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Large-scale Mg-8Gd-4Y-1Zn-Mn (wt.%) alloy ingot with a diameter of 315 mm and 

length of 2410 mm was prepared through semi-continuous casting. Chemical composition, 

microstructure and mechanical properties at different locations of the samples with as-cast, 

T4 and T6 heat-treated states, respectively, were investigated. No obvious macro 

segregation has been detected in the high-quality alloy ingot. The main eutectic structures 

at all different locations are composed of α-Mg, Mg3RE-type, Mg5RE-type and LPSO 

phases. At the edge of ingot the unusual casting twins including {101!2} extension twins 

and {101!1} compression twins were observed due to the intensive internal stress. In T4 

heat-treated alloy, the micro segregation was eliminated. The remained phases were α-Mg 

and LPSO phase. Combined with the remarkable age-hardening response, T6 samples 

exhibits improved mechanical properties at ambient temperature, which derives from the 

dense prismatic β' precipitates and profuse basal γ' precipitates. 

Key words: Mg-Gd-Y-Zn-Mn alloy; Semi-continuous casting; Thermal treatment; 

Microstructure; Mechanical properties 

1. Introduction 
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Magnesium (Mg) alloys with rare earth (RE) addition, such as Mg-Gd, Mg-Gd-Y and Mg-Gd-

Y-Zn based alloys, have received considerable attentions in aerospace, rail traffic and automobile 

industries due to their outstanding mechanical properties at both ambient and elevated temperatures[1-

5]. Recently, a novel Mg-8Gd-4Y-1Zn-Mn wrought alloy with ultra-high strength and favorable 

ductility has been developed by homogenizing treatment, and optimization of thermoplastic forming 

and ageing processes in our previous work[6-8]. The peak-aged Mg-Gd-Y-Zn-Mn wrought alloy 

exhibited excellent comprehensive mechanical properties with UTS of 538 MPa, TYS of 390 MPa 

and elongation to failure (EL) of 13.1% at ambient temperature[9, 10]. Its dominant strengthening 

mechanisms are related to the grain boundary strengthening within fine recrystallized regions, basal 

texture strengthening within coarse deformed grain regions, second phase strengthening such as 

LPSO phase and β' + γ' co-precipitate strengthening. With strain ageing, Heng et al.[11] have developed 

a super high-strength Mg-12.6Gd-1.3Y-0.9Zn-0.5Mn (wt.%) wrought alloy with UTS of 564 MPa, 

TYS of 543 MPa and EL of 1.2%. Its excellent mechanical properties are attributed to a high density 

of γ' and chain-like precipitates which was promoted by high amount of dislocations due to the cold 

deformation before ageing. 

All the favorable wrought alloys with high mechanical performance mentioned above need high-

quality ingots as raw materials. Large-scale wrought products (such as profiles, plates and forgings 

etc.) with excellent mechanical properties show broad applications. Developing the large-scale 

magnesium alloy ingots with high quality is therefore necessary and urgent. 

A Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr (wt.%) alloy ingot with a diameter of 280 mm was fabricated 

through semi-continuous casting, which exhibited UTS of 223 MPa, TYS of 149 MPa and EL of 4.9% 

near its edge[12]. In order to further alleviate the macro segregation and microstructural 

inhomogeneity, an electromagnetic field was introduced during the semi-continuous casting. A Mg-

9Gd-3Y-1.5Zn-0.6Zr (wt.%) alloy with a diameter of 190 mm and a length of 1000 mm was 

produced[13]. However, it is common to see RE element segregation and hot crack in Mg alloys with 

high RE content. As reported by Yang et al.[14], severe segregation of RE elements in the Mg-9Gd-

4Y-0.6Zr (wt.%) alloy cannot be completely eliminated even after solution treatment at 520 °C for 8 

hrs. It remains a challenge to fabricate the high-performance Mg-Gd-Y-Zn-Mn alloy on a larger scale. 

