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Abstract: The microstructure evolution and mechanical properties of Mg−15.3Gd−1Zn alloys with different Al 
contents (0, 0.4, 0.7 and 1.0 wt.%) were investigated. Microstructural analysis indicates that the addition of 0.4 wt.% Al 
facilitates the formation of 18R-LPSO phase (Mg12Gd(Al,Zn)) in the Mg−Gd−Zn alloy. The contents of Al11Gd3 and 
Al2Gd increase with the increase of Al content, while the content of (Mg,Zn)3Gd decreases. After homogenization 
treatment, (Mg,Zn)3Gd, 18R-LPSO and some Al11Gd3 phases are transformed into the high-temperature stable 
14H-LPSO phases. The particulate Al−Gd phases can stimulate the nucleation of dynamic recrystallization by the 
particle simulated nucleation (PSN) mechanism. The tensile strength of the as-rolled alloys is improved remarkably due 
to the grain refinement and the fiber-like reinforcement of LPSO phase. The precipitation of the β′ phase in the 
peak-aged alloys can significantly improve the strength. The peak-aged alloy containing 0.4 wt.% Al achieves excellent 
mechanical properties and the UTS, YS and elongation are 458 MPa, 375 MPa and 6.2%, respectively. 
Key words: Mg−Gd−Zn−Al alloy; long-period stacking ordered (LPSO) phase; β′ phase; mechanical properties 
                                                                                                             

 

 

1 Introduction 
 

Currently, weight reduction is a major design 
consideration in the aerospace, automotive and 3C 
industries due to the strict requirements on the 
greenhouse gas emissions and fuel economy. 
Mg-based alloys are usually considered as 
promising structural materials due to their low 
densities, good damping capacity, and distinct 
strength [1−4]. Previous studies suggested that  
rare earth elements like Ce, Gd, Y and Nd can 
enhance the mechanical properties of magnesium 
alloys [5−8]. Mg−Gd−Zn alloys are considered 
particularly promising because of their satisfactory 

combination of high strength, ductility and creep 
resistance [9,10]. These excellent properties are 
attributed to the formation of the long-period 
stacking ordered (LPSO) phase and the β′ phase. In 
the Mg−Al−Gd system, KISHIDA et al [11,12] 
identified a new LPSO phase with composition of 
Mg−6.8at.%Al−10.8at.%Gd, and described its 
structure as the 18R crystal structure based on 
order−disorder theory. Then, 14H LPSO with    
the ideal chemical formula of Mg−7.1at.%Al− 
9.5at.%Gd was found in the Mg−Al−Gd     
system [13]. Unfortunately, there are few further 
studies on the Mg−A1−Gd LPSO phase. 

It has been found in recent studies that Al has  
a significant grain refinement effect on the Mg−RE 
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alloys due to the formation of Al2RE phase, which 
can be explained by edge-to-edge matching (E2EM) 
model [14,15]. QIU et al [16,17] identified the Al2Y 
phase as an active nucleant through crystallographic 
calculation. Adding 0.6−1.0 wt.% Al to the Mg−10Y 
alloy can significantly reduce the grain size from 
180 to 36 μm. The grain refinement efficiency of 
Al2Gd and Al2Y phases in Mg−RE alloys were 
equivalent to that of Zr, and the fine grains in 
Mg−RE−Al alloys were more thermally stable than 
those in Mg−RE−Zr alloys [18]. The results of 
ZHAO et al [19] showed that the addition of trace Y 
to the AZ91D alloy will form some rod-like Al2Y 
phases, and the tensile properties have been 
significantly improved due to the grain refinement 
of Al2Y phases. Moreover, it was suggested that the 
addition of trace Al to the Mg−5Gd−2.5Y−2Zn 
alloy can significantly improve the ductility and 
rollability, because Al2(Y,Gd) and Al11(Y,Gd)3 
phases were formed and (Mg,Zn)3(Y,Gd)2 phases 
was suppressed [20]. 

