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Abstract. The effect of Zn on the microstructure evolution of Mg-7Gd-3Y-1Nd-xZn-0.5Zr 

(x=1.0, 2.0) (wt.%) alloys during homogenization and ageing heat treatment has been 

investigated systemically. The results indicate that as-cast 1 Zn alloy is composed mainly of α-

Mg, Mg5(RE, Zn) eutectic phase, (Mg,Zn)3RE eutectic phase, stacking faults and block-like 

compounds rich in RE. Increasing of Zn content result in the disappearance of Mg5(RE, Zn) 

eutectic phase, but the volume fraction of 14H-typ LPSO phase is increasing, which has made 

it even more difficult to dissolve into the matrix during homogenization. After homogenization 

at 520 ℃ for 48 h, the 14H LPSO phase remains in the alloys with 2 wt.% Zn, but only 

compounds rich in RE can be seen in the alloy with 1 wt.%Zn. After ageing at 240℃ for 18 h, 

the coherent ꞵ′ phase can be found both in 1Zn and 2Zn alloys, resulting in the increase of 

mechanical properties. The ꞵ′、ꞵ1 and stacking faults can be found in 1Zn and 2Zn alloys after 

ageing at 240℃ for 100 h. However, it can be concluded that  Zn can suppress the formation of 

LPSO phases but impede the precipitation of ꞵ′ and ꞵ1 during the aging process. The as-aged 

alloy with 1% Zn addition shows the optimal mechanical properties. 

1. Introduction 

Magnesium alloys are attractive structural materials for automobiles, aircrafts, 3C products and 

biological fields, due to their low density, high specific strength and good damping capacity. Among 

these alloys, Mg–RE (rare earth) alloys with remarkable ageing responses is one of the most promising 

high strength Mg alloy. [1-4] Recently, Zn additions into Mg-RE alloys have widely been confirmed 

that will introduce LPSO structures, which can further improve the mechanical properties especially 

the ductility of magnesium alloys. The superior mechanical performance of Mg-RE-Zn alloy has been 

reported extensively. Kawamura et al.[5] firstly developed Mg97Zn1Y2 alloys with high strength above 

600 MPa and 5% elongation at room temperature through rapidly solidified powder metallurgy. 

Yamasaki et al. [6] reported a high strength hot-extruded Mg–2.3Zn–14Gd (wt.%) alloy with 345 MPa 

tensile proof strength and 6.3%. elongation.  L. Zheng[7] produced Mg–10Gd–6Y–2Zn–0.6Zr alloy 

with the ultimate tensile strengths of 432 MPa and the elongations are 18% and 5% respectively.  

Although there are many studies about the effect of Zn on the microstructure evolution and properties, 

there are still some disputes about the strengthening mechanism of Zn additions to Mg-RE alloys. T. 

Honma [8] considered that the Zn addition will enhance precipitations of the ꞵ′ phases and LPSO 

structures. The formations of these two phases minimize the total energy in the systems, leading to 

active movement of dislocations on the basal plane, which gives rise to the unusual elongation of Mg–

2.0Gd–1.2Y–0.2Zr alloy. Yun Li[9] suggested that formation of LPSO phase increased the efficiency 
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of power dissipation and impeded the dynamic recrystallization, which causes Zn-containing alloys 

had stronger softening effects. Jinghuai Zhang[10] suggested that the kinking of LPSO structure is 

beneficial for both work hardening and plasticity, and 14H LPSO structure contributes more to the 

improvement of ductility while SF is more effective in increasing strength. 

High strength Mg-7Gd-5Y-1Nd-0.5Zr alloys was fabricated in our previous work[11,12]. To further 

improve the ductility, Mg-Gd-Y-Nd-Zn-Zr alloy was developed by Zn addition recently[13-15]. In this 

alloy system, Zn was supposed to be mainly composed ꞵ1 phases and LPSO structures but does not 

partition into ꞵ′  phases[8], whereas Nd is reported that can impede the LPSO formation but enhance 

the solid solubility effect and peak-aging hardness[16]. Thus, the influence of Zn content on the 

microstructure and mechanical properties of Mg-Gd-Y-Nd-Zn-Zr alloys during heat treatment as well 

as the strengthening mechanism are essential to be studied. 

