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Abstract: This work investigated the effects of different Y additions (0, 1.5, 3.0 and 4.5 wt.%) on the microstructural 
evolution and mechanical performance of cast Mg−3Nd−0.2Zn−0.5Zr alloy. The results show that as the Y content 
increases, the key secondary phases in as-cast alloys change from the Mg12Nd type to the Mg24Y5 type. Meanwhile, the 
number density of Zn−Zr particles in the grains of as-quenched alloys gradually decreases. HAADF-STEM 
observations of peak-aged samples reveal that element Y is greatly enriched in the globular β′ precipitates, leading to a 
significantly increased volume fraction and promoted precipitation kinetics of β′ precipitates, resulting in enhanced 
strength of the alloy. Tensile tests reveal that, with the addition of 4.5 wt.% Y, the yield strength of the base alloy is 
substantially increased by 88 and 61 MPa after being aged at 200 and 225 °C under peak-aged conditions, respectively. 
Key words: Mg−3Nd−0.2Zn−0.5Zr alloy; Y alloying; age-hardening response; microstructural evolution; mechanical 
properties 
                                                                                                             
 
 
1 Introduction 
 

The last decades have seen a growing trend 
towards developing cast rare-earth (RE) containing 
magnesium alloys due to their great potential for 
forming large complex thin-walled parts in various 
critical applications such as aerospace and vehicle 
engineering [1−3]. Among the developed cast 
magnesium alloys containing RE elements, Mg− 
Y−Nd system alloys, such as WE43 and WE54 
alloys, are successful commercial as-cast magnesium 
alloys widely used [4−6]. As typical heat-treatable 
Mg-RE alloys, the excellent strength of Mg−Y−Nd 
alloys is mainly derived from potent solid solution 
strengthening and precipitation hardening effects. 
Precipitation strengthening is generally accepted as 
the most effective approach that will significantly 

increase the yield strength [7−10]. The 
strengthening effects are dominantly determined  
by the distribution and intrinsic properties of    
the precipitates. The precipitation sequence in   
the Mg−Y−Nd alloys has been investigated 
comprehensively, which gives the order of SSSS → 
ordered G.P. zones (zigzag shape)→ β′′ (D019, 
hexagonal prism) → β′ (orthorhombic, globular 
shape) → β1 (fcc, {1010}α plate) → β (fcc, {1010}α 
plate) [11−13]. 

Recently, Y2O3 inclusions have been found to 
be readily formed in the preparation of Mg−Y−Nd 
alloy castings and significantly reduce the qualified 
rate, which is mainly attributed to the relatively 
high content of highly reactive Y element [14,15]. 
Thus, several attempts have been made to develop 
novel Mg−RE alloys with lower Y contents [16−18]. 
The existing body of research suggests that simply 
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lowering the Y content will significantly deteriorate 
the strength of Mg−Y−Nd alloys [16]. It is worth 
noting that replacing Y with Gd might be a 
potentially feasible approach. As previously 
reported, by replacing part of Y with Gd 
accompanied by the unchanged total rare earth 
content, the Mg−2Y−3Gd−2Nd alloy exhibits   
the same mechanical properties as the Mg− 
4Y−1Gd−2Nd alloy at ambient and elevated 
temperatures [16]. However, previously published 
studies are mainly limited to the influence of the 
Gd/Y ratio on the mechanical properties of Mg−Nd 
alloys. The main practical problem that confronts us 
is why Gd can replace the Y element in Mg−Y−Nd 
system alloys. It is of great significance to 
investigate the separate roles of Gd and Y in the 
microstructure evolution, especially the precipitation 
behavior of Mg−Nd alloys. In our recent work, we 
have investigated the influence of Gd content    
on the microstructures and mechanical properties of 
Mg−3Nd−0.2Zn−0.5Zr alloy [17]. Gd additions 
resulted in significant strength improvement due to 
the significantly enhanced precipitation kinetics  
and strongly increased volume fraction of β′′ 
precipitates. Nevertheless, there has been no 
detailed investigation of the effect of different Y 
contents on the precipitation behavior of Mg−Nd 
alloys. 

Thus, the primary aim of this work is to reveal 
the special role of different Y contents (0, 1.5, 3.0 
and 4.5 wt.%) on the microstructure and mechanical 
performance of cast Mg−3Nd−xY−0.2Zn−0.5Zr 
alloy. The precipitate microstructures of peak-aged 
alloys isothermally aged at 200 and 225 °C are 
carefully characterized by high-angle annular dark- 
field scanning transmission electron microscopy 
(HAADF-STEM). The microstructural evolution 
and mechanical properties of studied alloys are 
provided to discern the strengthening effect of the Y 
content in as-cast Mg−3Nd−0.2Zn−0.5Zr alloy. 
 
