
 

 

 Trans. Nonferrous Met. Soc. China 33(2023) 1729−1741 

 
Microstructural evolution and mechanical properties of 

cooling medium assistant friction stir processed AZ31B Mg alloy 
 

Nan XU1, Zi-ke REN1, Yue FAN1, Bo-kun GU1, Jun SHEN2,3, Qi-ning SONG1, Jian-hua ZHAO1, Ye-feng BAO1 
 

1. College of Mechanical and Electrical Engineering, Hohai University, Changzhou 213022, China; 
2. National Engineering Research Center for Magnesium Alloys, Chongqing University, Chongqing 400044, China; 

3. College of Material Science and Engineering, Chongqing University, Chongqing 400044, China 
 

Received 13 January 2022; accepted 20 April 2022 
                                                                                                  

 
Abstract: AZ31B magnesium alloy prepared by conventional friction stir processing (FSP) usually exhibits an intense 
basal texture, resulting in an unsatisfactory strength and ductility. In this work, cooling medium-assisted FSP was 
conducted on the AZ31B magnesium alloy. The effects of a liquid CO2 coolant on the thermal cycle, microstructure, and 
mechanical properties of the stir zone (SZ) were evaluated. The adoption of a liquid CO2 coolant resulted in markedly 
decreased peak temperature and increased cooling rate. The SZ exhibited a fine grain structure with abundant 
dislocations and {1012}  twins. The grain refinement mechanism was attributed to the combinational effect of 
discontinuous dynamic recrystallization, continuous dynamic recrystallization, and twinning-induced geometric 
dynamic recrystallization. The SZ showed a best combination of ultimate tensile strength of 293 MPa and fracture 
elongation of 18.6%. The interaction of dislocations and {1012}  twins rendered the plastic deformation more stable 
during tensile testing. 
Key words: Mg alloy; friction stir processing; Zenner−Hollomon parameter; recrystallization; microstructural evolution; 
mechanical properties 
                                                                                                             
 
 
1 Introduction 
 

Owing to their low density and high specific 
strength, magnesium (Mg) alloys are frequently 
used in aerospace, rail transportation, automotive 
industry, and manufacture of 3C (computer, communi- 
cation, and consumer electronic) products [1,2]. 
However, Mg alloys possess a hexagonal close- 
packed crystalline structure and thus have limited 
slip systems, which endow them poor plastic 
deformability at room temperature [3,4]. Therefore, 
Mg alloys are usually prepared by die casting, hot 
extrusion, or hot rolling. Compared with cast Mg 
alloys, wrought Mg alloys exhibit relatively 
satisfactory strength–ductility synergy because 
dynamic recrystallization (DRX) promotes the 
formation of a fine grain structure [5]. Grain 

refinement enhances the strength and ductility of 
metals and alloys. Severe plastic deformation (SPD) 
is an effective technique to prepare ultrafine and 
even nanograined materials [6]. However, massive 
dislocations are introduced in the grain interior, 
resulting in the reduced ductility. Subsequent 
annealing can enhance the ductility of SPD 
materials by decreasing the dislocation density 
without substantial grain coarsening [7]. 