Up to now, there have been few studies on the 
grain refinement of Mg−RE−Zn alloys by Al 
addition, and few details about the effect of Al 
addition on the formation of LPSO phase. In this 
work, the microstructure and mechanical properties 
of Mg−Gd−Zn−xAl (x=0, 0.4, 0.7 and 1.0, wt.%) 
alloys from the as-cast, as-homogenized, as-rolled 
and rolled−aged conditions were systematically 
investigated. 
 
2 Experimental 
 

The Mg−15.3Gd−1Zn−xAl (x=0, 0.4, 0.7 and 
1, wt.%) alloys were fabricated using pure Mg, Zn, 
Al, and Mg−30wt.%Gd master alloys. These alloys, 
90 mm in diameter and 150 mm in length, were 
prepared in an intermediate frequency induction 
furnace under Ar atmosphere and cooled in brine. 
The chemical compositions of the investigated 
alloys are listed in Table 1. The as-cast ingots were 
homogenized at 520 °C for 10 h, quenched into 
water, and then machined into plates with 
dimensions of 85 mm × 20 mm × 7.5 mm. The 
as-homogenized plates were preheated at 500 °C for 
30 min before hot rolling. Then, the plates were 
rolled by equal speed rolling at 500 °C from 7.5 to 
2.0 mm after about 15 passes, with a total plastic 
deformation of 73%. During each rolling pass,   
the rolled specimens were reheated at 500 °C for 

10 min. The rolling specimens were cooled in air 
after the final rolling pass. Some of as-rolled sheets 
were aged at 220 °C with different ageing time. 
 
Table 1 Chemical compositions of cast Mg−Gd−Zn(−Al) 

alloys (wt.%) 

Alloy Nominal composition 
Chemical composition

Mg Gd Zn Al

A Mg−15.3Gd−1Zn Bal. 15.40 1.04 − 

B Mg−15.3Gd−1Zn−0.4Al Bal. 15.36 1.01 0.37

C Mg−15.3Gd−1Zn−0.7Al Bal. 15.28 1.05 0.75

D Mg−15.3Gd−1Zn−1Al Bal. 15.33 1.02 1.14

 
The microstructures of the specimens were 

characterized by optical microscopy (OM, 
DM2500M), scanning electron microscopy (SEM, 
SU5000 with a backscatter electron (BSE)  
detector), and energy dispersive spectroscopy 
(EDS). Secondary phases were identified by X-ray 
diffraction (XRD, Rigaku D/MAX2500PC) with a 
copper target. Macro-texture tests were conducted 
by using a PANalytical XPert MPD. Electron back 
scattered diffraction (EBSD) observation was 
conducted on a Hitachi S−3400N SEM equipped 
with a HKL-EBSD system. The detailed micro- 
structures of the samples were further examined 
under transmission electron microscopy (TEM, 
JEM−2100F) at an accelerating voltage of 200 kV. 
The average grain size was calculated by analyzing 
the optical micrographs with the Image Pro Plus 
software. At least 300 grains were counted for each 
alloy. Vickers hardness testing was conducted under 
the load of 1.96 N and holding time of 15 s, in 
which each sample was measured at least 6 times. 
Tensile specimens were processed into the sheets of 
15 mm in length, 4 mm in width and 2 mm in 
thickness with the long axis parallel to the rolling 
direction (RD). All tensile tests with an initial strain 
rate of 1.5 mm/min were carried out on a 
SHIMADZU AG-X plus testing machine. The 
ultimate tensile strength (UTS), yield strength (YS, 
offset of 0.2%) and elongation are the average 
values of repeated tests of at least three specimens. 
 
