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Microstructure, mechanical properties, and corrosion resistance
of friction stir welded Mg-Al-Zn alloy thick plate joints
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Abstract
Mg-Al-Zn (AZ31) of 10-mm thick plates were subjected to friction stir welding (FSW) using a conventional tool (CT) and
bobbin tool (BT), respectively. The microstructure, room temperature tensile properties, dynamic compressive mechanical
properties, and corrosion resistance of the base metal (BM) and various regions of the friction stir welded joints were investigated
systematically. The mean grain size, dislocation density, and precipitate distribution in the various regions of the friction stir
welded joints were various due to different thermal cycle and plastic deformation. Compared with the CT, a relatively more
homogeneous microstructure, a larger number of high-density dislocations and precipitates were produced in the various regions
of the joint prepared by the BT due to higher thermal cycle and strain rate. As a result, the friction stir welded joint prepared by the
BT exhibits excellent tensile properties and dynamic compressive mechanical properties, and outstanding corrosion resistances
compared to those of the CT. In addition to slight changes in tensile properties and dynamic compressive mechanical properties,
the corrosion resistance of the joint prepared by the BT was significantly improved compared to the BM. FSW with BT was
suggested to be the optimal method to weld AZ31 alloy thick plate.

Keywords AZ31alloy .Microstructure .Tensileproperties .Dynamiccompressivemechanicalproperties .Corrosion resistance .
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1 Introduction

In addition to being known as a green engineering materials,
magnesium alloys are also considered to be one of the most
potential candidates to replace aluminum alloys in some me-
chanical and structural parts in the applications of aerospace
and transportation for achieving lightweight design due to
their low density [1–3]. In order to meet cost savings and
widen application fields, a reliable welding process of magne-
sium alloys is inevitable. Magnesium alloys can be welded in

a variety of processes, but welding magnesium alloys using
conventional fusion process still faces many challenges such
as evaporative loss of the alloying elements, hot crack, poros-
ity, and high residual stress [4, 5].

Friction stir welding (FSW) is an innovative solid-state
joining process, which can effectively alleviate the disadvan-
tages of conventional fusion welding processes. FSW is con-
sidered by designers to be the most suitable for welding non-
ferrous metals such as magnesium alloys, aluminum alloys,
and copper alloys [6–8]. Moreover, FSW has been success-
fully used in welding Mg-Al-Zn magnesium alloys [9, 10].
Researchers have conducted a lot of investigations on the
microstructure [11], tensile properties [12], and corrosion per-
formances [13] of friction stir welded magnesium alloy joints
prepared using a conventional tool (CT). Suhuddin et al. [14]
found that the grain structure evolution mainly depended on
the texture evolution during FSW of a 2-mm thick AZ31
alloy, and was also affected by the strain geometry effect
and discontinuous recrystallization. Chowdhury et al. [15]
found in the FSW research of a 2-mm thick AZ31 alloy that
the twinned and deformed grains of the as-received base metal
(BM) were transformed into equiaxed recrystallized grains
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after FSW, and the grain size decreased with increasing the
welding speed and decreasing the rotation speed. Wang et al.
[16] investigated the influence of rotation speed on the room
temperature tensile properties of an 8-mm thick friction stir
welded AZ31 alloy joint and found that the joint efficiency
increased from 71.5 to 90.2% with increasing the rotation
speed from 800 to 1200 rpm. By further increasing the rota-
tion speed to 1600 rpm, the joint efficiency was reduced to
78.3%. In addition to the rotation speed and welding speed,
Ugender et al. [17] also investigated the influence of tool pin
profile on the mechanical properties of a 5-mm thick friction
stir welded AZ31 alloy joint and found that the main factors
affecting the mechanical properties were rotation speed and
welding speed, followed by the tool pin profile. In addition to
paying attentions to the influences of conventional process
parameters, some researchers have tried to improve the me-
chanical properties of friction stir welded AZ31 alloy joint by
post-weld treatment, changing cooling conditions, and adding
nanoparticles. Liu et al. [18] investigated the effect of post-
weld hot rolling on the mechanical properties of a 7-mm thick
friction stir welded AZ31 alloy joint and found that the joint
efficiency increased due to the decrease of microstructure dif-
ference between the adjacent regions caused by increasing the
rolling reduction. Darras et al. [19] demonstrated that the elon-
gation of the submerged friction stir processed AZ31 alloy
was significantly enhanced due to the grain refinement caused
by increasing the cooling speed. Rouhi et al. [20] investigated
the effects of air cooling and water cooling on the mechanical
properties of an 8-mm thick friction stir welded AZ91 alloy
joint and found that the tensile strength of the friction stir
welded joint prepared with water cooling was significantly
enhanced compared to that of the air cooling.

