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A B S T R A C T   

In this work, a novel Mg–6Y–3Zn–1Al (WZA631, wt.%) alloy with great performance is successfully prepared 
through high pressure die-casting method, and microstructure characteristics and mechanical behavior are 
systematically investigated. Results show that the WZA631 alloy is primarily composed of equiaxed α-Mg grain, 
block and irregular (Al,Zn)2Y phases, as well as honeycomb-shaped 18R long period stacking ordered (LPSO) 
phase. The α-Mg grain has finer average grain size than other die-casting Mg alloys and (Al,Zn)2Y phase with 
cubic structure (a = 0.76 nm) is firstly reported. Mechanical tests demonstrate that yield strength, ultimate 
tensile strength, and elongation of the studied alloy at room temperature are 175 MPa, 281 MPa and 9.8%, 
respectively, which is better compared with existing commercial or some newly die-casting alloys. For the yield 
strength, grain boundary strengthening, solid solution strengthening and second phase strengthening are 
dominant contribution mechanisms. Superior ultimate tensile strength and elongation is attributed to the 
abnormal work-hardening effect in stage III due to joint action of solute atoms (Y and Zn) as well as coherent 
LPSO phases. Underlying principles of grain refinement, strengthening effect and work-hardening are well 
discussed.   

1. Introduction 

Magnesium (Mg) and its alloys, due to low density and high specific 
strength, are receiving increasing attention in automotive, aerospace 
and electronics fields [1–5]. The high pressure die-casting (HPDC) is a 
popular production method among various methods of fabricating Mg 
alloy parts, has clear merits such as better dimensional accuracy, higher 
production rate, and greater economic benefit [2,6–9]. Currently, the 
mainstream commercial HPDC Mg alloys are Mg–Al–Zn (AZ), 
Mg–Al–Mn (AM) and Mg–Al-RE (AE) series alloys [10–14], while their 
poor creep behavior and/or inadequate tensile properties (strength and 
elongation) hamper the widening application. Therefore, a series of 
works are conducted to improve performance of HPDC Mg alloys by 
altering process parameters or adding favorable elements [2,15–18]. For 
example, based on experimental results and theoretical analysis, Li et al. 
found that the strength and ductility of HPDC AZ91D alloy are concur
rently raised through invoking turbulent melt flow into gating system 
[2], in which aroused shear stress obviously decreased the content of 

externally solidified crystals and porosity. Terada et al. reported by 
adding Ca elements to HPDC AM50 alloy, the alloy exhibited attractive 
creep resistance resulting from the preferential formation of thermally 
stable Al2Ca phase replacing Mg17Al12 phase [15,16]. Lv et al. revealed 
that Gd element contributed to grain refinement and the formation of 
different intermetallic phase in AE43 alloy, leading to a significant 
improvement in tensile properties [19].Yang et al. demonstrated that 
trace Sr, B, Ca and Sm addition enhanced mechanical properties of 
HPDC AE series alloys at room and elevated temperature [13,17,18,20]. 
Furthermore, some efforts have been tried to improve mechanical 
properties of HPDC Mg alloys through vacuum process and heat treat
ment [6,10]. However, the aforementioned methods are relatively 
complicated and/or limited in terms of improving alloy properties, 
tensile properties in particular. In addition, researchers also developed 
new die-casting Mg alloys such as Mg–Sn–Ce and Mg–Al–Sn alloys [7, 
21], but their strength was low compared with some existing commer
cial alloys. Thus, it is required to exploit a new HPDC Mg alloy offering 
great performance. 
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In recent years, Mg–Y–Zn alloys with long period stacking ordered 
(LPSO) structure have attracted enormous interest attributing to their 
exceptional behavior in microstructure and properties aspects [4, 
22–24]. In 2001, Kawamura et al. prepared a high-performance 
Mg–Y–Zn alloy with a yield strength of 610 MPa and an elongation of 
5% using rapidly solidified powder metallurgy method [25]. The ul
trahigh strength came from both fine grain strengthening and LPSO 
strengthening [26].Subsequently, based on this strengthening method, 
numerous researchers also have successfully developed high strength 
Mg–Y–Zn alloys through extrusion, rolling, forging and other 
thermal-mechanical processing methods [22,23,27]. Namely, it may be 
expected to develop great performance die-casting Mg alloys utilizing 
LPSO strengthening effect and microstructure refinement by HPDC. 
Even though there are an HPDC Mg–Zn–La–Y alloy in current literature, 
only compression properties and trace amounts of LPSO are found in the 
studied alloy [28]. Therefore, the detailed data is still scarce about the 
microstructure characteristics and tensile behavior of LPSO-based HPDC 
Mg alloys. 