3 Results and discussion 
 
3.1 Microstructures of as-cast and as- 

homogenized alloys 
Figure 1 shows the OM and SEM-BSE images 
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Fig. 1 Optical and SEM-BSE images of as-cast Mg−Gd−Zn(−Al) alloys: (a, b) Alloy A; (c, d) Alloy B; (e, f) Alloy C;  

(g, h) Alloy D 
 
of the as-cast Mg−Gd−Zn(−Al) alloys. All the 
microstructures are composed of α-Mg dendrites 
and amounts of eutectics distribute along the grain 
boundaries discontinuously. In Alloy A, the eutectic 
phases distribute at the grain boundaries with a 
hollow-out skeleton morphology. In Alloy B, the 
majority of the eutectic phases are observed with 
bright and gray contrast distributing along  the 
grain boundaries, and some clustered phases 

notably appear, as shown in Fig. 1(d). In the case of 
Alloys C and D with increased Al content, the 
amount of bright hollow-out skeleton phases 
decreases, the gray phases completely disappear, 
and the amount of clustered phases increases. 
Meanwhile, some polygonal phases are formed in 
the matrix, especially in Alloy D. 

Figure 2 shows the magnified SEM-BSE 
micrographs of as-cast alloys, and the corresponding 
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Fig. 2 Magnified SEM-BSE images of as-cast Mg−Gd−Zn(−Al) alloys: (a) Alloy A; (b) Alloy B; (c) Alloy C;        

(d) Alloy D 

 

EDS results are summarized in Table 2. Combined 
with the XRD curves given in Fig. 3(a), the 
hollow-out skeleton phase, gray phase, clustered 
phase and polygonal phase are identified as W 
phase ((Mg,Zn)3Gd), LPSO phase, Al11Gd3 and 
Al2Gd, respectively. The LPSO phase usually 
presents the 18R-LPSO structure in as-cast   
alloys [21−23]. BIAN et al [22] and FANG et al [23] 
studied the microstructure of Mg−RE−Zn−Al alloys 
and reported that the 18R-LPSO phase did not 
contain Al element. However, the EDS analysis 
illustrates that the ratio of Al to Zn is approximately 
1 and the ratio of (Al+Zn) to Gd also is 
approximately 1 for the LPSO phase in the Alloy B.  

 
Table 2 EDS elemental analysis results of phase in 

as-cast alloys marked as A−F in Fig. 2 

Point 
Chemical composition/at.% Possible 

phase Mg Gd Zn Al 

A 82.53 11.89 5.58 − (Mg,Zn)3Gd

B 88.94 6.29 2.42 2.35 Mg12Gd(Al,Zn)

C 69.12 8.60 1.60 20.68 Al11Gd3 

D 50.62 14.34 1.08 33.96 Al2Gd 

E 76.96 5.86 0.96 16.22 Al11Gd3 

F 56.22 13.99 1.43 28.36 Al2Gd 

 

Fig. 3 XRD patterns of as-cast Mg−Gd−Zn(−Al) alloys 

 
This suggests that the LPSO phase is 
Mg12Gd(Al,Zn). Interestingly, polygonal Al2Gd 
phases mainly distribute in the matrix, and the 
Al11Gd3 phases cluster around the Al2Gd phases, as 
shown in Figs. 2(c, d). 

The addition of Al has a significant effect on 
the microstructures of the as-cast Mg−Gd−Zn 
alloys. In summary, with the increase of Al content, 
the order of transformation of the eutectic phase  
in the four as-cast alloys is (Mg,Zn)3Gd → 
(Mg,Zn)3Gd + Mg12Gd(Al,Zn) + Al11Gd3 → 
(Mg,Zn)3Gd + Al11Gd3 + Al2Gd → (Mg,Zn)3Gd + 
Al11Gd3 + Al2Gd. Some LPSO phases are found in 
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the microstructure of Alloy B, but not in the other 
three alloys. Due to the radius difference between 
Al (0.143 nm) and Mg (0.160 nm), adding trace Al 
can lead to lattice distortion and promote the 
formation of more stacking faults, which contribute 
to the formation of LPSO phase [24,25]. Similar 
phenomenon was reported by BIAN et al [22]. 
Obviously, the secondary dendrite arm spacing of 
Alloys C and D is finer than that of Alloys A and B, 

which may be attributed to the formation of Al2Gd 
phase [20,26]. 

