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Abstract: In order to verify the feasibility of producing Mg−rare earth (RE) alloy by selective laser melting (SLM) 
process, the microstructure and mechanical properties of Mg−15Gd−1Zn−0.4Zr (wt.%) (GZ151K) alloy were 
investigated. The results show that fine grains (~2 μm), fine secondary phases and weak texture, were observed in the 
as-fabricated (SLMed) GZ151K Mg alloy. At room temperature, the SLMed GZ151K alloy has a yield strength (YS) of 
345 MPa, ultimate tensile strength (UTS) of 368 MPa and elongation of 3.0%. After subsequent aging (200 °C, 64 h, T5 
treatment), the YS, UTS and elongation of the SLMed-T5 alloy are 410 MPa, 428 MPa and 3.4%, respectively, which 
are higher than those of the conventional cast-T6 alloy, especially with the YS increased by 122 MPa. The main 
strengthening mechanisms of the SLMed GZ151K alloy are fine grains, fine secondary phases and residual stress, while 
after T5 treatment, the YS of the alloy is further enhanced by precipitates. 
Key words: selective laser melting; Mg−rare earth alloy; grain refinement; Mg−Gd−Zn; strengthening mechanism 
                                                                                                             
 
 

1 Introduction 
 

As one of the lightest structural materials, 
magnesium−rare earth (Mg−RE) alloys with high 
specific strength and low density are the most 
promising materials for lightweight applications, 
such as in automobile, aerospace and medical 
industries [1−3]. Up to now, all of high strength 
casting magnesium alloys are Mg−RE alloys, such 
as Mg−Y−Nd (WE series) [4,5], Mg−Gd−Y [6,7], 
Mg−Gd(Y)−Zn [8−11], and Mg−Gd(Y)−Ag [12−14] 
based alloys. At present, the majority of Mg–RE 
parts are manufactured by permanent mold and 
sand mold casting [11,15,16], and frequently suffer 
from the problems of casting defects, limited part 

accuracy, relatively poor mechanical properties and 
very long developing cycles, which limit their 
actual applications. Therefore, new manufacturing 
technologies are needed to produce high quality 
Mg−RE alloy parts. 

Selective laser melting (SLM), as an emerging 
manufacturing technique for metal components, is 
used to build parts by selectively melting metal 
powders layer by layer. With its advantages of high 
dimensional precision, ability to build complex 
geometries and mouldless manufacturing, SLM 
process has been successfully applied to traditional 
structural metal materials including steel, titanium 
alloy, and aluminum alloy, which exhibit 
comparable mechanical performances with their 
counterparts made by casting or even forging. In 
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terms of Mg alloys, only limited studies were 
conducted on Mg−Al [17,18], Mg−Zn [19,20] and 
WE43 (Mg−Y−Nd based) [21−23] alloys. The 
as-fabricated WE43 alloy [22] indicated very fine 
grains ranging from 0.4 to 2.9 μm with a mean 
grain size of 1.0−1.1 μm, and excellent tensile 
properties at room temperature: yield strength (YS) 
of ~300 MPa, ultimate tensile strength (UTS) of 
308 MPa and elongation of 12.2%. It seems that the 
very high cooling rate of SLM process in an order 
of 106 K/s [24] leads to fine microstructure, which 
enhances the tensile performance. Very fine grains 
of 1.0−2.9 μm were also reported in the SLMed 
AZ91D alloy [17], which are much finer than those 
of permanent mold cast AZ91D alloy (average grain 
size of ~119 μm [25]). Therefore, SLM process 
could be used to produce fine-grained Mg 
components, where fine grains are good for both 
strength and ductility. In order to verify the 
feasibility of producing Mg−rare earth (RE) alloy 
by SLM process, Mg−15Gd−1Zn−0.4Zr (wt.%) 
(GZ151K) Mg−RE alloy [10], one of the strongest 
casting Mg alloys, was fabricated. Microstructure 
and mechanical properties of the SLMed GZ151K 
alloy and the influence of subsequent aging 
treatment (T5, without solution treatment) were 
studied and compared with those of its permanent 
mold cast counterpart [10]. 
 