Previous works indicated that Y/Zn mole ratio is an key factor con
trolling phase composition of Mg–Y–Zn alloys, and the alloy is composed 
of α-Mg and LPSO when Y/Zn mole ratio is over 1.32 [24,29]. Aluminum 
is added to improve casting capability and refine grain [10,30,31]. In 
this work, a Mg–6Y–3Zn–1Al (WZA631, wt. %) alloy with LPSO phase 
(1.47 mol ratio) is designed and prepared via high pressure die-casting 
method. Then, the microstructure characteristics and tensile behavior 
are systematically characterized, and corresponding grain refinement 
and strengthening mechanisms are analyzed in detail. This can provide 
new data for the knowledge base of die-casing Mg alloys. 

2. Experimental methods 

Mg–6Y–3Zn–1Al (WZA631, wt.%) alloys were prepared from pure 
Mg (99.9%), pure Zn (99.9%), pure Al (99.9%) and Mg-30 wt% Y master 
alloy. At first, pure Mg were melted in a resistance furnace at 760 ◦C 
with mixture of continuous CO2 and SF6 gases for protection. Subse
quently, the furnace temperature was adjusted to 740 ◦C and stirred for 
5 min to ensure uniform distribution of alloying elements in melt. 
Finally, as the temperature naturally cooled to 720 ◦C, the melt was 
poured into a 400-ton cold chamber die-casting machine (DCC-400, 
China) to yield four rectangular plates with dimensions of 100 × 20 ×
2.5 mm. And, prior to die-casting, the temperature of cold mold was 
raised to 200 ◦C by heating function in machine. The actual chemical 
composition of the obtained alloy was examined by inductively coupled 
plasma optical spectrometry (ICP-6300), as exhibited in Table 1. 

Phase types of WZA631 alloy were detected using X-ray diffrac
tometry (XRD, Ultima IV) with a step rate of 2◦/min at angle range 
between 20◦~80◦. The melting temperatures of α-Mg and second phases 
were determined via differential scanning calorimetry (DSC, STA449F3) 
equipment at Ar atmosphere and heating speed of 2 

◦

C/min. Micro
structure characteristics were observed through a scanning electron 
microscope (SEM, Mira 3) and two transmission electron microscopes 
(TEM, JEM-2100F and FEI Tecnai G2 F20). Microscope instruments 
have energy-dispersive spectrometer (EDS). The average grain size was 
measured by selecting at least three microstructure images based on 
Nano Measurer 1.2 software. The tensile samples were processed at wire 
cutting machine, and its corresponding size were 12 mm in gauge 
length, 3.5 mm in width and 2.5 mm in thickness. Skin layer about 0.3 
mm from each side of the surface were removed by polishing for tensile 

samples, and microstructure characterizations were conducted on the 
tensile sample surface. Tensile experiments were performed at cross- 
head speed of 0.2 mm/min by an electronic universal testing machine 
(WDW-10s) at room temperature. Samples was tested 5 times to ensure 
accuracy of data. 

3. Results 

3.1. Microstructure characterization 

Fig. 1 gives microstructure and grain size distribution of WZA631 
alloy. As shown in Fig. 1a and b, the alloy microstructure mainly con
tains α-Mg equiaxed grains and intermetallic compounds locating at 
grain interior or grain boundary. Based on grain size distribution in 
Fig. 1c, the average grain size (AGS) is determined as 5.3 ± 0.5 μm that is 
finer compared with traditional die-casting Mg–Al series alloys [13]. At 
the same time, it can be observed in Fig. 1b the studied alloy has two 
different contrast intermetallic compounds divided into bright and gray 
phases. Bright phases display two morphologies including block shape 
(point A) and irregular shape (points B and C). Gray phases present a 
honeycomb-shaped, resembling to that of LPSO in Mg-RE-Zn alloys, at 
grain boundaries (point D) [32]. EDS mappings (Fig. 1d–f) show that Y, 
Zn and Al elements are enriched in bright phases (points A-C), while 
gray phases (point D) only demonstrate segregation of Y and Zn ele
ments. Furthermore, the point analysis of bright and gray phases is 
summarized in Table 2. The bright phases (points A-C) exhibit a (Al, 
Zn)/Y ratio of nearly 2:1, similar to atoms ratio of Al2Y [5]. However, 
since the phase composition and detailed crystal structure information 
for Al–Zn–Y phase are not available in the references, they are tempo
rarily referred to as unknown phase. The gray phase (point D) with the 
composition of Mg92.93Y3.08Zn3.99 is LPSO and analogous information is 
found in the work by Ye et al. [1]. 

