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Abstract: A 20 mm-thick AZ31 Mg alloy plate was welded by friction stir welding, and the microstructure and 
mechanical properties of the joint were characterized in five layers along the thickness direction. The results showed 
that the grain size in the stir zone was uneven due to different welding temperatures and temperature drop rates. 
Different strong textures formed in different zones of the joint were mainly related to the material flow behavior. The 
yield strength and ultimate tensile strength (UTS) of the layered samples gradually increased from the top to the bottom 
surfaces of the joint. The elongation first increased from 9.5% to 10.5% and then decreased to 6.0% along the thickness 
of the joint. The UTS of the whole joint reached 88.5% that of the base material. The main strengthening mechanism of 
the joint was fine-grain strengthening. 
Key words: microstructure evolution; mechanical properties; strengthening mechanism; friction stir welding; 
magnesium alloy; thick plate 
                                                                                                             
 
 
1 Introduction 
 

Magnesium (Mg) alloys have been widely 
used in aerospace, military equipment and railway 
industry owing to their low density, high specific 
strength and stiffness [1]. With the development 
requirements of lightweight, thick Mg alloy plates 
have attracted considerable attention. However, 
thick Mg alloy plates welded using traditional 
fusion welding technique are prone to generate 
defects, such as pores [2,3], hot cracks [4] and large 
distortion [5]. In particular, multi-pass fusion 
welding easily induces the formation of such 
defects, which severely impacts the mechanical 
properties of the joint [6]. Therefore, a new welding 
technique should be developed to realize high- 
quality joining of thick Mg alloy plates. 

Friction stir welding (FSW) is a solid state 
welding technique [7], in which a high-speed 
rotating tool is used to soften and mix the materials, 
thus achieving welding [8,9]. Compared with 
traditional fusion welding technique, FSW exhibits 
many advantages, such as low heat input, no flux 
and low residual stress [10,11]. 

Currently, FSW has been successfully 
employed to weld thick aluminum (Al) alloy plates. 
It has been reported that the strength and joining 
efficiency of thick Al alloy plates welded using 
FSW were higher than those welded using fusion 
welding [12]. Until now, only thin Mg alloy plates 
have been successfully welded using FSW. There is 
a lack of research on welding thick Mg alloy plates 
using FSW. Compared with thin plates, thick Mg 
alloy plates welded using FSW should exhibit the 
following characteristics. 
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Firstly, compared with the welding of thin 

plates, more heat input would be generated during 
the welding of thick Mg alloy plates with a large 
stir tool [13], According to previous research on the 
welding of thin Mg alloy plates, a high heat input 
yielded a larger grain size [14], which weakened fine- 
grain strengthening and reduced the mechanical 
properties of the joint [15]. However, whether this 
phenomenon will be observed in the FSW of thick 
Mg alloy plates needs to be experimentally verified. 

Secondly, the grain orientation is one of the 
main factors that influence the mechanical 
properties of Mg alloy joints [16]. It was believed 
that the basal plane was distributed along the 
circumferential surface of the pin owing to the 
shearing effect of the stir tool during the FSW of 
thin Mg alloy plates [17,18]. For thick Mg alloy 
plates, a large strain gradient will be generated 
along the thickness of the joint, which may induce a 
new characteristic in the grain orientation. 

Thirdly, an uneven microstructure inevitably 
occurs under significant temperature and strain 
gradients along the thickness of the FSW joint, 
which will affect the strength of the joint. For 
example, MAO et al [19] used FSW to weld thick 
AA7075-T6 alloy plates. They found that the 
microstructure along the thickness direction 
suffered from different thermal cycles, which led to 
considerable differences in the microstructure and 
mechanical properties of the layered samples. A 
similar phenomenon was also reported by ZHAO  
et al [20], who found that the FSW joint of thick 
7N01 Al alloy plate exhibited low strength due to 
uneven microstructure and mechanical properties in 

the thickness direction. Based on the above 
consideration, in this study, it is necessary to focus 
on the uniformity of the microstructure and 
mechanical properties in the thickness direction of 
the joint. Moreover, it is also essential to establish 
the relationship between the microstructure and 
mechanical properties of the joint. 

