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A B S T R A C T   

A high-strength Mg-10Gd-3Y–1Zn-0.4Zr (GWZ1031K, wt%) alloy was prepared by laser powder bed fusion 
(LPBF), and the microstructure and mechanical properties of the as built, LPBF-T5, LPBF-T4, and LPBF-T6 states 
were systematically studied. The as built alloy is composed of fine equiaxed ɑ-Mg grains with an average grain 
size of 4.1 ± 0.5 µm, reticular β-(Mg,Zn)3(Gd,Y) eutectic phase and flaky Y2O3 oxide phase, and exhibits yield 
strength (YS) of 310 ± 8 MPa, ultimate tensile strength (UTS) of 347 ± 6 MPa and elongation (EL) of 4.1 ± 0.8%. 
A simple direct aging heat treatment at 175 ℃ for 64 h after LPBF leads to an ultra-high YS of 365 ± 12 MPa but 
a low EL of 0.8 ± 0.3% in the LPBF-T5 alloy. The solution heat treatment improves ductility by transforming the 
hard and brittle eutectic phase into the relatively soft and deformable lamellar long period stacking ordered 
(LPSO) structure inside grains and X phase at grain boundaries without obvious grain growth. Moreover, the 
LPBF-T4 alloy solution-treated at 450 ℃ for 12 h exhibits YS of 255 ± 8 MPa, UTS of 328 ± 9 MPa, and EL of 
10.3 ± 0.5%. Aging heat treatment after solution introduces numerous prismatic β′ and β1 precipitates, which 
help to increase tensile strength. The YS, UTS, and EL of the LPBF-T6 alloy are 316 ± 5 MPa, 400 ± 7 MPa, and 
2.2 ± 0.3%, respectively. It can be concluded that the LPBF process when combined with specially designed post- 
processing holds great promise for the manufacturing of high-performance components of the Mg-rare earth 
alloys with significantly higher YS for various applications.   

1. Introduction 

Magnesium (Mg) alloys have an obvious weight reduction effect 
when used in automobile, space and aircraft fields owing to the low 
density, high specific strength, and specific stiffness [1,2]. Mg alloys are 
also gaining popularity in the biomedical fields due to their good 
biocompatibility and biodegradability [3]. In order to use Mg alloys as 
lightweight load-bearing components in many critical engineering 
fields, pursuing Mg alloys with improved mechanical properties has 
been an eternal theme. The Mg-Gd series alloys are an essential category 
of high-performance Mg alloys due to the significant precipitation 
strengthening effect [4,5]. To further enhance the mechanical properties 
while reducing the amount of expensive Gd element, Y element is added 
to Mg-Gd series alloys to promote aging hardening response by gener
ating more precipitates [6]. The addition of Zn element to Mg-RE (rare 
earth) alloys will introduce long period stacking ordered (LPSO) 

structure, which can enhance both the strength and ductility [7–9]. 
Besides, the Zr element is often added to Mg alloys to refine the grains 
[10]. For example, Liu et al. [11] fabricated a high-strength 
Mg-9.8Gd-3.2Y-1.1Zn-0.42Zr (wt%) alloy in cast-T6 state with yield 
strength (YS) and ultimate tensile strength (UTS) of 253 MPa and 364 
MPa, respectively. Therefore, Mg-Gd series alloys with the appropriate 
addition of Y, Zn and Zr elements will be a potential high-performance 
Mg alloy. 

At present, Mg alloy components are mainly prepared by die-casting 
[12], permanent mold [13,14], or sand mold [15,16] casting methods. 
The disadvantages of these methods are inevitable casting defects such 
as porosity, inclusion and segregation, undesirable mechanical proper
ties, low manufacturing accuracy and extremely long developing cycles, 
which restrict the practical application of Mg alloys. Thus, novel 
manufacturing technologies are desperately required to fabricate 
high-performance Mg alloy components. 
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With the growing trend of industrial intelligence and pollution 
reduction, laser powder bed fusion (LPBF), the most hopeful metal ad
ditive manufacturing (AM) technology, has great potential for fabri
cating high-performance Mg alloy components with complex shapes to 
replace conventional casting methods [17,18]. The extremely fast 
cooling rate of the LPBF process (~105 K/s) [19] contributes to rapidly 
solidified non-equilibrium microstructure with fine grains, so the as 
built samples often possess higher tensile strength than their cast 
counterparts owing to the significant fine grain strengthening effect 
[20–22]. However, the as built samples usually have large residual stress 
due to the rapid heating and cooling cycles that occur throughout the 
manufacturing process [23]. Thus, deformation or even cracks occur in 
the as built samples when the degree of their deformation exceeds the 
ductility [24,25]. Post-processing of the as built samples is required to 
relieve residual stresses and improve their mechanical properties. For 
instance, Liu et al. [26] performed hot isostatic pressing (HIP) on the as 
built AZ61 Mg alloy, and the elongation was found to be significantly 
improved due to the closure of pores while the micro-hardness and 
tensile strength decreased owing to the growth of grain size after HIP. It 
is essential to avoid excessive grain growth and dissolve the hard and 
brittle eutectic phase simultaneously during the high temperature 
treatment. Therefore, the solution heat treatment condition should be 
redesigned according to the unique microstructure of the as built alloys. 
The aging heat treatment after solution can produce numerous aging 
precipitates leading to significant precipitation strengthening [4,5,15], 
which is essential to fabricate high-strength Mg-Gd-Y series alloys. 