In the present work, a large-scale Mg-8Gd-4Y-1Zn-Mn alloy with a diameter of 315 mm and length 

of 2410 mm was produced by means of semi-continuous casting. Optimized heat treatments were 

developed. The chemical composition, microstructure and mechanical properties at different 
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locations of the as-cast, T4 and T6 heat-treated alloys were characterized and discussed. 

2. Experimental Procedures 

2.1. Material preparation 

Commercial pure Mg and Zn, Mg-30Gd (wt.%), Mg-30Y (wt.%) and Mg-4Mn (wt.%) master 

alloys were melted in an electric resistance furnace under a mixed protective atmosphere of Ar and 

SF6 with a ratio of 100:1 at 770 °C. Before pouring, the molten liquid was precooled to 680 °C in 1 

hr and reheated to 720 °C for refining and melt purification. This novel melt self-purifying technique 

with lower temperature melt treatment was successfully developed to prepare high purity magnesium, 

such as AZ31, AZ61, AZ91, AM50, AM60 and ZK60 magnesium alloys[15]. Fig. 1 shows the 

schematic illustration of the semi-continuous casting process with the casting temperature of ~720 °C, 

the casting speed of ~35 mm/s and the pressure of water in crystallizer of ~0.03 MPa. A high-quality 

and large-scale Mg-8Gd-4Y-1Zn-Mn alloy ingot with a diameter of 315 mm and a length of 2410 mm 

was fabricated (Fig. 2). After removing its head which normally contained macroscopic casting 

defects, this ingot showed satisfied surface quality.  

In order to homogenize the microstructure, release the stress concentration and achieve the 

precipitate hardening, subsequent thermal treatments were performed. The alloy ingot was preheated 

and homogenized at 350 °C for 5 hrs, at 500 °C for 8 hrs and at 525 °C for 6 hrs followed by air 

cooling. The T4-treated alloy ingot was then subjected to ageing at 180 °C and 200 °C. The peak-

aged alloy sample was denoted as T6. The detailed heat treatment procedures were listed in Table 1. 

2.2. Microstructural characterizations and mechanical properties 

Different from the gravity casting, the microstructure and mechanical properties are variable 

along radial direction but homogeneous along axial direction. Hence samples for microstructural 

characterizations, Vickers hardness testing and mechanical properties testing were cut from the center, 

1/2 radius and edge of the alloy ingot. 

The actual chemical compositions of samples at different locations were measured using the 

inductively coupled plasma (PE ICP-OES). The phase identifications of as-cast and heat-treated 

alloys were analyzed by X-ray Diffraction (XRD, Rigaku D/Max2500PC) with a copper target. The 

scanning angle 2θ ranged from 10° to 90° and the scanning speed was set at 2 °/min. The phase 
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transformation behavior was characterized by the Differential Scanning Calorimetry (DSC) with a 

differential scanning calorimeter (Netzsch 449F3). Each sample was heated to 700 °C or 650 °C 

followed by cooling to 50 °C at a rate of 10 °C/min under a protective Ar atmosphere. 

The microstructures at different locations of the alloy ingot were observed by an Olympus 

Optical Microscope (OM), scanning electron microscope (SEM, TESCAN VEGA3 LMH SEM) 

equipped with an energy dispersive spectroscopy (EDS) system and another SEM (JEOL JSM-7800F 

FEG SEM) equipped with a HKL-Electron backscatter diffraction (EBSD) system. 

Vickers hardness tests were performed on the T4 samples at 1/2 radius location using a HXS-

1000ZY microhardness tester with 50 g load and holding time of 10 s. Tensile samples with a gauge 

length of 30 mm and a diameter of 5 mm were machined from the as-cast, T4 and T6 treated materials, 

which were cut from the different locations of the alloy ingot. Tensile properties were measured along 

the radial direction in the ingot on a Shimadzu CMT-5105 material testing machine at ambient 

temperature. The initial strain rate was 0.001 s-1. 