2 Experimental 
 
2.1 Materials and heat treatment 

The investigated alloys in this study were 
prepared by conventional gravity casting, and the 
details of preparing the alloy were consistent with 
those described in our previous work [17,19]. For 
brevity, four investigated alloys were designated as 
the 0Y, 1.5Y, 3.0Y and 4.5Y alloys. The actual 

chemical compositions of alloys were presented  
in Table 1. Blocks with dimensions of 15 mm × 
15 mm × 15 mm were machined from the as-cast 
ingots to measure the density of the studied alloys 
(g/cm3) using the standard Archimedes method. All 
the prepared ingots were solution-treated (535 °C 
and 8 h for 0Y and 1.5Y alloys, and 525 °C and 8 h 
for 3.0Y and 4.5Y alloys), quenched into water, and 
subsequently aged at 200 and 225 °C for various 
time. 
 
Table 1 Actual chemical compositions of as-cast alloys 
investigated in this work (wt.%) 

Alloy Y Nd Zn Zr Mg 

0Y − 3.05 0.25 0.46 Bal. 

1.5Y 1.48 3.10 0.27 0.48 Bal. 

3.0Y 3.01 3.09 0.27 0.51 Bal. 

4.5Y 4.65 3.04 0.26 0.52 Bal. 
 
2.2 Microstructure characterization 

The microstructures of as-cast and 
as-quenched alloys were characterized by optical 
microscope (OM, Zeiss Axio observer) and 
scanning electron microscope (SEM, Phenom XL). 
Before the SEM observation, all samples were 
mechanically ground carefully, polished, and 
eventually etched using a picric acid solution. The 
peak-aged microstructure characterization was 
conducted using an FEI Talos F200X TEM 
apparatus operating at 200 kV. For TEM 
observations, thin foils (3 mm in diameter and 
60 mm in thickness) were cut from peak-aged 
samples and thinned by mechanical grinding and 
subsequent ion milling. 
 
2.3 Mechanical test 

Vickers hardness tests were conducted on 
samples aged for various time by using a load of 
50 N and a maintaining time of 10 s. Tensile 
samples were tested under a constant strain rate of 
5 × 10−4 s−1 on a Zwick/Roell Z100 test machine. 
 
3 Results 
 
3.1 As-cast and as-quenched microstructures 

Figure 1 shows the microstructures of as-cast 
alloys. As-cast alloys are composed of α-Mg matrix 
and secondary compounds distributed along grain 
boundaries. Based on the measured average grain  
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Fig. 1 OM images illustrating microstructures of as-cast alloys: (a) 0Y alloy; (b) 1.5Y alloy; (c) 3.0Y alloy; (d) 4.5Y 
alloy 
 
sizes inserted in Fig. 1, increasing Y addition leads 
to the significant grain refinement. The average 
grain sizes of the as-cast 0Y, 1.5Y, 3.0Y and 4.5Y 
alloys are approximately 34, 26, 18 and 21 μm, 
respectively. Figure 2 shows the density variation of 
as-cast alloys with various Y contents, and it is 
noticeable that the increasing Y addition gradually 
increases the alloy density. Additionally, according 
to the XRD pattern of as-cast alloys (Fig. 3(a)), the 
dominant secondary phases in the as-cast 0Y   
alloy are Mg12Nd. As the Y content increases, the 
diffraction peaks associated with Mg12Nd gradually 
disappear. Instead, characteristic diffraction peaks 
related to Mg24Y5-type phases are found in as-cast 
Y-containing alloys. For the as-cast 3.0Y and 4.5Y 
alloys, the main secondary phases are Mg24Y5-type 
phases. 

Figure 4 shows the OM micrographs of 
as-quenched alloys. The averaged grain sizes of 
as-quenched alloys are approximately 35, 27, 24 
and 29 μm, respectively. After solution treatment, 
most of the secondary phases distributed along 
grain boundaries of the as-cast 0Y and 1.5Y alloys 
are dissolved into the Mg matrix. In the 
as-quenched 3.0Y and 4.5Y alloys, sparsely uneven 
distribution of residual eutectic phases is observed 
at the triple points of grain boundaries. The phase 

 
Fig. 2 Measured density of as-cast alloys 
 
identification of as-quenched alloys in Fig. 3(b) 
confirms the dissolution of pre-existing eutectic 
phases in 0Y, 1.5Y and 3.0Y alloys, while 
diffraction peaks related to Mg24Y5-type phases are 
still discernible in the 4.5Y alloy. 