The aim of this paper is to understand the influence of the Zn content in the Mg-Gd-Y-Nd-Zn-Zr 

system during heat treatment based on the microstructural observations and mechanical properties test. 

In addition, the precipitates in peak-aged alloys have been investigated for better understandings of the 

age-hardening mechanism. 

2. Experimental procedures 

Two alloys with nominal composition of Mg-7Gd-3Y-1Nd-1Zn-0.5Zr and Mg-7Gd-3Y-1Nd-2Zn-

0.5Zr were prepared in high frequency induction melting furnace. The as-cast ingots were 

homogenized at 520 ℃ for 48h and aged at 210 ℃for 26 h. Microstructure observations were 

performed through scanning electron microscopy (SEM) equipped with EDS and transmission 

electron microscopy (TEM). Disc samples (3 mm diameter) for TEM analyses were ground to 60 μm 

thick and then twin-jet electro-polished in a solution of 15 mL perchloric acid and 285 mL ethanol at -

30 ℃ and 0.01 A. The microstructures were observed by JEM-2010 HRTEM,  HAADF-STEM images 

were taken using a FEI Tecnai F20 electron microscope. The mechanical properties of these two alloys 

were tested using the SANS machine at a speed of 2 mm/min at ambient temperature. 

3. Results and discussion 

3.1. As-cast microstructures 

Fig. 1 shows the XRD patterns of the as-cast alloys. The as-cast 1Zn alloy is mainly composed of α-

Mg, Mg5(RE, Zn) (Mg, Zn)3RE phase, and Mg12(RE, Zn) phases, as seen from Fig. 1. Otherwise, in 

as-cast 2Zn alloy, disappearance of Mg5(RE, Zn) phase can be recognized from the results. The 

intensity of the diffraction peaks for Mg12(RE, Zn) is much stronger in as-cast alloys. 

 

Figure 1. XRD patterns of as cast 

1Zn and 2Zn alloy 

Fig.2 shows as-cast microstructure of 1Zn and 2Zn alloys. As seen in Fig.2a, the eutectic phase 

(indicated by A and B), and square shaped compounds (indicated by C) rich in Gd and Y distribute 

along the grain boundaries in 1Zn alloy. Besides, a number of needle-like structures near grain 

boundaries which distribute along the same direction can also be found. According to XRD and EDS 

results, the eutectic phase A and B can be designated as Mg5(RE, Zn) and (Mg, Zn)3 RE, respectively. 

In 2Zn alloy, it is found that the characteristics of the eutectics such as (Mg, Zn)3 RE and compounds 

rich in Gd/Y are same to that of the phases observed in the as-cast 1 Zn alloy, which is consistent with 

the XRD patterns. The difference is only that the disappearance of Mg5(RE, Zn) phases. The addition 
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of 2% Zn has made more needle-like structure precipitated throughout all the grains. Moreover, 

besides these similar phases, (Mg, Zn)12RE phase can be observed in 2Zn alloy, which is not found in 

the microstructure of 1Zn alloy as shown in Fig.2a, although the diffraction peaks for Mg12(RE, Zn) in 

1Zn alloy can be found as shown in Fig.1. 

 

 

 

Figure 2. (a) SEM image of as-cast 1Zn 

alloy; (b) EDS results of the compounds 

marked by A, B C, D in Fig.2a; (c) SEM 

image of as-cast 2Zn alloy; (b) EDS results 

of the compounds marked by A, B C, D in 

Fig.2c 

 Figure 3. (a) bright field TEM image and 

corresponding SAED pattern of eutectic 

phase B in 1Zn alloy; (b) bright field 

image and corresponding SAED pattern 

of secondary phase C; c) bright field 

image and SAED pattern of A in 2Zn 

alloy; d) bright field image and SAED 

pattern of LPSO in 2Zn alloy 

TEM and SAED analysis for eutectic phase B and compounds C was conducted, as shown in Fig.3. 