Therefore, in this study, a 20 mm-thick AZ31 
Mg alloy plate was welded by FSW. The 
microstructure and mechanical properties of the 
joint were studied, and the welding temperature 
during FSW was measured. Moreover, the 
distribution characteristics of the grain size and the 
formation mechanism of the grain orientation along 
the thickness direction were revealed. The 
relationship between the microstructure and 
mechanical properties of the joint was established. 
 
2 Experimental 
 

In this study, hot-rolled plate of AZ31 Mg 
alloy with dimensions of 500 mm × 80 mm × 
20 mm (length × width × thickness) was used as the 
base material (BM). FSW was performed using a 
FSW machine (FSW-LM-BM16) operated at a 
welding speed of 100 mm/min and a rotating speed 
of 400 r/min. The stir tool was made of H13 steel 
and composed of a concave double-ring shoulder 
with a diameter of 35 mm, a length of 19.7 mm 
right threaded tapered pin with diameters of 8.9 mm 
(the top) and 19.7 mm (the root). The tool tilt was 
set to be 3° at a plunge depth of 0.3 mm. The 
welding direction was parallel to the rolling 
direction of plates (Fig. 1(a)). WRNK−191 K-type  

 

 
Fig. 1 Diagram of FSW process and sampling location (a), positions of blind holes for temperature measurement during 
FSW (b), and geometric parameters of tensile sample (c) (WD, TD and ND represent welding, transversal and normal 
directions, respectively; AS and RS represent advancing and retreading sides, respectively) (Unit: mm) 



Qiang LIU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3295−3308 3297 

thermocouples were used to measure the 
temperature evolution during FSW. Five blind holes 
were prefabricated on the sides of two butting 
plates along the thickness direction, and the 
thermocouples were inserted into the blind holes 
(Fig. 1(b)). 

After FSW, a metallographic sample with 
dimensions of 60 mm × 20 mm × 10 mm was cut 
along the transverse direction (TD) (Fig. 1(a)). 
After being mechanically ground and polished, the 
sample was etched with a corrosive liquid (1 mL 
nitric acid, 1 mL acetic acid, 1 g oxalic acid and 
150 mL water) for 15 s. The cross-sectional 
macrostructure of the sample was observed by the 
optical microscopy (OM, Nikon SMZ 1000). The 
grain morphology and orientation were analyzed by 
scanning electron microscope (SEM, Zeiss Gemini 
SEM 300) equipped with an electron backscatter 
diffraction (EBSD, Oxford Nordlys Nano) tool. 
After mechanical polishing, the EBSD sample was 
electropolished using 10% alcohol perchlorate for 
3 min at −30 °C and 12 V. For EBSD, the samples 
were subjected to a voltage of 20 kV at a working 
distance, step length and tilt angle of 14 mm, 
0.7 μm and 70°, respectively. The dislocation 
density of the joint was analyzed by X-ray 
diffraction (XRD, D8 ADVANCE A25) and 
calculated by Eqs. (1) and (2) [21]:  

cos 2 sinhkl hkl hklD
λδ θ ε θ= +                 (1) 

 
2

Total 0 2
ρ k

b
ε

=                            (2) 
 
where δhkl is the half-height width of the modified 
XRD diffraction peak; θhkl is the Bragg angle; λ is 
the wavelength (0.154 nm); D is the grain size; ε is 
the internal strain; ρTotal is the dislocation density; b 
is the amplitude of Burgers vector (0.32 nm); k0 is a 
constant (which is equal to 1 for Mg alloys) [22]. 

A semi-automatic microhardness tester 
(401MVD) was used to perform microhardness test 
on the entire cross-section of the joint, in which the 
test interval was 1 mm, the load was 200 g, and 
dwell time was 15 s. Tensile samples were cut along 
the TD (Fig. 1(c)). To evaluate the tensile properties 
along the thickness direction, the tensile samples 
were divided into five layers, named Layers 1, 2, 3, 
4 and 5 from the top to the bottom surfaces of the 
joint, respectively. The thickness of the layered 
tensile sample was 3.8 mm, and the other sizes were 

consistent with those of the sample in Fig. 1(c). 
Tensile tests were performed at room temperature 
using an electronic universal testing machine 
(CMT5205) at a tensile speed of 1 mm/min. All 
experiments were replicated three times to ensure 
the reliability of the experiments. 
 