3. Results and Discussion 

3.1. As-cast microstructure 

The chemical compositions of as-cast Mg-8Gd-4Y-1Zn-Mn samples at different locations are 

listed in Table 2. Although the edge and center samples show slightly higher RE contents than the 1/2 

radius sample, non-equilibrium solidification did not lead to an apparent macro segregation in such a 

large-scale ingot. The ICP results reveal that the average content of Fe, Cu and Ni impurity elements 

are 0.0091 wt.%, 0.0167 wt.% and 0.0011 wt.%, respectively. 

During melting, the melt self-purifying technology was performed to reduce the content of 

impurity elements which deteriorate the mechanical properties and corrosion resistance. It is 

considered that the purifying effect depends on the solubility of impurity elements and the settlement 

velocity of impurity particles. With an appropriate ratio of Fe/Mn, Mn exhibits outstanding purifying 

effect for decreasing the solubility of impurity Fe in the molten magnesium[16, 17]. The settlement 

velocity of Fe particles can be improved by the applied self-purifying technology[15]. Although the 

content of impurity elements in this alloy ingot is obviously higher than that in RE-free ingots (such 

as AZ91, AM50 and ZK60 etc.)[15], the present large-scale ingot with a high RE content exhibits a 

satisfactory degree of purification. 
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Fig. 3 shows the XRD patterns of the as-cast samples at different locations. The peek 

identifications indicate that all the as-cast samples are composed of α-Mg, Mg3RE-type phase, 

Mg5RE-type phase and LPSO phase. The second phases in the studied as-cast alloy with large scale 

are similar to that in the reported as-cast Mg-RE-Zn alloys with a small size[10, 18]. 

The optical microstructures of as-cast samples from the center to edge are shown in Fig. 4. All 

the as-cast samples exhibit a dendritic microstructure which are composed of α-Mg and intermetallic 

phases. The intermetallic phases locate at dendritic boundaries and inside the grains. The average 

grain sizes of the center, 1/2 radius and edge samples are ~306 μm, ~141 μm and ~102 μm, 

respectively. As the crystallizer exerted a cooling effect and promoted heterogeneous nucleation, the 

alloy near the edge showed a higher degree of undercooling than that near the center, leading to the 

finer microstructure in the edge sample. Numerous twins are observed in the 1/2 radius and edge 

samples, but no twin formed in the center sample. The twin volume fraction in the edge sample is 

much higher than that in the 1/2 radius sample. Whereas, there is no twin detected in the whole as-

cast Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr ingot with a diameter of 280 mm[12]. The reasons why twins formed 

in the studied as-cast Mn-containing ingot instead of in Zr-containing ingot deserve discussion. As 

known, both the Mn and Zr can lower the intrinsic stacking fault energy of I1 basal-plane stacking 

faults in binary magnesium alloys. Based on the first-principles calculations, Dong et al. revealed that 

the lower effect of Mn is obviously weaker than Zr [19]. The relatively higher stacking-fault energy in 

Mn-containing alloy should be conducive to cross slip but suppress the twinning mode. This analysis 

is inconsistent with the observed result. Therefore, the dominant reason should be related to the higher 

internal stress of casting, especially near the edge, which results from the larger diameter of the 

studied ingot. The unusual casting twinning was further discussed in the following EBSD part. 

Fig. 5 (a, b, c) shows the lower magnification SEM-BSE microstructures of as-cast samples at 

different locations. Similar to OM results, the SEM-BSE micrographs reveal that the dendritic 

microstructure with α-Mg is surrounded by discontinuous eutectic intermetallic. The volume fraction 

of eutectic compounds is ~11.4% for center sample, ~8.8% for 1/2 radius sample and ~7.5% for edge 

sample, respectively. The regions with light gray (marked by orange arrows) should be the solute 

enrichment regions[20], which is attributed to the micro segregation. Based on the XRD (Fig. 3), higher 

magnification SEM-BSE micrographs (Fig. 5 (d, e, f)) and EDS results (Fig. 6), the discontinuous 

eutectic compound was considered as Mg3RE-type phase having a face-centered cubic crystal 

structure (Fm3!m, a = 0.73 nm)[21, 22]. The block-shape phase should be the Mg5RE-type phase with a 
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face-centered cubic crystal structure (F4!3m, a = 2.23 nm)[23]. The short rod-shape phase should be 

the 18R-type LPSO phase[24, 25]. The addition of Gd, Y and Zn elements can lower the stacking fault 

energy of Mg alloy which is in favor of the formation of LPSO phase[26]. Typically, the 18R-type 