Nowadays, metals such as Al alloys (AlSi10Mg [27]), Ti alloys 
(Ti–6Al–4V [28]), Ni-based alloys (Inconel 718 [29]), Fe-based alloys 
(316L stainless steels [30]) have been successfully manufactured by 
LPBF with high relative density and excellent mechanical properties. 
However, the LPBF of the Mg alloys is extremely difficult due to the high 
explosion tendency of Mg powder, the high saturated vapor pressure and 
the low boiling point of the Mg [17,18]. So far, LPBF has been only 
applied to pure Mg [20,31,32] and traditional commercial cast Mg al
loys containing Mg-Al series [33–40], Mg-Zn series [24,25,41–43], and 
WE43 alloys [44–48]. Wei et al. [36] optimized the LPBF process pa
rameters for AZ91D alloy resulting in a high relative density of 99.52%, 
and the micro-hardness and tensile strengths of the as built AZ91D alloy 
were better than that of the die-cast alloy. Shuai et al. [42] fabricated 
ZK60 alloy using LPBF and discovered that the refined grains, homo
geneously distributed Mg7Zn3 secondary phase, and extended solid so
lution of alloying elements induced by laser rapid solidification can 
improve hardness and corrosion resistance. Bar et al. [47] conducted a 
detailed microstructure analysis of biodegradable WE43 alloy and 
identified three different types of microstructures (equiaxed zone, 
lamellar zone and partially melted zone) in one molten pool. Recently, 
Wang et al. [49], for the first time, studied the effect of the geometrical 
design on the dynamic compressive properties and dynamic biodegra
dation behavior of the as built Mg-3Nd-0.2Zn-0.4Zr (wt%) alloy for 
orthopedic applications. In our previous work [22], an Mg-Gd-Zn-Zr 
alloy was prepared by LPBF, and the influence of process parameters 
on formability, element vaporization, mechanical and room tempera
ture tensile properties of the as built alloy was systematically investi
gated. However, no research has been conducted on the formability, the 
evolution of microstructure and mechanical properties of high-strength 
Mg-Gd-Y-Zn-Zr alloys prepared by LPBF from the as built state to the 
solution-treated and aging-treated states. 

In this work, a high-strength Mg-10Gd-3Y–1Zn-0.4Zr (GWZ1031K, 
wt%) alloy was prepared by LPBF and post-processing. The evolution of 
microstructure and mechanical properties from the as built state to the 
solution-treated (LPBF-T4) and aging-treated (LPBF-T6) states were 
systematically studied. The secondary phases in the as built, solution- 
treated and aging-treated states were characterized in detail. The in
fluence of heat treatment on microstructure evolution and mechanical 
properties of the high-strength GWZ1031K alloy was explored, and the 
underlying strengthening mechanism was clarified. 

2. Experimental details 

Initially, the semi-continuous casting method was used to fabricate 
GWZ1031K ingot with a diameter of 110 mm. Then GWZ1031K pre- 
alloyed powder was obtained by remelting semi-continuous ingot and 
subsequent centrifugal gas atomization process (Tangshan Weihao 
Magnesium Powder Co., LTD, China). Finally, ZRapid iSLM 150 3D 
printer (ZRapid Tech Co., LTD., China) was adopted to fabricate the as 
built GWZ1031K alloy. Two different series of specimens were printed: 
cubes with a size of 10 mm × 10 mm × 10 mm were prepared for 
microstructure characterization and bone-shaped specimens with gauge 
size of 18 mm × 3 mm × 10 mm were built for tensile tests. Based on the 
LPBF process parameters optimized for Mg-Gd series alloy [22], the 
LPBF process parameters used in this work are displayed in Table 1. The 
island scanning strategy with island width of 5 mm and bi-directional 
scanning were employed to weaken stress accumulation. A large num
ber of evaporative fumes (Fig. 1a) were noticed during the entire LPBF 
process owing to the low boiling point (~1093 ℃) and high saturated 
vapor pressure of Mg [50]. The violent powder splashing only occurs 
during the LPBF process of metals with low boiling points such as Mg 
and Zn alloys [51], which will affect the stability of the LPBF process and 
change the chemical compositions of the as built alloy. The evaporative 
fumes cannot be eliminated by the cyclic Ar, and some of them remain 
above the scanning area during the printing process. The remaining 
fumes above the scanning area reflect the laser energy, and as a result, 
laser energy becomes unstable. Too high or too low laser energy will 
cause defects such as pores and macro cracks. Besides, evaporative 
fumes will result in a higher layer thickness than the preset, making it 
more prone to defects. The violent powder splashing will create de
pressions in the laser scanning area. To ensure that the entire build 
platform could be covered with enough powders after scanning one 
layer, the rising height of the powder bed (the powder supply of each 
layer) was kept 3 times the layer thickness. Alloying treatment can 
effectively increase the gap between melting point and boiling point 
[52], and increasing the pressure in the build chamber can increase the 
boiling point of Mg alloys [32], both of which are helpful to weaken 
evaporation. Furthermore, a lower laser energy density will lower the 
temperature of the molten pool leading to reduced evaporation. Macro 
cracks (Fig. 1b) can be occasionally observed at the side plane (XOZ 
plane) of the as built samples, so only the samples with a thickness of 1.5 
mm and free of macro cracks were selected to perform the tensile test. 

Despite the very high cooling rate of the LPBF process, the as built 
GWZ1031K alloy still contains a network of hard and brittle eutectic 
phases that is very harmful to ductility, so solution heat treatment is 
necessary to dissolve the eutectic phase. The maximum solid solubility 
of Gd and Y elements in ɑ-Mg matrix are 23.5 wt% and 12.5 wt%, 
respectively. Because solid solubility decreases sharply as the tempera
ture decreases, Mg-Gd-Y series alloys exhibit significant solid solution 
strengthening and precipitation strengthening [1,2]. Aging heat treat
ment after solution is also necessary to produce nano-sized aging pre
cipitates, because precipitation strengthening is a major strengthening 
mechanism for high-strength Mg-Gd series alloys [1,4,5]. Therefore, the 
as built GWZ1031K alloy further underwent post-processing including 
solution and aging heat treatments to modify the microstructure and 
improve mechanical properties. A small amount of pyrite (FeS) was put 

Table 1 
The LPBF process parameters.  