Figure 5 exhibits SEM images of as-quenched 
alloys. Some rosette-like patches are visible in the 
grains of the as-quenched 0Y alloy, which is 
consistent with the Zn−Zr particles reported previously 
in studies on Mg−Nd−Zn−Zr alloys [19,20]. It is 
noteworthy that the number density of these Zn−Zr 
particles gradually decreases with increasing Y 
content. 
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Fig. 3 XRD patterns of as-cast (a) and as-quenched (b) alloys 
 

 
Fig. 4 OM micrographs showing microstructures of as-quenched alloys: (a) 0Y alloy; (b) 1.5Y alloy; (c) 3.0Y alloy;  
(d) 4.5Y alloy 
 
3.2 Age-hardening responses 

Figure 6 compares the hardness curves of 
alloys isothermally aged at 200 and 225 °C. The 
critical characteristics of age-hardening curves are 
listed in Table 2. In the as-quenched condition, 
when Y content is increased from 0 to 4.5 wt.%, the 
hardness value of alloys gradually increases from 
HV 49 to HV 76. As shown in Fig. 6(a), during 
ageing at 200 °C, the hardness of the 0Y alloy 
increases rapidly and reaches the peak value of 
HV 75 at approximately 16 h. Subsequently, the 

hardness decreases with the prolonged ageing time. 
Y additions significantly prolong the first increasing 
stage and concurrently produce a noticeable 
increment in the peak hardness. As the Y addition 
increases to 4.5 wt.%, the time required to reach the 
peak is extended from 16 h (0Y alloy) to 128 h 
(4.5Y alloy). The increment of peak hardness value 
associated with 4.5 wt.% Y is HV 45. The hardness 
curves of alloys isothermally aged at 225 °C are 
provided in Fig. 6(b). The age-hardening process 
has been significantly accelerated compared with 
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Fig. 5 SEM micrographs illustrating microstructures of as-quenched alloys: (a) 0Y alloy; (b) 1.5Y alloy; (c) 3.0Y alloy; 
(d) 4.5Y alloy 
 

 
Fig. 6 Comparison of age-hardening curves of alloys obtained during isothermal ageing at 200 °C (a) and 225 °C (b) 
 
the hardness curves in Fig. 6(a) (aged at 200 °C). 
The time required for alloys to reach the peak 
hardness is shortened dramatically from 16, 32, 128 
and 128 h to 2, 4, 16 and 16 h, respectively. 
Meanwhile, it is noteworthy that the peak  
hardness values of the samples aged at 225 °C are 

slightly lower than those of the samples aged at 
200 °C. According to these age-hardening curves, it 
is inferred that the additions of Y lead to 
significantly enhanced age-hardening responses of 
the 0Y alloy at the ageing temperatures of 200 and 
225 °C. 
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Table 2 Key features of age-hardening curves 

Alloy As-quenched 
 hardness (HV) 

Aged at 200 °C Aged at 225 °C 

Peak hardness (HV) Time to peak hardness/h Peak hardness (HV) Time to peak hardness/h

0Y 49±2 75±2 16 73 ± 1 2 

1.5Y 56±1 84±2 32 82 ± 4 4 

3.0Y 65±1.5 94±2 128 88 ± 0.5 16 

4.5Y 76±2 120±1 128 110 ± 2 32 

 
3.3 Peak-aged microstructure 

To clarify the fundamental mechanism for  
the enhanced age-hardening response due to Y 
additions, the microstructures of peak-aged alloys 
are characterized as follows. 
3.3.1 Peak-aged microstructure at 200 °C 

Figure 7 provides HAADF-STEM and BF- 
STEM images illustrating the matrix precipitation 
of peak-aged alloys aged at 200 °C, taken with   
the incident beam parallel to the [0001]α direction 
of the Mg matrix. The corresponding selected  
area electron diffraction (SAED) patterns are also 
inset. 

The matrix precipitation of the peak-aged 0Y 
alloy is exhibited in Figs. 7(a) and (b). Three types 
of precipitates are found in the peak-aged 0Y alloy 
according to their typical features. The larger-scale 
{1010}α plates (elongated along 1120α directions) 
are considered to be β1 phases, which are reported 
to have the fcc structure [20−22]. The lenticular 
{1120}α  platelets (elongated along 1010 α   

directions) are β′′. As detailed in Fig. 8(a), in 
addition to β′′ and β1, some precipitates consisting 
of zigzag Nd-rich atomic columns are distributed 
unevenly in the vicinity of β1 and β′′ phases. These 
zigzag precipitates are ordered G.P. zones. 

