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Abstract: The microstructure and mechanical properties of as-extruded and as-aged Mg–6Al–3Sn–2Zn (ATZ632) 
alloys were investigated. The as-extruded alloy shows excellent mechanical properties, achieving the yield strength 
(YS), ultimate tensile strength (UTS), and elongation (EL) of 216.4 MPa, 344.3 MPa, and 18.4%, respectively. After 
aging treatment, the volume fraction of the precipitated Mg17Al12 phase increases and the Mg4Zn7 phase appears. The 
YS and UTS of the as-aged ATZ632 alloy increased to 252.5 and 416.2 MPa, respectively; however, the EL decreased 
to 10.1%. The high strength of the as-aged alloys is attributed to the precipitated Mg4Zn7 phase with an orientation 
perpendicular to the (0001) plane of α-Mg and the Mg17Al12 phase with an orientation parallel to the basal plane. 
Furthermore, the precipitation after aging decreases the EL. Static recrystallization grains appear during 
low-temperature aging at 150 °C, and their orientation shows a high degree of consistency with the c-axis perpendicular 
to the extrusion direction. 
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1 Introduction 
 

As the lightest structural materials, Mg alloys 
exhibit high specific strength, specific rigidity, 
thermal conductivity, and good electromagnetic 
shielding performance. Thus, they have received 
considerable attention in the fields of transportation 
and electronics [1−3]. However, the low yield 
strength (YS) and ultimate tensile strength (UTS) of 
Mg alloys limit their industrial applications. These 
shortcomings of cast alloys can be addressed by 
wrought Mg alloys, which show refined grains due 
to plastic deformation, thus considerably improving 
the mechanical properties of Mg alloys [4−7]. 

To further enhance the mechanical properties 
of Mg alloys, they are subjected to alloying, heat 
treatment, and plastic deformation processing [8−11]. 
Aging induces precipitation enhancement and grain 

refinement in Mg alloys, thus improving their 
mechanical properties. Mg17Al12, Mg2Sn, and 
Mg−Zn phases are the three important precipitates 
during aging. LI et al [12] performed T4 (420 °C, 
2 h) and double-aging treatments on an as-extruded 
ZM51 alloy, achieving the YS and UTS of 297 and 
349 MPa, respectively, which were 65% and 22% 
higher than those achieved in the extruded state. 
The increase in the strengths was attributed      
to the massive precipitation of the MgZn2 phase 
after aging, which plays an important role in the 
precipitation strengthening. JUNG et al [13] 
examined the effect of adding Sn during aging   
on the mechanical properties of the AZ91 alloy, 
reporting the precipitation of numerous Mg2Sn 
phases after aging, which increased the YS of the 
alloy from 119.4 to 161.9 MPa. 

Recently, because of their good age-hardening 
ability and mechanical properties, Mg−Al−Sn−Zn  

                       
Corresponding author: Bin-jiang LV, Tel: +86-15263036541, E-mail: lbj@qut.edu.cn 
DOI: 10.1016/S1003-6326(23)66190-4 
1003-6326/© 2023 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press  



Sen WANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1385−1397 1386 

alloys have garnered considerable research attention. 
JUNG et al [13] have detected dense continuous 
precipitates in the matrix of an as-aged ATZ915 
alloy, which increased the hardness of the 
peak-aged alloy to HV 117.14 and the YS by 35.6%. 
The formation of the continuous precipitation phase 
was attributed to the presence of Sn, which can 
suppress the discontinuous precipitation phase and 
increase the density of the continuous precipitation 
phase during aging [14]. WU et al [15] examined an 
as-extruded ATZ822 alloy, which exhibited the YS, 
UTS, and elongation (EL) of 258 MPa, 357 MPa, 
and 8.76%, respectively, attributed to the presence 
of numerous Mg2Sn phases and the discontinuous 
Mg17Al12 phase. After aging, multiple continuous 
and discontinuous Mg17Al12 phases precipitated in 
the matrix, which increased the YS and UTS of the 
alloy by 12.7% and 7.8%, respectively; however, 
EL decreased by 6.44%. 

Although many studies have been conducted 
using Mg−Al−Sn−Zn alloys, most focus on    
their precipitation strengthening and mechanical 
properties. The influence of relatively low- 
temperature aging treatment on the microstructural 
evolution, orientation relation of Mg−Al and 
Mg−Zn precipitates, and mechanical properties of 
wrought Mg−Al−Sn−Zn alloys have not been 
studied. In this study, a new wrought Mg alloy was 
designed, and the microstructure, mechanical 
properties, and textural evolution of the as-extruded 
and as-aged Mg−6Al−3Sn−2Zn (ATZ632) alloys 
were examined. 
 