The SAED pattern shown in Fig.3a indicates the skeletal eutectic phase B formed along grain 

boundaries can be deduced as f.c.c. crystal structure with a=2.22 nm. The square-shaped compounds C 

shown in Fig. 1(a) is determined to be f.c.c. crystal structure with a lattice parameter of a=0.53 nm. It 

is obvious that the eutectic phase B and compounds C is similar to that formed in Mg-RE series alloy 

in our previous research [13]. Moreover, (Mg, Zn)3RE phase observed in 1Zn alloy that is distinguish 

with 2Zn alloy was analyzed by TEM and HRTEM, as shown in Fig.3c. The (Mg, Zn)3RE phase in 

1Zn and 2Zn alloy have been determined to present a f.c.c. with a=0.73 nm. Furthermore, TEM image 

and SAED pattern of LPSO structure in 2Zn alloy are shown in Fig. 3d, The SAED pattern viewed 

along [1120] axis of LPSO phase indicate that the present LPSO phase formed during solidification 

is 14H-type with a lattice parameter of a=1.112nm，c=3.647nm. The orientation relationship between 

14H-type LPSO structure and matrix can be described as 14(0001) / /(0001)H  , 14[0110] / /[1120]H  . 

This 14H-type structure considered to be the same as the 14H-type structure reported by Zhu[18]. 

3.2.  As-homogenized microstructures 

Fig. 4 shows the differential scanning calorimetry (DSC) curves of the as-cast alloys. As seen from 

Fig.4, the melting points of eutectics are evaluated to be approximately 537.1℃, 529.3 ℃ for 1Zn and 

2Zn alloy, respectively. With increase of Zn content, the melting point of eutectics is decreased and the 

endothermic peak area increase significantly Zn, which is consistent with XRD results shown in Fig.1. 

According to the DSC results, the subsequent homogenization heat treatment for both 1Zn and 2Zn 

alloys is performed at 520 ℃ for 32 h. 
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Figure 4. The differential scanning calorimetry 

curves of 1Zn and 2Zn alloy 

 Figure 5. (a) SEM image of as-homogenized 

1Zn alloy; (b) EDS results of the compounds 

marked by B C, D in Fig.1a; (c) SEM image 

of as-homogenized 2Zn alloy: (b) EDS results 

of the compounds marked by B C, D in Fig.1c 

Fig.5 shows the microstructure of as-homogenized alloys. After homogenization heat treatment at 

520 ℃ for 32 h, the eutectic phase has been completely dissolved into matrix. However, the LPSO 

along grain boundaries both in 1Zn and 2Zn alloy can be seen in Fig.5a and Fig.5c. With increasing of 

Zn content, the volume fraction of LPSO phase is increasing, which has made it even more difficult to 

dissolve into the matrix during homogenization. As shown in the illustrations in Fig.5a and Fig.5c, 

14H LPSO structure can be deduced from the SAED pattern. Thus, the undissolved block shaped 

phase is LPSO with 14H-type structure. The as-homogenized microstructures of 1Zn and 2Zn alloys 

are mainly composed of α-Mg, secondary phase rich in RE and 14H-type LPSO phase. The research 

by Zhu et al. [18] revealed that the stable structure of Mg12YZn in the solid solution Mg–Y–Zn alloy 

was 14H-LPSO. For 1Zn alloy, needle-like structures near grain boundaries transformed into block 

LPSO phase, and LPSO phase in 2Zn alloy is much larger after homogenization. The similar 

phenomenon was reported by Yamasaki et al.[19], and there are many other standpoints about the 

formation mechanism of 14H-LPSO during homogenization heat treatment, such as precipitation from 

α-Mg matrix, or  transformed from different type of LPSO, or decomposition of eutectic phases. 