Figure 4 shows the SEM-BSE micrographs of 
the as-homogenized Mg−Gd−Zn(−Al) alloys. As 
can be observed in Figs. 4(a, b), many of the 
lamellar and bulk phases distribute discontinuously 
along the grain boundaries, and the parallel lamellar 
phases are inclined to be contacted and combined 
into bulk phases. Compared with Alloy A, the 

 

 

Fig. 4 SEM-BSE images of as-homogenized Mg−Gd−Zn(−Al) alloys: (a, b) Alloy A; (c, d) Alloy B; (e, f) Alloy C;   

(g, h) Alloy D 
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lamellar phases in Alloy B exhibit larger density 
and thickness, and the bulk phases are more 
pronounced. However, there are numerous bulk 
phases distributing along the grain boundaries in 
Alloy C, with only a small amount of lamellar 
phases. The bulk and lamellar phases in the 
as-homogenized Mg−Gd−Zn(−Al) alloys are 
correspondingly 14H-LPSO phases [27−29]. The 
bright-field TEM image in the as-homogenized 
Alloy B and the corresponding SAED pattern of the 
LPSO phase (B//[112

−
0]α) are shown in Fig. 5. The 

weak periodic diffraction spots of the 14H-LPSO 
phase locate at the positions of n/14 of (0002)α-Mg 

fundamental diffraction. This result indicates that 
the hollow-out skeleton (Mg,Zn)3Gd and some 
clustered Al11Gd3 phases are transformed into the 
14H-LPSO phases. The element map distribution of 
the as-cast and as-homogenized Alloy B is shown in 
Fig. 6. Most of Al elements in the as-cast alloy 
distribute in the clustered Al11Gd3 phase, and a few 
of them distribute in the W phase and the LPSO 
phase, as shown in Fig. 6(b). Zn and Gd elements 
mainly distribute in the W phase, and some of the 
Gd elements also obviously distribute in the 
clustered Al11Gd3 phase, as shown in Figs. 6(c, d). 
After homogenization treatment, the elements Al, 
Zn and Gd evenly distribute in the bulk and 
lamellar LPSO phases, as shown in Figs. 6(f−h). As 
for the as-homogenized Alloy D, the polygonal 
Al2Gd and some clustered Al11Gd3 phases still 
present in the matrix, except for the bulk and 
lamellar LPSO phases, as shown in Figs. 4(g, h). In 
addition, some cuboid phases mainly distribute 
along the grain boundaries, which can be observed 

 

 
Fig. 5 Bright-field TEM image and corresponding SAED 

pattern of LPSO phase (B//[112
−
0]α) in as-homogenized 

Alloy B 

 
in all as-homogenized alloys. It is a face-centered 
cubic (fcc) crystal structure with a=0.56 nm, and its 
composition is identified by EDS as a Gd-rich 
compound of Mg−87.38Gd−0.76Al−0.78Zn (wt.%) 
by EDS. 

Previous studies have suggested that the 
formation of bulk and lamellar 14H-LPSO phases is 
mainly determined by the spinodal decomposition 
mechanism and the precipitation mechanism, 
respectively [28]. After homogenization treatment, 
the hollow-out skeleton (Mg,Zn)3Gd phases in 
as-cast Alloy A are mainly transformed into the 
lamellar 14H-LPSO phases. With the increase of Al 
content from 0 to 0.7 wt.%, the sum fraction of 
14H-LPSO phase increases obviously, especially 
the bulk 14H-LPSO phase. These findings imply 
that Al can facilitate the formation of 14H-LPSO 
phase in the as-homogenized alloys, and the 
Al11Gd3 phase is mainly transformed into the   
bulk 14H-LPSO phase by a spinodal decomposition 

 

 

Fig. 6 SEM images (a, e) with element map distributions of as-cast (a−d) and as-homogenized (e−h) Alloy B: (b, f) Al;     

(c, g) Gd; (d, h) Zn 
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mechanism. There are some large-sized polygonal 
Al2Gd phases in the as-homogenized alloy as they 
exist in the as-cast alloy, indicating that the Al2Gd 
phase has good high-temperature stability, as shown 
in Figs. 2(d) and 4(h). Most of the Al11Gd3 phases 
are transformed into the LPSO phases after 
homogenization treatment, but some of them 
remain clustered in the matrix, especially in Alloy 
D. Therefore, the LPSO phase in Alloy D is less 

than that in Alloys B and C. 
 