3 Results 
 
3.1 Temperature fields 

Figure 2 shows the schematic diagram of the 
temperature measurement positions and temperature 
curves during FSW. Along the horizontal direction, 
the peak temperature of the thermo-mechanically 
 

 
Fig. 2 Temperature measurement positions (a), and 
temperature curves in different thicknesses of joint (b, c) 
(Points R1−R5 are located in TMAZ-RS, and points 
A1−A5 are located in TMAZ-AS) 



Qiang LIU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3295−3308 3298 

affected zone on the advancing side (TMAZ-AS) 
was higher than that in the thermo-mechanically 
affected zone on the retreading side (TMAZ-RS). 
The reason was that the material in the TMAZ-AS 
suffered greater shearing force and generated more 
frictional heat and deformation heat than that in the 
TMAZ-RS [19]. Similar result was also reported by 
ALBAKRI et al [23]. 

The welding temperature gradually decreased 
from Layer 1 to Layer 5 along the thickness 
direction. The peak temperatures of the TMAZ-AS 
and TMAZ-RS reduced from 556 to 404 °C and 
from 504 and 369 °C, respectively (Figs. 2(b) and 
(c)). This was because the heat input was mainly 
derived from the shoulder, and gradually decreased 
as it moved away from the shoulder. KIM et al [24] 
modelled the temperature distribution of a thin plate 
along the thickness direction during FSW. The 
results showed that the temperature distribution of 
the thin plate was similar to that of the thick plate, 
while the temperature difference (<40 °C) was 
small. In addition, the temperature drop rate of 
Layer 1 (Fig. 2(c)) was significantly faster than that 
of the other layers. This was because Layer 1 
directly contacted with the atmosphere. In summary, 
the temperature distribution of FSW joints of thick 
Mg alloy plates along the horizontal and thickness 
directions was basically the same as that in the thin 
plates, whereas the temperature difference was 
considerably greater. 
 
3.2 Macrostructure 

Figure 3 shows the cross-sectional macro- 
structure of the joint, which shows no obvious 
defects such as micro-holes and cracks. Based on 
the microstructural characteristics, the joint can   
be divided into the stir zone (SZ), thermo- 
mechanically affected zone (TMAZ) and base metal 

(BM), whereas without obvious heat affected zone 
(HAZ). Moreover, an obvious shoulder effect zone 
at the top of the SZ (blue dashed line) can be 
observed, where the material underwent severe 
plastic deformation owing to the shearing effect of 
the shoulder. 
 

 
Fig. 3 Cross-sectional macrostructure of joint 
 
3.3 Microstructure 

Figure 4 shows the microstructure of the BM, 
which shows an obvious texture with an average 
grain size of 14.6 µm (Fig. 4(a)). The c-axis of 
grains was parallel to ND, indicating a typical 
rolled texture. The maximum pole density was 15.5 
(Fig. 4(b)). 

Figure 5 shows the grain morphologies in 
different zones of the joint. Along the horizontal 
direction, the grain size of the SZ from Layer 1 to 
Layer 4 was larger than those of the TMAZ and BM, 
which was inconsistent with the results reported by 
LI et al [25]. They found that the grain size of the 
SZ was smaller than those of the TMAZ and BM, 
attributing to the gradual decreasing degree of 
dynamic recrystallization from the SZ to TMAZ. 
Numerous studies had shown that the SZ grains   
of thin plate were significantly refined after   
FSW [26−28]. However, in this work, the grains of 
the SZ were coarsened. There were two main 
reasons for this phenomenon. Firstly, the heat input 
was excessively high during FSW of the thick   
Mg alloy plate, resulting in the grains coarsening. 