Friction stir processing (FSP) is a recently 
developed microstructure modification method based 
on friction stir welding (FSW) technology [8]. 
During FSP, the materials undergo the plastic 
deformation and high-temperature treatment, 
similar to SPD and subsequent annealing. Fine or 
ultrafine grain structure with few dislocations is 
produced in the stir zone (SZ). Good strength–
ductility synergy of the FSP Mg alloys is achieved, 
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which is attributed to remarkable grain refinement. 
However, an intense basal texture is generated in 
the SZ, which markedly degrades the mechanical 
properties of FSP Mg alloys [9]. {1012} twins can 
randomize the basal texture of Mg alloys, but the 
{1012}  twinning behavior is sensitive to the 
processing temperature [10]. The processing 
temperature of traditional FSP is relatively high, 
hindering the generation of {1012} twins during 
FSP. XIN et al [11] conducted cold rolling on the 
FSW-treated AZ31 Mg alloy. The strength and 
ductility were enhanced owing to basal texture 
randomization caused by the activity of the {1012} 
twinning behavior. However, this technology is 
relatively complicated in practice. In previous 
studies on FSW of Cu alloys, XU et al [12,13] 
found that adopting an additional cooling medium 
can enhance the cooling rate and reduce the 
processing temperature; thus, the substructures 
generated during deformation were retained in the 
SZ to enhance the strength and ductility of the 
welded joint. Furthermore, the combinative effect 
of deformation temperature and strain rate on grain 
size is usually determined by Zenner−Hollomon (Z) 
parameter. During the FSP, the Z parameter can be 
changed by adjusting the tool rotating rate and 
processing speed. The relationship among the 
microstructure, mechanical properties, and Z 
parameter of FSP Mg alloys is still unclear. In 
addition, the cooling rate also plays an important 
role in the final grain structure by affecting the 
grain growth just after the FSP. If the cooling rate  
is enhanced, grain coarsening will be significantly 
limited, and it is convenient to understand how the 
Z parameter affects the actual microstructural 
evolution and mechanical properties of the SZ. In 
the current study, cooling medium-assisted FSP 
(CMA-FSP) was further applied on the AZ31B Mg 
alloy. Fine grains with massive dislocations and 
{1012}  twins were directly produced in the SZ. 
The microstructure evolution and mechanical 
properties of conventional and CMA-FSP AZ31B 
Mg alloys were investigated, and the relationship 
among Z parameter, microstructure, and mechanical 
properties was also discussed. 
 
2 Experimental 
 

Commercially wrought AZ31B Mg alloy 
plates with dimensions of 200 mm × 100 mm × 

3 mm were selected as research targets in this study. 
A location-control mode FSW machine (FSW-LM- 
BM16, CFSW, China) was used in this study. The 
dimensions of the tool and the processing 
parameters are summarized in Tables 1 and 2, 
respectively. A schematic of the CMA-FSP is 
presented in Fig. 1. The liquid CO2 nozzle was 
placed behind the rotating tool with a movement 
speed the same as the processing speed. A K-type 
thermocouple was placed under the Mg alloy sheet 
and set in the groove of the back plate to record the 
temperature history of the SZ. After processing, the 
cross-sections for microstructural characterization 
were cut perpendicularly to the processing direction 
(PD). Electron backscatter diffraction (EBSD, EDAX 
TSL OIM™, USA) measurement was conducted to 
investigate the microstructural evolution of the 
materials. The EBSD device was set in a scanning 
electron microscope (SEM, JSM−7500, JEOL  
Ltd., Japan), and the step size was 0.4 μm. The 
EBSD specimens were prepared by electrochemical 
 
Table 1 Dimensions of tool (WC−Co based steel) 

Shoulder 
diameter/mm 

Probe 
diameter/mm 

Probe 
length/mm 

15 6 2.8 
 
Table 2 Friction stir processing parameters 

Label 
Rotation 

rate/ 
(r·min−1) 

Cooling 
medium 

Processing 
speed/ 

(mm·min−1) 

Load/ 
kN 

Tilt 
angle/ 

(°) 
R600-A* 600 Air 

200 9.8 2.5 
R800-A 800 Air 

R1000-A 1000 Air 
R1000- 
LC** 1000 Liquid- 

CO2 
* A means air cooling, ** LC means liquid CO2 cooling 
 

 