3.2 Microstructure and texture of as-rolled alloys 
Figure 7 shows the optical images of the 

RD−ND plane of the as-rolled Mg−Gd−Zn(−Al) 
alloys. After the multi-pass hot rolling process at 
500 °C, all the as-rolled alloys exhibit a finer and 
more uniform microstructure, indicating that the 
dynamic recrystallization (DRX) occurs during hot  

 

 
Fig. 7 Optical images of as-rolled Mg−Gd−Zn(−Al) alloys: (a, b) Alloy A; (c, d) Alloy B; (e, f) Alloy C; (g, h) Alloy D 
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rolling. Many interdigitated twins are observed in 
DRXed grains, especially in Alloy B. The average 
DRXed grain sizes of Alloys A, B, C and D are 
approximately 22.28, 18.40, 15.76 and 19.85 μm, 
respectively. In addition, a large number of 
continuous plate-shaped phases are parallel to the 
RD at the grain boundary, indicating that bulk 
LPSO, lamellar LPSO and clustered Al11Gd3 phases 
can be crushed by rolling force. It is noted that the 
thickness of the plate-shaped phase increases with 
the increase of Al content from 0 to 0.7 wt.%, due 
to the increase of the amount of LPSO phase. The 
thickest plate-shaped phase exists in Alloy D, which 
is the result of the coexistence of LPSO phase, 
Al11Gd3 phase and Al2Gd phase. There is no 
difference in appearance of the Al2Gd phase before 
and after hot rolling, as shown in Figs. 7(g, h). 

Figure 8 shows the {0002} pole figures of the 
RD−TD plane of the as-rolled Mg−Gd−Zn(−Al) 
alloys. All the as-rolled alloys exhibit a typical 
basal texture with the (0002) basal plane of 
magnesium crystal parallel to the RD−TD plane  
(the (0002) basal plane of magnesium crystal 
perpendicular to the ND direction). There is 
obvious mountain-like images in the center of the 
circle (ND direction), which more vividly shows 
that the (0002) base plane of magnesium crystal is 
perpendicular to the ND direction, which is 
intuitively shown in the 2.5D pole figures. The 

basal poles spreading from ND toward TD are 
much wider than that toward RD, with an elliptical 
orientation distribution of the basal texture, which 
is a typical characteristic of RE-containing Mg 
alloys [30,31]. Interestingly, the position of 
maximum intensity of Alloy A almost has no 
inclination relative to the ND, exhibiting a single 
peak texture, as shown in Figs. 8(a, e). The position 
of maximum intensity of Al-containing alloys tilts 
about 2°−15° from the ND toward RD and TD, 
presenting a multi-peak morphology, as shown    
in Figs. 8(b−d, f−h). It is noteworthy that the 
maximum texture intensity decreases gradually with 
the Al addition, and the Alloy D has the smallest 
maximum texture intensity of 4.8. It is generally 
believed that the particle stimulated nucleation 
(PSN) plays an important role in promoting DRX 
and grain refinement [32,33]. FANG et al [23] 
reported that the addition of 1 wt.% Al elements to 
Mg−8Gd−5Y−2Zn alloy significantly weakened  
the maximum texture intensity from 15.1 to 3.9, 
because the particle Al11RE3 and Al2RE phases 
within the grain have great effect on particle 
stimulated recrystallization. In the present study,  
the Al11RE3 and Al2RE phases mainly distribute in 
Alloy D with the lowest maximum texture intensity. 