However, in the present study, it is hard to distinguish the mechanism of 14-H LPSO phase 

coarsening, and further research has to be studied to understand the coarsening mechanisms of the 

14H-LPSO during homogenization. 

3.3. As-aged microstructures 

To reveal the microstructure of as-aged alloys, TEM was conducted for 1Zn alloy and 2Zn alloy. Fig. 

6(a) shows a low-magnification TEM image of 1Zn alloy after 240 ℃/18 h ageing, taken with the 

incident beam parallel to[0001] . The microstructure is mainly composed of fine precipitates formed 

on )0211(  planes. The corresponding SAED pattern taken from both the matrix and precipitates  

shown in Fig. 6(b) can be indexed consistently with b.c.o. structure with a=0.64 nm, b=2.22 nm and 

c=0.52 nm. The bright field image and SEAD pattern both suggested that β′ phases have formed 

during aging process in 1Zn alloy. Besides β′ phase which has the same structure with that in EW75 

alloy in our previous work, some clusters marked by arrows has found in matrix. These clusters has a 

hexagonal shape, Nie has reported and thought they are short-range order [20]. In future work, the 

crystal structure of this cluster will be further investigated. 

The TEM image viewed along the [1120]  zone axis for the 1Zn alloy after 240 ℃/100h ageing are 

shown in Figs. 6(d). Viewing from the [1120]  direction, all the β′ precipitates are parallel to [0001]
direction. In addition, compared with 1Zn alloy, the microstructure of 2Zn alloy shown in Fig. 6c and 

Fig.6f indicate that with increasing of Zn content, the fewer β′ phases has formed in matrix. This result 
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can be ascribed to the larger amount of residual LPSO phase in 2Zn alloy. As a second phase, the 

composition of 14H-type LPSO is approximate Mg12Zn1RE1. The residual LPSO phase in 

homogenized alloy consumed Gd, Y and Nd atoms, which result in the fewer β′ phases precipitated 

from matrix during ageing. 

 

Figure 6. TEM images of samples aged at 240 ℃ for 18h (a) bright field image of 1 Zn 

alloy taken along[0001] ; (b) SAED pattern corresponding to a; (c) bright field image of 

2 Zn alloy taken along [0001] ; (d) bright field image of 1 Zn alloy taken along[1120] ; 

(e) SAED pattern corresponding to d; (f) bright field image of 2 Zn alloy taken along 

[1120]   

To investigate precipitates formed after continued ageing at 240 ℃ for 100 h in 1Zn alloy, HAADF-

STEM technique was adopted. The HAADF-STEM images for 1Zn alloy after 240 ℃/100 h ageing 

are shown in Fig. 7(a) and 7(d), respectively. Viewing from [0001] zone axis, a large amount of 

coarse β′ precipitates can be observed in Fig. 7(a). The size of β′ precipitate along [0001] direction is 

about 100nm. The FFT pattern inserted in Fig. 7(c) shows that the structure of β′ precipitates not 

change during ageing. Besides β′ phase, another phase with a pair of facets parallel to {1100}  planes 

and the other pair of facets attached to β′ can be found, which was marked in Fig.7(a).  Closer 

examination revealed that the habit of this precipitation is 1100 （ ）  . FFT recorded from such 

precipitates, as shown in Fig. 7(c), could be indexed consist with 1   phase(f.c.c, a=0.74nm) . An 

HAADF-STEM image for 1Zn alloy taken with the incident beam parallel to [1120]  is shown in Fig. 

7(d). Besides β′ and 1   phase, some needle-like structures perpendicular to [0001] direction can be 

observed.  FFT pattern of this structure is shown in Fig.7f, strong streaks indicate the existence of 

stacking fault. HAADF-STEM observation (Fig. 7d) reveals that solute elements such as Zn and Gd 

concentrate in stacking faults. The high resolution TEM image of SF ( Fig. 7f) shows a stacking 

sequence of ABABACBCBC of the closely packed plane. The interaction of β′ and SF can also be 

found, and our further work will be done to investigate the interface between β′, 1  and SF structures. 