2 Experimental 
 

Pure Mg (99.8 wt.%), Al (99.9 wt.%), Sn 
(99.97 wt.%), and Zn (99.97 wt.%) were added in a 
stainless steel crucible preheated to 750 °C under 
the protection of a mixed gas of CO2 (99 vol.%) and 
SF6 (1 vol.%). Then, the ingot was cast at a    
final temperature of 720 °C using a water-cooled 
semi-continuous casting system with a diameter  
and a length of 95 and 400 mm, respectively. The 
chemical compositions of the ingot were evaluated 
using an X-ray fluorescence spectrometer (XRF− 
1800 CCDE) (Table 1). The ingot was homogenized 
at 400 °C for 24 h in a (5 kW) heat treatment 
furnace, followed by quenching using water (T5). 
Then, extrusion was performed on a 500T forward 
extruder with the extrusion ratio, temperature, and 

speed of 26, 300 °C, and 5 mm/s, respectively. After 
extrusion, the samples were subjected to aging at 
150 °C. 

The samples were cut perpendicularly to the 
extrusion direction (ED), polished, and etched in a 
solution containing 1 g picric acid, 5 mL glacial 
acetic acid, 5 mL water, and 25 mL alcohol for   
5 s. The microstructure of the samples was 
characterized using electron scanning micro-  
scopy (SEM; ZEISS MERLIN Compact) with 
energy dispersive X-ray spectroscopy (EDS) and 
transmission electron microscopy (TEM; FEI 
Tecnai G2 F20) at 300 kV. X-ray diffraction (XRD; 
X'Pert PRO MRD/XL) was performed to analyze 
the phases of the as-extruded and as-aged samples, 
which were polished using a ACII polishing 
solution; the polishing voltage and current were 
20 V and 0.14 A, respectively. Electron backscatter 
diffraction (EBSD) test was performed on a Hitachi 
S−3400N instrument at a step length of 0.5 μm, and 
the CHANNEL 5 software was used to analyze the 
EBSD data. The hardness of the samples with 
different aging treatment time was evaluated using 
an HVG−1000M automatic microhardness tester 
with a load of 0.49 N (50 g); each sample took 15 
points to achieve the average value for data 
accuracy. Peak-aged and unaged as-extruded rods 
were also considered, and they were processed into 
tensile samples with a diameter and a length of 10 
and 110 mm, respectively. The tensile direction (TD) 
was parallel to the ED. A tensile experiment was 
performed on a CMT−5105 stretching machine at a 
speed of 0.3 mm/min at room temperature. The 
average size and density of the precipitated phases 
were obtained using TEM morphological images 
based on the Image-Pro Plus software. 
 
Table 1 Chemical composition of Mg–6Al–3Sn–2Zn 
alloy (wt.%) 

Al Sn Zn Mg 

5.95 3.11 2.14 Bal. 
 
3 Results 
 
3.1 Microstructure of as-homogenized alloys 

Figure 1 shows the microstructure and EDS 
results of the as-homogenized ATZ632 alloy.  
Some second phases are distributed at the grain 
boundary and interior of the ATZ632 alloy     
after homogenization (Fig. 1(a)). Based on the EDS 
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results (Figs. 1(b, c)), the long-strip phase contains 
Mg, Sn, and Zn, whereas the spherical phase 
contains Mg and Sn. The average grain size of the 
as-homogenized ATZ632 alloy is (187.4±32) μm. 
 

 
Fig. 1 Microstructure of as-homogenized ATZ632 alloy: 
(a) SEM image; (b, c) EDS results 
 
