in length was used. FSW was con-
ducted along the rolling direction (RD) at a welding speed of
100 mm/min and a rotation rate of 800 rpm, with a tool tilt angle
of 2.8�. The schematic of the FSW process is shown in Fig. 1a.
The advancing side, where the traveling and rotating directions
of the tool are the same, and the retreating side, where the travel-
ing and rotating directions of the tool are the opposite, is written as
the AS and RS, respectively, throughout this paper. Three directions
of the rolled plate were named as the normal direction (ND), the
transverse direction (TD), and the RD, respectively, as shown in
Fig. 1a.
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Fig. 1. Schematic of (a) FSW process and (b) positions of contour profile
measurement for specimen after fatigue deformation.

Fig. 2. S–N curves of FSW AZ31 joints and parent material.
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The specimens for microstructure examinations were cut per-
pendicular to the welding direction (i.e. RD). Microstructure char-
acterization and analysis were carried out by optical microscopy
(OM), scanning electron microscopy (SEM, Hitachi S-3400N) and
electron backscattered diffraction (EBSD, HKL). 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 � 10�3 s�1

on a Zwick/Roell Z050 tester. The results of tensile tests were taken
from three or four specimens.

Fatigue specimens referring to ASTM E466 standard, with a par-
allel section of 50 � 13 � 5.8 mm in size, were machined perpen-
dicular to the welding direction. The fatigue specimens were
ground with SiC papers up to grit 2000 to remove the machining
marks and to achieve a consistent and smooth surface. Fatigue
tests were performed on an MTS fatigue tester at R = 0 in air at
room temperature, with a frequency of 30 Hz. Plane A and plane
B are the two sides of a specimen, where the tool passed plane A
earlier than plane B during the FSW process. After fatigue deforma-
tion, the contour profile was measured on plane A and plane B of
the fatigue specimen using an Alpha-Step IQ surface profiler. At Z
values (thickness) of 1, 2, 3, 4 and 5 mm, the relationship between
X (distance)-Y (height) was measured, as schematically shown in
Fig. 1b. During measurement, the Y value of the parent material
(PM) is used as a reference, which is set as zero.

3. Results and discussion

3.1. Fatigue life

Fig. 2 shows the S–N curve of the PM and the FSW joint. When
the stress amplitude was only 5 MPa higher than the fatigue
strength, the fatigue life of the PM was decreased to about
7.2 � 104 cycles. Similar result was also observed in the FSW
AZ31 joint. This phenomenon was also reported in other studies
of wrought AZ31 alloy [14,15], and the reason was attributed to
the different modes of crack initiation and propagation at stress
amplitudes near and slightly higher than the fatigue strength. At
stress amplitudes higher than the fatigue strength, a large number
of cracks developed and they were easy to propagate across the
grain boundaries; but at stress amplitudes near the fatigue
strength, there were few cracks, which were not easy to propagate
[14,15].

On the S–N curve, the PM exhibited a fatigue strength of
160 MPa, 80 MPa lower than the yield strength (YS), which is con-
sistent with the fatigue results of wrought AZ31 and AZ61 alloys
[6,16,17]. However, compared with the PM, the joint exhibited a
fatigue strength of 110 MPa similar to the YS (115 MPa); the spe-
cific reason will be discussed below.

3.2. Fatigue deformation and failure

In the cross sections of the FSW joints of Mg alloys, three micro-
structural zones could be identified: NZ, TMAZ, and heat-affected
zone (HAZ) and the position of NZ and TMAZ are shown in
Fig. 1b. Fig. 3a shows the macro-image of the joints that experi-
enced fatigue deformation. Non-uniform deformation was ob-
served for the specimens at all stress amplitudes. It is noted that
after the fatigue test, plane B exhibited a more severe deformation
appearance with a macroscopic bulge in the NZ, and this bulge was
more obvious at the high amplitudes. However, no such bulge was
observed on plane A. Furthermore, at the high stress amplitudes,
the specimen failed along the NZ/TMAZ boundary on the AS.