2 Experimental 
 

Centrifugal-atomized spherical powders of 
Mg−15Gd−1Zn−0.4Zr (GZ151K, wt.%) alloy 
(Tangshan Weihao Magnesium Powder Co., Ltd., 
China) and a commercial ZRapid SLM 150 
machine with IPG fiber laser of 200 W (ZRapid 
Tech Co., Ltd., China) were used. Powder bed and 
Mg–RE substrate were pre-heated at 100 °C for 
30 min before printing. During SLM process, 
working chamber was full of argon and the oxygen 
content was controlled below 0.05 vol.%. The 
following optimized process parameters were used: 
laser power of 200 W, scanning speed of 700 mm/s, 
layer thickness of 30 μm, hatch spacing of 70 μm, 
and scanning direction rotated by 73° between 
neighboring layers. Similar to laser melting 
deposition (LMD) process [26], during the SLM 
process of GZ151K alloy, serious spattering 
appeared, as shown in Fig. 1(a). The spattering was 
much more obvious in GZ151K alloy than that in 

 

 
Fig. 1 Spattering of GZ151K alloy powders during SLM 

process (a) and SLMed samples of GZ151K alloy (b) 

 
steel, Ti or Al alloys. Square blocks of 8 mm × 
8 mm × 5 mm (5 mm is the thickness along the 
building direction or z direction in Fig. 1(b)) were 
built for the microstructure observation and bone- 
shaped samples with gauge dimensions of 18 mm × 
3 mm × 10 mm (10 mm is the thickness in building 
direction) were built for tensile tests. The 
bone-shaped samples were cut into pieces and 
tensile samples with 3 mm in width and 1.5 mm in 
thickness in the gauge section were got. The tensile 
samples were tested on a Zwick Z100 test machine 
under 0.5×10−3 s−1 at room temperature, and tensile 
direction was perpendicular to the building 
direction and along the y direction in Fig. 1(b). 
Since layer cracks perpendicular to the building 
direction in bone-shaped samples were frequently 
observed (indicated by arrows in Fig. 1(b)), the 
mechanical properties fluctuated greatly and only 
the best tensile properties of as-fabricated (SLMed) 
and T5 treated (200 °C, 64 h, SLMed-T5) alloys 
were selected. The detailed manufacturing process 
of cast GZ151K alloy can be seen in Ref. [10]. The 
cast ingots were heated to 500 °C and kept for 2 h 
followed by the solution treatment at 520 °C for 
12 h, and then quenched into ~90 °C water. The 
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solution-treated specimens were then aged at 
200 °C for 64 h in an oil bath (Cast-T6). 

The density of square blocks was measured via 
Archimedes method and the average density is 
1.929 g/cm3. The theoretical density of GZ151K 
alloy is 1.971 g/cm3, which means the relative 
density of the SLMed GZ151K alloy is 97.9%. The 
chemical compositions of the powders and the 
SLMed alloy were identified by ionized coupled 
plasma (ICP) and are listed in Table 1. It could be 
found that the contents of Gd, Zn and Zr in  
SLMed alloy are higher than those in the powders, 
respectively. Similar results were also reported in 
SLMed WE43 alloy [22], which was attributed to 
the evaporation of Mg during the SLM process. 
Microstructure (xz plane in Fig. 1(b)) of the  
SLMed alloy was observed in a Zeiss Axio 
Observer A1 optical microscope (OM) and a NOVA 
Nano 230 SEM with an energy dispersive 
spectrometer (EDS). Electron backscattered 
diffractometer (EBSD) was used to obtain the 
texture information. The EBSD raw data were 
processed in commercial software of TSL OIM 8.5. 
Phases were identified by an Ultima IV X-ray 
diffraction (XRD) spectrometer with a scanning 
speed of 5 (°)/min. The fracture surfaces were also 
observed in an SEM. 
 

Table 1 Chemical compositions of centrifugal-atomized 

GZ151K powders and SLMed GZ151K alloy (wt.%) 

Material Gd Zn Zr Mg 

Powder 13.57 0.85 0.30 Bal. 

SLMed alloy 13.86 0.95 0.31 Bal. 

 
3 Results 
 
3.1 Microstructure 

Figure 2 shows SEM images of the GZ151K 
powders and their cross-section. It shows that most 
of the powders are globularly shaped, some of 
which are sticked to small balls or irregular 
particles. Generally, the diameters of the powders 
change from 25 to 65 μm, with the average of about 
47 μm. From the cross-section image, it could be 
found that the powders have very fine grains of 
~2.5 μm on average, and finer powders have finer 
grains. 