Parameters Value 

Laser power (W) 80 
Scanning speed (mm/s) 200 
Hatch spacing (μm) 100 
Layer thickness (μm) 30 
Preheating temperature of build platform and powder bed (℃) 100 
Oxygen and water vapor content (ppm) < 100 
Hatch angle (◦) 67  
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into a muffle furnace to avoid ignition and oxidation of Mg alloy samples 
by generating SO2 protective gas during the heating process. Then the 
solution-treated GWZ1031K alloy was artificially aged at 175 ℃ or 
200 ℃ from 0 h to 512 h in an oil bath (LPBF-T6). Vickers hardness 
testing with a load of 49 N and a residence time of 15 s was conducted to 
analyze the aging hardening response. Each hardness value is the 
average of at least five measurements. 

All microstructure characterization was conducted on the side plane 
of the cubes parallel to the building direction (BD, Z direction) of the 
LPBF process because the side plane contains fish-scale-shaped molten 
pools. For optical microscopy (OM) and scanning electron microscope 
(SEM) observations, the samples were etched in the acetic-picral solu
tion (4.2 g picric acid, 10 mL acetic acid, 80 mL ethyl alcohol, and 
10 mL water) after being mechanical ground by SiC abrasive papers 
(#320, #1200, #3000, #7000) and then polished with nano magnesium 
oxide (≤50 nm) suspension. The specific details of inductively coupled 
plasma atomic emission spectroscopy analyzer (ICPAES), SEM (TESCAN 
MIRA3) equipped with an energy dispersive X-ray spectrometer (EDS), 
X-ray diffraction (XRD, Poly-functional X-Ray Diffractometer), OM 
(Zeiss Axio observer), electron backscatter diffraction (EBSD, TESCAN 
GAIA3), transmission electron microscope (TEM, FEI TECNAI G2 S- 
TWIN), average grain size (linear intercept method, ASTM E112–12) 
and porosity measurement, and room temperature tensile tests (Zwick/ 
Roell Z100 material test machine) were the same as in our previously 
published work [22,53,54]. 

3. Results 

3.1. Powder characterization 

The measured chemical compositions of the ingot, powder, and as 
built GWZ1031K alloy are displayed in Table 2. The content of alloying 
elements in the powder is close to that of ingot, while the content of 
alloying elements in the as built alloy is slightly higher than that of 
powder, indicating a more severe vaporization loss of Mg compared with 
alloying elements during the LPBF process [22,41]. 

The 200–300 mesh powder with a mean particle diameter of 63.9 µm 
was used in the present study, whose particle size distribution can be 
found in reference [53]. Fig. 2 presents the morphology and micro
structure of the GWZ1031K pre-alloyed powder. Most of the powder 
particles are spherical while some satellite powder particles indicated by 
yellow arrows and irregular-shaped powder particles indicated by white 
arrows can be observed despite the sieving process (Fig. 2a). Lots of fine 

white particles with a diameter of hundreds of nanometers appear on the 
surface of the powder (Fig. 2b). As shown in Fig. 2c, the pre-alloyed 
powder contains a fine ɑ-Mg matrix and reticular eutectic phase on 
grain boundary. According to the ASTM E112–12, the average grain size 
of the GWZ1031K pre-alloyed powder is 2.1 ± 0.8 µm. Based on EDS 
maps (Fig. 2d), the white particles on the surface of the powder are 
presumably oxide particles. The phase constitution of the GWZ1031K 
pre-alloyed powder will be identified by XRD. 

3.2. Phase analysis 

Fig. 3 reveals XRD patterns of the pre-alloyed powder, as built, LPBF- 
T4, and LPBF-T6 GWZ1031K alloys. The pre-alloyed powder contains ɑ- 
Mg matrix and β-(Mg,Zn)3(Gd,Y) eutectic phase while the oxide particles 
are not detected due to relatively low content. The as built alloy includes 
ɑ-Mg matrix, β-(Mg,Zn)3(Gd,Y) eutectic phase, and undesired Y2O3 
oxide phase, suggesting that slight oxidation occurred during LPBF. 
After solution heat treatment, the eutectic phase is completely trans
formed into a LPSO structure, resulting in the LPBF-T4 alloy containing 
three phases: ɑ-Mg matrix, LPSO structure, and Y2O3. The phase 
constitution of the LPBF-T6 alloy is identical to that of the LPBF-T4 alloy 
except for aging precipitates. XRD cannot be determined aging pre
cipitates, so they will be identified in Section 3.5. 

3.3. Microstructure of the as built alloy 

Fig. 4 presents OM and BSE-SEM images of the as built GWZ1031K 
alloy. Despite using the optimized LPBF process parameters, there are 
still numerous circular pores (Fig. 4a) and no irregular-shaped lack of 
fusion defects. The highly concentrated laser energy causes the tem
perature of the molten pool to quickly reach the boiling point 
(~1093 ℃) of Mg, but the Mg vapor cannot escape from the molten pool 
due to the ultra-fast solidification rate, resulting in the formation of 
circular pores [55]. The porosity including cracks of the as built alloy is 
2.15 ± 0.11%, which is close to that of the as built AZ61 alloy (2%) [39] 
and pure Mg (2.5%) [31]. Besides, large cracks (Fig. 4a) parallel to the 
scanning direction (SD) of LPBF process are found in the as built alloy, 
which cannot be eliminated just by adjusting laser energy density. 
Cracks are classified into two categories: hot cracks and cold cracks. Hot 
cracks are primarily composed of solidification cracks, which are formed 
in the final stage of the solidification process as the liquid film on the 
grain boundary is being pulled apart by thermal stresses [24,25]. Cold 
cracks are formed after the end of solidification when the thermal stress 
exceeds the ultimate strength of the material or the strain caused by 
solidification shrinkage and thermal shrinkage exceeds the ductility of 
the material [56,57]. The macro cracks in the as built GWZ1031K alloy 
are different from solidification cracks found in the as built Mg-Zn series 
alloys [24,25] and high-strength Al alloys [58,59], because the direction 
of solidification cracks is mostly parallel to the BD of the LPBF process. 
Additionally, solidification cracks are usually micro cracks evenly 
distributed throughout the as built sample, while cold cracks are rela
tively macro cracks concentrated at a certain height. More importantly, 

Fig. 1. (a) Evaporative fumes during the LPBF process and (b) side view of the as built GWZ1031K samples where red ovals indicate macro cracks.  