3.2 Microstructure of as-extruded alloy 

The grain size of the ATZ632 alloy decreases 
after extrusion, indicating the occurrence of 
dynamic recrystallization (DRX) during extrusion. 
The distribution of several rod-like and spherical 
phases is observed at the boundaries and interior of 
the grains (Fig. 2(a)). As shown in Figs. 2(b, c), the 
chemical elements of the second phase are analyzed 
using EDS. The rod-like phase contains Mg and Al, 
whereas the bright white spherical phase contains 
Mg and Sn. Figure 3(a) shows the inverse pole 
figure (IPF) of the as-extruded ATZ632 alloy. The 
grains are relatively uniform, and the average grain 
size is 15.49 μm (Fig. 3(b)). Based on the (0001) 
pole figure (PF) (Fig. 3(c)), the as-extruded Mg 
alloy shows a typical basal fiber texture. The 

maximum intensity of the basal fiber texture is 9.79 
MRD (i.e., multiples of random distribution). Based 
on the IPF in Fig. 3(d), the high-intensity component 
is distributed near 10 10〈 〉 , spreads toward 〈0001〉 
(along with a gradual weakening), and then 
disappears at 2021〈 〉 . The highest intensity point  
is near 10 10〈 〉  along the ED; therefore, the 
prismatic plane of most grains in the as-extruded 
alloy is perpendicular to the ED. 
 

 
Fig. 2 Microstructure of as-extruded alloy: (a) SEM 
image; (b, c) EDS results 
 

TEM analyses were conducted to identify the 
second phases of the as-extruded ATZ632 alloy 
(Fig. 4). We observed two types of precipitates 
(Fig. 4(a)): black irregular rod-like phase with a 
length and a width of ~395 and 119.5 nm, 
respectively (marked with A), and spherical phase 
with diameters of 50−152.6 nm (marked with B). 
The upper right corner of Fig. 4(a) shows the 
selected area electron diffraction (SAED) pattern of 
the α-Mg matrix with the zone axis [2423] . Based 
on the SAED results (Fig. 4(b)), the second phase 
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Fig. 3 Textural information of as-extruded alloy: (a) Inverse pole figure; (b) Grain size distribution map; (c) Pole figure; 
(d) Inverse pole figure 
 

 
Fig. 4 Bright-field TEM image of as-extruded ATZ632 alloy (a), selected area electron diffraction (SADE) pattern of 
Phase A (b), HRTEM image of Phase B (c), and FFT pattern obtained from Phase B (d) 
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particle marked with A is determined to be      
the Mg17Al12 phase. Both Mg17Al12 and α-Mg    
matrix exhibit the following orientation relation:

17 12Mg Mg Al(1 102) //(1 11) and
17 12Mg Mg Al[2423] //[011] .  

Figure 4(c) shows the high-resolution TEM image 
of the Phase B along the -Mg[1120]α  zone axis. 
Figure 4(d) shows the corresponding fast Fourier 
transformation (FFT) in Fig. 4(c) (indicated by a 
solid red line). The spherical phase is determined to 
be the Mg2Sn phase (a=0.674 nm; space group 

3Fm m  [16]), exhibiting the following orientation 
relation: 

2Mg Mg Sn(1100) //(110)  and Mg[1120] //  
2Mg Sn[ 111] .  During extrusion, the Mg2Sn phase 

can limit the movement of grain boundaries and the 
growth of recrystallized grains [17]. Thus, the grain 
size is refined after extrusion. 
 
3.3 Aging behavior 

The as-extruded ATZ632 alloy was aged for 
different time at 150 °C, and the obtained micro- 
hardness is shown in Fig. 5. The hardness value 
increases with an increase in the aging treatment 
time in the early stage and then decreases after 
reaching a peak. In the initial aging stage, the 
hardness of the alloy increases rapidly. After aging 
for 24 h, the hardness of the peak aging reaches 
HV 86.2, 31.4% higher than HV 65.6 obtained for 
the as-extruded sample, which was not subjected to 
aging. 

After aging, the volume fraction of precipitates 

 

 
Fig. 5 Variations in Vickers hardness of ATZ632 alloy as 
function of aging time at 150 °C 
 
increases (Fig. 6(a)). Many small strips and 
spherical phases are distributed in the discontinuous 
precipitation zone, and many spherical phases are 
uniformly distributed in the grain (Fig. 6(b)). 
Figures 6(c) and (d) show the EDS results. The fine 
strip and spherical phase particles may correspond 
to the Mg17Al12 and Mg2Sn phases, respectively. 
The fine Mg17Al12 and Mg2Sn precipitates show 
diameters of ~0.9 and 0.1 μm, respectively. The 
increase in the number of fine precipitates after 
aging is crucial in dispersion strengthening, 
enhancing the hardness of the alloy after aging.  