Figure 3 shows OM and SEM images of the 
SLMed and permanent mold cast GZ151K alloys. 

 

 
Fig. 2 SEM images of GZ151K powders (a) and their 

cross-section (b) 

 
In OM image (Fig. 3(a)), fish-scale-shaped melt 
pools are clearly revealed. The boundaries of melt 
pools are visible because the microstructures beside 
the boundaries are different, as shown in Fig. 3(b). 
The boundary is roughly represented by the dotted 
lines. Compared with the microstructures on the left 
side of the boundary, the secondary phases and 
grains on the right side of the boundary are larger, 
specially the secondary phases. The larger 
secondary phases and coarser grains on the right 
side should be formed due to the heat influence of 
the left side. During the SLM process, the right side 
solidifies firstly, and then the left side. The released 
heat during the solidification of the left side makes 
the secondary phases and grains on the right side 
grow larger. Similar microstructures were also 
observed in SLMed AZ91D [17] and ZK60 [19] Mg 
alloys. Figure 3(c) shows SEM image of permanent 
mold cast GZ151K alloy. Compared with those of  
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Fig. 3 OM (a) and SEM (b) images of SLMed GZ151K alloy from side view of xz plane in Fig. 1(b), and SEM image of 

permanent mold cast GZ151K alloy (c) 

 
the SLMed alloy, the grains and secondary phases 
of the cast GZ151K alloy are much larger. 
According to the previous study [10], the large 
secondary phases along the grain boundary are 
(Mg,Zn)3Gd phase and fine lamellar phases at grain 
interiors (indicated by arrows in Fig. 3(c)) are 
14H-type LPSO (long period stacking ordered) 
phases [27,28]. Very fine lamellar phases can also 
be observed in the SLMed GZ151K alloy, as 
indicated by the arrows in Fig. 3(b). 

Figure 4 shows the XRD patterns of the 
GZ151K powders and the SLMed GZ151K alloy. 
They both consist of α-Mg matrix, Mg3Gd and 
GdH2 phases. For Mg3Gd phase, the intensity of the 
XRD peaks decreases from the powders to the 
SLMed alloy, which probably indicates that the 
content of Mg3Gd phase decreases after SLM 
process. While the intensity of GdH2 phase 
increases, probably indicating that there is a rise in 
the content of GdH2 during the SLM process. 
Unfortunately, at the current image resolution 
(Figs. 2(b) and 3(b)), it is hard to distinguish the 
two phases. From the previous study [29], it could 
be found that REH2 phases were usually very fine 
in as-cast conditions, and they grew up during high 
temperature solution. Therefore, in the SLMed 
GZ151K alloy, GdH2 phases are probably very fine 
and most of the compounds observed in Figs. 2(b) 
and 3(b) should be Mg3Gd compounds. 

Figure 5 shows the EBSD mapping images of 
the SLMed GZ151K alloy from the side and top 
views. Microstructures in both views consist of fine 
equiaxed-grains, while the grain size in the top view 

 

Fig. 4 XRD patterns of centrifugal-atomized GZ151K 

powders and SLMed GZ151K alloy 

 
is a little bit finer than that in the side view. The 
average grain size of the SLMed alloy is 
approximately 2 μm, which is much finer than that 
of the cast GZ151K alloy (41 μm) [10]. The SLMed 
alloy shows weak textures, and the maximum 
intensities of texture from side and top views are 
3.07 and 2.35, respectively. 

Figure 6 shows TEM bright field images of the 
T5-treated SLMed (SLMed-T5) GZ151K alloy 
aged at 200 °C for 64 h. It could be found from 
Fig. 6(a) that, there are larger compounds along the 
grain boundaries. As the analysis above, these large 
compounds are probably Mg3Gd phases, and they 
are very stable during aging process. Besides the 
large Mg3Gd phases, very fine particles, as shown 
in the inserted image in Fig. 6(a), are also observed 
at grain interiors. EDS results indicate that these 
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Fig. 5 EBSD mapping images of SLMed GZ151K alloy: 

(a) Side view of xz plane in Fig. 1(b); (b) Top view of xy 

plane in Fig. 1(b) 

 
particles contain 54−67 wt.% Gd, which agrees well 
with the Gd content (68 wt.%) in Mg3Gd phase. 
Therefore, these fine particles are probably Mg3Gd 
phases and they precipitate and grow up during the 
SLM process. 

