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Abstract

High-pressure die-casting Mg–2.6RE–xY (EW) alloys with
Y contents between 0 and 3% (in wt%) were investigated
for their microstructure and tensile properties. In the
Y-containing alloy, the intermetallic phases at the grain
boundaries consisted of skeletal Mg12RE phase, bulk
Mg24Y5 phase and irregular Mg3Y phase, while {011} twins
were observed in the Mg12RE phase. The yield strength
was improved by Y addition at both room temperature and
high temperatures. Compared with Y-free alloy, the yield
strength of 3% Y alloy increased from 143.1 to 174.8 MPa
and improved by 22.2% at room temperature, while it was
increased from 72.2 to 104.6 MPa and enhanced by 44.9%
at 300 �C. The area fraction of intermetallic phase
increased dramatically from 14.5 to 18.4% with 3% Y

addition. Second phase strengthening was the major con-
tributor to the yield strength increase at ambient temper-
ature. The increment of the area fraction of the high-
thermally stable Mg–RE intermetallic phases with Y
addition contributed to the consequent improvement in
yield strength at high temperatures. At ambient tempera-
ture, the mechanism for the fracture of EW alloys was a
ductile and quasi-cleavage fracture blend.

Keywords: high-pressure die-casting, microstructures,
tensile properties, strengthening mechanism,
Mg–RE alloys

Introduction

Magnesium (Mg) alloys have been widely used in auto-

motive, aircraft, telecommunications, and biomedical

industries.1,2 Magnesium alloys are considered an adequate

replacement for steel and aluminium alloys, leading to

adequate energy savings and weight reduction.3,4 In con-

sideration of the actual production efficiency and economic

profit, the magnesium alloy compounds currently used are

manufactured mainly with a high-pressure die-casting

(HPDC) process.5 However, low–high-temperature (HT)
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strength and insufficient heat resistance are still significant

impediments for the scaling utilisation of HPDC Mg alloys.

Therefore, research is urgently needed to enhance the HT

tensile properties of HPDC Mg alloys.