 

 

Fig. 4 Microstructure of BM: (a) Grain morphology; (b) Pole figure 
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Fig. 5 Grain morphologies of different zones in each layer of joint: (a1−a5) TMAZ-RS; (b1−b5) SZ; (c1−c5) TMAZ-AS 
 
Secondly, the heat dissipation rate of TMAZ was 
higher than that of the SZ along the horizontal 
direction. Moreover, Layer 5 had a lower heat input 
due to its larger distance from the shoulder, 
resulting in a smaller grain size of the SZ and 
TMAZ than that of BM (Figs. 5(a5, b5, c5). 

Comparatively, the grain size varied 
significantly along the thickness direction of the 
joint. The grain size of the SZ was 28.2 μm (Layer 
2), 21.8 μm (Layer 3), 18.7 μm (Layer 1), 17.2 μm 
(Layer 4) and 11.4 μm (Layer 5). The grain size 
from Layer 2 to Layer 5 followed a rule that the 
lower the temperature was, the smaller the grain 
size was. According to the distribution of welding 
temperature (Fig. 2(b)), the temperature of Layer 2 

was significantly lower than that of Layer 1 and the 
grain size of the former should have been smaller 
than that of the latter; however, the opposite result 
was observed. The main reasons for this are as 
follows. Firstly, the high strain rate triggered     
by the shoulder induced the grain refinement in 
Layer 1 [29]. Secondly, the cooling rate of Layer 1 
was fast, inhibiting grain growth [30]. A similar 
grain evolution in the TMAZ was observed along 
the thickness direction. 

Figure 6 shows the pole figures of the {0001} 
basal plane for different layers of the joint, which 
exhibits an obvious texture. In SZ, the c-axis of 
grains was tilted towards the WD by approximately 
16°, 20° and 23° for Layers 2−4, respectively,  
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Fig. 6 Pole figures of different zones in each layer of joint: (a1−a5) TMAZ-RS; (b1−b5) SZ; (c1−c5) TMAZ-AS 
 
almost perpendicular to the circumferential surface 
of the pin (Figs. 6(b2−b4)). Notably, the grain 
orientations of Layers 1 and 5 were different from 
those of the other layers, and the c-axis of grains 
deflected towards TD by 12° and 16°, respectively 
(Figs. 6(b1) and (b5)). Similar results were also 
reported by PARK et al [18]. Generally, the c-axis 
of grains was perpendicular to the circumferential 
surface of the pin, because the material underwent 
shear deformation, and the basal slip was activated 
during FSW. However, the grains of Layers 1 and 5 
were constrained by the tool shoulder and backing 
plate, respectively, resulting in the deflection of the 
c-axis towards TD [18]. 

The angles between the c-axis of grains    
and the WD in the TMAZ-AS were 72°−85° 

(Figs. 6(c1−c5)), whereas those between the c-axis 
and the WD in the TMAZ-RS were 63°−81° 
(Figs. 6(a1−a5)). However, SHANG et al [31] 
reported that the angle between the c-axis and WD 
in the TMAZ-RS was 10°−90°, and the c-axis was 
roughly parallel to TD in the TMAZ-RS. They 
explained that the phenomenon was mainly related 
to the material flow under the shearing effect of the 
pin. The aforementioned results showed that the 
material flow of thick Mg plate in the TMAZ was 
different from that of a thin plate. 
 
3.4 Mechanical properties 
3.4.1 Microhardness 

Figure 7 presents the microhardness distribution 
in the cross-section of the joint. The average micro- 
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Fig. 7 Cross-sectional microhardness distribution of joint 
 
hardness was HV 51 in BM, while SZ showed the 
highest microhardness value of HV 61. The micro- 
hardness gradually decreased away from the centre 
of the weld, and reached the lowest value of  
HV 43 near the TMAZ-RS. Similar result was also 
reported by XIN et al [32]. According to the Hall–
Petch relationship, a small grain afforded high 
microhardness. In the present work, Layer 2 
showed the largest grains (Fig. 5), whereas its 
microhardness was not the lowest. This was 
because that the basal slip was difficultly activated 
when the c-axis of grains was parallel or 
perpendicular to the force direction (Fig. 6(b2)), 
resulting in high microhardness [33]. The above 
results indicated that the grain orientation strongly 
influenced the microhardness distribution in this 
study. 
3.4.2 Tensile properties 