Besides these equilibrium Mg3Gd phases along 
the grain boundaries and at grain interiors, two 
kinds of metastable precipitates, long basal 
precipitates and prismatic precipitates, are also 
observed, as shown in Figs. 6(b, c). The long basal 

precipitates have very large aspect ratio and there 
are un-continuous streaks along [0001]α in the 
SAED pattern (indicated by the inserted image in 
Fig. 6(b)), both of which are consistent well with 
the characteristics of the basal γ' precipitates 
observed in the Mg−1Gd−0.4Zn−0.2Zr (at.%)    
alloy [30]. Therefore, the long basal precipitates 
here could be identified as γ' precipitates, which 
have a disordered hexagonal structure (space  
group 3 1,P m  a=0.321 nm and c=0.780 nm) and a 
MgGdZn composition [30]. The basal γ' precipitates 
were also found in cast-T6 GZ151K alloy [10] and 
cast-T6 Mg−12Gd−0.8Zn−Zr (wt.%) alloy [11,31]. 
The morphologies of the prismatic precipitates are 
not very clear, but with clear lattice fringes, as 
indicated by the arrows in Fig. 6(c). From the extra 
diffraction spots in the SAED pattern in Fig. 6(b), 
indicated by the smaller arrows, it could be found 
that these precipitates are the β′ meta-stable phases 
with cbco structure, which are frequently observed 
in Mg−Gd based alloys [1−3]. Compared with the 
cast-T6 GZ151K [10] and Mg−12Gd−0.8Zn−Zr [11] 
alloys, the number densities of both β′ and γ' 
precipitates are much lower here. It is probably due 
to lower content of solution elements in the matrix 
of the SLMed GZ151K alloy, and most of alloy 
elements form Mg3Gd phases along the grain 
boundaries and at grain interiors (Fig. 6(a)). 

 
3.2 Mechanical properties 

Figure 7 shows the engineering stress−strain 
curves and tensile properties of the SLMed and 
SLMed-T5 GZ151K alloys at ambient temperature. 

 

 

Fig. 6 TEM bright field images of SLMed-T5 GZ151K alloy: (a) Overall morphology indicating secondary phases 

along grain boundaries with inserted image illustrating secondary phases at grain interiors; (b) Basel γ′ precipitates at 

grain interiors observed from [21 10] ; (c) Prismatic β′ precipitates at grain interiors observed from [21 10]  
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Fig. 7 Engineering stress−strain curves (a) and tensile 

properties (b) of SLMed and cast GZ151K alloys (data of 

cast GZ151K alloys come from Ref. [10]) 
 
The data of permanent mold cast GZ151K    
alloy [10] in as-cast and T6 conditions are also 
listed for comparison. From the stress−strain curves 
(Fig. 7(a)), it is obvious that the work hardening 
ability of the SLMed and SLMed-T5 alloys is much 
weaker than that of the as-cast and cast-T6 alloys. 
Yield strength (YS), ultimate tensile strength (UTS) 

and elongation of the SLMed GZ151K alloy are 
345 MPa, 368 MPa and 3.0%, respectively. 
Compared with the as-cast alloy, the SLMed 
GZ151K alloy has obviously higher YS (increased 
by 161 MPa) and UTS (increased by 91 MPa), 
lower elongation (decreased by 1.8%). After T5 
treatment, the YS of the SLMed-T5 GZ151K alloy 
increases to 410 MPa (increased by 65 MPa), the 
UTS increases to 428 MPa (increased by 60 MPa), 
while the elongation also increases to 3.4% 
(increased by 0.4%). Compared with the cast-T6 
alloy, the SLMed-T5 GZ151K alloy has an 
obviously higher YS (increased by 122 MPa), a 
little bit higher UTS (increased by 23 MPa) and 
elongation (increased by 0.5%). Generally, the 
SLMed-T5 alloy has better mechanical properties 
than the cast-T6 alloy, specially the much higher YS, 
which is also clearly shown in the stress−strain 
curves in Fig. 7(a). The SLMed-T5 GZ151K alloy 
even has higher YS (increased by 30 MPa) and 
elongation (increased by 0.7%) than the extruded- 
T5 GZ151K alloy [32] (YS of 380 MPa, UTS of 
461 MPa and elongation of 2.7%), with a lower 
UTS (decreased by 33 MPa). 