Table 2 
The measured chemical compositions of the ingot, powder, and as built 
GWZ1031K alloy (wt%).  

Materials Gd Y Zn Zr Mg 

Ingot  10.88  2.46  0.95  0.43 Bal. 
Powder  11.02  2.41  0.96  0.40 Bal. 
As built alloy  11.82  2.58  1.06  0.43 Bal.  
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there are no cracks in the upper area of the as built GWZ1031K cubes, 
indicating that cracking does not occur during the solidification of the 
molten pools. The as built GWZ1031K cube has cracks at a certain 
height, but no cracks in the upper and lower areas of the existing cracks. 
As the printing process progresses, cold cracks will be formed after the 
thermal stress or strain accumulates to a certain degree. The thermal 
stress or strain is released after the cold cracks are formed, so there are 
no more cracks on the upper area of the cold cracks until a new cold 
crack is formed. Increasing the height or the area of the part will increase 
the number of cold cracks. Consequently, the macro cracks in the as built 
GWZ1031K alloy are most likely cold cracks. To eliminate the cracks, the 
build platform is preheated to 400–500 ℃ to reduce the temperature 
gradient that contributes to small thermal stress or change chemical 
composition to one that is more ductile to resist greater deformation. 

One representative fish-scale-shaped molten pool with the molten pool 
boundary indicated by yellow dotted lines and many hexagonal equi
axed dendrite grains [60] indicated by yellow arrows (Fig. 4b) can be 
observed. Outside the molten pool, some dot-shaped (Mg,Zn)3(Gd,Y) 
secondary phases are distributed inside the grains (Fig. 4c), because the 
thermal effect from the inside of the molten pool leads to the precipi
tation of the secondary phase. As displayed in Fig. 4d, the as built 
GWZ0131K alloy consists of gray ɑ-Mg matrix and bright reticular 
β-(Mg,Zn)3(Gd,Y) eutectic phase at grain boundaries with an area frac
tion of 7.78 ± 0.15%. 

Fig. 5 shows BSE-SEM image and corresponding EDS maps of oxides 
in the as built GWZ1031K alloy. EDS results show that the flaky white 
phases are enriched in Y and O elements, suggesting the existence of 
Y2O3 oxides, which is in good agreement with the XRD patterns. The 
affinity of Y to O is greatest among other alloying elements and Mg [45]. 

Fig. 6 reveals the inverse pole figure (IPF), image quality (IQ) map, 
grain size distribution and pole figure of (0001) plane in the as built 
GWZ1031K alloy. The as built GWZ1031K alloy is composed of rela
tively uniform equiaxed grains with various crystal orientations and no 
large columnar grains (Fig. 4a-b) due to the high content of alloying 
elements, especially enough Zr element for heterogeneous nucleation 
sites causing high values of growth restriction factor [61]. The average 
grain size of the as built alloy is just 4.1 ± 0.5 µm (Fig. 4c). The pole 
figure of (0001) plane has a centralized distribution (Fig. 4d), but the 
maximum intensity of texture is as low as 2.813 mud (multiple uniform 
distribution). Therefore, the as built GWZ1031K alloy is homogeneous 
and isotropic. 

Fig. 7 displays bright-field TEM images of basal γ′ precipitates in the 
as built GWZ1031K alloy. Adding Zn to Mg-Gd-Y series alloys leads to 
co-segregation of rare earth atoms (Gd and Y atoms) and Zn atoms, 
which is necessary for the formation of basal γ′ precipitates with an 
orderly stacking sequence of ABCA [5]. The orientation relationships 
between ɑ-Mg and γ′ precipitates are (0001)γ′ // (0001)ɑ-Mg and (2110)γ′

// (2110)ɑ-Mg [62]. Although there is no lamellar 14H-LPSO structure in 
the as built GWZ1031K alloy, 14H-LPSO structure may be transformed 
from γ′ precipitates during solution heat treatment, because basal γ′

Fig. 2. The overall morphology (a), SE-SEM micrograph (b), BSE-SEM micrograph (c) and corresponding EDS maps (d) from (c) of the GWZ1031K pre- 
alloyed powder. 

Fig. 3. XRD patterns of the pre-alloyed powder, as built, LPBF-T4, and LPBF-T6 
GWZ1031K alloys. 
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precipitates are the basic unit of 14H-LPSO structure and high temper
ature can promote the diffusion of atoms. 

3.4. Solution heat treatment 

Fig. 8 exhibits BSE-SEM images of the as built GWZ1031K alloy 
solution-treated at 500 ℃ for different time. The eutectic phase in the 
cast GWZ1031K alloy can be completely dissolved after solution heat 
treatment at 500 ℃ for 10 h [11]. However, the eutectic phase in the as 
built GWZ1031K alloy completely transforms into lamellar LPSO 
structure inside grains and X phase at grain boundaries only after a 
short-term solution heat treatment at 500 ℃ for only 1 h (Fig. 8a-b). 
Extremely fine grains significantly shorten the diffusion distance of 
atoms and less content of the eutectic phase in the as built alloy pro
motes the dissolution of the eutectic phase. With the increase of solution 
time, lamellar LPSO structure at grain interior becomes denser and grain 
growth occurs. 