As shown in Figs. 7(c) and (d), the peak-  
aged 1.5Y alloy is mainly characterized by a dense 
distribution of lenticular {1120}α  precipitates. 
These lenticular {1120}α precipitates are β′′, which 
are consistent with those observed in the peak-aged 
0Y alloy. The corresponding inset SAED pattern 
reveals the existence of extra diffraction spots at  
1/2 (10 10)α  positions, indicating the orientation 
relationship (OR) of [0001]β″//[0001]α, and (1010)β″// 
(1010)Mg between β′′ phase and Mg. In addition, a 
small number of G.P. zones can still be observed in 
areas near some β′′. 

As indicated in Figs. 7(e) and (f), the key 
strengthening precipitates in the peak-aged 3.0Y 
alloy are {1120}α β′′ precipitates. The additional 

diffraction intensity illustrated by the corresponding 
inset SAED pattern (in Fig. 7(e)) is similar to that 
of the peak-aged 1.5Y alloy. In addition to 
lenticular β′′, some globular precipitates connected 
by several β′′ are visible. As detailed in Fig. 8(b), 
the globular precipitates can be characterized to be 
β′ by the arrangements of single zigzag lines 
perpendicular to 1120α direction [23,24]. 

As exhibited in Figs. 7(g) and (h), it is 
noticeable that the number density of β′ in the 
peak-aged 4.5Y alloy is significantly increased 
when compared with that in the peak-aged 3.0Y 
alloy, which is also confirmed by the specific sets of 
diffraction reflections at 1/4 (0110)α, 1/2 (0110)α 
and 3/4 (01 10)α  positions in the corresponding 
SAED pattern (Fig. 7(g)). 
3.3.2 Peak-aged microstructure at 225 °C 

Figure 9 presents the HAADF-STEM images 
illustrating the precipitate microstructure of alloys 
peak-aged at 225 °C in [0001]α direction. Compared 
with the studied peak-aged alloys at 200 °C 
(illustrated in Fig. 7), the dominant strengthening 
precipitates for the studied alloys aged at 225 °C are 
similar to those aged at 200 °C. However, the 
number density of these dominant strengthening 
precipitates in the four alloys undergoes a visible 
reduction. Moreover, the dimensions of these 
precipitates are increased as the ageing temperature 
increases from 200 to 225 °C. 
 
3.4 Mechanical properties of as-quenched and 

peak-aged alloys 
The mechanical properties of as-quenched 

alloys are presented in Fig. 10. As the Y content 
increases from 0 to 4.5 wt.%, the ultimate tensile 
strength (UTS) and yield strength (YS) of the 
as-quenched 0Y alloy increase successively, from 
195 and 109 MPa to 243 and 150 MPa, respectively.  

Figures 11(a, b) show the typical tensile stress− 
strain curves of alloys peak-aged at 200 and 225 °C. 
The values of YS, UTS and elongation (EL) as a  
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Fig. 7 Precipitation microstructures in alloys peak-aged at 200 °C: (a, b) 0Y alloy; (c, d) 1.5Y alloy; (e, f) 3.0Y alloy;  
(g, h) 4.5Y alloy (The micrographs in (a, c, e, g) are HAADF-STEM images with lower magnification, and the images 
in (b, d, f, h) are BF-STEM images with higher magnification. The incident beam is parallel to [0001]α direction) 
 
function of Y content are exhibited in Figs. 11(c−e), 
respectively. As illustrated in Fig. 11(c), the yield 
strength of peak-aged alloys is continually 
improved with the increasing Y content. The 
maximum YS increments are both achieved in the 
4.5Y alloy during ageing at 200 and 225 °C, with 
the YS strongly increasing from 151 to 239 MPa 
(when isothermally aged at 200 °C) and increasing 
from 149 to 210 MPa (when isothermally aged at 

225 °C). 
Figure 11(d) provides the variation of the UTS 

of peak-aged alloys with different Y additions. As 
the Y content increases, continuous increments of 
UTS are observed in the peak-aged alloys aged at 
both 200 and 225 °C. Compared with the peak-aged 
0Y alloy at 200 and 225 °C, the UTS observed    
in the 4.5Y alloy is enhanced by 39 MPa and 
46 MPa, respectively. 
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Fig. 8 BF-STEM image illustrating details of G.P. zones, β′′ and β1 precipitates observed in peak-aged 0Y alloy at 
200 °C (a) and β′′ and β′ observed in peak-aged 3.0Y alloy at 200 °C (b) (The images are taken along [0001]α direction) 
 

 

Fig. 9 HAADF-STEM images showing matrix precipitates in alloys peak-aged at 225 °C in [0001]α direction: (a, b) 0Y 
alloy; (c, d) 1.5Y alloy; (e, f) 3.0Y alloy; (g, h) 4.5Y alloy 
 

Figure 11(e) illustrates the change in 
elongation with various Y contents. The EL is found 
to be gradually decreased from 8.1% to 1.1% in 
peak-aged alloys when isothermally aged at 200 °C. 
Moreover, when isothermally aged at 225 °C, the 
EL of peak-aged alloys experiences a trend of first 
increasing and then decreasing. 