Based on the Z-contrast mechanism in HAADF technique, we can associate the fact that the RE and 

Zn concentrate in β′, 
1  phase and SF structure, and the content of RE in 

1  phase is higher than that in 

β′ phase. Precipitations in 2Zn alloy after ageing at 240 ℃ for 100 h are shown in Fig. 7(b) and 7(e), 

respectively. A HAADF-STEM image taken with the incident beam parallel to [1120]  in Fig. 7(b) 

and 7(e) show that with increasing of Zn content, the fewer β′ and 
1  phases formed in matrix, but 
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higher density of SF can also can be found. This result can be ascribed to the larger content of Zn in 

2Zn alloy, thus the SF formed easily. Due to the SF contains Gd, Y and Nd atoms, which result in the 

fewer RE in matrix in 2Zn alloy and fewer β′ and 
1  phases formed in matrix. 

 
Figure 7. TEM images of samples aged at 240 ℃ for 100h (a) HAADF-STEM image 

of 1 Zn alloy taken along [0001] ; (b) HAADF-STEM image of 2 Zn alloy taken 

along [0001] ; (c) HRTEM image of 1 Zn alloy taken along [0001] ; (d) HAADF-

STEM image of 1 Zn alloy taken along [1120] ; (e) HAADF-STEM image of 2 Zn 

alloy taken along [1120] ; (f) HRTEM image of 2 Zn alloy taken along [1120]  

3.4. Mechanical properties 

The mechanical properties such as yield strength (YS), ultimate tensile strength (UTS) and elongation 

for 1Zn and 2Zn alloy before and after heat treatment has been tested. The as-cast 2Zn alloy exhibits 

lower mechanical properties and the UTS, YS and elongation are 172MPa 128MPa, and 2.8, 

respectively. After homogenization and 100 h ageing heat treatment, the UTS, YS and elongation for 

1Zn alloy are 298 MPa, 233 MPa and 10.3, respectively. The UTS, YS and elongation for 2Zn alloy 

are 274 MPa, 198 MPa and 12.5, respectively. The lower strength for as-aged Mg-7Gd-5Y-1Nd-2Zn-

0.5Zr alloy is attributed to the fewer β′ and 1  phases formed during ageing. However, the higher 

density of SF result in the higher elongation for as-aged 2Zn alloy. 

4. Conclusions 

In this study, the effect of Zn on the microstructure evolution of Mg-7Gd-3Y-1Nd-xZn-0.5Zr (x=1.0, 

2.0) (wt.%) alloys during homogenization and ageing heat treatment has been investigated 

systemically, the main conclusions can be summarized as follows: 

1) As-cast 1 Zn alloy is composed mainly of α-Mg, Mg5(RE, Zn) eutectic phase, (Mg,Zn)3RE 

eutectic phase, stacking faults and block-like compounds rich in RE. Increasing of Zn content result in 

the disappearance of Mg5(RE, Zn) eutectic phase, but 14H-type LPSO phase can be found in as-cast 

2Zn alloy. 

2) After homogenization heat treatment of 520 ℃ for 32 h, the eutectic phase has been 

completely dissolved into matrix. However, the 14-H type LPSO phases distributed along grain 

boundaries both in 1Zn and 2Zn alloy. The variation of morphology and size of LPSO during 

homogenization can be found. 
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3) After 240 ℃/18 h ageing, β′ phase has precipitated from matrix. Some hexagonal shaped 

clusters with a hexagonal structure have also been found in 1Zn alloy. After continued ageing at 

210 ℃ for 100 h, a large volume fraction of coarse β′ precipitates can be observed. Besides, β1 phase 

with higher RE content can also be found. 

4) With increasing of Zn content, the fewer β′ and β1 phases formed in 2Zn alloy, but higher 

density of SF can also be found. As a result, the strength of as-aged 2Zn alloy is lower but elongation 

is higher. 
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