The IPF of the peak-aged and as-extruded 
alloy (Fig. 7(a)) reveals the appearance of multiple 
fine grains; moreover, the grain size decreases to  

 

 
Fig. 6 Microstructures of peak-aged ATZ632 alloy: (a, b) SEM images; (c, d) EDS results 
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Fig. 7 Textural information of peak-aged ATZ632 alloy: (a) Inverse pole figure; (b) Grain size distribution map; (c) Pole 
figure; (d) Inverse pole figure 
 
10.3 μm. Compared with the unaged as-extruded 
sample (Fig. 3(a)), the number of small grains 
increases, with ~46.6% of grains showing a grain 
size of <10 μm (Fig. 7(b)). Based on Fig. 7(c), the 
(0001) texture is observed to weaken after peak 
aging and the MRD decreases from 9.79 (for    
the unaged as-extruded alloy) to 6.95. For the 
as-extruded alloys, certain grains (regions indicated 
as 1 and 2 in Fig. 7(c)) rotate toward the TD after 
aging; the rotation angle is ~10° based on the  
(0001) PF of the unaged as-extruded alloys 
(Fig. 3(c)). After aging, the intensity distribution in 
the IPF (Fig. 7(d)) parallel to the ED is relatively 
uniform and no high-intensity point is observed; 
rather, it transfers to the IPF along the TD and RD. 
The highest intensity distribution is observed at the 
〈0001〉 pole along the TD and spreads by 18° at the 
10 10〈 〉  pole; further, there is a 10 12〈 〉  pole with 

a slightly weak intensity. The 1120〈 〉  pole is 
another weak-intensity pole along the RD,    
which weakens along the arc at the 10 10〈 〉  pole, 
indicating that most prismatic planes of the grains 
are perpendicular to the ED after aging. However, a 
small portion of the grains rotate by 30° or 70° 
around the c-axis, thus making the pyramidal plane 
parallel to the RD. 

Figure 8 shows the XRD patterns of the 

as-extruded ATZ632 alloy at aging treatment time 
of 0 and 24 h. The as-extruded alloy contains α-Mg, 
Mg2Sn, and Mg17Al12 phases. A new diffraction 
peak is detected at 2θ of 36° after 24 h of     
aging, indicating additional Mg17Al12 precipitates 
(Fig. 8(b)). Zn precipitates from the matrix after 
aging [18,19] and a new Mg4Zn7 phase appear; 
however, the Mg4Zn7 phase is not detected in the 
aging state (Fig. 8(b)). This may be attributed to the 
low Zn content because less Mg4Zn7 phase 
precipitates and is not detected. 
 

 

Fig. 8 XRD patterns of ATZ632 alloy before aging (a) 
and after being aged at 150 °C for 24 h (b) 
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In Fig. 9(a), three phases are observed: 
spherical phase (marked with A), lamellar phase 
(marked with B), and rod-like phase (marked with 
C). This shows that a new phase precipitates from 
the matrix after 24 h of aging. Phase A is reported 
to be Mg2Sn based on SAED results (Fig. 9(b)). 
The diameter of Mg2Sn, which is larger than that  
of the as-extruded sample, is between 80.9 and 
236.8 nm. The upper right corner of Fig. 9(c) shows 
the diffraction pattern of the α-Mg matrix along  
the zone axis [1210] . As shown in Fig. 9(d), the 

diffraction pattern of Phase B, which is reported to 
be the Mg17Al12 phase, shows the following 
orientation relation with the matrix: 

17 12Mg Al(0 11) //
(0001)Mg and 

17 12Mg Al Mg[111] //[1210] .  Morphology 
of Mg17Al12 changes from an irregular rod-like 
phase during extrusion to a regularly arranged 
lamellar phase along the [1010]  direction parallel 
to the matrix (Fig. 9(a)); it precipitates from the 
basal plane of α-Mg [20]. Both the length and  
width of the Mg17Al12 precipitates are ~86.77   
and 37.00 nm, respectively. The volume fraction 

 

 
Fig. 9 Bright-field TEM image of peak-aged ATZ632 alloy (a), SAED pattern of Phase A (b), HRTEM image of Phase 
B (c), FFT pattern obtained from Phase B (d), HRTEM image of Phase C (e), and FFT pattern obtained from Phase C (f) 
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increases to 2.85%. Figure 9(e) shows the HRTEM 
image of Phase C, where the zone axis of the α-Mg 
matrix is [1210] . The rod-like phase is parallel to 
the [0001] direction of the matrix, and it 
precipitates from the prismatic plane of α-Mg with 
the length and width of 613.9 and 30.0 nm, 
respectively. The rod-like phase is reported to be 
Mg4Zn7 based on the diffraction pattern in  
Fig. 9(f), consistent with the previous report [21]; 
furthermore, the orientation relation with α-Mg is 
(001)Mg4Zn7//(0001)Mg and [010]Mg4Zn7// Mg[1210] . 
 