Fig. 1 Schematic diagram of CMA-FSP (The processing 
direction, transverse direction, and plate normal direction 
are indicated by PD, TD, and ND, respectively) 
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polishing using a commercial AC2 electrolyte at 
−30 °C and 25 V. In accordance with the 
GB/T 228.1—2010 standard, three tensile specimens 
with gauge dimensions of 12 mm × 4 mm × 1.8 mm 
were cut parallel to the PD. Tensile tests were 
conducted using an electronic universal testing 
machine with a strain rate of 1×10−3 s−1. To 
investigate the effect of {1012}  twins on the 
mechanical properties of AZ31B magnesium alloy, 
the tensioned CMA-FSP sample was further 
characterized by a transmission electron microscope 
(TEM, JEM−2100, JEOL, Ltd., Japan). The TEM 
specimen was initially mechanically polished to 
50 μm and then double-jet electropolished using 
AC2 electrolyte at −30 °C and 20 V. 
 
3 Results and discussion 
 
3.1 Temperature history 

The temperature histories of the SZs are 
presented in Fig. 2. The three SZs obtained by 
traditional FSP exhibited similar temperature 
histories. When the rotating tool approached the 
thermocouple, the temperature increased sharply. 
When the tool passed through and left the 
thermocouple, the temperature decreased slowly. 
The peak temperatures of R1000-A, R800-A, and 
R600-A were 462, 433, and 402 °C, respectively, 
indicating that decreasing the rotation rate can 
reduce the peak temperature in the SZ. However, 
the SZs in traditional FSP showed a similar cooling 
rate of 16 °C/s from the peak temperature to room 
temperature. The workpiece and tool in CMA-FSP 
were drastically cooled by the adoption of a liquid 
CO2 coolant; thus, the SZ of R1000-LC exhibited a 
reduced processing temperature of 355 °C, and the 

 

 
Fig. 2 Temperature histories of SZs obtained by friction 
stir processing under different conditions 
 
cooling rate increased to 47 °C/s. The high- 
temperature durations above 100 °C were 13.5,  
9.7, 8.2, and 4.3 s for R1000-A, R800-A, R600-A, 
and R1000-LC, respectively. Evidently, the post- 
annealing effect was successfully eliminated by the 
adoption of a liquid CO2 coolant. 
 
3.2 Microstructural evolution 

Figure 3 shows the EBSD results of the 
as-received AZ31B Mg alloy. The white and black 
lines in the inverse pole figure indicate a low-angle 
grain boundary (LAGB, 2°≤θ<15°) and a high- 
angle grain boundary (HAGB, θ≥15°), respectively. 
The as-received material exhibits equiaxed grains 
with an average grain size of 13 μm, and the HAGB 
rate is 84%. The (0001) pole figure indicates that 
the c-axis of most grains is almost parallel to the 
normal direction (ND). Such a texture is frequently 
observed in hot-rolled Mg alloys [14]. 

Figure 4 shows the inverse pole figures of SZs 
obtained by FSP under different conditions. All SZs 

 

 
Fig. 3 EBSD results of base metal (BM): (a) Inverse pole figure; (b) (0001) pole figure 
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Fig. 4 Inverse pole figures of SZs obtained by FSP under different conditions: (a) R1000-A; (b) R800-A; (c) R600-A;  
(d) R1000-LC 
 
exhibit a refined grain structure relative to that of 
the as-received material shown in Fig. 3(a). Without 
liquid CO2 cooling, the grain size is slightly refined 
from 8.2 to 5.5 μm by decreasing the rotation rate 
from 1000 to 600 r/min. This result demonstrates 
that the grain structure of the FSP-treated Mg alloy 
can be refined by reducing the heat input [15]. With 
the adoption of a liquid CO2 coolant, the grain size 
is significantly reduced to 2.2 μm. Figures 5 and 6 
present the grain boundary maps and the 
misorientation angle distribution of the SZs, 
respectively. In traditional FSP, the LAGB rate 
decreased with an increase in the rotation rate. 
Although the heat input was reduced, no significant 
changes in misorientation distributions were 
observed. By contrast, the misorientation distribution 
of R1000-LC had two peaks: one located at 
θ=2°−15°, indicating that the LAGB rate 
significantly increased to 36.4%, and the other 
located at θ=86.3°, which was mainly attributed to 