LPSO phase in Mg-Gd-Y-Zn alloys can forms during solidification, which can further transform into 

14H structure after prolonged heat treatment at 350 °C to 500 °C[27]. However, the volume fraction 

of LPSO phase in the studied as-cast alloy is still quite low. 

In order to explore the micro-texture characteristic and twinning behavior, the EBSD analysis 

near the edge of ingot was carried out (Fig. 7). According to the IPF map and pole figure analysis, the 

edge sample exhibits a random texture. The local misorientation map qualitatively shows the strain 

distribution of individual grains with 0o representing low strain and 5o representing high strain. The 

high strain region in local misorientation map as well as the color variation in IPF map refers to the 

presence of substructures containing dense pile-up dislocations and/or subgrain boundaries[28]. The 

high stain regions resulted in the presence of unusual casting twinning. The fractions of {101!2} 

extension twins and {101!1} compression twins were measured to be 14.6% and 0.5%, respectively. 

Among all deformation modes in the magnesium alloy, the basal slip and extension twinning can be 

activated more easily due to their lower critical resolved shear stress [29, 30]. The former relieves the 

a-axis strain component, while the later moderates the c-axis strain component. Hence, the local stress 

concentration caused by the non-equilibrium solidification was effectively released by their combined 

effect. Analogously, the {101!2} extension twins were also observed in a LPSO-free as-cast Mg-

3Gd-0.6Zr (wt.%) alloy[31]. In LPSO-containing alloys, the c-axis strain can usually be 

accommodated by the kinking, bending and tearing deformation of LPSO and non-basal slip of the 

α-Mg rather than the twinning[32, 33]. Hence the extension twins have rarely been found in the LPSO-

containing as-cast alloys. In the studied alloy, the volume fraction of LPSO phase is quite low. It 

cannot prevent the formation the casting twins. Although the formation of twins and pile-up 

dislocations can alleviate the internal stress to some extent, the residual stress was possibly high 

enough to form cracks in the ingot. In order to avoid the cracking, it is quite necessary to design and 

implement a suitable annealing treatment to eliminate the residual stress and improve the mechanical 

properties. 

3.2. T4 treatment 

Both the heating and cooling DSC curves of samples at different locations are shown in Fig. 8. 
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These DSC curves show similar results. On the heating curves, the exothermic reaction at ~183 °C 

and endothermic reaction at ~527 °C were detected. The first one should correspond to the 

precipitation, i.e. the transformation from solute-enriched region. The second one indicates the 

dissolution of Mg3RE-type and Mg5RE-type phases. On the cooling curves, the formation of the 

eutectic microstructure results in the exothermic reaction at ~514 °C. The formation of solute-

enriched region leads to the exothermic reaction at ~351 °C. It was reported that the Mg3RE-type 

eutectic phase in the Mg-7Gd-5Y-0.6Zn-0.8Zr (wt.%) alloy and Mg–2Gd–2Nd–2Y–1Ho–1Er–

0.5Zn–0.4Zr (wt%) alloy started the dissolution at ~522 °C[34] and ~528 °C[35], respectively. Based 

on the present DSC analysis, the designed T4 treatment is shown in Table 1. 

3.3. T4 Microstructure 

Fig. 9 shows the XRD patterns of the T4 samples at different locations. The T4 samples are 

composed of α-Mg and LPSO phase. The solute rich regions, Mg3RE-type and Mg5RE-type phases 

in as-cast samples were eliminated. It is known that the peak at ~32o and ~34o correspond to 

{101!0}Mg and {0002}Mg planes, respectively. These peak intensities for the center sample are much 

lower than that for the 1/2 radius and edge samples. This phenomenon results from the different grain 

orientations and coarse grains in the T4 sample at center location. In addition, the DSC results of T4 

heat-treated alloy also suggest that the second phase with low melting point has been completely 

eliminated (Fig. 10). 