Figure 8 shows the tensile properties of the 
BM, FSW joint and layered samples. The yield 
strength (YS) and ultimate tensile strength (UTS) of 
BM were 150 and 243 MPa, and those of the joint 
were 77 and 215 MPa, respectively. Compared with 
BM, the YS and UTS of the joint were reduced by 
48.7% and 11.5%, respectively. There are two 
reasons for the decrease of the strength. On the one 
hand, the fine-grain strengthening effect was 
weakened due to grain coarsening. On the other 
hand, the inhomogeneous grain size and orientation 
along the thickness direction (Figs. 5 and 6) led to 
the uneven strength (Fig. 8). During tensile testing, 
local stress concentration was generated owing to 
uneven plastic deformation, which easily promoted 
the initiation of the cracks. The elongation (EL) of 
the joint (8.5%) was also considerably lower than 
that of BM (17.7%). Generally, a larger the grain 
size yielded a better EL of materials [34]. However, 
in this work, although the grain size of the joint  
was larger than that of BM, the EL was significantly 

 
Fig. 8 Tensile properties of BM, FSW joint and layered 
samples 
 
lower. This could be attributed to the strong basal 
texture of the joint [35]. 

The YS and UTS of the layered samples 
showed increasing trends along the thickness 
direction. The EL increased from 9.5% to 10.5% for 
Layers 1 to 2, and then gradually decreased to 6.0% 
for Layer 5. It is worth mentioning that both the YS 
and UTS of Layers 1−4 were lower than those of 
the joint, except for Layer 5. This indicated that 
Layers 1−4 caused lower joint strength. In 
particular, Layers 1 and 2 had the greatest effect on 
reducing the YS of the joint, Layers 1 and 3 had the 
greatest impact on reducing the UTS of the joint, 
and Layers 4 and 5 had the greatest effect on 
reducing the EI of the joint. 

Figure 9 shows the macroscopic fracture 
morphologies of the BM and joint after tensile 
testing. The crack propagation path of BM sample 
followed a zigzag shape (Fig. 9(a)), which was 
attributed to the simultaneous occurrence of crack 
initiation and propagation at different locations 
during tensile testing. For the joint, the crack 
propagated along the TMAZ-AS (Fig. 9(b)) because 
the angle between the c-axis of grains and the 
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tensile direction was approximately 45° in this 
region (Fig. 6), which resulted in the easy activation 
of the basal slip. 
 

 
Fig. 9 Macroscopic fracture morphologies of tensile 
samples: (a) BM; (b) FSW joint 
 

To verify the position of crack initiation, the 
strain hardening capacity of each layer can be 
calculated by Eq. (3) [36]:  

b y
c

y

σ σ
H

σ
−

=
                           (3)  

where Hc is the strain hardening capacity; σb and σy 
are the UTS and YS, respectively. The Hc values  
of Layers 1−5 were 2.5, 2.5, 2.0, 2.1 and 1.6, 
respectively. Compared with the other layers, Layer 
5 showed the lowest Hc value, indicating that Layer 
5 had the lowest strain hardening ability. It can also 
be observed that the crack initiated in Layer 5, as 
shown in red rectangle (Fig. 9(b)). Therefore, 
although Layer 5 showed the highest UTS and YS, 
it exhibited poor coordinated deformation ability 
during the tensile deformation, resulting in the 
occurrence of cracking. In summary, uneven  
plastic deformation caused by the microstructural 
inhomogeneity was the main reason for the 
premature failure of the joint. 
 
4 Discussion 
 
4.1 Microstructure evolution 
4.1.1 Grain size evolution 

The grain size was related to the welding 
temperature and strain rate. A high welding 

temperature and low strain rate usually generate a 
larger grain size [14]. The Zener–Holloman parameter 
(Z) reflects the combined effects of the welding 
temperature and strain rate on the grain size [29]. 
Consequently, the quantitative relationship between 
the grain size and the Z parameter was established 
by Eqs. (4) and (5) [37−39]:  

exp
Q

Z
RT

ε  
=  

 


                          (4)  
Zd 

m1=A                                 (5) 
 
where Z is the Zener–Holloman parameter; ε  
represents the strain rate; Q is the lattice diffusion 
activation energy (135 kJ/mol [29]); R is the molar 
gas constant (8.314 J/(mol·K)); T is the peak 
temperature of SZ during FSW; d is the grain size; 
m1 is the grain size index; A is a constant. 