With the development of FSW of Mg-Al-Zn alloy, some
researchers have begun to pay attention to the corrosion resis-
tance of the friction stir welded joint and welding technology
of self-reacting FSW with a bobbin tool (BT). Shen et al. [21]
demonstrated that the friction stir welded AZ31 alloy joint
exhibited a better corrosion resistance in the alkaline solution
than in the acidic solution. Abbasi et al. [22] investigated the
corrosion resistance of a 6-mm thick friction stir welded zone
of AZ31 alloy by incorporation of SiC particles and found that
the reinforced friction stir welded zone exhibited excellent
corrosion resistance due to formation of oxide film and re-
moval of the local cell. Sahu et al. [23] explored the FSW
process of a 4-mm thick AZ31 alloy using a BT and demon-
strated that the FSW of AZ31 alloy using a BT with inert
medium was an effective solution to enhance the mechanical
properties of the joint. The grain size in the NZ is about
12 μm, which is 17.6% of the BM. The maximum tensile
strength of the friction stir welded joint prepared using a BT
with inert medium is 204.08 MPa, which is 85% of the BM
[23]. Up to now, the researches on the FSW of Mg-Al-Zn
alloys mainly focus on the thickness between 2 and 8 mm

[8]. However, there are few reports on the FSW of 10-mm
thick plate Mg-Al-Zn alloy, especially FSW using a BT. In
addition, there are also few reports on the corrosion resistance
and dynamic compressive mechanical properties of various
regions of the friction stir welded Mg-Al-Zn alloy thick plate
joint.

In the current work, the main objective was expected to
provide an alternative process for enhancing the mechanical
properties and corrosion resistance of the friction stir welded
AZ31 alloy thick plate joint. Thus, a thorough analysis was
performed on microstructure features, microhardness distribu-
tions, room temperature tensile properties, room temperature
dynamic compressive mechanical properties, corrosion resis-
tance, and corrosion damage of the various regions in the
sound friction stir welded AZ31 alloy thick plate joint.

2 Experimental procedures

2.1 Material and FSW

The BM for FSW using a CT and BT was 10-mm thick hot
squeezed AZ31 alloy (3Al-1Zn-Mg Bal. wt%) plates with
dimensions of 150 mm× 100 mm. Prior to FSW, the edges
of the AZ31 alloy thick plates to be welded were mechanically
ground using waterproof 1000- to 2000-grit SiC abrasive pa-
pers and then cleaned with acetone and ethanol in turn.

A single-pass friction stir butt welding was carried out
using a two-dimensional FSW machine (FSW-TS-F08-DZ)
with a CT and BT, respectively. Both of the CT and BT were
made of H13 die steel. The CT was composed of a concentric
rings shoulder with a diameter of 24 mm and a conical pin
with the size of 10 mm in average diameter and 9.8 mm in
length. The FSW with the CT was performed at the rotation
speed of 1200 rpm andwelding speed of 200mm/minwith the
title angle of 3°. The BT with an upper and lower shoulder
diameter of 28 mm and a cylindrical pin with a diameter of
10mm and length of 9.5 mmwere used in the present work. In
addition, there are concentric rings on the surface of the upper
and lower shoulder, and clockwise threads on the surface of
the cylindrical pin. The FSW with the BT was carried out at
the rotation speed of 200 rpm and welding speed of 100 mm/
min with the title angle of 0°. The processing parameters used
in the present work were optimized through a large number of
experiments, which can achieve the defect-free FSW of the
AZ31 alloy thick plates.

2.2 Microanalysis

Specimens for microstructure observations were taken along
the horizontal centerline of the cross section of the friction stir
welded joints, as shown in Fig. 1. A standard metallographic
method was introduced to polish the specimens with
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waterproof 1000- to 3000-grit SiC abrasive papers. Fine
polishing was performed to prepare a mirror surface using a
diamond abrasive paste with the particle size of 1.5 μm. A
reagent consisting of 1-g H2C2O4 and 1-ml HNO3 in 150-ml
H2O was applied to reveal the microstructure. The microstruc-
ture characteristics were recorded using an optical microscope
(OM, OLYMPUS PMG3) and a transmission electron micro-
scope (TEM, FEI TECANI-F30).