the {1012} twin boundaries [16]. Figure 7 shows 
the Kernel average misorientation (KAM) maps, 
which describes the misorientation angles lower 
than 5° in the SZs. The KAM value corresponds to 
the dislocation density in the SZ [17]. The SZ of 
R1000-LC showed a larger KAM value than the 
SZs obtained by traditional FSP. Owing to the 
reduced processing temperature and increased 
cooling rate, the post-annealing effect was 
eliminated. The annihilation and rearrangement of 
dislocations were impeded, allowing the retention 
of a large number of dislocations in the SZ. 
Therefore, massive substructures, including the 
dislocations and {1012} twins, were successfully 
introduced into the fine grains because of the 
adoption of a liquid CO2 coolant. 

The grain size of the FSP-treated Mg alloy  
was determined by the synergic influence of the 
strain rate ( )ε  and the processing thermodynamic 
temperature (T). The synergistic effect of processing 
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Fig. 5 Grain boundary maps of SZs obtained by FSP under different conditions: (a) R1000-A; (b) R800-A; (c) R600-A; 
(d) R1000-LC (The LAGB, HAGB, and the twin boundary (TB, θ=86.3°±5°) are represented by green, black, and red 
lines, respectively) 
 

 

Fig. 6 Misorientation angle distribution of SZs obtained 
by FSP under different conditions 
 
temperature and strain rate is described by the 
Zener–Hollomon (Z) parameter [18,19]:  

exp[ /( )]Z Q RTε=                         (1) 

where Q (=135 kJ/mol) is the activation energy for 
deformation and R (=8.314 J/(mol∙K)) is the molar 
gas constant. During FSP, the materials underwent 
high-temperature plastic deformation similar to that 
of high-pressure torsion at elevated temperatures. 
Compared with that around the high-speed rotating 
probe, the material flow rate around the probe   
was relatively low because of a rotating lag [20]. 
CHANG et al [19] developed a model to predict the 
strain rate during FSP:  

e m e/2πr R Lε =
 
                           (2) 

 
where re and Le are the radius and the depth of the 
SZ, respectively, and Rm is half of the tool rotation 
rate. The measured peak temperature and calculated 
strain rate of FSP under different conditions are 
summarized in Table 3. The strain rate increased 
with increasing rotation rate. The strain rate during 
the FSP was markedly higher than those obtained 
by traditional SPD technologies, such as equal- 
channel angular pressing [21,22], extrusion [23], 
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Fig. 7 Kernel average misorientation (KAM) maps of SZs obtained by FSP under different conditions: (a) R1000-A;  
(b) R800-A; (c) R600-A; (d) R1000-LC 
 
Table 3 Calculated Z parameters under various FSP 
conditions 

Sample ε /s−1 T/°C ln(Z/s−1) 

R1000-A 93.4 462 26.6 

R800-A 74.8 437 27.2 

R600-A 56.1 402 28.1 

R1000-LC 78.5 355 30.3 
 
and rolling [24]. The Z parameters of FSP-treated 
AZ31 Mg alloy under different conditions can be 
calculated based on Eq. (1); the obtained results are 
listed in Table 3. Figure 8 depicts the relationship 
between the grain size of the FSP-treated AZ31  
Mg alloy and the Z parameter. The range of Z 
parameters obtained in the current study was 
slightly enlarged relative to that of the model 
predicted by CHANG et al [19]. The Z parameters 
obtained by traditional FSP were well matched to 
those of the classic model, whereas the Z parameter 
of R1000-LC deviated from this line. It was 
attributed to the {1012}  twin boundaries that 
divided a recrystallized grain into several grains, 
inducing an apparent reduction in the grain size. 