The contour profile was measured for the joint at a strain ampli-
tude of 110 MPa (Fig. 3b). On plane A, the whole NZ surface was
about 50 lm lower than the PM surface; on plane B, the NZ middle
protruded and the two sides sank, with the protuberant part 90 lm
higher than the PM surface and the sunken part 50 lm lower. For
the whole joint, the thickness reduction occurred around the NZ/
TMAZ boundary on both the AS and RS during the fatigue deforma-
tion, and these regions shrank; with the thickness of the PM as a
reference, the NZ middle had little variation about the thickness,
but projected towards plane B. Besides, it could be found that the
fracture path of specimens was consistent with the thickness
reduction around the NZ/TMAZ boundary on the AS.

Therefore, the non-uniform deformation was produced not only
in different regions of the joint, but also on different sides of a sin-
gle specimen, which was characterized by the thickness variation
of the joints and the different appearances between plane A and
plane B, respectively. In Fig. 3b, it is noted that this non-uniform
deformation could be detected even at the stress amplitude near
fatigue strength, and the increase in stress amplitude only in-
creased the degree of the deformation. Therefore, the cause of
the non-uniform deformation could be focused on the specimens
near the fatigue strength.

Because the PM had a relatively uniform structure with a strong
rolling macro texture, the deformation ability varied little in the
PM and thus no obvious fluctuation was observed on the surface.
However, the FSW AZ31 joints had non-uniform microstructures



Fig. 3. (a) Macro image of FSW AZ31 joints at different stress amplitudes; and (b) contour profile of the cross section at a stress amplitude of 110 MPa.

Fig. 4. EBSD inverse pole figure maps at different regions of FSW AZ31 joint for (a) specimen before fatigue deformation and (b) fatigue specimen at a stress amplitude of
110 MPa.
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[11], as displayed by the inhomogeneous distribution of grain ori-
entation (Fig. 4a). The Schmid factor (SF) for basal slip at different
regions is shown in Table 1. The NZ middle with an equiaxed grain
structure exhibited little orientation variation with a mean SF of
about 0.1. On the NZ/TMAZ boundary, the grain orientation had
an obvious difference between the NZ side and the TMAZ side:
the grains in the NZ side had a similar orientation with a mean
SF of about 0.45, while the grain orientation in the TMAZ side
was more dispersive with a mean SF of about 0.35. Similar results
were also found in our previous study [13]. This could be attributed
to the different deformation degrees between the two sides of the
NZ/TMAZ boundary during FSW: the NZ experienced severe plastic
deformation, while the TMAZ suffered from less plastic deforma-
tion. Besides, it is noted that this difference was more distinct on
the AS than on the RS, due to different material flow patterns. Dur-
ing FSW, the material on the AS is rotated by the stir pin, and then
deposits on the RS, resulting in more serious deformation on the AS
[18].

After the fatigue deformation, the grain orientation had differ-
ent variations in the different regions (Fig. 4b). In the NZ middle,
little variation was found for the following reasons. First, the basal
slip could not be activated for the low SF. Second, the c axis was



Table 1
Schmid factor for basal slip at different regions of FSW AZ31 joint.

NZ middle NZ/TMAZ boundary on AS NZ/TMAZ boundary on RS

NZ side TMAZ side NZ side TMAZ side

Range 0–0.2 0.4–0.5 0.15–0.5 0.4–0.5 0.3–0.5
Mean value 0.1 0.45 0.35 0.45 0.4

Fig. 5. Schematic illustration of sheared layers in FSW joint: (a) formation of sheared layer [24], distribution of sheared layers viewed in (b) rolling direction and (c) normal
direction.

12 J. Yang et al. / International Journal of Fatigue 59 (2014) 9–13
perpendicular to the load direction with tensile twinning being
suppressed. Third, at the stress amplitude near YS, compression
twinning could not develop. In other words, because of the grain
orientation against deformation, the NZ middle had the hard orien-
tation (The grain orientations favorable for basal slip are defined as
‘soft orientations’, otherwise defined as ‘hard orientations’) [19],
thus the thickness of the NZ middle showed little variation during
fatigue deformation.

However, while some tensile twins were detected on the NZ/
TMAZ boundary at the NZ side, few twins were observed in the
adjacent NZ (Fig. 4b). This could be attributed to the different
deformation abilities. The NZ side was prone to basal slip at lower
stress amplitude for a high SF of about 0.4–0.5. However, the TMAZ
side was more difficult to deform due to the dispersive grain orien-
tation and the lower mean SF. Because of the incompatible defor-
mation between the TMAZ and NZ sides, tensile twinning was
activated in order to coordinate plastic deformation. According to
a former study [20], this tensile twinning could also produce some
strain. Therefore, under the influence of both the basal slip and
twinning, large plastic deformation occurred around the NZ/TMAZ
boundary with obvious thickness shrinkage (Fig. 3b).