2.3 Mechanical and corrosion properties tests

The microhardness, tensile properties, dynamic compressive
mechanical properties, potentiodynamic polarization curves,
and Nyquist spectras were used to assess the mechanical prop-
erties and corrosion resistance of the NZ, the thermal mechan-
ical affected zone (TMAZ), and the heat-affected zone (HAZ)
in the friction stir welded joints. The microhardness distribu-
tions were recorded using a microhardness tester (HMV-1)
along the centerline of the cross section of the joints. Steps,
loads, and dwell times for microhardness testing were 0.5 mm,
0.98 N, and 10 s, respectively. The tensile properties of the
joints were tested using an electronic universal testing ma-
chine (INSTRON 3382) at a crosshead speed of 1 mm/min.
The room temperature dynamic compressive mechanical
properties were carried out using a split Hopkinson pressure
bar at a strain rate of ~ 1 × 103 s−1. The potentiodynamic

polarization curves and Nyquist spectras were recorded using
a standard three-electrode electrode electrochemical test sys-
tem (VERSASTAT 400) at a scan rate of 50 mV/s. The cor-
rosion test surface was the side close to the center of the NZ.
The tensile fracture surfaces and corrosion damage surfaces
were observed using a scanning electron microscope (SEM,
TESCAN MIRA3 XMU). The specific sampling positions
and measured specimens are shown in Fig. 1.

3 Results and discussions

3.1 Microstructure evolution

The surface morphologies of the friction stir welded joints
produced using the CT and BT are presented in Fig. 2.
Welding defects such as grooves and voids are not ob-
served on the surface appearances of the joints, indicating
that sound friction stir welded AZ31 alloy thick plate joints
prepared using the CT and BT under the investigated
welding parameters. However, a large flash is observed
on the surface of the joint prepared using the BT, which
is mainly due to the poor rigid clamping of the BT and
workpieces during FSW. As a result, the effective thick-
ness of the NZ is significantly reduced.

Fig. 1 Schematic diagram of
sampling positions and measured
specimens

Fig. 2 Top surface morphologies
of the friction stir welded joints
prepared using the a CT and bBT
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Generally, the friction stir welded AZ31 alloy joint is
consisted of the BM, HAZ, TMAZ, and NZ due to the micro-
structure differences caused by different thermal cycle and
plastic deformation. In addition, according to the difference
between the rotation direction and forward direction of the
tool, the two sides of the weld seam are defined as the advanc-
ing side (AS) and retreating side (RS), respectively. As a re-
sult, in addition to the HAZ, the TMAZ along the cross section
of the joint is also divided into the AS and RS, respectively.
Moreover, the HAZ and TMAZ on the AS and RS are labeled
in abbreviated forms. For example, the HAZ on the AS is
abbreviated as HAZ-AS. The low magnification OM micro-
structures of the various zones such as the NZ, TMAZ, HAZ,
and BM in the friction stir welded joints prepared using the CT
and BT are exhibited in Figs. 3 and 4, respectively. The BM
consists of equiaxed grains having the mean grain size of
11.2 μm calculated according to the mean liner intercept
method. The microstructures of the HAZ, TMAZ, and NZ in
the joint prepared using the CT are also characterized by
equiaxed grains, as shown in Fig. 3. The average grain sizes
of the HAZ and TMAZ on the AS are 15.1 μm and 25.1 μm,
respectively, while they are 12.2 μm and 16.9 μm on the RS.
The average grain size of the NZ is 18.5 μm. Except that the
grains in the TMAZ on the AS are slightly elongated, the
microstructures of the other regions in the joint prepared using
the BT are still characterized by equiaxed grains, as shown in
Fig. 4. The average grain sizes of the HAZ and TMAZ on the
AS are 20.6 μm and 11.3 μm, respectively, while they are
19.3 μm and 21.9 μm on the RS. The average grain size of
the NZ is 18.9 μm. It can be found that the mean grain size in
the various regions of the friction stir welded joints produced
using the CT and BT is larger than that in the BM.
Furthermore, a large difference in the mean grain size is

observed between the HAZ-AS, TMAZ-AS, and NZ com-
pared to that of the HAZ-RS, TMAZ-RS, and NZ.