3.4 Mechanical properties 

Figure 10 shows the mechanical properties of 
the as-extruded and as-aged ATZ632 alloys. The YS 
and UTS of the ATZ632 alloy after 24 h of aging 
are 252.5 and 416.2 MPa, respectively, 16.47% and 
20.82% higher than those of the as-extruded   
alloy, respectively. However, the EL decreases from  
18.4% to 10.1%. 
 

 
Fig. 10 Mechanical properties of as-extruded and peak- 
aged ATZ632 alloy 
 
4 Discussion 
 
4.1 Influence of aging on microstructure 

The grain size is refined after aging at  
150 °C, which may be attributed to the static 

recrystallization (SR) caused by aging [22]. The 
static recrystallized grains are formed at the original 
grain boundaries (Fig. 7(a)). Because of the high 
dislocation density, high storage energy, and stress 
concentration at the grain boundaries [23−26], the 
static recrystallized grains nucleate in the as- 
extruded ATZ632 alloy during aging. The high 
annealing temperature provides sufficient energy 
for the growth of static recrystallized grains and 
affords high static recrystallized volume fractions 
of 40%−70%. Herein, limited energy is available 
for the growth of the recrystallized grains because 
of the relatively low aging temperature of 150 °C. 
During aging, the Mg17Al12 and Mg2Sn precipitates 
show a pinning effect on the static recrystallized 
grains. Thus, after aging, the grain size of the 
as-extruded ATZ632 alloy decreases from 15.49 to 
10.03 μm. 

Figure 11 shows both the PF and IPF of SR 
grains and un-SR grains. The recrystallized grains 
account for ~20.49% of the full map (Figs. 11(a) 
and (b)). The peak component of the SR grains 
slightly shifts from the TD by ~10° owing to  
aging. In the corresponding IPF (Fig. 11(c)), the 
high-intensity component is distributed at the 
10 14〈 〉  pole along the TD, thus forming a sector 

area centered at the 10 13〈 〉  pole. In the RD, no 
high-intensity distribution is observed and the 
intensity is uniformly distributed along 10 10〈 〉  to 
1120〈 〉  and 〈0001〉. The c-axis of the SR grain 

crystal is almost perpendicular to the ED, which 
increases the intensity of the (0001) basal texture. 
The PF of un-SR (Fig. 11(e)) shows two high- 
intensity textural components compared with    
the PF of SR. Based on the IPF (Fig. 11(f)) of 
un-SR grains, the peak intensity along the TD is 
distributed at the 〈0001〉 pole and the peak intensity 
along the RD is distributed at the 1120〈 〉  pole. 
These results show that the volume fraction of the 
SR grains increases with a preferential grain growth 
(〈0001〉⊥ED) during aging. Moreover, compared 
with the as-extruded sample (Fig. 3(c)), the c-axis 
of the nonrecrystallized grains tends to be oriented 
parallel to the ED with an increase in aging duration. 
The volume fraction of the grains around the 
1120〈 〉  pole along the RD is 14.19% of the full 

map. The area of the un-SR grains with large sizes 
( 1120〈 〉 //RD) accounts for 14.19%, which is larger 
than that of the SR grains (8.66%). Therefore, the 
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Fig. 11 Inverse pole and pole figures of SR area (a−c), and inverse pole and pole figures of un-SR area (d−f) 
 
basal texture weakens after aging and the grain 
growth during aging may strengthen the basal fiber 
texture [27] or the rotation of the recrystallized 
grains [28,29]. LIU et al [30] reported the high 
boundary migration ability of the 〈0001〉//ED 
components and the consumption of 〈0001〉⊥ED 
grains by the 〈0001〉//ED grains with an increase in 
the grain growth. Herein, the aging temperature of 
150 °C is lower than other reported temperatures in 
Refs. [31−33] and the related mechanism must be 
investigated in the future. 