Based on Fig. 3, two kinds of non-uniform deformations were
observed during the fatigue deformation. The first one, character-
ized by the variation in the thickness of the joint, could be related
to the different deformation abilities in the various regions, as per
the analyses above. This kind of non-uniform deformation could
influence the fatigue strength and fracture behavior. For a high
SF, when the applied stress reached the global YS of the joint, the
grains around the NZ/TMAZ boundary could be under a stress
exceeding the YS point, and thus tensile twinning occurred in this
region [13]. Similarly, during tensile stress-controlled fatigue,
when the stress amplitude was close to the YS, the plastic deforma-
tion developed partly around the NZ/TMAZ boundary with some
tensile twins appearing (Fig. 4b). Although twin accumulation
could induce material fracture [21,22], at the stress amplitude near
the YS, the twin fraction was small and the deformation degree
was low in the joint, which might not lead to fracture. Therefore,
the fatigue strength of the joint was close to the YS (Fig. 2). When
the stress amplitude was higher than the YS, the degree of defor-
mation increased and more tensile twins were activated on the
NZ/TMAZ boundary, which has been proved by the twinning evo-
lution during the tension [13]. Besides, the variation of grain orien-
tation between the NZ and TMAZ sides was more significant on the
AS than on the RS, so that the incompatible deformation on the NZ/
TMAZ boundary was more serious on the AS. As a result, the fatigue
specimens fractured along the NZ/TMAZ boundary on the AS
(Fig. 3a).

The second kind of non-uniform deformation, characterized by
different surface appearances between plane A and plane B (Fig. 3a
and b), was only observed in the FSW specimens. Because some
factors, such as distribution of the grain size and texture, did not
differ between the two planes of a single specimen, this phenom-
enon could be related to a factor caused by the FSW process.

3.3. Mode of non-uniform deformation

By the shear effect of the stir pin, the material was rotated
round the pin surface during FSW. Krishnan [23] suggested that
the hot metal was extruded within each revolution. Furthermore,
using the pin-breaking technique, Chen et al. [24,25] revealed that
the sheared material around the pin was spread into a layer at each
revolution; as the FSW proceeded, more layers could be formed
[24]. According to their study [24], these processes could be shown
by the schematic drawings in Fig. 5a.

After the plates were welded, these sheared material layers
were consecutively distributed in the joint (Fig. 5b). However,
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when the fatigue specimens were cut from the joint, the distribu-
tion of sheared layers differed between plane A and plane B
(Fig. 5c). On plane B, these layers were almost integrated with only
a length reduction. However, on plane A, most layers were cut into
two parts and located on the two sides of the NZ, while the inte-
grated layers were only observed in the NZ middle. The integrated
layers and broken layers were marked by regions C and D, respec-
tively (Fig. 5c). It is clear that region C was much larger than region
D on plane A.

During fatigue deformation, a tensile stress was applied on the
specimen along the transverse direction (TD). Deformation of the
integrated layers was more difficult than that of the broken ones.
Therefore, the material in region D could deform more easily than
that in region C in the joint. Because plane B contained continuous
layers (region C), different layers had a similar deformation ability.
Thus, the surface fluctuation after fatigue deformation resulted
from the texture distribution, as discussed above. However, on
plane A, region D was much larger than region C, and thus the sur-
face sinking of the whole NZ was caused by the movement of re-
gion D.

4. Conclusions

In summary, for the FSW AZ31 joint, the grains had a hard ori-
entation in the NZ middle and a soft orientation around the NZ/
TMAZ boundary, resulting in invariant thickness in the NZ middle
and a thickness shrinkage around the NZ/TMAZ boundary during
fatigue deformation. For this non-uniform deformation, the fatigue
strength of the FSW joints was close to the yield strength, with fail-
ure along the NZ/TMAZ boundary on the AS at higher stress ampli-
tudes. Moreover, because the distribution of sheared layers
differed between the two sides of a fatigue specimen, the NZ mid-
dle projected to one side after fatigue testing.
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