Table 3 lists the mechanical properties of the 

cast Mg−Y−Nd system alloys reported by the 
previous and present work. The ultimate tensile 
strength (UTS) of the peak-aged 3.0Y and 4.5Y 
alloys under different ageing conditions are higher 
than 300 MPa. The peak-aged studied 3.0Y and 
4.5Y alloys exhibit comparable or even better 
mechanical properties than the traditional 
Mg−Y−Nd system alloys. 
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Fig. 10 Tensile stress−strain curves (a) and mechanical properties (b) of as-quenched alloys 
 

 
Fig. 11 Tensile stress−strain curves of alloys peak-aged at 200 °C (a) and 225 °C (b), yield strength (c), ultimate tensile 
strength (d) and elongation (e) of peak-aged alloys as function of Y content 
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4 Discussion 
 
4.1 Promoted precipitation of β′ associated with 

Y additions 
As described above, it is noted that the 

age-hardening response of the 0Y alloy is 
significantly enhanced with the increasing Y 
content. According to the corresponding peak-aged 
microstructure, in the peak-aged Y-free alloy, β′′ 
and β1 are the main strengthening precipitates, 
which is consistent with the Mg−Nd binary   
alloys [24]. However, with the additions of Y, β′ can 
be found in the peak-aged Y-containing alloys, and 
their number density progressively increases as Y 
content increases. The promoted precipitation of β′ 
due to Y additions substantially improves the age- 
hardening response. 

For binary Mg−RE alloys, ageing treatment 
leads to the formation of G.P. zones, followed by 
one or more metastable precipitates involving β′′, β′ 
and β1 [24,31,32]. In binary Mg−Y alloys, only β′ is 
found [24,33]. For binary Mg−Nd alloys, the 
precipitation sequence has been reported to involve 
β′′, β′ and β1 [21,34]. When Y is added to Mg−Nd 
alloys, precipitate evolution in the binary Mg−Y 
system (β′) and Mg−Nd system (β′′, β′, β1)    
might concurrently progress in Mg−Y−Nd alloys. 
This speculation can be supported by the element 
distribution in the dominant strengthening 
precipitates of the 4.5Y alloy involving β′′, β′ and β1 

(revealed in Figs. 12 and 13). As shown in Fig. 12, 
Y is mainly enriched in β′, and Nd element is 
enriched in both β′ and β′′. As illustrated in Fig. 13, 
enrichment of Y in β′ is also observed. Meanwhile, 
in addition to the strong segregation in β′, Nd is also 
significantly enriched in β1. The elemental mapping 
results reveal that Y is mainly enriched in β′ while 
Nd is enriched in β′′, β′ and β1, suggesting that Y is 
mainly involved in the formation of β′ while Nd is 
involved in the formation of β′′, β′ and β1. 

 
4.2 Influence of ageing temperature on matrix 

precipitation 
Table 4 provides the size and distribution of 

the key strengthening precipitates of the peak-aged 
alloys at 200 and 225 °C. The increased ageing 
temperature might affect the precipitation in two 
aspects: by decreasing the number density of 
precipitates and subsequently increasing the size of 
the precipitate. 

On the one hand, as the ageing temperature 
increases, the number density of precipitates is 
expected to successively decrease as the driving 
force for precipitation (i.e. the volume free energy 
difference of the alloy system) decreases with 
increasing the ageing temperature from 200 to 
225 °C [35]. On the other hand, the size of 
precipitates is mainly controlled by the critical 
nucleation radius and the coarsening rate. With the 
increase of the ageing temperature, the critical 
nucleation radius of the precipitates also increases 

 
Table 3 Mechanical properties of typical cast Mg−Y−Nd alloys in T6 state (Data from present work and literature) 

Alloy Condition YS/MPa UTS/MPa EL/% Ref. 