Fig. 2 gives XRD pattern of WZA631 alloy. Phase types of the alloy 
are composed of α-Mg, LPSO and unknown phase. Based on Jade 5.0 
software analysis, the diffraction peaks of unknown phase at 32.1◦, 
37.8◦, 39.8◦ and 57.3◦ are close to those of Al2Y crystal structure. And, 
combining with a (Al, Zn)/Y ratio of nearly 2:1of unknown phase in EDS 
results (Table 2), thus the phase is inferred as (Al,Zn)2Y phase having 
Al2Y structure. This is further analyzed by TEM examination. Also, there 
are two small peaks about W phase (Mg3Zn3Y2) in XRD pattern, but the 
phase cannot be found in SEM image and following DSC curve of this 
work owing to its low content. 

Fig. 3 gives TEM images of block phase in Fig. 1b. From Fig. 3a and b, 
EDS mappings of the block phase illustrate uniform distribution of Al, Y, 
and Zn elements except Mg one, and the corresponding EDS point 
analysis in Fig. 3c shows atomic ratio of (Al, Zn): Y is about 2:1, which is 
consistent with SEM EDS results in Fig. 1. Fig. 3d–e presents selected 
area electron diffraction (SAED) of block phase along [001] and [112] 
beam directions. The SAED shows a typical cubic diffraction pattern 
similar to Al2Y structure and is very different from C36 structure in (Al, 
Mg)2X compounds [5,13]. Based on high-resolution TEM (HRTEM) 
image of Fig. 3f, the measured lattice parameter of block phase is 0.76 
nm and close to that of Al2Y (a = 0.79 nm). The above information 
strongly suggests the block phase is (Al,Zn)2Y compound. The difference 
of lattice parameters is attributed to substitution of Zn atoms for parts of 
Al atoms (rZn = 0.13 nm, rAl = 0.14 nm). Note that, some Mg atoms may 
come from the Mg matrix background observed in EDS point analysis of 
Fig. 3c and these phenomenon are also found other Al2RE phase such as 
Al2Gd and Al2Y etc [5,19]. 

Fig. 4a–c shows TEM image of irregular phase in Fig. 1b and its SAED 
patterns along [001] and [110] directions. As can be found, the inter
metallic compound has the diffraction spots similar to above block (Al, 
Zn)2Y phase, implying that irregular phase has (Al,Zn)2Y crystal struc
ture. Based on point and mapping data of EDS in Fig. 4d–h, the phase is 
also enriched by Y, Zn and Al elements, and has near 2 of (Al, Zn)/Y 

Table 1 
Actual chemical composition of the obtained alloy.  

Alloy Nominal composition  Actual composition (wt%) 

Y Zn Al Mg 

WZA631 Mg–6Y–3Zn–1Al 6.35 3.00 0.73 Bal.  

Y. Bai et al.                                                                                                                                                                                                                                      

by
高亮



Materials Science & Engineering A 802 (2021) 140655

3

elements ratio. In addition, numerous Mg elements are almost uniformly 
distributed except at several spots with much enriched Al, Zn and Y 
elements from EDS data, which means the phase contains part of α-Mg 
matrix. Thus, the irregular phase should be an eutectic phase consists of 
α-Mg and (Al,Zn)2Y phase. 