Figure 9 shows the inverse pole figure (IPF) 
map, pole figures and relative Schmid factor 
distribution of the as-rolled Alloy B. As shown in 

 

 

Fig. 8 2-dimensional (2D) (a−d) and 2.5-dimensional (2.5D) (e−h) pole figures of (0002) plane of Mg−Gd−Zn(−Al) 

alloys: (a, e) Alloy A; (b, f) Alloy B; (c, g) Alloy C; (d, h) Alloy D 
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Fig. 9 EBSD analysis results of as-rolled Alloy B: (a) IPF image; (b) (0001), (101
−
0) and (112

−
0) pole figures;         

(c) (0001)112
−
0 Schmid factor distributions 

 

Figs. 9(a, b), the microstructure of the as-rolled 
alloy is composed of DRXed grains with a typical 
basal texture, which is consistent with Figs. 7 and 8. 
Some fine grains with a (011

−
0) prismatic plane 

parallel to the ND−RD plane are observed. These 
fine grains can effectively shorten the slip distance 
of dislocations, release the stress concentration at 
grain boundaries and improve the ductility of    
the alloy [34]. Many {101

−
2} extension twins are 

observed in the DRXed grains. Generally, the  
{101

−
2} extension twins with lower activation 

energy are often produced during compression 
deformation [31,34]. The Schmid factor is usually 
related to the texture and stress state of the alloy. 
Most of the grains have low Schmid factor values 
with a peak ranging from 0.00 to 0.17, as shown in 
Fig. 9(c). It is indicated that a weak texture is 
developed in the as-rolled alloy and the basal slip of 
grains is difficult to activate. 
 
3.3 Aging hardening behaviors of as-rolled alloys 

and microstructures of peak-aged alloys 
Figure 10 shows the age-hardening curves of 

the as-rolled Mg−Gd−Zn(−Al) alloys aged at 
220 °C. Alloy A exhibits a significant age hardening 
response; the hardness increases rapidly within 
0−20 h, and reaches a peak hardness of HV 137.10 
after 23 h. The peak hardness of the as-rolled Alloy  

 
Fig. 10 Age-hardening curves of as-rolled Mg−Gd− 

Zn(−Al) alloys aged at 220 °C 

 
B is obtained after 33 h, and its value is HV 126.72. 
Alloy C obtains a peak hardness of HV 120.48 after 
88 h. However, the as-rolled Alloy D exhibits 
relatively poor age hardening behavior, and the 
peak hardness is obtained after 121 h, with a value 
of HV 113.39. With the increase of Al content, the 
age hardening response of the as-rolled alloys 
decreases gradually. The formation of LPSO and 
Al−Gd phases results in a decrease of Gd content in 
the α-Mg matrix, which results in a considerably 
low and slow age hardening response of the 
Mg−Gd−Zn−Al alloys. 

Figure 11 shows the bright-field TEM images 
of peak-aged Alloys A and B and the corresponding 
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Fig. 11 Bright-field TEM images and corresponding SAED patterns of peak-aged Alloys A (a) and B (b−f)         

((c) B//[0001]α; (f) B//[112
−
0]α) 

 
SAED pattern. A large number of elliptical 
precipitates (marked by red arrows) are observed in 
the matrix of peak-aged Alloys A and B. The SAED 
pattern shows that the three weaker diffraction spots 
are located at 1/4(011

−
0)α, 1/2(011

−
0)α and 3/4(011

−
0)α. 

Such diffraction characteristics indicate that these 
ellipsoidal precipitates are β′ phases with a bco 
structure. These precipitates exhibit a semi-coherent 
structure with α-Mg, which can effectively suppress 
the slipping of the basal planes. Compared with 
Al-free alloy, the peak-aged Alloy B exhibits sparse 
and fine precipitates. Figure 11(d) shows an 
extensive twin (marked by green arrow) surrounded 
by β′ phases. This phenomenon is also consistent 
with Figs. 7(d) and 9(a). Some studies have shown 
that twin boundaries can effectively inhibit 
dislocation slip and improve the yield strength in a 
way similar to the grain boundary [35,36]. A 
bright-field TEM image of LPSO phase (marked by 
yellow arrow) accompanied by β′ precipitates in the 
peak-aged Alloy C is shown in Fig. 11(e). The 
SAED pattern reveals that the LPSO phase is 
14H-LPSO phase. Previous studies have suggested 
that there is a competitive demand for RE elements 
between 14H-LPSO phases and β′ precipitates [28], 