Fig. 11 and Fig. 12 show the OM and SEM-BSE micrographs of the T4 samples at different 

locations. The average grain sizes of the center sample, 1/2 radius sample and edge sample are ~430 

μm, ~196 μm and ~126 μm, respectively. The eutectic compounds with discontinuous and block-

shape morphology transformed into a block-shape LPSO phase. The dense thin lamellar LPSO phase 

precipitated from the supersaturated solid solution α-Mg. The volume fraction of LPSO phase is 

~8.7% for center sample, ~8.6% for 1/2 radius sample and ~7.4% for edge sample, respectively. No 

twins were observed in the center sample and the 1/2 radius sample. Compared with the as-cast 

sample, the heat-treated sample at the edge location has a lower volume fraction of twins. The dense 

lamellar LPSO phase are precipitated through the twins by consuming the solute atoms in the 

supersaturated solid solution. 

It is well known that Mn and Zr elements were commonly added in the LPSO-containing Mg-

RE-Zn alloys as grain refiners. The difference between them is that Zr element hinders the formation 
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of LPSO structure by consuming Zn and forming Zn-Zr compounds. In contrast, Mn addition 

promotes the formation of LPSO phase in the Mg-15Gd-Zn (wt.%) alloy[36]. 

3.4. Age hardening 

Fig. 13 shows the age-hardening curves of T4 samples at the 1/2 radius location during 

isothermal ageing at 180 °C and 200 °C. The hardness of the samples aged at 180 °C and 200 °C 

shows similar variation. At the initial stage, the hardness increases slowly. After the incubation period, 

it increases sharply. After the hardness plateau, it decreases only slightly owing to the outstanding 

thermal stability of the alloy. The 1/2 radius sample has a hardness value of ~94.8 HV in T4 thermal 

condition. The sample aged at 180 °C with the increment ∆HV ≈ 23.9 HV has a weaker and slower 

age-hardening response than the sample aged at 200 °C with the increment ∆HV ≈ 35.6 HV. The 

sample aged at 180 °C has a maximum hardness value of ~118.7 HV obtained at ~100 h, while the 

sample aged at 200 °C has a maximum hardness value of ~130.4 HV obtained at ~60 h. Compared 

with the reported high-strength wrought Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr alloy (~123 HV), although the 

studied casting alloy exhibits coarser grains, the peak-hardness value is relatively higher due to the 

slightly higher RE and Zn element content[37]. The ageing hardening behavior was discussed in the 

following part. 

3.5. Tensile properties 

Fig. 14 shows the tensile properties of as-cast samples, T4 samples and T6 samples at different 

locations. The corresponding UTS, TYS and EL data are listed in Table 3. The as-cast sample at edge 

location shows a higher tensile strength and ductility than that at 1/2 radius (~28 MPa) and center 

(~23 MPa). Both the T4 and T6 samples at edge locations have a higher strength and ductility than 

that at 1/2 radius (~9 MPa and ~26 MPa), and much higher than that at center (~19 MPa and ~30 

MPa). 

In the as-cast alloy, the strengthening mechanism can be ascribed to the following aspects. 

Firstly, it is considered that smaller grains lead to higher strength according to the Hall-Petch 

relationship. With the addition of Gd, Y and Zn elements, the grain boundary mobility could be 

impeded by the Mg3RE-type and Mg5RE-type phases around the grain boundaries during 

solidification. The average grain size should be smaller in the present alloy ingot than that in the 
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large-scale Mg ingot with few thermal-stable particles. In addition, the existence of casting twins in 

the edge and 1/2 radius samples also benefits the strengthening effect[38]. Secondly, the solid solubility 

of Gd and Y in Mg alloy is ~3.82 and ~2.69 (wt.%) at 200 °C, respectively, which is much lower than 

the content of their additions. Hence the non-equilibrium solidification should lead to a supersaturated 

solid solution of Gd and Y in Mg-matrix. The solid solution strengthening is result from the 

dislocation pinning of lattice distortion caused by the difference in atomic radius of Mg (~160 pm), 