Mg−3Nd−3Y−0.2Zn−0.5Zr 
T6(200 °C) 192±4 311±3 5.1±0.5 

This work 
T6(225 °C) 175±4 308±4 9.2±0.3 

Mg−3Nd−4.5Y−0.2Zn−0.5Zr 
T6(200 °C) 239±2 314±5 1.1±0.1 

This work 
T6(225 °C) 210±3 335±2 3.5±0.3 

Mg−5Y−2.5Nd−1.5Gd−0.5Zr T6 195±11 284±8 9.7±1.0 [25] 

Mg−4Y−2.4Nd−0.2Zn−0.4Zr T6 195 260 3.0 [26] 

Mg−4Y−2.3Nd−1.0Gd−0.4Zr T6 193 260 3.0 [27] 

Mg−4Y−3Nd−1Gd−0.2Zn−0.5Zr T6 198 276 7.6 [28] 

Mg−4Y−2.3Nd−1Gd−0.6Zr T6 202±1.5 282±10.1 1.0±0.9 [28] 

Mg−4Y−2.5Nd−0.7Zr T6 175 293 5.6 [29] 

WE54 T6 208 261 2.3 [30] 

WE43 T6 196 345 7.3 [30] 
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Fig. 12 HAADF-STEM image obtained from peak-aged 4.5Y alloy (aged at 200 °C for 128 h) viewed in [0001]α 
direction (a) and corresponding EDS elemental maps of Mg (b), Nd (c), Y (d), Zn (e) and Zr (f) 
 

 

Fig. 13 HAADF-STEM image obtained from peak-aged 4.5Y alloy (aged at 225 °C for 16 h) viewed in [0001]α 
direction (a) and corresponding EDS elemental maps of Mg (b), Nd (c), Y (d), Zn (e) and Zr (f) 
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Table 4 Quantitative measurements of precipitates in peak-aged alloys 

Alloy Precipitate 
Peak-aged state at 200 °C Peak-aged state at 225 °C 

Length/nm Width/nm Area number density/
1015m−2 Length/nm Width/nm Area number 

density/1015m−2 

0Y 

G.P. zones − − 0.9 − − Ignored 

β′′ 7.9 1.8 6.5 10.5 2.2 5.9 

β1 6.5 1.8 0.7 8.2 2.6 0.9 

1.5Y 

G.P. zones − − 0.7 − − Ignored 

β′′ 10.8 1.9 8.5 12.5 2.1 7.9 

β1 − − Ignored − − Ignored 

3.0Y 

β′′ 15.8 2.0 7.8 20.9 2.0 5.9 

β′ 7.6 7.9 3.0 11.2 10.1 2.8 

β1 − − Ignored 12.1 3.8 0.4 

4.5Y 

β′′ 6.3 1.9 5.1 10.0 2.0 3.4 

β′ 8.5 8.1 7.9 13.4 10.9 5.6 

β1 − − Ignored 13.2 4.1 0.8 
The thickness and length of β′′ and β′ are measured along 1120α and 1010α directions, respectively, in [0001]α projected images. The 
thickness and length of β1 are measured along 1010α and 1120α directions, respectively, in [0001]α projected images 
 
with the decreased driving force for precipitation 
according to the classical nucleation theory [36,37]. 
For determining the coarsening rate, we used the 
Lifshitz−Slyozov−Wagner (LSW) kinetic equations 
developed for precipitate coarsening [38]:  

3 3
co  R R Kt− =                             (1) 

 
e m8 

9
DC VK
RT

σ
=                           (2) 

 
where R  is the mean measured particle size, 
Rco the initial critical size for the growth, K the 
coarsening rate constant, D the diffusion coefficient 
of solute in the matrix, Ce the equilibrium solute 
concentration of the matrix at the ageing 
temperature T, σ  the interfacial free energy, Vm the 
molar volume of the precipitate, and R the molar 
gas constant. 

D and T are two significant factors influencing 
the precipitate coarsening rate. Table 5 lists the 
calculated diffusion coefficient D of Nd and Y in 
Mg matrix at 200 and 225 °C. Increasing the 
temperature from 200 (473 K) to 225 °C (498 K) 
can enhance the diffusion coefficients of Y and Nd 
elements by approximately four and five times, 
respectively. The increased ageing temperature 
substantially improves the diffusion coefficient of 
Nd or Y, leading to an obvious acceleration of the 
coarsening process. 