Figure 8 shows the fracture surface 
morphologies of the SLMed, SLMed-T5, as-cast 
and cast-T6 GZ151K alloys. Compared with the 
cast alloys (Figs. 8(c, d)), the SLMed and 
SLMed-T5 alloys (Figs. 8(a, b)) have much finer 
fracture morphology, indicated by much finer 
fractured secondary phases (indicated by the  
arrows in Figs. 8(a, b)). These secondary phases are 
white and can be clearly distinguished in back-   
scattered electron SEM images. By contrast, the 
cast GZ151K alloys have much coarser secondary  

 

 

Fig. 8 Back-scattered electron SEM images of fracture surfaces of SLMed (a), SLM-T5 (b), permanent mold as-cast (c) 

and cast-T6 (d) GZ151K alloys 
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phases. In as-cast alloy, the network-shaped 
secondary phases are observed on the fracture 
surfaces, while in cast-T6 alloy, large solid residual 
secondary phases are visible. The cleavage planes 
are clearly observed in cast alloys (Figs. 8(c, d)), 
which are hard to be distinguished in the SLMed 
and SLMed-T5 alloys. The morphology differences 
of the fracture surfaces between the SLMed 
(Figs. 8(a, b)) and cast (Figs. 8(c, d)) GZ151K 
alloys come from their different microstructures. 
Much finer microstructure in the SLMed and 
SLMed-T5 GZ151K alloy leads to much finer 
fracture morphology. 
 
4 Discussion 
 

From the above results, it can be found that the 
microstructure of the SLMed GZ151K alloy is quite 
different from that of the conventional cast alloy. 
Compared with the cast alloy (Fig. 3(c), with 
average grain size of 41 μm [10]), the SLMed 
GZ151K alloy (Fig. 5) has much finer grains 
(~2 μm) and much finer secondary phases 
(Fig. 8(a)). Similar microstructure consisting of 
extremely fine grains was also reported in the 
SLMed WE43 Mg−RE alloys [22]. The refined 
microstructure should be mainly due to the high 
cooling rate of SLM process. The cooling rates of 
SLM process were reported in an order of       
106 K/s [24]. Under such high cooling rate, AZ91D 
Mg alloy, which usually has larger grains (119 μm) 
under permanent mold casting [25], can even have 
grains as fine as 1.0−2.9 μm in SLM process [17]. It 
was reported that laser melting deposited (LMD) 
Mg−10Gd−3Y−Zr (wt.%, GW103K) Mg−RE alloy 
has an average grain size of ~19 μm [26], which is 
obviously higher than that of the SLMed GZ151K 
alloy (~2 μm) in the present study. Since GW103K 
and GZ151K Mg−RE alloys both contain lots of RE 
elements and their grains are both refined by Zr, it 
could be supposed that the cooling rate of the SLM 
process is much higher than that of the LMD 
process, though both of which are additive 
manufacturing processes for metals. 

Besides the extra fine equiaxed-grains and 
secondary phases, weak textures and isotropic 
microstructures (Fig. 5) are also the characteristics 
of the SLMed GZ151K Mg−RE alloy, which are 

quite different from those of Fe [33], Ni [34] and  
Al [35] alloys fabricated by SLM process. Those 
alloys have columnar grains or dendrites growing 
towards the building direction. 