Since the peak temperature of SZ could not  
be measured, the average value of the peak 
temperatures of TMAZ-AS and TMAZ-RS was 
used as the peak temperature of the SZ. The strain 
rate was calculated by the equation ε =(Rm·2πre)/Le, 
where Rm was the average flow rate of the material, 
which was assumed to be half of the rotation speed 
(200 r/min) [37]; re and Le were the effective radius 
and thickness of the dynamic recrystallization areas 
of different layers respectively, which could be 
calculated as 0.78 times the boundary radius and 
thickness of the recrystallization areas [14]. The re 
values of Layers 1−5 were 11.0, 8.5, 6.5, 4.7 and 
3.3 mm, respectively, and the Le is 3.1 mm. 

Figure 10 shows the relationship between the 
grain size and the Z parameter, revealing that the 
larger the Z value was, the smaller the grain size 
was. The quantitative relationship between the grain 
size d and the Z parameter in the SZ for Layers 2−5 
was obtained by linear fitting as follows:  
ln d=14.85−0.44ln Z                      (6) 
 

It should be noted that the relationship 
between the grain size and the Z parameter in the 
SZ for Layer 1 did not accord with this law due to a 
fast cooling rate. 

The above studies showed that a low welding 
temperature and a high strain rate could increase the 
Z value and thus refine grains. The strain rates    
of Layers 2−5 were 114, 87, 63 and 44 s−1, 
respectively, showing a gradual decreasing trend. In 
general, grain size should be gradually coarsened, 
which was contrary to the actual result. However, 
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the variation of temperature was consistent with 
that of grain size, which indicated that the influence 
of the temperature on the grain size was greater 
than that of the strain rate during FSW. Similar 
result has been reported by ZHANG and WU [40]. 
 

 
Fig. 10 Relationship between grain size and Z parameter 
in different layers of joint 
 
4.1.2 Texture evolution 

Previous studies showed that the plastic 
deformation was mainly affected by the shearing 
action of the stir pin during FSW of thin Mg  
plates [18]. Under the condition of plastic 
deformation mechanism dominated by basal slip, 
the basal plane underwent shear deformation along 
the circumference of the stir pin, resulting in the 
basal plane parallel to the circumference of the stir 
pin (shear surface), and the c-axis perpendicular  
to the rotation direction of the stir pin (shear 
direction) [17]. To clarify the relationship between 
the grain orientation and shear deformation in   
this study, the grain orientation was transformed 
from the sample coordinate system to the shear 
coordinate system (comprising the shear plane and 
shear direction), as shown in Fig. 11. The sample 
and shear coordinate systems were denoted as CS1: 
X1, Y1, Z1 and CS0: X0, Y0, Z0, respectively. 

Figure 12 shows the pole figures of different 
zones in each layer under the shear coordinate 
system. In the SZ, the grain orientation basically 
followed the distribution characteristics induced by 
the shearing action. The basal plane was roughly 
parallel to the shear plane, and the c-axis was 
perpendicular to the shear direction. However, the 
grain orientation of Layers 1 and 5 showed a certain 
deviation from the above phenomenon, in which the 
angles between the basal plane and the shear plane 
were 20°−30°, and those between the c-axis and the 
shear direction were 70°−80°. This was because 
Layer 1 was not only sheared by the pin, but also 
sheared and squeezed by the tool shoulder, and 
Layer 5 experienced shearing by the pin and 
constraint effect of the backing plate [18]. 