Fig. 9 presents the room temperature tensile properties of the as built 
and solution-treated GWZ1031K alloys at 500 ℃ for different time. The 
YS of the solution-treated GWZ1031K alloy is smaller than that of the as 
built alloy because the hardness and Young’s modulus of the eutectic 
phase are larger than that of lamellar LPSO structure and X phase 
contributing to a stronger strengthening effect [8,63], the residual stress 
is released and the grain growth occurs after solution heat treatment. 
Nevertheless, the eutectic phase is particularly brittle, and the area 
fraction of eutectic phase is as high as 7.78 ± 0.15%, which will severely 
deteriorate ductility. As a result, solution heat treatment is necessary to 
transform the hard and brittle eutectic phase into a relatively soft and 
deformable LPSO structure, and subsequent aging heat treatment com
pensates for the loss of strength caused by solution heat treatment. With 
the increase of the solution treatment time, YS of the solution-treated 
alloy decreases owing to grain growth. Both tensile strengths (YS and 
UTS) and ductility (EL) of the as built GWZ1031K alloy solution treated 
at 500 ℃ for 1 h are highest among other solution treatment time. 

Fig. 4. OM (a) and BSE-SEM (b-d) images of the as built GWZ1031K alloy.  

Fig. 5. BSE-SEM image and corresponding EDS maps of oxides in the as built GWZ1031K alloy.  
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Therefore, the best solution treatment time at 500 ℃ for the as built 
GWZ1031K alloy is 1 h. The LPBF-T4–1 GWZ1031K alloy is defined as 
the as built GWZ1031K alloy solution treated at 500 ℃ for 1 h. 

In addition, solution heat treatment needs to be redesigned consid
ering the peculiar solidification conditions of LPBF [64], so a lower 
solution temperature of 450 ℃ is also adopted. Fig. 10 presents 
BSE-SEM images of the as built GWZ1031K alloy solution treated at 
450 ℃ for different time. Lower temperature at 450 ℃ can also trans
form the eutectic phase into lamellar LPSO structure inside grains and X 
phase at grain boundaries. This type of solid state transformation only 
belongs to Mg-Gd-(Y)-Zn series Mg alloys, where LPSO structure was 
frequently reported as an important strengthening phase [7,8,11]. The 

lamellar LPSO structure in solution-treated GWZ1031K alloy at 450 ℃ is 
denser than that of 500 ℃, which will contribute more to the YS. 

Fig. 11 shows the room temperature tensile properties of the as built 
and solution-treated GWZ1031K alloy at 450 ℃ for different time. At the 
same solution time, both the YS and EL of solution-treated GWZ1031K 
alloy at 450 ℃ are higher than that of 500 ℃, which indicates that 
450 ℃ is a better solution temperature. YS decreases approximately 
linearly with the increase of solution treatment time at 450 ℃. As the 
solution time extends from 1 h to 12 h, the YS only decreases slightly 
(from 265 MPa to 255 MPa) due to the relatively short solution time. 
However, as the solution time further increases to 24 h or 36 h, the YS 
drops dramatically to 242 MPa or 235 MPa, respectively. The solution- 

Fig. 6. EBSD observations of the as built GWZ1031K alloy: (a) IPF, (b) IQ map, (c) grain size distribution, (d) pole figure of (0001) plane.  

Fig. 7. Bright-field TEM images of basal γ′ precipitates in the as built GWZ1031K alloy.  
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treated GWZ1031K alloy at 450 ℃ for 12 h not only has relatively 
higher YS, but more importantly, has the highest EL. Therefore, the best 
solution treatment time at 450 ℃ for the as built GWZ1031K alloy is 
12 h. The LPBF-T4–2 GWZ1031K alloy is defined as the as built 
GWZ1031K alloy solution treated at 450 ℃ for 12 h. 

Fig. 12 illustrates the influence of solution temperature and treat
ment time on average grain size of solution-treated GWZ1031K alloys. 
As the solution temperature or treatment time increases, grain growth is 
inevitable. The grain growth of solution-treated GWZ1031K alloy at 
500 ℃ is more obvious than that at 450 ℃. The average grain sizes of 
LPBF-T4–1 and LPBF-T4–2 GWZ1031K alloys are 4.6 ± 0.6 µm and 

4.9 ± 0.8 µm, respectively, so the fine grains in the as built state are well 
retained under the optimized solution conditions. X phase at the grain 
boundaries is a thermally stable phase, which can hinder grain growth 
during solution heat treatment [65]. 

Fig. 13 depicts bright-field TEM images and high resolution TEM 
(HRTEM) images of X phase and lamellar LPSO structure in the LPBF-T4 
GWZ1031K alloy. The chemical compositions of the X phase and the 
lamellar LPSO structure measured by STEM/EDS are Mg-10.8 Gd-2.3 Y- 
6.2 Zn and Mg-11.0 Gd-2.4 Y-6.0 Zn (at%), respectively. This indicates 
that both X phase and lamellar LPSO structure are enriched in rare earth 
(Gd and Y) and Zn elements. Both lamellar LPSO structure and X phase 

Fig. 8. BSE-SEM images of the as built GWZ1031K alloy solution treated at 500 ℃ for (a, b)1 h; (c, d)4 h; (e, f)8 h; (g, h)12 h.  
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exhibit typical characteristics of the 14 H-type LPSO structure 
(a=0.325 nm, c= 3.722 nm) [65]. There are 13 equally spaced spots 
represented by red arrows between the center spot and (0002)Mg spot in 
the selected area electron diffraction (SAED) patterns (Fig. 13c, f). In 

addition, uniformly distributed lattice fringes with a period length of 
1.8 nm in HRTEM micrographs (Fig. 13b, e) also suggest the presence of 
14 H-type LPSO structure [66,67]. Although the crystal structure, lattice 
parameter, and chemical composition of lamellar LPSO structure and X 

Fig. 9. Typical engineering stress-strain curves (a) and room temperature tensile properties (b) of the as built and solution-treated GWZ1031K alloy at 500 ℃ for 
different time. 