For Mg-Al-Zn alloys, in addition to the average grain size,
the distributions of the precipitates and dislocations also have
a significant effect on the mechanical properties and corrosion
performance. The distributions of the precipitates and disloca-
tions of the as-received BM and NZ are shown in Figs. 5 and
6. The number of the Al12Mg17 precipitates in the NZ is more
than that of the BM. Moreover, the distributions of the
Al12Mg17 precipitates in the NZ are also more homogeneous
than that in the BM, as shown in Fig. 5. In addition, some
larger Al12Mg17 precipitates are observed in the NZ prepared
using the BT compared to that of the CT, as shown in Figs. 5b
and c. However, the size of the Al12Mg17 precipitate in the NZ
prepared using the CT is similar to that of the BM, as shown in
Figs. 5a and b. The distribution characteristics of the disloca-
tions in the as-received BM andNZ prepared using the CT and
BT exhibit that a large number of high-density dislocations
and dislocation walls are promoted in the grains of the NZ
compared to the BM, as shown in Fig. 6. In addition to the
formation of a large number of fine recrystallized grains and
subgrains, the high-density dislocations formed at the grain
boundaries of the NZ prepared using the BT are also signifi-
cantly more than that of the CT, as shown in Figs. 6b and c.

Previous studies have confirmed that the recrystallization
temperature of magnesium alloy is about 205 °C [24].
Mironov et al. [25, 26] demonstrated that the welding temper-
ature in the weld seam was increased from ~ 0.57 to ~ 0.85Tm
with increasing the rotation speed from 300 to 2000 rpm dur-
ing the FSW of a 4-mm thick AZ31 magnesium alloy plate,
where Tm was the melting point of the AZ31 magnesium
alloy. As a result, the peak temperature in the weld zone could
easily reach the recrystallization temperature during FSW of

Fig. 3 Microstructures of the friction stir welded joint prepared using the CT a BM, b HAZ-AS, c TMAZ-AS, d NZ, e TMAZ-RS, and f HAZ-RS
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magnesium alloy thick plates, and the dynamic recrystalliza-
tion (DRX) occurred due to the high temperature and severe
plastic deformation [27, 28]. In general, the complete DRX
occurred in the NZ due to the most severe thermal cycle and
plastic deformation. As a result, the equiaxed recrystallized
grains in the NZwere significantly refined due to the complete
DRX. In the TMAZ, incomplete DRX occurred due to the
inadequate thermal cycle and plastic deformation compared
to the NZ. Finally, the TMAZ had relatively larger recrystal-
lized grains and deformed grains compared to the NZ.
However, the HAZ only experienced thermal cycle, which
eventually resulted in grain coarsening. Watanabe et al. [29]
developed a model using the BM grain size (DBM) and Zener-
Hollomon parameter (Z) for calculating grain size of the NZ
(DNZ) varied from to 100 μm.

DNZ

DBM
¼ 103Z−1=3 ð1Þ

The Z can be calculated using the strain rate (ε̇ ), the NZ
temperature (T), and the activation energy (Q) for lattice dif-
fusion and the gas constant (R) [30].

Z ¼ ε̇exp Q=RTð Þ ð2Þ

According to the Eqs. (1) and (2), it could be known that
the welding temperature and strain rate became the main fac-
tors affecting the grain size for a constant BM. Increasing the
strain rate and decreasing the welding temperature could re-
fine the grain size in the NZ.

In the present work, in addition to undergoing the strong
plastic deformation, the NZ also experienced severe thermal
cycle, which resulted in a long high temperature residence
times in the cooling stage. As a result, the recrystallized grains
in the NZ were significantly coarsened. Due to the absence of
heat dissipation between the workpiece and backing plate by
heat conduction, the NZ prepared using the BT experienced a
longer high temperature residence times compared to the CT,

Fig. 5 Distribution characteristics of precipitate in the a BM and NZ prepared using the b CT and c BT