Mg17Al12 precipitates from the supersaturated 
matrix after aging; moreover, the precipitates grow 
along the basal plane. The (0001) basal plane is the 
primary slip plane of the Mg alloy; furthermore, the 
continuous Mg17Al12 precipitates could not pin   
the dislocation movement. Thus, after aging, the 
Mg17Al12 precipitates show a slight effect on the 
improvement of the YS of the as-extruded ATZ632 
alloy. The Mg2Sn phase in the as-extruded alloy can 
promote the precipitation of the Mg−Zn phase [34], 
leading to the precipitation of Mg4Zn7 after aging. 
JUNG et al [35] reported that when the Zn content 

was 2 wt.%, the dispersion strengthening exerted  
no effect on the strength improvement. The 
precipitation of the Mg4Zn7 phase along the 
prismatic plane can limit the basal-plane slip, which 
can limit the movement of dislocations to increase 
the YS. 
 
4.2 Influence of aging on mechanical properties 

The strength of the Mg alloy is influenced by 
certain factors. The increase in the volume fraction 
of Mg17Al12 and Mg4Zn7 precipitates contributes  
to the precipitation strengthening [36]. Mg4Zn7 
perpendicular to the basal plane can limit the 
sliding of dislocations on the basal plane, 
improving the alloy strength. Moreover, the Mg2Sn 
phase does not show new precipitates during aging; 
hence, only the contribution of Mg17Al12 and 
Mg4Zn7 is considered to increase the YS. The basal 
and prismatic precipitates exert different hindering 
effects compared to the basal slip. The increment in 
YS (Δσ) is related to the hardening of the basal slip. 
The general formula for calculating ∆σ is listed 
below: 
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p

0
ln

2π 1
dGb
r

σ
νλ

∆ =
−

                    (1) 
 
where G denotes the shear modulus of the Mg 
matrix, b represents the magnitude of the Burgers 
vector for the gliding dislocations, λ represents the 
effective planar interparticle spacing on the slip 
plane, ν  represents the Poisson ratio of the Mg 
matrix, dp represents the mean planar diameter of 
the particles along the slip plane, and r0 is the core 
radius of the dislocations; for magnesium basal 
surface, r0=b [37]. 

Based on Eq. (1), NIE [38] derived two 
equations. The equation for strengthening the 
lamellar precipitation on the basal plane is 
expressed as follows:  

ln
0.9532π 1 1

Gb Dσ
b

D
f

ν

∆ =
 

− −  
   

            (2) 

 
where f represents the volume fraction of the 
precipitates, and D represents the average diameter 
of the precipitates. 

The equation for strengthening the lamellar 
precipitation on the prismatic plane is expressed as 
follows:  

/ 2π 1 (0.825 0.393DTσ Gb D
f

ν


∆ = − − −


 

0.8860.886 ) ln DTT
b





                 (3) 

 
where T represents the average thickness of the 
precipitates. Based on the TEM images, the D, T, 
and f values of the Mg17Al12 and Mg4Zn7 phases are 
shown in Table 2. 
 
Table 2 D, T, and f values 

Phase D/nm T/nm f/% 

Mg17Al12 86.77 37 2.85 

Mg4Zn7 613.85 30 7.16 
 
Fine-grain strengthening is a common method 

for improving the mechanical properties of Mg 
alloys [39]. Using the Hall–Petch equation:  
σgb=kd−1/2                                                 (4) 
 
where σgb is the strength induced by grain 
boundaries, k denotes the Hall–Petch coefficient 

(320 MPa·μm1/2) [40], and d represents the average 
grain size. The YS increases as the grain size 
decreases. After aging, the effect of grain 
refinement on the alloy strength can be estimated 
using the following equation: 
 

1/2 1/2
gb peak-aged as-extruded= ( )k d dσ − −∆ −               (5) 

 
For the Mg alloy, the G and v values are 

16.5 GPa and 0.35, respectively. Using Eqs. (3) and 
(4), ΔσMg4Zn7=14.103 MPa and ΔσMg17Zn12=7.483 MPa. 

Based on the calculation results of Eq. (5), the 
contribution of grain refinement to the alloy 
strength is 18.402 MPa. 

Furthermore, the texture influences the alloy 
strength based on its effect on the Hall–Petch 
constants [41]. The general formula for calculating 
σ0 is listed below:  
σ0=mτ0                                                    (6)  
where τ0 is the single-crystal resolved stress, and m 
is the Taylor orientation factor, which is related to 
the basal texture of the material. In randomly 
oriented HCP polycrystals (without a texture), m is 
~6.5. Generally, the m value is calculated to be 6.5 
times the textural strength. For the as-extruded and 
as-aged alloys, the m values are 63.63 and 45.175, 
respectively. Based on a previous report [42], the τ0 
of the basal slip of Mg is 0.6 MPa. Therefore, the 
relative contribution from textural strengthening is 
approximately −11.073 MPa. 