Fig. 10. BSE-SEM images of the as built GWZ1031K alloy solution treated at 450 ℃ for (a)1 h; (b)4 h; (c)8 h; (d)12 h; (e) 24 h; (f) 36 h.  
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phase are identical, for the convenience of distinguishing, the 
14 H-LPSO structure inside grains and at grain boundaries are named as 
lamellar LPSO structure and X phase, respectively. During solution heat 
treatment, X phase is transformed from the eutectic phase while lamellar 
LPSO structure is precipitated from supersaturated ɑ-Mg matrix owing 
to the enrichment of Gd and Zn elements. Additionally, 14 H-LPSO 
structure exists in the entire X phase at grain boundaries while 2 H-Mg 
and 14 H-LPSO are alternately distributed in the lamellar LPSO structure 
inside grains [54,65]. 

3.5. Aging hardening response and precipitates 

Fig. 14 displays the aging hardening curves of the LPBF-T4 
GWZ1031K alloy at aging temperatures of 175 ℃ and 200 ℃. The key 
values on the aging hardening curves are listed in Table 3. The hardness 
increases rapidly at the early stage due to the high super-saturation of 
alloying elements, indicating a strong aging hardening response of the 
LPBF-T4 GWZ1031K alloy. Although the peak-aged hardness at 200 ℃ 
is slightly lower than that at 175 ℃ (131.2 HV versus 132.5 HV), time to 
peak-aged hardness at 200 ℃ is significantly shorter than that at 175 ℃ 
(64 h versus 256 h), allowing for energy and time savings. Therefore, 
200 ℃ × 64 h is selected as the aging condition for the LPBF-T4 
GWZ1031K alloy. The LPBF-T6–1 and LPBF-T6–2 GWZ1031K alloys 
are respectively defined as the LPBF-T4–1 and LPBF-T4–2 GWZ1031K 
alloys aging treated at 200 ℃ for 64 h. 

Fig. 15 displays bright-field TEM images and corresponding SAED 
patterns of the LPBF-T6 GWZ1031K alloy. After aging heat treatment, 
both SAED patterns (Fig. 15a, c) and morphology micrographs (Fig. 15c- 
d) confirm the existence of numerous aging precipitates including β′ and 
β1 phases on the prismatic plane of the Mg matrix. The basal 14H-LPSO 
structure can hinder the growth of prismatic β′ precipitates along the 
[0001]α direction (Fig. 15b), which contributes more to the tensile 
strengths than single prismatic precipitates [5]. Intensive β’ aging pre
cipitates containing three variants in a triangular arrangement are 
evenly distributed inside grains (Fig. 15c), which are the most important 
strengthening phase in Mg-Gd series alloys [68]. Furthermore, two β’ 
precipitates are linked by one β1 precipitate (Fig. 15c-d) to lower the 
shear strain energy around the β’ precipitates [69]. 

3.6. Room temperature tensile properties 

Fig. 16 shows the typical engineering stress-strain curves of the as 
built GWZ1031K alloy under different states. Table 4 summarizes the 
room temperature tensile properties of the as built and gravity cast [11] 
GWZ1031K alloys under different states. The as built alloy exhibits high 
strength and moderate ductility. As compared to gravity cast counter
part, the as built alloy not only achieves obviously higher YS 
(+146 MPa) and UTS (+128 MPa), but also retains slightly higher EL 
(+0.6%). A simple direct aging heat treatment at 175 ℃ for 64 h after 
LPBF leads to an ultra-high YS but a low EL in the LPBF-T5 alloy. On the 
one hand, a network of hard and brittle eutectic phases in the as built 
alloy remains unchanged during direct aging heat treatment, which 
causes crack initiation during tensile deformation leading to low EL. On 
the other hand, numerous aging precipitates induced by aging heat 
treatment usually result in a significant drop in EL [4,5,11]. The YS 
decreases, but EL improves remarkably after solution heat treatment. 
Both tensile strengths (YS and UTS) and ductility (EL) of LPBF-T4–2 
alloy are better than that of LPBF-T4–1 alloy. Aging heat treatment can 
enhance tensile strengths significantly but deteriorate ductility obvi
ously. Although the YS of LPBF-T6–1 alloy is slightly better than that of 
LPBF-T6–2 alloy (323 MPa versus 316 MPa), the EL of LPBF-T6–1 alloy 
is only half of LPBF-T6–2 alloy (1.0% versus 2.2%). In the LPBF-T4–2 
alloy, the denser lamellar LPSO structure contributes more to EL but 
slightly reduces precipitation potential, resulting in slightly lower YS in 
the LPBF-T6–2 alloy. Compared with cast and cast-T6 alloys, as built and 
LPBF-T6 alloys have obviously higher tensile strengths and slightly 
higher ductility, suggesting that LPBF is an efficient method for fabri
cating high-performance Mg alloys. Unexpectedly, the room tempera
ture tensile properties of LPBF-T4 and LPBF-T6 alloys are even similar to 
those of extruded and extruded-T5 alloys. 

Fig. 11. Typical engineering stress-strain curves (a) and room temperature tensile properties (b) of the as built and solution-treated GWZ1031K alloy at 450 ℃ for 
different time. 

Fig. 12. The influence of solution temperature and treatment time on the 
average grain size. 
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4. Discussion 

4.1. Unique microstructure of the as built GWZ1031K alloy 

The experimental results indicate that the microstructure of the as 
built GWZ1031K alloy is extremely different from that of the traditional 
gravity cast alloy. Firstly, the as built alloy has extremely finer grains 
than cast alloy (4.1 µm versus 102 µm [11]). The average grain size of 
the as built alloy is even smaller than that of the extruded alloy 
(dynamically recrystallized grains of 8 µm [11]). Zhu et al. [40] found 
that the grains grow from 1 to 2 µm to 8–10 µm from the bottom to the 
top in one molten pool due to the change of temperature gradient and 
solidification rate in the as built AZ91D alloy. Fortunately, rapid solid
ification and addition of Zr element (0.4 wt% in the powder and 0.43 wt 

% in the as built alloy) for grain refinement contribute to fine and ho
mogeneous grains in the as built GWZ1031K alloy [22]. Secondly, the as 
built and cast alloys have the same type of (Mg,Zn)3(Gd,Y) eutectic 
phase, but the as built alloy has less and finer eutectic phase than the 
cast alloy. The solute trapping effect [70] caused by laser rapid solidi
fication increases the solid solubility of alloying elements and impedes 
the formation of the eutectic phase. Thirdly, there are lamellar 
14 H-LPSO phases at the grain interior in the gravity cast alloy [11], 
whereas the lamellar 14 H-LPSO structure is not found in the as built 
alloy. This is due to the limiting effect of the high cooling rate of the 
LPBF process on the diffusion of alloying elements during solidification. 
Lastly, undesired yttrium oxides (Y2O3) originating from the oxide 
particles in powder and a residual small amount of oxygen in the build 
chamber are found with an area fraction of 1.67 ± 0.17% in the as built 
alloy, while almost no oxide inclusion exists in the cast alloy. 