Figure 9 shows the (0001) and (10 11)  pole 
figures of the SZs obtained by FSP under different 
conditions. Traditional FSP-treated AZ31 Mg alloys 
exhibited a basal texture of 〈0001〉//PD, and the 
texture intensity gradually increased because of an 
increase in the rotation rate. However, the AZ31 Mg 
alloy treated by CMA-FSP exhibited two textural 
components of 〈0001〉//ND and 〈0001〉//PD, and  
the textural intensity was markedly reduced. The Z 

 
Fig. 8 Relationship between Z parameter and grain size 
 
parameters of traditional FSP-treated alloy were 
relatively low, rendering the basal slip the dominant 
deformation mechanism. The {0001} crystalline 
plane was parallel to the probe surface, resulting in 
the formation of the 〈0001〉//PD component [25]. 
Notably, both the 〈0001〉//ND and 〈0001〉//PD 
components were generated in CMA-FSP-treated 
alloy. As the Z parameter increased, the {1012} 
twinning behavior was activated [26]. The texture 
components were determined by the processing 
temperature and the deformation mode. The 
{1012}  twinning behavior was activated via 
compression deformation perpendicular to the 
c-axis and the tensile deformation parallel to the 
c-axis [27]. During FSP, the shear force and axial 
force provided tensile stress and compressive stress 
(Fig. 10), respectively. To coordinate the plastic 
deformation along the c-axis, the {1012} twinning 
behavior in the 〈a+c〉 direction was activated. Such  
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Fig. 9 (0001) and (10 11)  pole figures of SZs obtained by FSP under different conditions: (a) R600-A; (b) R800-A;  
(c) R1000-A; (d) R1000-LC 
 

 
Fig. 10 Schematic diagrams of {1012} twinning behavior 
 
{1012} twins rotated along the {0001} crystalline 
plane backward by about 86.3° toward the ND, 
leading to the formation of the 〈0001〉//ND 
component and the randomization of the basal 
texture. 

A detailed investigation of the thermo- 
mechanically affected zone (TMAZ) can explain 
the microstructural evolution during FSP [28,29]. In 
the present study, the TMAZ of R1000-LC was 
characterized by EBSD because the liquid CO2 
coolant can eliminate dislocation recovery and grain 
coarsening. The results are shown in Figs. 11 and 
12. On the basis of the EBSD results, grain 
refinement during FSP was attributed to the 
combinational effects, including discontinuous 
DRX, continuous DRX, and twinning-induced 
geometric DRX. In a previous study on a Mg alloy 
treated by FSP, grain refinement was usually 
attributed to discontinuous DRX and continuous 
DRX [30]. However, no research on twinning- 
induced geometric DRX has been reported. To 
elucidate the grain refinement mechanism of the 
Mg alloy subjected to FSP, several schematics for 

various DRX phenomena are shown in Fig. 13. 
(1) Discontinuous DRX. Grain boundaries 

hindered the movement of dislocations, hence the 
relatively high dislocation density generated in the 
vicinity of the grain boundary. The difference in 
dislocation density at the grain boundary was the 
driving force for grain boundary migration, 
resulting in the “bulging” of grain boundaries 
(Region A in Fig. 11). To confirm this phenomenon, 
the KAM map of Region A is shown in Fig. 12(a). 
Different KAM values at the grain boundary 
represented the different dislocation densities. As 
deformation further continued, continuous 
dislocation accumulation caused the formation of 
dislocation cells, LAGBs and the generation of 
subgrains behind the bulged grain boundaries. 
Subsequently, the subgrain boundaries absorbed the 
dislocations and transformed them into HAGBs, 
ultimately producing new grains [31,32]. Fine 
discontinuous DRX grains frequently formed at the 
original grain boundaries, hence a typical necklace 
structure appeared in the TMAZ, as indicated by a 
black dotted oval in Fig. 11. 
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Fig. 11 Inverse pole figure of TMAZ in R1000-LC 
 