Fig. 5 gives TEM and HRTEM images of LPSO phase in Fig. 1b as well 
as its SAED patterns with electron beam along [1120]of Mg matrix. In 
Fig. 5b, HRTEM image indicates that the measured lattice fringes 
spacing of LPSO is about 1.6 nm, approximately equaling to six times of 
(0002)Mg with 0.26 nm spacing, which is unique characters of 18R-LPSO 
structure [33]. Meanwhile, from (0000) to (0002)Mg spots of SAED in 

LPSO phase (Fig. 5c), there are six diffraction spots observed at positions 
n/6 (n represents integer), further suggests that the type of LPSO phase 
in this study as 18R. Besides, from the other two spots in Fig. 5c, 
(100)18R and [1100]Mg, the 18R-LPSO has a coherent crystal relation 
with Mg matrix namely, [010]18R//[1120]Mg, and (001)18R//(0001)Mg 

[4]. Fig. 5d shows that TEM EDS results of 18R-LPSO are nearly accor
dance with SEM EDS results in Table 2, having the composition of 
Mg93.65Y3.42Zn2.93 [1]. 

Fig. 6 shows DSC curve of the WZA631 alloy, where each endo
thermic peak represents the melting point of an intermetallic compound. 
According to above SEM and TEM analysis, there are four types of 
intermetallic compounds in the studied alloy including α-Mg, block (Al, 
Zn)2Y, irregular eutectic (Al,Zn)2Y and LPSO. This means that the DSC 
curve should have four endothermic peaks, however, only three peaks 
are observed in Fig. 6. The first endothermic peak at 629 ◦C is common 
melting point of α-Mg in Mg–Y–Zn alloys [24]. The third peak at 545 ◦C 
corresponds to decomposition or melting of LPSO consisting with pre
vious research [22]. Due to eutectic phase usually has a low melting 
point relative to Mg matrix, the second peak at 607 ◦C between α-Mg and 
LPSO is speculated to be irregular eutectic (Al,Zn)2Y phase. Also, from 
literature reports, the endothermic peak of primary Al2Y phase was 
about 692 ◦C [31], which is higher that of α-Mg and exceeds the 
detection range of instrument DSC in this work. Thus, this results in the 
primary block (Al,Zn)2Y phase similar to Al2Y structure not being 
observed in DSC curve. In summary, melting points of second phases 
follow the order of block (Al,Zn)2Y > α-Mg > irregular eutectic (Al, 
Zn)2Y > LPSO. 

3.2. Mechanical properties 

Fig. 7a shows tensile curve and mechanical property values of 
WZA631 alloy. The yield strength (YS), ultimate tensile strength (UTS) 
and elongation (EL) of the alloy are 175 MPa, 281 MPa, 9.8%, respec
tively. Fig. 7b and c summarize YS, UTS and EL of various die-casting Mg 
alloys. The developed WZA631 alloy demonstrates a better balance 
feature of strength and plasticity compared to other commercial alloys 
such as AE44, AZ91, AM50A and AX51 [12,13]. Especially, as shown in 
Fig. 7c, the studied alloy exhibits the highest UTS in commercial and 
novel experimental die-casting Mg alloys except the ALaGd432 [7,8, 
10–13,17,21,28,34]. Strengthening effects related to superior properties 
in the alloy will be discussed in section 4.3. 

Fig. 1. Microstructure characteristics of WZA631 alloy: (a, b) SEM images, (c) grain size distribution, (d–f) EDS mappings corresponding to yellow box area in 
Fig. 1b. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
EDS results in Fig. 1b.  

Position Mg (at. %) Y (at. %) Zn (at. %) Al (at. %) Phase 

A 10.68 31.41 2.99 53.92 Unknown 
B 85.04 4.99 3.27 6.70 
C 88.05 6.28 4.69 7.26 
D 92.93 3.08 3.99 – LPSO  

Fig. 2. XRD pattern of WZA631 alloy.  

Y. Bai et al.                                                                                                                                                                                                                                      
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Fig. 8 shows SEM images of longitudinal and cross sections of 
WZA631 alloy after tensile fracture. As exhibited in Fig. 8a, fracture is 
primarily along second phases at grain boundaries indicated by yellow 
arrows. The (Al,Zn)2Y and LPSO second phases have high hard and 
brittle characteristics compared with Mg matrix, resulting in stress 
concentration and acting as formation points of micro-cracks during 
deformation. Furthermore, it can be found from Fig. 8b that fracture 
morphology of the alloy consists of cleavage steps, tear ridges and small 
dimples. Namely, the failure mode in the alloy is a mixture combination 
of brittle and ductile fracture. The cleavage steps usually represent 

occurrence of intergranular fracture mode (brittle fracture) resulting 
from propagation of cracks along intermetallic compounds at grain 
boundaries. However, small dimples develop from cracks at grain inte
rior induced by stress transferring at grain boundaries, which means 
transgranular fracture (ductile fracture). 