In the TMAZ, the grain orientation was 
different from that induced by pure shearing. The 
c-axis of grains in the TMAZ-AS was basically 
perpendicular to the shear direction, whereas the 
basal plane was deflected by a certain angle relative 
to the shear plane (Figs. 12(c1−c5)). This indicated 
that the plastic flow behaviour of the materials in 
the TMAZ-AS during FSW thick Mg plate was 
different from that of the thin plate. The pin used 
for welding the thick plate was obviously larger 
than that used for welding the thin plate, and the 
thread depth was also increased. Due to the 
increased thread depth and the 3° inclination of the 
tool, the material in the TMAZ-AS flowed 
vertically along the thickness direction [41,42], 
resulting in the deflection of the basal plane of 
grains relative to the shear plane. There was no 
obvious regularity in the grain orientation of the 
TMAZ-RS. In general, the material in the front of 
the pin is usually squeezed from AS to RS during  
FSW [43]. During FSW of thick Mg alloy plate, the 
amount of the material driven by each rotation of 
the pin was much greater than that of the thin plate, 
which caused extrusion degree of thick plate to be 

 

 
Fig. 11 Relationship between CS0 and CS1 of different zones in joint: (a) TMAZ-RS; (b) SZ; (c) TMAZ-AS 
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Fig. 12 Pole figures of different zones in each layer of joint under shear plane and shear direction coordinates:    
(a1−a5) TMAZ-RS; (b1−b5) SZ; (c1−c5) TMAZ-AS (SPN and SD represent the shear plane normal direction and shear 
direction, respectively) 
 
greater than that of thin plate in the TMAZ-RS. 
Moreover, the material in the TMAZ-RS also 
underwent vertical flow, and the plastic flow mode 
was more complicated, which made the grain 
orientation distribution different from that of pure 
shear. 

In summary, the grain orientation evolution of 
FSW thick Mg alloy plate was not only affected by 
the shearing of the pin, but also by the vertical and 
horizontal flow of the material. 
 
4.2 Relationship between microstructure and 

tensile properties 
The strengthening mechanisms of AZ31 Mg 

alloy mainly included grain boundary strengthening, 
texture strengthening and dislocation strengthening 
[22,44,45]. To clarify the influence of the 
microstructure on the tensile properties, the 
contribution of the grain boundary strengthening, 
texture strengthening and dislocation strengthening 
to the YS of the joint was quantitatively analyzed 
by Eqs. (7)−(10) [21]: 
 
σy=σgbs+σts+σds                                         (7) 
 
σgbs=σ0+k1d −1/2                             (8)  
σts=τ0/m                                 (9) 
 

ds Totalσ αGb ρ=                        (10) 
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where σy is the yield strength, σgbs, σts and σds are the 
contributions of grain boundary strengthening, 
texture strengthening and dislocation strengthening 
to the YS, respectively; σ0 is the lattice friction 
resistance (10 MPa [35]); k1 is the stress 
concentration factor (157 MPa·μm1/2 [46]); τ0 is the 
critical shear stress of the basal slip system 
(5.24 MP [47]); m is the Schmid factor; α is a 
constant (0.2); G is the shear modulus (17000 MPa); 
b is equal to 0.32 nm [48]; ρTotal is calculated  
using Eqs. (1) and (2). The dislocation densities of 
Layers 1−5 were 1.54×1014, 1.53×1014, 1.47×1014, 
1.38×1014 and 1.15×1014 m−2, respectively. 

The contributions of the various strengthening 
mechanisms of the layers to the YS were calculated 
by Eqs. (7)−(10), and the results are shown in 
Table 1. It can be seen that the main strengthening 
mechanism was grain boundary strengthening. 
However, LI and LI [44] found that the       
main strengthening mechanism of the AZ31 Mg 
alloy was texture strengthening after a large 
pre-compression deformation. The reason was that 
the c-axis of grains was parallel to the compression 
direction, the Schmidt factor was small, and the 
basal slip was difficult to activate, which increased 
the effect of texture strengthening. In this work, the 
angle between the c-axis of grains in the TMAZ-AS 
and the tensile direction was nearly 45°, and the 
basal slip was activated easily. This indicated that 
strong soft orientation texture was formed in the 
joint, which deteriorated the joint strength. 
 