Table 5 Diffusion coefficients (D) of Nd and Y in Mg 
matrix at 200 and 225 °C 

Element D in Mg [39] D at 200 °C/ 
(m2·s−1) 

D at 225 °C/
(m2·s−1) 

Y 8.4×10−6· 
exp[−126987/(RT)] 7.94×10−20 4.02×10−19

Nd 1.3×10−6· 
exp[−111230/(RT)] 6.76×10−19 2.79×10−18

 
4.3 Enhanced yield strength associated with Y 

additions 
As mentioned above, Y additions gradually 

improve the yield strength of the as-quenched   
and peak-aged Mg−3Nd−0.2Zn−0.5Zr alloys. The 
primary strengthening mechanisms under the as- 
quenched and peak-aged conditions are analyzed as 
follows to better clarify the influence of Y additions 
on the yield strength. 
4.3.1 Main strengthening mechanisms of as- 

quenched alloys 
As for as-quenched alloys, the dominant 

strengthening mechanisms are the grain boundary 
strengthening and solid-solution strengthening [17]. 
Y additions mainly enhance the strength of the 
as-quenched 0Y alloy by affecting these two factors. 
On the one hand, the Hall–Petch equation describes 
the contribution of grain size to the YS (σ) as 
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follows [40,41]:  
1/2

0σ σ kd −= +                            (3) 
 
where σ0 is the friction stress, k the Hall–Petch 
coefficient, and d  the average grain size. 

As illustrated in Fig. 4, the d  values of the 
as-quenched 0Y, 1.5Y, 3Y and 4.5Y alloys are 35, 
27, 24 and 29 μm, respectively. By referring to the 
reported Hall–Petch coefficient of the as-quenched 
Mg−3Nd−0.2Zn alloy (9.1 MPa·mm1/2) [40], the 
improvements of YS (Δσgb) by the grain 
refinements caused by 1.5, 3.0 and 4.5 wt.% Y 
additions can be estimated to be approximately 6.7, 
10.1 and 4.7 MPa, respectively. 

On the other hand, the solid solution 
strengthening effects (σss) can be described by the 
following equation [10,17,42]: 
 
σss=Cx2/3                               (4) 
 
where C is a constant referring to the strengthening 
rate, and x is the molar fractions of solute atoms. 

Since CY is reported to be 800 MPa at.−2/3 [42], 
the maximum solid solution strengthening effects 
(Δσss) associated with 1.5, 3.0 and 4.5 wt.% Y 
additions can be calculated to be 15.9, 31.8 and 
47.7 MPa, respectively. According to the tensile test 
results of the as-quenched samples (provided in 
Fig. 10), the increments in yield strength of as- 
quenched alloys (Δσas-quenched=σas-quenched Y-containing alloy− 
σas-quenched 0Y alloy) associated with 1.5, 3 and 4.5 wt.% 
Y are 9, 30 and 41 MPa, respectively. Thus, the 
actual solid solution strengthening effect (Δσss= 
Δσas-quenched−Δσgb) associated with Y additions can 
be estimated to be 2.3, 19.9 and 36.3 MPa, 
respectively. As illustrated in Table 6, it is noted 
that the actual solid solution strengthening effects 
(Δσss) are less than the maximum solid solution 
strengthening effects (Δσssmax) with different Y 
additions, which is mainly attributed to the 
existence of residual secondary phases. The 
existence of residual secondary phases will 
inevitably consume solute Y atoms. Thus, the solid 
solution strengthening effect of Y is lower than the 
maximum value obtained by theoretical calculation. 
4.3.2 Main strengthening mechanisms of peak-aged 

alloys 
In peak-aged alloys, the solid solution 

strengthening contribution is remarkably decreased 
due to the depletion of solutes associated with the 
precipitation process [43,44]. The increase in YS of 

Table 6 Strengthening contributions associated with Y 
additions under as-quenched condition 

Strengthening contributions 1.5Y 3.0Y 4.5Y

Increment of yield strength, 
Δσas-quenched/MPa 9 30 41 

Increment of grain boundaries 
strengthening, Δσgb/MPa 6.7 10.1 4.7 

Increment of actual solid solution 
strengthening, Δσss/MPa 2.3 19.9 36.3

Increment of calculated  
maximum solid solution  

strengthening, Δσssmax/MPa 
15.9 31.8 47.7

 
the alloys related to Y additions is largely due to the 
changed precipitate microstructure. According to 
the measured number density of precipitates shown 
in Table 4, the main strengthening precipitate in 
peak-aged 0Y and 1.5Y alloys is β′′ while those in 
peak-aged 3.0Y and 4.5Y alloys are β′′ and β′ 
precipitates. Compared with the peak-aged 0Y alloy, 
the area number density of β′′ increases from 
6.5×1015 and 5.9×1015/m2 to 8.5×1015 and 
7.9×1015/m2, respectively, when peak-aged at 200 
and 225 °C. Thus, it can be inferred that this 
increment of YS associated with 1.5 wt.% Y 
addition is mainly ascribed to the increasing volume 
fraction of β′′. Additionally, as Y content is 
increased from 1.5 wt.% to 4.5 wt.%, the area 
number density of β′′ gradually decreases from 
8.5×1015 and 7.9×1015/m2 to 5.1×1015 and 
3.4×1015/m2, respectively, when the specimen is 
peak-aged at 200 and 225 °C. However, it is 
noteworthy the area number density of extra β′ is 
significantly improved to 7.9×1015 and 5.6×1015/m2 
when the specimen is peak-aged at 200 and 225 °C, 
respectively. Thus, it is suggested that significant 
increment in YS due to a further increase in Y 
content is mainly attributed to the noticeable 
increase in the volume fraction of β′ precipitates. 
 