Gd (~180 pm) and Y (~180 pm). Besides, the sizes of Mg3RE-type and Mg5RE-type phases are too 

large to directly pinning the dislocation motion. As known that the network reinforcement architecture 

has successful been designed to enhance the strength and ductility in aluminum matrix composites[39], 

the coarse second-phase particles with discontinuous dendritic morphology can sustain the load 

transfer from matrix and supply the particulate strengthening. 

After T4 treatment, the UTS and TYS of the alloy increase by 10~40 MPa and 30~50 MPa, 

respectively. On the one hand, the improvement in strength is related to the formation of LPSO phase. 

As the co-segregation of Gd-Zn and Y-Zn, the LPSO phase has a higher elastic modulus ( ~67 GPa) 

than the matrix ( ~40 GPa) and owns coherent interface with Mg matrix on (0002) plane[40]. The 

critical resolved shear stress of basal slip can be enhanced by dense thin lamellar LPSO phase[41]. 

Hence, the improved strength mainly derives from the dispersion strengthening of lamellar and block-

shape LPSO phases. On the other hand, as the solid solubility of Gd and Y elements increases with 

the increase of temperature, there are more alloying elements dissolved into the matrix after T4 

treatment. The effect of solid solution strengthening is further improved. In addition, T4 treatment 

might cause the grain growth due to the high annealing temperature. However, in the present alloy, 

the grains growth was hindered by the LPSO phase with excellent thermal stability. This can be 

supported by the comparison between the Fig. 4 and Fig. 11. Therefore, the formation of lamellar and 

block-shape LPSO phases is responsible for the improvement of strength. 

After T6 treatment, the UTS and TYS of the alloy increase by 20~30 MPa and 5~20 MPa, 

respectively. The T6 alloy ingot shows competitive mechanical properties with the representative 

casting Mg-Gd-Y alloys[12, 42] and casting 2219 Al alloy ingot[43]. To uncover the ageing hardening 

behavior and strengthening mechanism in peak-aged alloy. The TEM BF images of peak-aged sample 

and corresponding SAED patterns are shown in Fig. 15. The block-shape phase is identified to be 

14H-type LPSO phase, which is inherited from the T4 state. The dense prismatic precipitates and 

profuse basal precipitates are determined to be β' and γ' phases respectively, which are responsible to 
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the remarkable age-hardening response and enhanced tensile strength. All the peak-aged samples 

exhibit a decreased ductility, because the interaction between the slip bands and the closely-spaced 

precipitates cause serious stress concentration which could not be released. 

As known, Mg-Gd binary alloys with Gd content less than 10 wt.% and Mg-Y binary alloys with 

Y content less than 7 wt.% show the low age-hardening response because of the low saturation of 

solutes leading to the low number density of prismatic precipitates[37]. With a small amount of Zn 

addition, the solid solubility of Gd and Y in Mg alloys markedly decrease. The Gd and Y solute atoms 

are inclined to not only segregate and form prismatic β' precipitates, but also interact with Zn atoms 

resulting in the formation of basal γ' precipitates[44]. Although the strengthening effect of prismatic β' 

precipitates is proved to be more efficient than that of basal γ' precipitates within identical volume 

fractions and number densities[45], the profuse basal γ' precipitates also lead to a remarkable 

strengthening due to their large aspect ratio[46]. As reported in Mg-15Gd-(1Zn)-Zr alloys[47], the co-

precipitation of prismatic β' and basal γ' precipitates with lower number density exhibits much higher 

strengthening effect than the sole prismatic β' precipitates with higher number density. Accordingly, 

the high hardness and enhanced tensile strength of present alloy ingot should attribute to the high 

number density of both prismatic β' precipitates and basal γ' precipitates. 