Liao et al. [71] noticed an unusual grain growth from 19 µm to 
158 µm during solution heat treatment (525 ℃ × 4 h) of laser melting 
deposited GW103K alloy. However, after appropriate solution heat 
treatment, the LPBF-T4 GWZ1031K alloy retains the fine grains of the as 
built alloy while the hard and brittle eutectic phase transforms into a 
relatively soft and deformable LPSO structure [8]. The average grain size 
only increases from 4.1 µm in the as built state to 4.9 µm in the 
LPBF-T4–2 state because of a relatively low solution temperature of 
450 ℃ and thermally stable X phase at grain boundaries. The coexis
tence of basal 14 H-LPSO structure and prismatic β′ and β1 aging pre
cipitates with relative perpendicular distribution is found in the LPBF-T6 
GWZ1031K alloy, which is frequently discovered in cast-T6 
Mg-Gd-(Y)-Zn-Zr alloys [5,15,72]. 

Fig. 13. Bright-field TEM images (a, d), HRTEM images (b, e), and SAED patterns (c, f) of X phase (a-c) and lamellar LPSO structure (d-f) in the LPBF-T4 GWZ1031K 
alloy. The incident electron beam was parallel to the [2110]α direction. 

Fig. 14. The aging hardening curves of the LPBF-T4 GWZ1031K alloy at 
different aging temperatures. 

Table 3 
The key values on the aging hardening curves of the LPBF-T4 GWZ1031K alloy 
at different aging temperatures.  

Aging 
temperature/℃ 

Initial 
hardness/HV 

Peak-aged 
hardness/HV 

Hardness 
increment/HV 

Time to peak- 
aged hardness/h  

175 95.7 ± 1.1 132.5 ± 0.4  36.8  256  
200 95.7 ± 1.1 131.2 ± 1.0  35.5  64  
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4.2. Unique mechanical properties of the as built GWZ1031K alloy 

Room temperature tensile properties of the as built and gravity cast 
GWZ1031K alloys under different states are compared in Fig. 16b and 
Table 4. Compared with its cast counterpart, the as built alloy not only 
has considerably higher YS (310 MPa versus 164 MPa, almost twice), 

but also has slightly higher EL (4.1% versus 3.5%). Both the fine grain 
strengthening (average grain size 4.1 µm versus 102 µm) and solid so
lution strengthening (the ultra-fast cooling rate leads to higher solid 
solubility of alloying elements with less and finer eutectic phase) are 
most probably responsible for the enhanced YS of the as built alloy. In 
addition, a network of eutectic phases on the grain boundaries can also 
strengthen the as built alloy. Fine grains and secondary eutectic phase 
help to improve ductility while flaky Y2O3 particles are detrimental. 
Compared with the as built alloy, precipitation strengthening from 
numerous aging precipitates further increases YS to 365 ± 12 MPa in 
the LPBF-T5 alloy. Solution heat treatment improves EL greatly from 
4.1% to 10.3% although YS decreases slightly. The relatively high YS in 

Fig. 15. Bright-field TEM images and corresponding SAED patterns of the LPBF-T6 GWZ1031K alloy. The incident electron beams were parallel to the 
[2110]α direction in (a, b) and the [0001]α direction in (c, d). 

Fig. 16. Typical engineering stress-strain curves of the as built GWZ1031K 
alloy under different states. 

Table 4 
The room temperature tensile properties of the as built and gravity cast [11] 
GWZ1031K alloys under different states.  

States YS/MPa UTS/MPa EL/% 

As built 310 ± 8 347 ± 6 4.1 ± 0.8 
LPBF-T5 365 ± 12 381 ± 8 0.8 ± 0.3 
LPBF-T4–1 245 ± 2 323 ± 4 7.9 ± 0.6 
LPBF-T6–1 323 ± 5 400 ± 2 1.0 ± 0.2 
LPBF-T4–2 255 ± 8 328 ± 9 10.3 ± 0.5 
LPBF-T6–2 316 ± 5 400 ± 7 2.2 ± 0.3 
Cast 164 219 3.5 
Cast-T6 (500 ℃ × 10 h + 225 ℃ × 32 h) 253 364 2.0 
Extruded 231 347 11.0 
Extruded-T5 (200 ℃ × 96 h) 339 428 4.0  
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the LPBF-T4 alloy comes from fine grain strengthening from an average 
grain size of 4.9 µm, secondary phase strengthening from X phase and 
lamellar LPSO structure, and solution strengthening from the dissolution 
of eutectic phase. On the contrary, aging heat treatment can enhance YS 
at the expense of EL. YS of LPBF-T6 alloy is also obviously superior to 
that of cast-T6 alloy (316 MPa versus 253 MPa), and EL of LPBF-T6 alloy 
is similar to that of cast-T6 alloy (2.2% versus 2%). 