which results in a higher density of β′ precipitates in 
Al-free alloy than that in Al-containing alloys. This 
explains why the peak-aged Al-free alloy has a 
better age hardening response than the 
Al-containing alloys. ZHENG and CHEN [37] 

reported that an intercalation structure can be 
formed between the β′ precipitates and the LPSO 
phases, which will hinder the coarsening of β′ 
precipitates and LPSO phases. Both the appropriate 
volume fractions of the 14H-LPSO phases and the 
fine elliptical β′ phases endow the peaked-aged 
alloy with good mechanical properties. 
 
3.4 Mechanical properties 

The tensile mechanical properties of the 
Mg−Gd−Zn(−Al) alloys under different conditions 
at ambient temperature are shown in Fig. 12. 
As-cast Alloy B exhibits the optimal mechanical 
properties, and the values of UTS, YTS and 
elongation are 219 MPa, 138 MPa and 3.7%, 
respectively, which may be attributed to the 
formation of 18R-LPSO phases with high elastic 
modulus and hardness [38]. However, as-cast 
Alloys C and D have relatively poor mechanical 
properties due to the presence of Al−Gd phases; 
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Fig. 12 Tensile properties of Mg−Gd−Zn(−Al) alloys  

in as-cast, as-homogenized, as-rolled and peak-aged 

conditions 

 
especially for as-cast Alloy D with large Al2Gd 
phases, the values of UTS, YTS and elongation are 
only 188 MPa, 125 MPa and 3.1%, respectively. 
After homogenization treatment, the mechanical 
properties of the Mg−Gd−Zn(−Al) alloys are 
improved due to the solution strengthening of the 
Gd elements and the second phase strengthening of 
14H-LPSO phases. It is noted that the as- 

homogenized Al-free alloy exhibits the optimal 
mechanical properties, and the values of UTS and 
YTS are 238 MPa and 151 MPa, respectively, with 
the highest elongation of 11.6%. The tensile 
mechanical properties of the Mg−Gd−Zn(−Al) 
alloys decrease gradually with the increase of Al 
content. It is generally believed that the hard brittle 
phase with finer shape can improve the strength, but 
the severely coarsened phases (such as large bulk 
LPSO and Al2Gd phases) are more sensitive to 
stress concentration [39]. The lamellar 14H-LPSO 
phases in Al-free alloy have a smaller average size 
than the bulk 14H-LPSO phases in Al-containing 
alloys, which can improve the mechanical 
properties more effectively [40]. 

After rolling, the tensile strength of the 
Mg−Gd−Zn(−Al) alloys is improved remarkably, 
which is mainly attributed to the grain refinement 
and fiber-like reinforcement of LPSO phase. For the 
as-rolled Al-free alloy, the values of UTS, YTS  
and elongation are 337 MPa, 249 MPa and 8.2%, 
respectively. The as-rolled Alloy C exhibits the 
optimal tensile strength, and the values of UTS  
and YTS are 374 MPa and 287 MPa, respectively.  
It is noteworthy that the elongation of the alloys 
with low Al content decreases significantly after 
rolling, especially Al-free alloy. This is due to the 
formation of sub-grains and excessive dislocation 
accumulation, resulting in stress concentration and 
ductility weakening of the as-rolled alloys [41]. 
Compared with Al-free alloy, Al-containing alloys 
have higher strength but lower plasticity. The higher 
strength is due to the finer grains and more LPSO 
phases in Al-containing alloys, while the weaker 
toughness is due to the existence of Al−Gd phases. 