 
Fig. 12 Enlarged images of selected areas in Fig. 11: (a) KAM map of Region A; (b) Point-to-origin misorientation of 
Region B; (c, d) Three-dimensional crystalline models of Regions C and D, respectively 
 

 

Fig. 13 Schematic diagrams of several dynamic recrystallization mechanisms during FSP of AZ31B magnesium alloy: 
(a) Discontinuous DRX; (b) Continuous DRX; (c) Twinning-induced geometric DRX 
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(2) Continuous DRX. Mg alloys have 
moderate stacking fault energy; thus, dynamic 
recovery frequently occurs to consume dislocations 
during high-temperature plastic deformation [33,34]. 
The dislocation density in the vicinity of the 
original grain boundaries may not be sufficiently 
large to induce “bulging” (Region B in Fig. 11). 
Instead, dislocation cells and LAGBs are formed 
locally via dynamic recovery. As shown in 
Fig. 12(b), the cumulative misorientation indicated 
a significant increase in misorientation from the 
grain boundary to the grain interior (along the red 
arrow from B1 to B2). LAGBs are then directly 
transformed into HAGBs by subgrain rotation, 
prompting the formation of new grains. 

(3) Twinning-induced geometric DRX. A grain 
was accidentally formed in the grain interior 
(Region C in Fig. 11). The three-dimensional 
crystalline models indicated that this grain 
originated from the {1012}  twin (Fig. 12(c)). 
Initially, the shear force and axial force introduced 
from the rotating tool promoted the generation of 
the {1012}  twins. As deformation continuously 
proceeded, straight TBs changed into a serrated 
morphology, as indicated by Arrow E in Fig. 11. 
Meanwhile, part of the TBs lost the perfect 
twin/matrix relationship and then changed into 
HAGBs. Finally, “pitching off” occurred between 
the serrated TBs or HAGBs, forming new    
grains [30]. Furthermore, to confirm different  
DRX mechanisms for texture changing, the grain 
orientation of Region D is shown in Fig. 12(d). The 
orientation of continuous and discontinuous DRX 
grains (no substructure) was similar to that of the 
original grain, indicating that the continuous and 
discontinuous DRX mechanisms did not contribute 
to the texture change, i.e., the texture randomization 
was mainly attributed to the twinning-induced 
geometric DRX mechanism. 
 
3.3 Mechanical properties 

The stress–strain curves and mechanical 
properties of SZs generated during FSP under 
different conditions are presented in Fig. 14. In 
traditional FSP, with a decrease in the rotation rate, 
the ultimate tensile strength increased from 255 to 
285 MPa owing to grain refinement. The elongation 
also increased from 16.7% to 19.8% because the 
basal texture intensity was reduced. In CMA-FSP, 
without changing the processing parameters, the 

ultimate tensile strength was significantly improved 
to 293 MPa, and the elongation was not markedly 
reduced, indicating that the uniform plastic 
deformation stage was more stable than that in 
traditional FSP. 

 

 
Fig. 14 Stress–strain curves (a) and mechanical 
properties (b) of SZs obtained by FSP under different 
conditions 
 

During uniform plastic deformation, the flow 
stress is typically described by the Hollomon 
relationship [35]:  
lg(σ−σs)=K+nlg(ε−εs)                      (3)  
where σ is the true stress, σs is the yield stress, n is 
the strain hardening index, and K is a constant. 
According to Eq. (3), the calculated n values in FSP 
under different conditions are shown in Fig. 15. The 
n value in CMA-FSP was lower than that in 
traditional FSP, indicating that the local stress 
concentration during plastic deformation was 
relieved. This occurrence was attributed to the 
interaction between the dislocations and the 
{1012} twins [36]. 