Fig. 4 Microstructures of the friction stir welded joint prepared using the BT a BM, b HAZ-AS, c TMAZ-AS, d NZ, e TMAZ-RS, and f HAZ-RS
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which further resulted in a larger grain size, as shown in Figs.
3d and 4d. It is also well known that, in addition to accelerat-
ing the rapid initiation and propagation of dislocations, the
severe plastic deformation and high welding temperature also
contribute to enhance more supersaturated and metastable sol-
id solutions in the weld zone. In the subsequent cooling stage,
a large number of high-density dislocations, dislocation walls,
and Al12Mg17 precipitates are formed in the NZ. At longer
high temperature residence times, compared with the CT,
more dislocation walls and larger Al12Mg17 precipitates are
formed in the NZ prepared using the BT due to the strength-
ening of dislocation motion and severe growth of the
Al12Mg17 precipitates, as shown in Figs. 5c and 6c. In the
TMAZ and HAZ, the welding temperature on the AS is higher
than that on the RS during FSW. As a result, the grain sizes in
the TMAZ-AS and HAZ-AS prepared using the CT are larger
than those of the TMAZ-RS and HAZ-RS, as shown in Fig. 3.
However, the grain size in the TMAZ-AS prepared using the
BT is smaller than that of the TMAZ-RS, which is probably
due to the main role of the strain rate, as shown in Figs. 4c and
e. The grain size in the HAZ-AS prepared using the BT is
larger than that of the HAZ-RS due to higher heat input, as
shown in Figs. 4b and f. In addition, the peak temperature
difference between the TMAZ and HAZ during FSW with
the CT is greater than that of the BT. Therefore, a large dif-
ference in grain size between the TMAZ and HAZ prepared
using the CT is produced. There is also a large difference in
grain size between the TMAZ-AS and NZ due to the differ-
ence in the peak temperature and strain rate.

3.2 Microhardness

Figure 7 shows the microhardness distributions along the mid-
thickness of the friction stir welded joints prepared using the
CT and BT. Compared with the BM, a very slight variation in
microhardness value of the joints is observed. These phenom-
ena are similar to the previous microhardness test results in
friction stir welded AZ31 alloy joints produced using the CT

[31] and BT [32]. The microhardness values vary between
54 HV and 59 HV. The microhardness distribution exhibits
a relatively obvious discontinuity between the NZ and
TMAZ-AS. The mean microhardness value in the NZ of the
joint prepared using the BT is larger than that of the CT. In this
study, it can be seen that the influence of grain size on micro-
hardness does not follow the Hall-Petch equation.

It is well known that the changes in microhardness values
are mainly related to the grain size, dislocation density, and
precipitate or intermetallic compound distribution. The BM
used in the present work is not precipitation-strengthened non-
ferrous metal material. Therefore, the changes in dissolution
and reprecipitation of the Al12Mg17 during FSW do not play a
substantial role in the microhardness value. The microhard-
ness value in the FSW ofAZ31 alloy depends on the grain size
and dislocation. According to the Hall-Petch relationship, the
microhardness values in the friction stir welded joints should
be smaller than that in the BM due to the larger grains, but the
microhardness values in the joints and BM are basically iden-
tical. The slight change in the microhardness value of the joint

Fig. 6 Microstructure characteristics of the a BM and NZ prepared using the b CT and c BT

Fig. 7 Microhardness distributions of the friction stir welded joints
prepared using the CT and BT
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is probably related to the change of the dislocation density and
residual stress. Esparza et al. [33] found that a slight increase
in the microhardness value of the NZ during FSW of a 6.4-
mm thick AZ31 alloy plate is attributed to relatively high-
density dislocations and residual stresses. In this study, more
high-density dislocations in the NZ of the friction stir welded
joint prepared using the BT are produced compared to that of
the CT. As a result, a relatively high microhardness value is
exhibited in the NZ of the joint prepared using the BT, as
shown in Fig. 7.

3.3 Tensile properties

Figure 8 illustrates the tensile test results of the BM and fric-
tion stir welded joints produced by the CT and BT. The ulti-
mate tensile strength (UTS), yield strength (YS), and elonga-
tion (EL) extracted from the stress-strain curves of the BM and
joints are also exhibited in Fig. 8. It is clear that the tensile
properties of all friction stir welded joints are inferior to the
BM. This is consistent with the results in FSW of AZ31 alloy
carried out by Commin et al. [31] and Li et al. [32], who also
found a reduction in tensile properties. The UTS, YS, and EL
of the joint prepared using the CT reach 85.3%, 49.1%, and
72.0% of those of the BM, respectively, whereas 83.5%,
61.6%, and 89.9% in the joint prepared using the BT.
Compared with the CT, the joint prepared by the BT exhibits
more excellent tensile properties.

The explanations about the tensile strength degradation of
the friction stir welded AZ31 alloy joints mainly focus on the
following aspects. Firstly, the UTS and YS are related to the
microhardness value of the joint. In fact, low microhardness
value region in the joint always exists in the transition regions
of TMAZ/NZ [24, 32, 33]. It is easy to form stress concentra-
tion in the low microhardness region during tensile test, which
further leads to crack initiation and propagation in this region.