4. Conclusion 

A large-scale Mg-8Gd-4Y-1Zn-Mn alloy ingot with the high quality was successfully fabricated 

through semi-continuous casting. The appropriate T4 and T6 heat treatments were developed. The 

microstructure and tensile properties of the ingot at ambient temperature were systematically 

analyzed. The as-cast samples at different locations own relatively uniform chemical composition. 

Their microstructure consists of α-Mg, Mg3RE-type phase, Mg5RE-type phase and LPSO phase. In 

the edge sample, the {101!2} extension twins were observed, which has rarely been reported in the 

previous as-cast magnesium alloys with LPSO phase. The solute rich regions resulted from the micro 

segregation were completely removed after T4 treatment. The T4 samples at all different locations 

are composed of α-Mg and LPSO phase. After T6 treatment, the co-precipitation of prismatic β' and 

basal γ' precipitates endow the peak-aged sample higher UTS of 268 ± 3 MPa and TYS of 214 ± 4 

MPa than the T4 samples, which is related to the remarkable age-hardening response. 
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Figure and table captions 
 

Table 1 Heat treatments of the large-scale alloy ingot. 

 

Table 2 Actual chemical compositions of the as-cast samples at different locations. 

 

Table 3 The ambient tensile properties of samples at different locations in different thermal conditions. 

 

Fig. 1. Schematic illustration of the semi-continuous casting process. 

 

Fig. 2. (a) Large-scale alloy ingot fabricated by semi-continuous casting; and (b) Macroscopic casting 

defects observed in the head of the ingot. 

 

Fig. 3. XRD patterns of the as-cast samples at different locations. 

 

Fig. 4. Optical microstructures of the as-cast samples at different locations: (a) schematic illustration 

of the observed locations; (b, e) center, (c, f) 1/2 radius and (d, g) edge. 

 

Fig. 5. SEM-BSE micrographs of the as-cast samples at different locations: (a, d) center, (b, e) 1/2 

radius and (c, f) edge. Note, the arrows indicate regions with high concentrations of solute in solid 

solution. 

 

Fig. 6. Microstructure of the as-cast samples: (a) Local magnified area of Fig. 4b and (b, c and d) 

representative EDS spectrum collected from the Mg3RE-type, Mg5RE-type and LPSO phase, 

respectively. 

 

Fig. 7. EBSD analysis of the as-cast sample near the edge: (a) IPF map, (b) local misorientation map, 

(c) band contrast map with highlighted twin boundaries and (d) the (0001), (112!0) and (101!0) 

pole figures. 

 

Fig. 8. DSC curves of the as-cast samples at different locations: (a) center, (b) 1/2 radius and (c) edge. 

 

Fig. 9. XRD patterns of the T4 samples at different locations. 

 

Fig.10. DSC curves of the T4 samples at different positions: (a) center, (b) 1/2 radius and (c) edge. 
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Fig. 11. Optical microstructures of the T4 samples at different locations: (a, d) center, (b, e) 1/2 radius 

and (c, f) edge. Note, the red and yellow arrows indicate lamellar LPSO and block-shape LPSO phases, 

respectively. 

 

Fig. 12. SEM-BSE images of the T4 samples at different positions: (a, d) center, (b, e) 1/2 radius and 

(c, f) edge. Note, the red and yellow arrows indicate the lamellar and block-shape LPSO phase, 

respectively. 

 

Fig. 13. The age-hardening curves of T4 samples at 1/2 radius location aged at 180 °C and 200 °C. 

 

Fig. 14. The combined plot of UTS, TYS and EL of as-cast samples, T4 samples and T6 samples at 

different locations. 

 

Fig. 15. TEM BF images and corresponding SAED patterns of the peak-aged alloy: (a, b) block-shape 

LPSO and β' phases; (c, d) lamellar γ' and β' phases. 
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Table list: 

Table 1 Heat treatments of the large-scale alloy ingot. 