The TEM results of tensioned R1000-LC 
sample are shown in Fig. 16. Based on the bright- 
field TEM image as shown in Fig. 16(a), several 
dislocations were detected near the TB. The high- 
resolution TEM image associated with the Fourier 
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Fig. 15 Strain hardening index of SZ in FSP under different conditions: (a) R1000-A; (b) R800-A; (c) R600-A;      
(d) R1000-LC 
 

 
Fig. 16 TEM images of tensioned R1000-LC sample (a, b) and Fourier transform images of selected regions (c, d):   
(a) Low magnification; (b) High magnification 
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transform image indicated that some partial 
dislocations were distributed at the TB, resulting in 
the reciprocal point deviating from an exact 
twin/matrix relationship of 8° (Figs. 16(b−d)). XIN 
et al [37] investigated the TB migration of AZ31 
magnesium alloy, and it was found that this 
deviation was attributed to the interaction of 
dislocation and TB. The TB can provide a certain 
space for the dislocation movement, thus no 
dislocation pile-up was found at the TB. In addition, 
during the tension, when the dislocation in the 
hexagonal close-packed lattice moved to the 
{1012} TB, a partial dislocation was emitted into 
the twined region and a Shockley partial dislocation 
remained at the TB [38]. The TB provided more 
sites for dislocation nucleation and slip during the 
tension process, thus coordinating the plastic strain 
and improving the total elongation. In general, 
coherent TBs can not only effectively hinder the 
movement of dislocations, but also exert an effect 
similar to the strengthening of the traditional  
grain boundary. Moreover, the vicinity of TBs can 
provide sufficient space for dislocation storage, 
leading to the improvement of strength–ductility 
synergy. 
 
4 Conclusions 
 

(1) In traditional FSP, although decreasing the 
tool rotation rate can reduce the processing 
temperature from 462 to 402 °C, no change in the 
cooling rate of 16 °C/s occurred. By contrast, in 
CMA-FSP, the SZ showed a significantly decreased 
processing temperature (355 °C) and an increased 
cooling rate (47 °C/s) was obtained owing to the 
adoption of a liquid CO2 coolant. 

(2) The SZ in traditional FSP exhibited a fine 
grain structure with few substructures, and the grain 
size decreased with a reduction in the tool rotation 
rate. Owing to a decrease in the processing 
temperature and an increase in the cooling rate, the 
substructures produced during FSP could be 
retained in the grain, and grain coarsening was 
limited. Therefore, the SZ in CMA-FSP showed a 
fine grain structure with abundant dislocations and 
{1012}  twins. The grain refinement mechanism of 
the AZ31B Mg alloy during FSP was attributed to 
continuous DRX, discontinuous DRX, and 
twinning-induced geometric DRX. 

(3) Strength and ductility were simultaneously 

improved because of the fine grain structure and 
randomized basal texture. Particularly in CMA-FSP, 
the SZ showed a best combination of ultimate 
tensile strength (293 MPa) and fracture elongation 
(18.6%). The {1012} twins can provide adequate 
space for dislocation storage, making the plastic 
deformation more stable during tensile testing. 
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摘  要：传统搅拌摩擦处理(FSP)后的 AZ31B 镁合金通常表现出强烈的基面织构，导致其强度和塑性匹配较差。

本文作者采用冷媒辅助搅拌摩擦处理对 AZ31B 镁合金进行加工，研究液态二氧化碳冷却剂对搅拌区热循环、显

微组织和力学性能的影响。使用液态二氧化碳同步冷却法可显著降低搅拌区的峰值温度并提高冷却速度，搅拌区

出现具有大量位错和{1012}孪晶的细晶结构。在不连续动态再结晶、连续动态再结晶和孪晶诱导几何动态再结晶

的综合作用下，搅拌区发生显著的晶粒细化。拉伸试验中由于位错和{1012}孪晶产生的交互作用，搅拌区的极限

抗拉强度和断后伸长率分别达 293 MPa 和 18.6%，表现出良好的强度和塑性匹配。 
关键词：镁合金；搅拌摩擦处理；Zenner−Hollomon 参数；再结晶；显微组织演变；力学性能 
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