Table 5 lists the room temperature tensile properties of as built Mg 
alloys obtained in the present work and reported in the literature, and  
Fig. 17 presents a summary chart of UTS versus EL listed in Table 4 and 
Table 5. The room temperature tensile properties of the as built 
GWZ1031K alloy under different states located at the upper part of 
Fig. 17 are superior to the other as built Mg alloys. Among all reported 
as-built Mg alloys, the LPBF-T6 GWZ1031K alloy has the highest UTS of 
400 MPa, making it a viable candidate for lightweight load-bearing 
components used in many critical engineering fields. The high tensile 
strengths of LPBF-T6 alloy can be explained with the help of the 
following four viewpoints. (1) The homogeneous and fine grains with an 
average grain size of 4.9 µm cause significant fine grain strengthening. 
(2) Densely distributed prismatic β′ and β1 aging precipitates lead to 
significant precipitation strengthening. (3) The lamellar LPSO structure 
inside grains and X phase at grain boundaries, having larger hardness 
and Young’s modulus than ɑ-Mg matrix, result in secondary phase 
strengthening. (4) The coexistence of basal 14H-LPSO structure and 
prismatic β′ and β1 aging precipitates with relative perpendicular dis
tribution contributes to extra composite strengthening. 

Unexpectedly, the room temperature tensile properties of the LPBF- 
T4 and LPBF-T6 GWZ1031K alloys are close to that of the extruded and 
extruded-T5 alloys, respectively. However, the microstructure of 
extruded and extruded-T5 alloys is refined by dynamic recrystallization 
during thermal plastic deformation at 400 ℃. The preparation process 
of extruded and extruded-T5 alloys involves several complicated steps 
(casting→heat treatment→extrusion→heat treatment), and only com
ponents having simple shapes can be fabricated by this method. In 
addition, deformation texture produced during extrusion often results in 
anisotropy of mechanical properties. On the contrary, the microstruc
ture of the LPBF-T4 and LPBF-T6 GWZ1031K alloys is obtained by a 
solidification process that does not involve thermal plastic deformation, 
and the preparation process is relatively shorter (LPBF→heat treat
ment). Mechanical properties of the LPBF-T4 and LPBF-T6 GWZ1031K 
alloys are isotropic because of the uniform equiaxed grains. The LPBF 
can be used to prepare components of any complex shape with a pre
cision of about 0.1 mm. Therefore, the LPBF process when combined 
with appropriate post-processing is a very promising technique for 

preparing high-performance Mg alloy components for engineering 
applications. 

5. Conclusions 

A high-strength GWZ1031K alloy was manufactured by LPBF and 
post-processing. The microstructure and mechanical properties of the as 
built, LPBF-T4 and LPBF-T6 alloys were systematically investigated and 
compared with gravity cast alloys. The major findings of this study can 
be summarized as follows:  

(1) The as built GWZ1031K alloy is composed of fine equiaxed ɑ-Mg 
grains with an average grain size of 4.1 ± 0.5 µm, reticular 
β-(Mg,Zn)3(Gd,Y) eutectic phase and undesired Y2O3 oxide 
phase, which exhibits YS of 310 ± 8 MPa, UTS of 347 ± 6 MPa 
and EL of 4.1 ± 0.8%. Compared with its cast counterpart, the as 
built alloy has significantly refined grains and eutectic phase 
contributing to obviously higher tensile strengths and slightly 
higher ductility.  

(2) Direct aging heat treatment after LPBF leads to an ultra-high YS of 
365 MPa but a low EL of 0.8% in the LPBF-T5 alloy.  

(3) Solution heat treatment transforms the hard and brittle eutectic 
phase into the relatively soft and deformable lamellar LPSO 
structure inside grains and X phase at grain boundaries without 

Table 5 
The room temperature tensile properties of the as built Mg alloys obtained in the present work and reported in the literature.  

Materials system Chemical compositions (wt%) States Tensile properties Ref. 

YS/MPa UTS/MPa EL/%  

GWZ1031K Mg-9.86Gd-2.35Y-0.96Zn-0.40Zr As built  310  347  4.1 Present work 
LPBF-T5  365  381  0.8 
LPBF-T4  255  328  10.3 
LPBF-T6  316  400  2.2 

AZ31B Mg-2.97Al-0.89Zn As built  183  212  7.9 [33] 
AZ61 Mg-6.25Al-1.24Zn-0.27Mn As built  233  287  3.1 [34] 
A9 Mg-9Al As built  –  274  1.1 [35] 
AZ91D Mg-8.95Al-0.44Zn-0.19Mn As built  254  296  1.8 [36] 
AZ91D Mg-9.08Al-0.65Zn-0.23Mn As built  265  298  2.0 [37] 
AZ91D+ 5vol%SiCnp Mg-9.08Al-0.65Zn-0.23Mn+ 5vol%SiCnp As built  308  345  1.1 
AZX912 Mg-8.55Al-0.64Zn-1.81Ca-0.18Mn As built  253  332  3.2 [38] 
Z1 Mg-1Zn As built  –  148  11.0 [25] 
WE43 Mg-3.48Y-1.62Nd-0.71Gd-0.40Zr As built  296  308  11.9 [44] 
WE43 Mg-3.7–4.3Y-2.4–4.4RE-0.40Zr As built  215  251  2.6 [45] 

LPBF-T6  219  251  4.3 
GZ112K Mg-11.82Gd-2.03Zn-0.43Zr As built  325  332  4.0 [22] 

- represents not reported. 

Fig. 17. A summary chart of UTS versus EL listed in Table 4 and Table 5.  
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obvious grain growth, which results in a significant increase in 
ductility. The LPBF-T4 GWZ1031K alloy exhibits YS of 
255 ± 8 MPa, UTS of 328 ± 9 MPa, and EL of 10.3 ± 0.5%.  

(4) The LPBF-T6 GWZ1031K alloy is composed of basal 14 H-LPSO 
structure and prismatic β′ and β1 aging precipitates with the 
relative perpendicular distribution. The YS, UTS and EL of the 
LPBF-T6 alloy are 316 ± 5 MPa, 400 ± 7 MPa, and 2.2 ± 0.3%, 
respectively. 
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