Designation Heat treatment process 

As-cast Semi-continuous casting 

T4 at 350 °C for 5 hrs + at 500 °C for 8 hrs + at 525 °C for 6 hrs 

T6 T4 + at 200 °C for 60hrs 
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Table 2 Actual chemical compositions of the as-cast samples at different locations. 

Analyzed 

locations 

Content (wt.%) 

Mg Gd Y Zn Mn Fe Cu Ni 

Center Bal. 8.83 4.09 1.32 0.82 0.0093 0.018 0.0015 

1/2 radius Bal. 8.41 4.26 1.35 0.84 0.0092 0.015 0.0007 

Edge Bal. 8.86 4.09 1.32 0.82 0.0089 0.017 0.0011 
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Table 3 The ambient tensile properties of samples at different locations in different thermal conditions. 

Analyzed 
locations 

Thermal Condition 
Tensile mechanical properties 

UTS (MPa) TYS (MPa) EL (%) 

Center 

As-cast 179 ± 2 141 ± 4 2.2 ± 0.2 

T4 189 ± 2 175 ± 2 1.7 ± 0.2 

T6 213 ± 5 184 ± 2 1.3 ± 0.2 

1/2 radius 

As-cast 155 ± 7 136 ± 2 1.3 ± 0.2 

T4 208 ± 2 185 ± 2 1.9 ± 0.2 

T6 234 ± 5 188 ± 7 1.5 ± 0.2 

Edge 

As-cast 210 ± 2 164 ± 3 3.8 ± 0.2 

T4 240 ± 2 194 ± 3 2.9 ± 0.2 

T6 268 ± 3 214 ± 4 1.8 ± 0.2 
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Figure list: 

 

Fig. 1. Schematic illustration of the semi-continuous casting process. 
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Fig. 2. (a) Large-scale alloy ingot fabricated by semi-continuous casting; and (b) Macroscopic casting 

defects observed in the head of the ingot. 
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Fig. 3. XRD patterns of the as-cast samples at different locations. 
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Fig. 4. Optical microstructures of the as-cast samples at different locations: (a) schematic illustration 

of the observed locations; (b, e) center, (c, f) 1/2 radius and (d, g) edge. 
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Fig. 5. SEM-BSE micrographs of the as-cast samples at different locations: (a, d) center, (b, e) 1/2 

radius and (c, f) edge. Note, the arrows indicate regions with high concentrations of solute in solid 

solution. 
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Fig. 6. Microstructure of the as-cast samples: (a) Local magnified area of Fig. 4b and (b, c and d) 

representative EDS spectrum collected from the Mg3RE-type, Mg5RE-type and LPSO phase, 

respectively. 
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Fig. 7. EBSD analysis of the as-cast sample near the edge: (a) IPF map, (b) local misorientation map, 

(c) band contrast map with highlighted twin boundaries and (d) the (0001), (112!0) and (101!0) 

pole figures. 
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Fig. 8. DSC curves of the as-cast samples at different locations: (a) center, (b) 1/2 radius and (c) edge. 
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Fig. 9. XRD patterns of the T4 samples at different locations. 
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Fig.10. DSC curves of the T4 samples at different positions: (a) center, (b) 1/2 radius and (c) edge. 
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Fig. 11. Optical microstructures of the T4 samples at different locations: (a, d) center, (b, e) 1/2 radius 

and (c, f) edge. Note, the red and yellow arrows indicate lamellar LPSO and block-shape LPSO phases, 

respectively. 
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Fig. 12. SEM-BSE images of the T4 samples at different positions: (a, d) center, (b, e) 1/2 radius and 

(c, f) edge. Note, the red and yellow arrows indicate the lamellar and block-shape LPSO phase, 

respectively. 
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Fig. 13. The age-hardening curves of T4 samples at 1/2 radius location aged at 180 °C and 200 °C. 
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Fig. 14. The combined plot of UTS, TYS and EL of as-cast samples, T4 samples and T6 samples at 

different locations. 
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Fig. 15. TEM BF images and corresponding SAED patterns of the peak-aged alloy: (a, b) block-shape 

LPSO and β' phases; (c, d) lamellar γ' and β' phases. 