The mechanical properties of Mg−Gd−Zn(−Al) 
alloys are greatly improved after peak aging 
treatment except for the elongation. The UTS and 
YTS of the peak-aged Al-free alloy are improved 
significantly, with values of 427 MPa and 352 MPa, 
respectively. The peak-aged Alloy B exhibits the 
optimal mechanical properties and the UTS, YTS 
and elongation are 458 MPa, 375 MPa and 6.2%, 
respectively. However, Alloy D with large-sized 
Al2Gd phase has small age hardening response, and 
the values of the UTS, YTS and elongation are 
386 MPa, 322 MPa and 4.5%, respectively. 
Precipitation strengthening is the most dominant 
strengthening mechanism in the aging process. A 
large number of fine ellipsoidal β′ phases 
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precipitating in the peak-aged alloys exhibit a 
semi-coherent structure with α-Mg, which can 
effectively inhibit the slipping of the basal planes 
and improve the tensile strength [42,43]. 
 
4 Conclusions 
 

(1) The microstructures of the as-cast Al-free 
alloy consist of α-Mg and (Mg,Zn)3Gd phases. The 
addition of 0.4 wt.% of Al to the Mg−Gd−Zn alloy 
promotes the formation of 18R-LPSO phase 
(Mg12Gd(Al,Zn)). With the increase of Al content to 
0.7 wt.%, the 18R-LPSO phase disappears and a 
large number of Al11Gd3 and Al2Gd phases 
distribute in the grains. Accompanied by the 
decrease of (Mg,Zn)3Gd phase, the content of 
Al11Gd3 and Al2Gd increases with the increase of Al 
content. 

(2) After homogenization treatment, 
(Mg,Zn)3Gd, 18R-LPSO and some Al11Gd3 phases 
are transformed into the high-temperature stable 
14H-LPSO phases. The volume fraction of the 
14H-LPSO phases increases with the increase of Al 
content from 0 to 0.7 wt.%. The polygonal Al2Gd 
and some clustered Al11Gd3 phases have good 
high-temperature stability. 

(3) The 14H-LPSO and Al11Gd3 phases are 
pressed into the plate-shaped phases during hot 
rolling, while the Al2Gd phases are not affected. All 
the as-rolled alloys exhibit a fine and uniform 
microstructure. The tensile strength of the alloys are 
improved remarkably due to the grain refinement 
and fiber-like reinforcement of LPSO phase. 

(4) The age hardening response of the as-rolled 
alloys decreases gradually with the increase of Al 
content. The precipitation of the β′ phases in the 
peak-aged alloys can effectively inhibit the slipping 
of the basal planes, resulting in precipitation 
hardening, and significantly improving the strength. 
The peak-aged Alloy B exhibits the optimal 
mechanical properties and the UTS, YTS and 
elongation are 458 MPa, 375 MPa and 6.2%, 
respectively. 
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摘  要：研究不同 Al 含量(0, 0.4%, 0.7%和 1.0%，质量分数)Mg−15.3Gd−1Zn 合金的显微组织演变和力学性能。

显微组织分析表明，添加 0.4%Al 有利于 Mg−Gd−Zn 合金中 18R-LPSO 相(Mg12Gd(Al,Zn))的形成。随着 Al 含量的

增加，Al11Gd3 和 Al2Gd 相含量增加，同时(Mg,Zn)3Gd 相含量减少。均匀化处理后，(Mg,Zn)3Gd、18R-LPSO 和部

分 Al11Gd3 相转变为高温稳定的 14H-LPSO 相。颗粒状 Al−Gd 相可通过粒子激发形核(PSN)机制促进动态再结晶

的形核。由于晶粒的细化和纤维状长程堆垛有序(LPSO)相的强化，轧制态合金的抗拉强度得到显著提高。峰时效

态合金中的 β′析出相能显著提高合金的强度。峰时效态下含 0.4%Al 的合金具有优异的力学性能，该合金的抗拉

强度、屈服强度和伸长率分别为 458 MPa、375 MPa 和 6.2%。 

关键词：Mg−Gd−Zn−Al 合金；长程堆垛有序相；β′相；力学性能 
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