Magnesium alloys are considerably improved through

deformation hardening, alloying, grain refinement, and heat

treatment.6–8 Alloying is the most effective and direct of

these methods.1,6 The alloying with elements including Al,

Si, Mn, alkaline earth, and rare earth (RE) on Mg alloys

have been investigated extensively, generating the devel-

opment of various Mg alloys.1 Representative alloys

include Mg–5Al–2Si (AS52, unless otherwise noted, all

compositional references in the text are to wt%.),9 Mg–

5Al–3Ca–0.15Sr (AXJ530),10 Mg–5Al–3Ca–0.3Mn

(AXM5303),11 Mg–3.2Al–4.4La–0.5Nd,12 Mg–4Al–4RE

(AE44),13 Mg–3.5RE–1.5Gd–0.5Al,14 Mg–4.2Y–3.3RE–

0.5Zr (WE43),15 and Mg–Gd–Y–Zn–Zr.16

The most common HPDC Mg alloys used are Mg–Al

alloys, with classic Mg–Al alloys AZ91 and AM50/60.14,17

Due to the unstable Mg17Al12 phase at elevated tempera-

tures, Mg–Al alloys are challenged to apply at higher

working temperatures.17 RE elements have been reported

to strengthen the tensile properties and castability of Mg

alloys, so HPDC AE42 and AE44 alloys have been

developed.13,17 In the AE series alloys, single additions of

light RE elements or misch metals are reported to have

decent performance in enhancing tensile properties.13,17

These light RE elements have low relative solid-solubility

in the a-Mg and can consume Al to form Al–RE phases to

inhibit the Mg17Al12 phase formation, thus improving the

HT tensile properties along with the room temperature

(RT) tensile properties.4,18 RE elements, including Gd and

Y, are also investigated in Mg–Al-based alloys. Al2Gd and

Al2Y phases formed during solidification are reported to

act as heterogeneous nuclear sites to achieve grain refine-

ment.19 However, the potential formation of the Mg17Al12

phase at HT makes the AE series alloys still hard to work

above 200 �C.13 Research on Al-free HPDC Mg–RE alloys

has been carried out to achieve good heat resistance, rep-

resented by the HP2? and MEZ alloys.20 The thermally

stable Mg–RE intermetallic compounds in these alloys

result in excellent strength and creep performance up to

200 �C.1 However, higher RE content increases the risk of

hot cracking.21 Moreover, the investigated alloying

elements in these HPDC Mg–RE alloys without Al addition

are mostly limited to La, Ce, and Nd. In our previous study,

the addition of the heavy RE element, Gd, to the Mg–

2.6RE alloy was investigated, which led to various thermal

stable Mg–RE phase formations to enhance the tensile

properties at HT.22,23

Yttrium, a Y group element with three balance electrons

and high solubility, has been reported to strengthen Mg

alloys.1,24,25 Due to the dense distribution of Mg5(Gd,Y)

and Mg24(Gd,Y)5 phases, adding Y can enhance the

strength of aged Mg–10Gd–xY–0.4Zr significantly.26 In

the ZK60–1Y alloy, 1% Y addition improved mechanical

properties with ternary I-phase and W-phase.27 Although

there have been few studies on Y-containing HPDC Mg–

RE alloys,5 the function of Y on microstructure and both

RT and HT tensile properties has not yet been determined.

This research aims to research the microstructure and

tensile properties of HPDC Mg–2.6RE–xY (x = 0–3) (EW)

alloys. The strengthening mechanism in the Y addition

alloys was also discussed.

Experimental Methods

A resistance furnace and a steel crucible were utilised to

melt the alloy. Pure magnesium was first added to the

crucible for melting, followed by pure zinc and, subse-

quently, Mg–30% La, Mg–5%Mn, Mg–25%Ce and Mg–

30%Y master alloys. The melting temperature was 720 �C.

The deflagration-preventing protective gas was composed

of a mixture of 0.5% SF6 and N2. The mushroom samples

were cast to test composition with inductively coupled

plasma (ICP).20 Die casting was accomplished utilising

FRECH 4500kN cold-chamber machine without vacuum,

while the intensification pressure and injection speed were

set at 320 bar and 4 m/s, separately. Before pouring the

melt, the temperature of the molten alloy was controlled

with the thermocouple. The mould for die casting was

preheated before casting to 220 �C. The mould used for die

casting can make 8 ASTM standard u6.35-mm round and

50-mm gauge length samples simultaneously20 (Table 1).

The tensile tests complied with the RT tensile standard

ASTM B557-15 and the HT tensile standard ASTM E8/

Table 1. Chemical Composition of Experimental EW Alloys Obtained by ICP

Alloy code Alloy La Ce Y Zn Mn Mg

EW300 Mg1.6La1Ce–0Y 1.62 0.95 0.07 0.47 0.28 Bal.

EW305 Mg1.6La1Ce–0.5Y 1.58 0.94 0.42 0.49 0.27 Bal.

EW310 Mg1.6La1Ce–1Y 1.56 0.97 0.91 0.51 0.26 Bal.

EW315 Mg1.6La1Ce–1.5Y 1.61 0.99 1.44 0.48 0.27 Bal.

EW320 Mg1.6La1Ce–2Y 1.54 1.00 1.93 0.49 0.24 Bal.

EW330 Mg1.6La1Ce–3Y 1.58 0.98 2.91 0.46 0.31 Bal.
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E8M-16, respectively. The Instron 5500, equipped with

Bluehill software, served as apparatus for the tensile tests.

In an electrical resistance furnace, HT tensile tests were

conducted. Moreover, the test temperature was controlled

by a temperature control box. A 50-mm pitch extensometer

was used to gauge the elongation during the RT tensile test.

For the HT tensile test, there was no extensometer. Tensile

rates for the tests conducted at RT were 1 mm/min, and at

HT were 0.0002/s. The average tensile properties with

standard deviation were achieved through the tensile test of

six samples.