Fig. 3. TEM micrographs of block phase in Fig. 1b: (a) bright-field TEM image, (b–c) EDS mapping and point analysis, (d–e) SAED along [001] and [112] directions, 
(f) High-resolution TEM image (inset: the distance between ten lattice fringes). 

Fig. 4. TEM micrographs of irregular phase in Fig. 1b: (a) bright-field TEM image, (b–c) SAED along [001] and [110] beam directions and (d–h) EDS point and 
mapping analysis. 

Y. Bai et al.                                                                                                                                                                                                                                      
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4. Discussion 

4.1. Grain refinement 

From Fig. 1c, the present WZA631 alloy shows an average grain size 

(AGS) of about 5.3 μm. The AGS of the alloy is relatively fine compared 
with new die-casting alloys including ALaGd432, AGd44, AEX422 and 
ZLaW423 (6.1 μm, 5.9 μm, 7 μm, 6.1 μm) [13,19,28,35]. Moreover, the 
AGS is smaller with respect to commercial die-casting alloys, AZ91, 
AM60B, AE44, AS21 and AX53 alloys, with reduction of 30%, 34%, 
62%, 44% and 47% (7.6 μm, 8 μm, 14 μm, 9.5 μm, 10 μm), respectively 
[6,13,36–38]. This fine grain size is mostly correlated with solute atoms 
and second phases of alloys. 

During solidification, the solute elements are redistributed and 
enrich in front of solid-liquid interface, inducing formation of consti
tutional undercooling, which will stimulate grains continue nucleation 
and thus obstruct grains growth [39,40]. The effect of constitutional 
undercooling for solutes can be expressed using growth restriction factor 
Q, 

Q=

(
∂(ΔTcs)

Δfs

)

Δfs→0
(1)  

where ΔTcs = TL-T is constitutional undercooling (TL and T are liquidus 
temperature and actual temperature), fs is solid fraction. The functional 
correlation between ΔTcs and fs is described through Schell model of 
Pandat software for various die-casting Mg alloys, as exhibited in Fig. 9a. 
The more specific methods are acquired in the research by Schmid- 
Fetzer et al. [41]. Then, combing with equation (1) and Fig. 9a, Q 
values of WZA631 and other die-casting Mg alloys are determined and 
shown in Fig. 9b. As indicated, the Q value of WZA631 alloy is relatively 
high among these alloys, implying constitutional undercooling (solutes) 
plays an important function in grain refinement. Moreover, numerous 

Fig. 5. TEM micrographs of LPSO phase in Fig. 1b: (a) bright-field TEM image, (b) High-resolution TEM image, (c) SAED along [1120]beam direction and (d) EDS 
point analysis. 

Fig. 6. Differential scanning calorimetry (DSC) curve of WZA631 alloy.  

Y. Bai et al.                                                                                                                                                                                                                                      
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fine gray LPSO in Fig. 1b phases distribute along grain boundaries which 
also contribute to decreasing grain size. LPSO phases having good 
thermal stability, high hardness and elastic modulus, may serve as 
pinning sites for grain growth during solidification [24,32]. Similar 
phenomenon is reported by other researchers who demonstrated fine 
LPSO phase caused grain refinement through blocking boundaries 
migration [23,42]. In addition, SEM image in Fig .1a shows the block 
bright (Al,Zn)2Y phases exists in α-Mg grain interior, implying that parts 
of block phases may be heterogeneous nucleation sites of α-Mg. Other 
Al2RE particles locating inside grain, such as Al2Y, Al2Gd, Al2Sm and 
Al2Nd, have also been reported as nucleation substrate and refine grain 
size of Mg matrix [43]. In summary, the fine grain size of WZA631 alloy 
is primarily ascribed to synergistic refinement effect of solute atoms for 
constitutional supercooling, LPSO phases for grain restricting and block 
(Al,Zn)2Y phases for heterogeneous nucleation. 