Finally, the aging treatment performed after 
extrusion often loads to a change in the dislocation 
density inside the alloy [43]. Moreover, the average 
full width at the half maximum value of the XRD 
changes considerably after the alloy aging treatment, 
i.e., from 0.375 to 0.248. This shows that the 
dislocation density of the alloy has changed 
substantially. Dislocation–dislocation interactions 
increase the yield stress according to the following 
relation: 
 

1/2=MαGbρσ ρ∆                          (7) 
 
where ρσ∆  denotes the strength contribution 
from dislocation–dislocation interactions, M denotes 
the Taylor factor (6.5 for Mg [44]), α is a constant 
(usually 0.33 [45]), G for Mg is 16.6 GPa at room 
temperature [46], b for the basal slip in Mg is 
0.321 nm, and ρ represents the dislocation density, 
which can be calculated using the Dunn formula: 
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24.35
Lρ

b
=                              (8) 

 
where L is the full width at half maximum value. 
Combining Eqs. (7) and (8), the contribution of the 
dislocation strengthening to the alloy strength is 
−2.168 MPa. 

Combining the abovementioned calculations, 
the total Δσ=Δσgb+ΔσMg4Zn7+ΔσMg17Al12+Δσ0+Δσρ= 
26.747 MPa. Based on these calculation results, the 
precipitation of the Mg4Zn7 phase after aging 
improves the alloy strength (~39.6% increase in 
intensity). 

With the weakening of the alloy texture after 
aging, additional slip systems can be activated    
to coordinate the deformation, increasing the    
EL [47,48]. However, the EL of the ATZ632 alloy 
decreases after aging. High-density precipitation, 
distributed along the grain boundary after aging, 
causes the accumulation of dislocations close to the 
grain boundary, increasing the stress accumulation 
and decreasing the EL of the ATZ632 alloy after 
aging [49]. Furthermore, aging depletes the solute 
element and deactivates the solution softening of 
the prismatic slip, playing a role in accommodating 
local deformation incompatibility [50]. Moreover, 
the consumption of solute elements and the 
formation of precipitates cause reduction in the EL. 
 
5 Conclusions 
 

(1) For the as-extruded ATZ632 alloy, the 
amount of Mg17Al12 phase increased and Mg4Zn7 

phase precipitated after aging. The YS and UTS of 
the peak-aged ATZ632 alloy reached 252.5 and 
416.2 MPa, respectively. 

(2) In the ATZ632 alloy, after peak aging, 
multiple lamellar Mg17Al12 phases precipitated and 
grew parallel to the basal plane of the matrix; 
furthermore, the rod-like Mg4Zn7 phase grew 
perpendicularly to the basal plane. Because of the 
rotation of some part of the un-SR grains, the 
pyramidal plane was parallel to the RD, weakening 
the basal texture. 

(3) Mg4Zn7 precipitation after aging increased 
the YS, and the Mg17Al12 phase and fine-grained 
strengthening also increased certain intensity. 
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挤压态和峰值时效态 Mg−6Al−3Sn−2Zn 合金 
显微组织与力学性能之间的关系 
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摘  要：研究挤压态和时效态 Mg−6Al−3Sn−2Zn (ATZ632)合金的显微组织和力学性能。挤压态 ATZ632 合金表   

现出优异的力学性能，其屈服强度 (YS)、极限抗拉强度 (UTS) 和伸长率 (EL) 分别为 216.4 MPa、344.3 MPa 和

18.4%。经时效处理后，Mg17Al12 析出相体积分数增加且出现 Mg4Zn7 相，Mg17Al12 相平行于基面，Mg4Zn7 垂直于

α-Mg 的(0001)面析出，从而使时效态 ATZ632 合金的 YS 和 UTS 分别增加到 252.5 和 416.2 MPa；但 EL 下降至

10.1%。经过 150 ℃较低温度时效处理后，合金中出现静态再结晶晶粒，且静态再结晶晶粒的 c 轴垂直于挤压方

向，其取向呈高度一致性。 

关键词：显微组织；力学性能；时效；强化机制；静态再结晶 
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