Secondly, different crystal orientation exists in the various re-
gions of the joint due to the difference in the thermal cycle and
plastic deformation [34]. In the process of tensile test, incom-
patible deformation occurs in the adjacent regions of the joint
due to different crystal orientation in favor of different defor-
mation mechanism. As a result, the fracture occurs in this re-
gion. Thirdly, dislocation density and residual stress in the var-
ious regions of the joint have an obvious effect on the joint
strength [33]. The low dislocation density cannot effectively
prevent the dislocation movement during tensile test, and it is
easy to preferentially form localized plastic deformation and
crack in this region. In addition, the residual tensile stress in
the joint can reduce the total tensile stress, resulting in a reduc-
tion in the joint strength. In this study, a low microhardness
value and obvious microstructure difference in the transition
region of the TMAZ-AS/NZ are exhibited, which induces the
friction stir welded AZ31 alloy thick plate joint to fracture in
this region during tensile test, as shown in Figs. 9a and d. In
addition to the formation of a large number of high-density
dislocations and dislocation walls in the NZ, a relatively more
homogeneous microstructure of the joint prepared by the BT is
exhibited compared to the CT. As a result, the joint prepared by
the BT exhibits higher YS and EL than those of the CT.

Figure 9 presents details of the fracture locations and frac-
ture surfaces of the friction stir welded AZ31 alloy thick plate
joints after tensile test. Three different zones on the fracture
surface of the joints presenting brittle and ductile fracture fea-
tures were observed, as shown in Figs. 9a and d. The brittle
fracture occurs on the surface of both sides of the joint, where
characterizes by a large number of cleavage planes and shear-
ing lips, as shown in Figs. 9c and f. The ductile fracture occurs
in the center of the joint fracture surface, where characterizes by
a large number of shallow dimples at the CT and large tearing
ridges at the BT, as shown in Figs. 9b and e. Furthermore,
compared with the BT, the fracture surface of the joint prepared
by the CT is flatter. This is consistent with the tensile test
results, of which the EL is smaller than that of the BT.

3.4 Dynamic compressive mechanical properties

Figure 10 indicates the typical compressive stress-strain
curves of the BM, and various regions in the friction stir
welded joints produced by the CT and BT and the correspond-
ing YS, ultimate compressive strength (UCS), and compres-
sive fraction elongation (CFE) are summarized in Table 1.
The YS, UCS, and CTE of the as-received BM are
180.7 MPa, 326.5 MPa, and 8.3%, respectively. Compared
with the BM, in addition to a slight fluctuation in the UCS,
the YS of the various regions in the joint, especially in the NZ,
is reduced to a certain extent. However, the various regions in
the joint exhibit better CFE than that of the BM. In addition,
the YS and UCS of the various regions in the joint prepared by
the BT are better than those of the CT.

Fig. 8 Tensile properties of the BM and friction stir welded joints
prepared using the CT and BT
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It is well known that the main factors affecting the dynamic
compressive mechanical properties of magnesium alloy can
be attributed to the following aspects. Firstly, the dynamic
compressive mechanical properties are related to the basal
texture. The basal slip and {10–12} extension twins with
low critical shear stress are the most important plastic

deformation mechanism during compression test [35, 36].
The {10–12} extension twinning can easily result in the acti-
vation of pyramidal slip or contraction twins during high
strain rate compression test, which requires high stress [37].
Secondly, the dislocation density, subgrain, and precipitate
characteristic have a significant influence on the dynamic

Fig. 9 Fracture location and fractography of the friction stir welded joints prepared using the a-cCT and d-f BT, and magnified morphologies of areas b
A, c B, e C, and f D

Fig. 10 Dynamic properties of
the friction stir welded joints
prepared using the a CT and bBT

Table 1 Dynamic compressive
mechanical properties of the BM
and various regions of the friction
stir welded joints

Samples CT BT

YS (MPa) UCS (MPa) CFE (%) YS (MPa) UCS (MPa) CFE (%)

HAZ-AS 178.3 338.4 9.3 205.6 357.9 9.5

TMAZ-AS 141.2 308.6 9.5 177.2 340.4 10.0

NZ 71.2 209.5 10.3 81.3 251.3 10.1

TMAZ-RS 122.5 299.8 9.6 129.5 314.3 9.3

HAZ-RS 169.6 328.6 10.0 176.5 338.4 10.2
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compressive mechanical properties. The high-density disloca-
tions, subgrain boundaries, and precipitates in the grain
boundaries inhibit the dislocation movement and nucleation
and growth of adjacent grains during compression test, which
play a role in pinning strength [38]. As a result, the dynamic
compressive mechanical properties are enhanced. Thirdly, the
grain size has an effect on the dynamic compressive mechan-
ical properties. According to the Hall-Petch law, the yield
stress (σYS) can be calculated by the grain size (d) [39].