Table 1 Contributions of various strengthening mechanisms 
in different layers of joint to YS 

Parameter 
Strengthening contribution/MPa 

Layer 
 1 

Layer 
 2 

Layer 
 3 

Layer 
 4 

Layer 
 5 

σgbs 48 42 46 47 54 

σts 18 12 17 13 17 

σds 13 13 13 12 11 

Calculated σy 79 67 76 72 82 

Experimental σy 55 59 67 67 84 

|σy,cal.−σy,exp.| 24 8 9 5 2 

 
Along the thickness direction, the difference of 

grain size in the SZ was 16.8 µm (Fig. 5), which 
was twice that of the thin plate (7.4 µm) [16]. This 
induced that the difference in the contribution of 
grain boundary strengthening to the YS was 

12 MPa, which accounted for 22% of the lowest YS 
(55 MPa) of the layered samples. In addition, the 
grain orientation and maximum pole density of each 
layer also simultaneously showed large differences 
along the thickness direction (Fig. 6). This resulted 
in that the difference in the contribution of texture 
strengthening to the YS accounted for 11% of   
the lowest YS of the layered samples. The 
aforementioned results showed that the uneven 
microstructure led to the uneven distribution of the 
mechanical properties of the joint. During the 
tensile process, the plastic deformation of the joint 
was uneven, which induced low joint strength. 

In summary, the main strengthening 
mechanism for FSW joint of the thick Mg alloy 
plate was grain boundary strengthening. The soft 
orientation and uneven microstructure along the 
thickness direction were the main factors that 
reduced the mechanical properties of the joint. The 
strength and plasticity of the joint can be improved 
by refining grains, strengthening grain orientation, 
and improving microstructure uniformity by means 
of optimizing welding process in the future. 
 
5 Conclusions 
 

(1) The grain size of FSW thick Mg alloy plate 
joint was obviously different from that of the thin 
plate. The grains in the SZ were larger than those in 
the TMAZ and BM for Layers 1−4. The grain size 
gradually decreased along the thickness direction, 
except for Layer 1. The grain size was mainly 
affected by the welding temperature and strain rate, 
and the welding temperature has the greatest 
influence on the grain size. 

(2) In the SZ, the c-axis of grains was roughly 
perpendicular to the TD, and the grain orientation 
basically followed the distribution characteristics 
caused by the pure shearing deformation. The 
angles between the c-axis and the WD were 72°–85° 
in the TMAZ-AS, and those between the c-axis and 
the WD were 63°–81° in the TMAZ-RS. The grain 
orientation evolution was not only affected by the 
shearing of the stir pin, but also by the vertical and 
horizontal flow of the materials. 

(3) After FSW, the highest microhardness was 
observed in the SZ center. The YS, UTS and EL of 
the FSW joint were lower than those of BM, and 
the UTS of the joint reached 88.5% that of BM. The 
YS and UTS of layered samples gradually increased 
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along the thickness direction, and the EL first 
increased and then decreased gradually. 

(4) The main strengthening mechanism of 
FSW joint was grain boundary strengthening.   
The soft orientation was the main factor for the  
loss of the strength, while the microstructure 
inhomogeneity was the main reason for the loss of 
the ductility. 
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20 mm 厚 AZ31 镁合金厚板搅拌摩擦焊接接头的 
显微组织演变及强化机制 
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摘  要：采用搅拌摩擦焊焊接 20 mm 厚 AZ31 镁合金板材，并沿厚度方向分 5 层对接头的显微组织和力学性能进

行表征。结果表明：焊接温度和温降速率的不同导致搅拌区晶粒尺寸不均匀，且在材料流动行为的作用下，接头

不同区域形成不同强织构。此外，接头各层的屈服强度和抗拉强度从上表面至下表面整体呈逐渐增加的趋势，伸

长率沿接头厚度方向首先由 9.5%升高至 10.5%，然后逐渐降低至 6.0%。整体接头的抗拉强度达到母材的 88.5%。

接头的主要强化机制为细晶强化。 

关键词：显微组织演变；力学性能；强化机制；搅拌摩擦焊；镁合金；厚板 
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