4.4 Role of Y addition and ageing temperature 

on ductility of alloys 
As indicated by Figs. 10 and 11, it is noted that 

the Y addition exerts pronounced influences on the 
elongation of as-quenched and peak-aged alloys. 
For the as-quenched samples, the elongation of 
studied alloys first increases and then decreases 
with increasing Y content. As reported previously, 
the solid solution of Y atoms in the Mg matrix   
can promote the activation of the non-basal slip 
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system [45]. Thus, it is reasonable that increasing Y 
content should enhance the ductility of the 
as-quenched alloy. However, as shown in Figs. 4 
and 5, as Y content increases, residual secondary 
phases inevitably appear near the grain boundaries, 
the presence of which is detrimental to the alloy 
ductility [46]. After the ageing treatment, Y 
additions mainly influence the ductility of 
peak-aged alloys by changing the precipitate 
microstructure. These precipitates are able to hinder 
the movement of dislocations, thereby significantly 
affecting the plasticity of the alloys [47,48]. Since 
the size, type and quantity of key strengthening 
precipitates in the peak-aged alloys are concurrently 
varied with the increase of Y content, it is difficult 
to analyze the influence of different precipitates on 
the plasticity quantitatively. However, compared the 
4.5Y with the 0Y alloy, it is noticeable that the 
plasticity of the alloy will decrease significantly 
when the volume fraction of the β′ precipitates 
increases obviously. Moreover, as indicated in 
Section 4.2, increasing the ageing temperature 
significantly reduces the number density of the 
dominant precipitates. That is why the elongation of 
peak-aged alloys presents an upwards trend with the 
increasing ageing temperature. 
 
5 Conclusions 
 

(1) As the Y content increases, the dominant 
secondary phases in as-cast alloys are found to 
change from Mg12Nd to Mg24Y5-type phases. 

(2) The number density of Zn−Zr particles in 
the grains of the as-quenched alloys decreases 
gradually with the increasing Y content. 

(3) Y is found to be highly enriched in β′. The 
addition of Y promotes the precipitation of 
prismatic β′. 

(4) The increments of YS associated with 
4.5 wt.% Y addition are 88 and 61 MPa, in the 200 
and 225 °C peak-aged conditions, respectively, 
which is mainly attributed to the uniform and dense 
distribution of β′. 

(5) Increasing the ageing temperature can 
enhance the size but decrease the number density of 
key strengthening precipitates in peak-aged Mg− 
xY−3Nd−0.2Zn−0.5Zr alloys. 

(6) Mg−3Y−3Nd−0.2Zn−0.5Zr alloy exhibits 
better combination of strength and ductility (200 °C 
ageing: YS=192 MPa, UTS=311 MPa, EL=5.1%; 

225 °C ageing: YS=175 MPa, UTS=308 MPa, 
EL=9.2%). 
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摘  要：研究不同 Y 添加量(0、1.5%、3%和 4.5%，质量分数)对铸造 Mg−3Nd−0.2Zn−0.5Zr 合金显微组织演变及

力学性能的影响规律。结果表明，随着 Y 含量的增加，铸态合金中主要的第二相由 Mg12Nd 型逐步转变为 Mg24Y5

型。同时，固溶态合金中的 Zn−Zr 相的数量随着 Y 含量的增加逐渐减少。利用 HAADF-STEM 技术观察到峰时效

状态下 Y 元素在球状柱面 β′相中显著富集。随着 Y 含量的增加，峰时效状态下合金中 β′的体积分数显著增大。

由于 Y 元素的加入，β′相析出动力显著增大，进而使得合金强度得到显著提高。拉伸试验结果表明，当 Y 添加量

为 4.5%(质量分数)时，在 200 和 225 ℃峰值时效条件下合金屈服强度增量分别为 88 和 61 MPa。 

关键词：Mg−3Nd−0.2Zn−0.5Zr 合金；Y 合金化；时效硬化能力；显微组织演化；力学性能 
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