σYS ¼ σ0 þ kd−1=2 ð3Þ

where σ0 is the material constant, and k is the slope.
It is evident from the Eq. (3) that the fine grain size can

effectively improve the strength. It is also found that the
decrease in grain size can increase the critical shear stress
for activating {10–12} extension twins [39]. In this study,
the mean grain size and basal texture in the BM are finer
and stronger than those in the various regions of the joints,
resulting in excellent dynamic compressive mechanical
properties. Previous results in the FSW of magnesium al-
loys have demonstrated that different crystal orientation
exists in the various regions of the joint due to the differ-
ence in the plastic deformation and thermal cycle [34]. In
addition to the dislocation density, the number and distri-
bution of the precipitates are larger and more homogeneous
in the various regions of the joint prepared by the BT than
those of the CT, which further resulting in better dynamic
compressive mechanical properties. However, in addition
to the difference of the crystal orientation, the differences
of the dislocation density, precipitates, and grain sizes in
the various regions of the joint result in a various dynamic
compressive mechanical properties, as shown in Fig. 10.

3.5 Corrosion resistance

Figure 11 illustrates the potentiodynamic polarization curves
of the BM and various regions of the friction stir welded joints

produced using the CT and BT in a 3.5 wt% NaCl solution.
The corresponding self-corrosion potential and self-corrosion
current calculated using the Tafel extrapolation method are
summarized in Table 2. The self-corrosion potential and
self-corrosion current of the BM are − 1.49 V and 1.83 ×
10−4 A, respectively. Compared with the BM, the various
regions in the joints exhibit excellent corrosion resistance,
especially in the joint prepared by the BT. The self-
corrosion potential increases from − 1.49 to − 1.37 V, whereas
the self-corrosion current decreases from 1.83 × 10−4 to
4.86 × 10−5 A.

Figure 12 shows the Nyquist spectras of the BM and
various regions of the friction stir welded joints produced
by the CT and BT. It can be seen from the Nyquist spectras
that the diameters of the capacitive loops in the various
regions of the joints are obviously larger than that of the
BM. In addition, the diameters of the capacitive loops in
the various regions of the joint produced by the BT are
significantly larger than that of the CT. The Nyquist spec-
tras also ascertain that the various regions of the joints
prepared by the CT and BT, especially by the BT, have a
better corrosion resistance than that of the BM.

Figure 13 presents the corrosion attack morphologies of the
BM and various regions of the friction stir welded joint pro-
duced by the BT after corrosion test. The corrosion pits on the
corrosion attack surface of the BM are large and deep, which
indicate that the BM has suffered severe corrosion attack, as
shown in Fig. 13a. Relatively small and shallow corrosion pits
are observed on the surface of the HAZ-AS and HAZ-RS, indi-
cating that the corrosion attack in these regions is less than that
in the BM, as shown in Figs. 13b and f. In the TMAZ-AS and
TMAZ-RS, some small and shallow corrosion pits are widely
distributed on the corrosion surface, which indicates that a rela-
tively homogeneous corrosion attack has been experienced in
these regions, as shown in Figs. 13c and e. However, in the NZ,
the corrosion pits observed on the corrosion surface are larger
and deeper than that in the TMAZ, but smaller and shallower
than that in theHAZ, as shown in Fig. 13d. It can be inferred that

Fig. 11 Potentiodynamic
polarization curves of the BM and
friction stir welded joints
prepared using the a CT and bBT
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the corrosion attack in the NZ is more severe than that in the
TMAZ, but less than that in the HAZ.