4.2. Solidification analysis 

In this work, the grain structure of WZA631 alloy shows a typical 
equiaxed morphology that differs from dendritic structure common in 
Mg–Y–Zn series alloys. This is attributed to high cooling rate and high 
liquid flow velocity during die-casting process. The high cooling speed is 
anticipated to cause large concentration gradient and this conversely 
raises the liquidus gradient, resulting in a high constitutional under
cooling. According to grain nucleation equation [44], the larger 
constitutional undercooling usually means smaller grain nucleation 
radius and nucleation work, which in turn leads to grain refinement and 
formation of equiaxed grains at solid-liquid interface. Also, the high 
liquid flow velocity induces dendritic fragmentation and superheat loss 
of the melt that contributes to enhancing the nucleation chance of 
equiaxed grains at interface. 

For further understanding microstructure evolution of the alloy, the 

Fig. 7. (a) Tensile curve and corresponding mechanical property values of WZA631 alloy; (b, c) YS, UTS and EL of various die-casting Mg alloys [7,8,10–13,17,21, 
28,34]. 

Fig. 8. SEM images of WZA631 alloy after tensile fracture: (a) longitudinal section and (b) cross section.  

Y. Bai et al.                                                                                                                                                                                                                                      
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solidification models are provided in Fig. 10. Table 3 gives mixing 
enthalpy and electronegativity discrepancy of alloy solutes in the melt 
condition [45]. As can be found, the mixing enthalpy and electronega
tivity discrepancy of Al and Y (− 38, 0.39) atoms are higher than other 
element combinations, implying Al–Y compounds is easily formed dur
ing solidification. Moreover, the difference of these thermodynamic 
parameters between Al and Zn are very small that suggests Zn atoms 
may replace parts of Al atoms during the formation of Al–Y compound, 
consequently, leading to the formation of (Al,Zn)2Y phase confirmed in 
above TEM results. Meanwhile, combined with DSC curve analysis of 
Fig. 6, primary (Al,Zn)2Y phase has the highest melt point among other 
phases. Thus, (Al,Zn)2Y phase first is generated during solidification and 
may act as nucleation sites for α-Mg through reaction L+(Al, 
Zn)2Y→α-Mg (Fig. 10a–b) [31]. As solidification progress, some α-Mg 
grains spontaneously nucleate at 629 ◦C by formula L→α-Mg (Fig. 10c). 
Simultaneously, the solubility of solute elements in magnesium gradu
ally decrease as temperature decreasing, in which Y, Zn and Al atoms 
escape from melt and enrich at front of solid-liquid interface (Fig. 10c). 
After that, theses solute atoms at interface will react and form inter
metallic compounds along grain boundaries by eutectic or peritectic 
reaction. When the temperature falls to 607 ◦C, the irregular (Al,Zn)2Y 
phase is obtained through eutectic equation L →α-Mg+ (Al,Zn)2Y 
(Fig. 10d). Finally, the remaining Y and Zn atoms in liquid interact with 
α-Mg to generate LPSO at 545 ◦C based on transformation 
L+α-Mg→LPSO [46]. The formed LPSO surrounds α-Mg and causes 
grain refinement through restricting boundaries migration (Fig. 10e). 

4.3. Strengthening effect 

From Fig. 7, the WZA631 alloy shows a great balance for strength 
and ductility compared to other HPDC Mg alloys. Such performance is 
strongly related to grain size, solute atoms and second phases. Firstly, 
the finer grain size of WZA631 alloy means more grain boundaries 
existing in the Mg matrix, that is more obstacles and higher energy to 
dislocation slip, and thereby resulting in higher strength [13]. The 
strengthening effect (σgs) of grain size on yield strength is estimated 
through typical Hall-Petch equation, 

σgs = σ0 + kd− 1/2 (2)  

where, σ0 is the friction stress in MPa, k is the Hall-Petch slope and d is 
the AGS ~5.3 μm. To clearly estimate reinforcement contribution of 
grain size, the used σ0 and k are acquired based on pure magnesium, 

Fig. 9. (a) The linear relationship between constitutional undercooling (ΔTcs) and solid fraction (fs) obtained from Schell model of Pandat software, and (b) the 
calculated restrictor factor (Q) for various die-casting Mg alloys. 