Different from the general rule of which T5 
treatment usually leads to the increase of yield 
strength and the decrease of elongation, the T5 
treatment here increases both the yield strength and 
the elongation in the SLMed GZ151K alloy. Such 
behavior is probably related to the high cooling rate 
of the SLM process, which would generate high 
residual stress in the SLMed GZ151K alloy. The 
high residual stress corresponds well with the layer 
cracks (Fig. 1(b)), which are frequently observed 
even under the present optimized process 
parameters. The yield strength (345 MPa) of the 
SLMed GZ151K alloy is even higher than that of 
the extruded GZ151K alloy [32] (YS of 297 MPa, 
UTS of 368 MPa and elongation of 16.8%) under 
differential-thermal extrusion with similar average 
grain size of 2.5 μm. During the extrusion process, 
the billet and mold were preheated at ~490 and 
~370 °C [32], respectively. Due to the heat 
exposure, the extruded GZ151K alloy is expected to 
have very low residual stress. Therefore, compared 
with the extruded alloy, the higher yield strength of 
the SLMed GZ151K alloy must be contributed to 
the high residual stress generated under high 
cooling rate. Hence, the SLMed GZ151K alloy is 
mainly strengthened by fine grains, fine secondary 
phases and residual stress during the SLM process. 
Compared with the SLMed alloy, after the 
subsequent aging at 200 °C, the YS and the 
elongation of the SLMed-T5 GZ15K alloy are 
increased by 65 MPa and 0.4%, respectively. Since 
the subsequent aging leads to the precipitation 
hardening (Figs. 6(b, c)) and probably releases part 
of the residual stress, it seems to be reasonable that 
the precipitation hardening improves the YS, while 
the release of the residual stress enhances the 
ductility. By contrary, the T5 treatment in extruded 
GZ151K alloy [32] leads to 83 MPa increment of 
YS (from 297 to 380 MPa), but 16.2% decrement of 
elongation (from 18.9% to 2.7%). Therefore, the 
abnormal phenomena that the T5 treatment 
increases both the yield strength and elongation in 
the SLMed GZ151K alloy, should be due to the 
high residual stress caused by the high cooling rate 
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of the SLM process. With the help of the residual 
stress, fine grains (Fig. 5) and secondary phases 
(Fig. 6(a)), precipitates (Figs. 6(b, c)), the YS and 
elongation of the SLMed-T5 GZ151K alloy are 
even higher than those of the extruded-T5 GZ151K  
alloy [32] (YS of 380 MPa, UTS of 461 MPa and 
elongation of 2.7%), though the UTS is 33 MPa 
lower. Therefore, the high yield strength of the 
SLMed-T5 GZ151K alloy is mainly due to fine 
grains, fine secondary phases, residual stress and 
precipitates. 
 
5 Conclusions 
 

(1) During the SLM process of GZ151K alloy, 
serious spattering appeared, which was much more 
obvious than those observed in steel, Ti or Al alloys. 
Layer cracks perpendicular to the building direction 
were frequently observed, which makes the 
mechanical properties fluctuate greatly. Therefore, 
the relationship between the spattering and the 
fluctuated mechanical properties needs to be 
revealed in future. 

(2) Very fine grains (~2 μm), fine secondary 
phases and weak texture were fabricated in 
GZ151K alloy by the SLM process. 

(3) The as-fabricated (SLMed) GZ151K alloy 
has YS of 345 MPa, UTS of 368 MPa and 
elongation of 3.0% at room temperature. After 
subsequent aging at 200 °C for 64 h (T5 treatment), 
both the strength and elongation increase. The YS, 
UTS and elongation of the SLMed-T5 GZ151K 
alloy are 410 MPa, 428 MPa and 3.4%,  
respectively, which are higher than those of the 
conventional cast-T6 alloy (YS of 288 MPa, UTS 
of 405 MPa and elongation of 2.9% [10]), specially 
the YS (122 MPa increment). 

(4) The high yield strength of the SLMed 
GZ151K alloy mainly comes from fine grains, fine 
secondary phases and residual stress, while after T5 
treatment, the alloy is further strengthened by 
precipitates. 
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摘  要：为了验证激光选区熔化(SLM)成型技术制造高性能镁−稀土合金的可行性，研究 SLM 工艺对 Mg–15Gd– 

1Zn–0.4Zr (质量分数，%) (GZ151K)镁合金显微组织与力学性能的影响。结果表明，打印态(激光选区熔化

态)GZ151K 镁合金晶粒(约为 2 μm)和第二相细小、织构较弱；室温下，打印态 GZ151K 镁合金的屈服强度为

345 MPa，抗拉强度为 368 MPa，伸长率为 3.0%。200 °C、64 h 时效处理(T5)后，合金的屈服强度增加至 410 MPa、

抗拉强度增加至 428 MPa、伸长率增加至 3.4%，拉伸性能均高于传统的重力金属型铸造 GZ151K-T6 合金，其中，

屈服强度增幅高达 122 MPa。打印态 GZ151K 镁合金的主要强化机制为细晶、细小第二相和残余应力强化；经 T5

处理后，析出相进一步提高合金的屈服强度。 

关键词：激光选区熔化；镁−稀土合金；晶粒细化；Mg–Gd–Zn；强化机制 
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