It is well known that the corrosion resistance of the Mg-Al-
Zn alloy is mainly affected by grain size and precipitate char-
acteristics according to the previous research results [40–42].
Seifiyan et al. [40] found that the friction stir processed AZ31

alloy exhibited excellent corrosion resistance due to the for-
mation of fine grain structure. Liu et al. [41] demonstrated that
plentiful grain boundaries could enhance the corrosion resis-
tance of ultrafine-grained AZ31 alloy prepared by severe shot
peening due to the rapid formation of a relatively compact and
stable passive film. However, Liu et al. [42] reported that the

Fig. 12 Nyquist spectras of the
BM and friction stir welded joints
prepared using the a CT and bBT

Table 2 Electrochemical parameters of potentiodynamic polarization curves of the BM and friction stir welded joints calculated by the Tafel
extrapolation method

Samples Self-corrosion potential (V) Self-corrosion current (A)

HAZ-AS TMAZ-AS NZ TMAZ-RS HAZ-RS HAZ-AS TMAZ-AS NZ TMAZ-RS HAZ-RS

CT − 1.44 − 1.45 − 1.46 − 1.48 − 1.46 2.82 × 10−4 1.26 × 10−4 1.70 × 10−4 1.51 × 10−4 1.56 × 10−4

BT − 1.48 − 1.45 − 1.43 − 1.37 − 1.41 2.37 × 10−4 5.73 × 10−5 8.75 × 10−5 4.86 × 10−5 1.10 × 10−4

Fig. 13 Corrosion morphology on the surface of the a BM, b HAZ-AS, c TMAZ-AS, d NZ, e TMAZ-RS, and f HAZ-RS prepared using the BT
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size and distribution of the precipitates are the main factors
affecting the corrosion resistance of the Mg-Al-Zn alloys. The
precipitates mainly improve the corrosion resistance of Mg-
Al-Zn alloys by altering the galvanic corrosion between α-
Mg/precipitate. In this study, although the mean grain sizes
in the various regions of the joints are larger than that in the
BM, the corrosion resistances of these various regions are
better than that of the BM. It can be inferred that the main
factor affecting the corrosion resistance of the friction stir
welded AZ31 alloy thick plate joint is not the mean grain size
but the size and distribution of the Al12Mg17 precipitate. The
sizes and distributions of the Al12Mg17 precipitates in the NZ
prepared by the BT are larger and more uniform than those of
the CT, which result in better corrosion resistance in this re-
gion. In addition to forming uniform distributions, the sizes of
the Al12Mg17 precipitates in the TMAZ are likely to be smaller
than those in the NZ, which is mainly due to the inadequate
plastic deformation and thermal cycling. As a result, the
TMAZ exhibits better corrosion resistance than that of the
NZ. In the HAZ, some Al12Mg17 precipitates are coarsened
to some extent due to the thermal cycle, resulting in poor
corrosion performance in this region. In addition, because
the thermal cycle and plastic deformation along the plate
thickness direction of the various regions in the friction stir
welded joints prepared by the BT are significantly more uni-
form than those of the CT, the sizes and distributions of the
Al12Mg17 precipitates in these regions are also more uniform
than those of the CT. As a result, the various regions in the
friction stir welded joint prepared by the BT exhibit better
corrosion resistance than those of the CT.

4 Conclusions

(1) Sound friction stir welded AZ31 alloy thick plate joints
without any defects were produced using both CT and
BT. A large number of Al12Mg17 precipitates and high-
density dislocations in the NZ were obtained. A relative-
ly more homogeneous microstructure between the adja-
cent regions of the joint prepared by the BT was ob-
served compared with the CT.

(2) The friction stir welded AZ31 alloy thick plate joint pro-
duced using the BT exhibited excellent tensile properties
and dynamic compressive mechanical properties due to a
relativelymore homogeneousmicrostructure and a larger
number of precipitates and high density dislocations
compared with the CT. The joint efficiency reached
83.5~85.3% of the BM, whereas all the joints presented
significantly lower YS than that of the BM. All the joints
fractured in the transition region of the TMAZ-AS/NZ.

(3) The corrosion resistance of the various regions in the
friction stir welded joint produced by the BT was signif-
icantly enhanced compared to the BM. The self-
corrosion potential increased from − 1.49 to − 1.37 V,
whereas the self-corrosion current decreased from
1.83 × 10−4 to 4.86 × 10−5 A. The main factor affecting
the corrosion resistance of the joint was the sizes and
distributions of the precipitates rather than the mean
grain size.

(4) FSW with BT was considered to be the most effective
method for welding AZ31 alloy thick plate due to for-
mation of the relatively homogeneous microstructure
and excellent mechanical and corrosion resistance
properties.
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