Fig. 10. Schematic diagram of microstructure evolution for WZA631 alloy during solidification process.  

Table 3 
Mixing enthalpy and electronegativity discrepancy of alloy elements in the melt 
condition.  

Properties Elements combination 

Mg–Y Mg–Zn Mg–Al Al–Y Zn–Y Al–Zn 

Mixing enthalpy, kJ/mol − 6 − 4 − 2 − 38 − 31 1 
Electronegativity 

discrepancy 
0.09 0.34 0.30 0.39 0.43 0.04  

Y. Bai et al.                                                                                                                                                                                                                                      
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which are 11 MPa and 220 MPa μm1/2, respectively [47]. The σgs is 
calculated as 107 MPa. 

Secondly, Y, Zn and Al atoms have high solid solubility in Mg matrix 
owing to high cooling rate for die-casing process. Moreover, there are 
big crystal lattice strain for Mg matrix due to the difference in size be
tween Mg atoms and solutes, making dislocation movement difficult 
[48]. As a result, yield strength of WZA631 alloy is enhanced by solute 
atoms. The solid solutes strengthening effect (σss) is determined as [49], 

σss =M(38.9)
{( εb

0.176

)2
+
(εSFE

5.67

)2
−

εbεSFE

2.98

}3/2
Δc1/2

s (3)  

where, M is Taylor factor equaling to 4.5, εb is size discrepancy (%), εSFE 
is chemical discrepancy and cs is atomic concentration (at. %). From 
simulation results in Ref. [49], the values of εb and εSFE pair are 
considered as 21.2 and − 1.7 for Y atom, − 15.3 and 0.32 for Zn atom, 
− 11.5 and − 1.25 for Al atom, respectively. According to energy 
dispersive spectrometer examination in TEM instrument, concentration 
cs of Y, Zn and Al atoms is 1.01, 0.90 and 0.08, and thus the total σss is 
calculated as 50 MPa. 

Thirdly, strengthening effect (σps) of second phases to yield strength 
mainly links to LPSO phase due to its unique characteristics and much 
higher volume fraction than that of (Al,Zn)2Y phase. Strengthening ef
fects of LPSO are divided into following three aspects: LPSO phase owns 
higher modulus and hardness relative to Mg matrix, which can endure 
stress transferring deriving from matrix during deformation through 
shear-lag principle, and thus occur load transfer strengthening [32,33, 
50]; LPSO phase may serve as obstruction for grain boundaries sliding 
and enhance the activation stress of basal dislocations [51]; the kinking 
bands of LPSO caused by deformation refine grain and offer extra 
strengthening [32]. The strengthening contribution of LPSO phases is 
expressed by Orowan model (σOr) [52] and Load-transfer model (σLo) 
[50,53]. 

σps = σOr + σLo (4)  

σOr =M
0.4Gb

π
̅̅̅̅̅̅̅̅̅̅̅
1 − v

√
ln(2r/b)

λ
(5)  

σLo = σm

[
Vp(s + 2)

2
+Vm

]

− σm (6)  

where G is shear modulus (16.6 GPa), b is the Burger vector (0.32 nm), v 
is Poisson ratio (0.267), r =

̅̅̅̅̅̅̅̅
2/3

√
r, λ = 2r(

̅̅̅̅̅̅̅̅̅̅̅̅̅
π/4Vp

√
− 1), r and Vp are 

mean radius and volume fraction of reinforcement phases, σm and Vm are 
yield stress and volume fraction of Mg matrix, s is the aspect ratio of 
LPSO phases. The values of r, s, Vp and Vm are determined to be 0.87 μm, 
1.9, 20% and 76% through Image-Pro plus 6.0 software. Consequently, 
σOr and σLo are estimated as 21.5 MPa and 23.5 MPa, and the total value 
of σps is 45 MPa. Based on above strengthening analysis, it can be found 
that yield strength of WZA631 alloy benefits from grain boundary 
strengthening, solution strengthening and second phase strengthening. 
Table 4 lists the contribution values of various strengthening effect, and 
it suggests a few errors existing between computed and measured yield 
strength. This may be owing to bias of theoretical parameters utilizing in 
strengthening models and defects originating from die-casting 
procedure. 

The very high UTS and moderate EL of WZA631 alloy depend on 

work-hardening behavior during plastic deformation. The behavior is 
usually evaluated by work-hardening rate (θ, = dσ/dε) vs. flow stress 
increment (σ-σ0.2) curve, where σ and ε represent true stress and true 
strain, respectively shown in Fig. 11a. Initially, as the (σ-σ0.2) increases, 
the θ behaves a sharp decline phenomenon corresponding to elasto
plastic transition region (stage I). Subsequently, the θ gradually de
creases and shows a linear relationship with (σ-σ0.2), which is regarded 
as stage III of strain-hardening. Actually, the variation of hardening rate 
relies on interaction of dislocations accumulation and annihilation that 
can be expressed using θ (σ-σ0.2) vs. (σ-σ0.2) relation curve of Fig. 11b, 
where θ(σ-σ0.2) and (σ-σ0.2) mean dislocation storage and dislocation 
density, respectively [54]. As indicated, in the early stage, the curve 
exhibits a linear growth with slope θ0 and θ0 is associated with dynamic 
recovery in metal. Generally, high dynamic recovery rate (dislocations 
annihilation) represents small grain size and less precipitates in alloy 
[55]. As the value of (σ-σ0.2) reaches 50 MPa, hardening region change 
elastoplastic region (stage I) in Fig. 11a to hardening stage III (Fig. 11b). 
However, after that, θ(σ-σ0.2) of stage III gradually increases as the 
increment of (σ-σ0.2), which is abnormal with falling curves reported in 
studies [54,55], implying that stage III of the studied alloy has higher 
dislocation storage and density (namely, strong work-hardening effect). 
The reasons are demonstrated from following points. From above solid 
solution strengthening section, the Al atoms concentration (0.08 at.%) is 
very low compared with Y and Zn atoms (1.01 at.% and 0.90 at.%), 
which indicates Y and Zn atoms have an essential role in strain hard
ening. The numerous Y and Zn solute atoms in the matrix inhibit sub
sequent dynamic recovery by pinning migrating dislocations, thus 
maintaining massive dislocations accumulation [56]. On the other hand, 
LPSO phase not only hinder dislocation movement and increase dislo
cation storage as hard Mg17Al12 and Al11RE3, but also its coherent 
interface with Mg matrix weakens occurrence of crack and twinning, 
promoting the improvement of ductility [32,51]. Additionally, it has 
been reported that fine grains promoted activation of multiple slip or 
enhanced dynamic recovery, which are adverse to dislocation storage in 
grain [55,57]. As mentioned above, solute atom and LPSO in this work 
facilitate accumulation and generation of dislocations during deforma
tion process, enhancing work-hardening effect, resulting in both higher 
UTS and moderate EL. 

5. Conclusion 

In summary, a novel Mg–6Y–3Zn–1Al (WZA631, wt.%) alloy with 
superior performance has successfully been developed via high pressure 
die-casting method, and microstructure characteristics and mechanical 
behavior are well investigated. Key points are drawn as follows.  

(1) The WZA631 alloy is primarily composed of equiaxed α-Mg 
grains, block (Al,Zn)2Y phase, irregular eutectic (Al,Zn)2Y phase 
and honeycomb-shaped 18R LPSO phase.  

(2) The α-Mg grain has an average grain size of about 5.3 μm that is 
finer with respect other die-casting Mg alloys, and (Al,Zn)2Y 
phase with cubic structure (a = 0.76 nm) is firstly reported.  

(3) The WZA631 alloy exhibits YS of 175 MPa, UTS of 281 MPa and 
EL of 9.8%, which has a great combination of strength and 
ductility compared with existing commercial and some newly 
die-casting Mg alloys. 

(4) For YS, grain boundary strengthening, solid solution strength
ening and second phase strengthening are predominant contri
bution mechanisms. The superior UTS and EL are attributed to 
the reinforced strain-hardening effect in stage III due to both 
solute atoms (Y and Zn) and coherent LPSO phases inhibiting 
dynamic recovery, maintaining dislocation storage as well as 
weaking occurrence of crack and twinning. 

Table 4 
Contribution value of various strengthening mechanisms.  

Strength mechanisms Contribution value, MPa 

Grain boundary strengthening, σgs 107 
Solid solution strengthening, σss 50 
Second phase strengthening, σps 45 
Computed value, σy 202 
Measured value, σ0.2 175  
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