For microstructure observation, the centre section of the

sample bar was utilised. A backscattered electron (BSE)

mode micrograph was presented with a ZEISS scanning

electron microscope (SEM). After being mounted, ground,

and polished with 320–4000 grit SiC papers, fumed col-

loidal silica suspension, and a medium polishing disc,

samples were ready for SEM analysis. Transmission elec-

tron microscope (TEM) samples were ion polished with

3.0–5.0 kV and the corresponding 3�–5� angle. Thin ion-

polished samples were used to capture images on a JEOL

2100F TEM device. The grain size and phase area fraction

were calculated using ImageJ software. On a D8 instrument

with 2h range of 20� to 100� and DIFFRAC EVA software,

X-ray diffraction (XRD) and analysis were performed. The

ImageJ software was used to measure phase area fraction

based on at least 10 SEM images and grain size distribution

by using a linear intercept method.

Results

XRD Patterns

Figure 1 displays XRD patterns analysis results of HPDC

EW300, EW305, EW310, EW315, EW320, and EW330

alloys. The XRD patterns indicated that the major detected

phases were a-Mg and Mg12RE. In addition to a-Mg and

Mg12RE, a minor peak of the Mg24Y5 phase can be

detected in HPDC EW305, EW310, EW315, EW320, and

EW330 alloys. It is essential to mention that small-sized or

area-fraction phases are typically difficult for XRD to

identify.

Comprehensive Microstructure

Figure 2a–f presents statistical grain size distribution

results of the as-cast HPDC EW300, EW305, EW310,

EW315, EW320, and EW330 alloys. The line scribing

method revealed a mean grain size (dmean) of 9.4 lm for

EW300 alloy, with large grains reaching 33 lm. Further-

more, the dmean decreased slightly with increasing Y

addition, with an 8.3 lm dmean for EW315 alloy. However,

with further addition of Y, the dmean of the alloys stabilised.

The dmean was 8.4 lm in EW330 alloy, with large grains

measuring around 30 lm. Higher Y additions led to a

smaller dmean in the alloy, but the ensuing variations were

not statistically significant. In addition, the fractions of

intermetallic compounds at GBs for EW300, EW305,

EW310, EW315, EW320, and EW330 alloys are depicted

statistically in Figure 3. The fraction of intermetallic phase

at the GBs grown steadily with increasing Y additions, but

then levelled off at EW320 alloy.

Figure 4a–f depicts high-magnification BSE-SEM images

of intermetallic compounds on GBs in HPDC EW300,

EW305, EW310, EW315, EW320, and EW330 alloys. The

dominant intermetallic phase in the EW300 alloy featured a

skeleton-like morphology. Its morphology resembled the

Mg12RE intermetallic phase, which had been previously

reported.23,28 In addition, the dominant Mg12RE inter-

metallic phase gradually assumed a flaky morphology as

the Y content increased. Two minor intermetallic phases

with Y content were also formed as the continuous addition

of Y, one was a more extensive blocky Mg24Y5 phase, and

the other was a more minor irregular Mg3Y intermetallic

phase. Both Y-containing intermetallic phases can be

observed in alloys above 0.5% Y additions.

Characterisation of Intermetallic Phase

Characterisation of Mg12RE Phase

Figure 5 displays the analysis of TEM images on the

dominant Mg12RE intermetallic phase at GBs of HPDC

EW330 alloy. Figure 5a displays a bright-field TEM (BF-

TEM) micrograph of the GB in HPDC EW330 alloy, which

reveals skeleton-like structure of the Mg12RE intermetallic

phase. According to the EDX results in Supplementary

Fig. S1 and Table S1, atomic ratios of Mg: (La, Ce, Y, Zn)

indicated that dominant intermetallic phase at GBs was

Mg12RE, which corresponded with the XRD detected
Figure 1. XRD patterns analysis results of HPDC EW300,
EW305, EW310, EW315, EW320, and EW330 alloys.
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results. The Mg12RE phase formation in Mg–La/Ce alloys

was primarily attributed to the reduced nucleation barrier.29

The selected area electron diffraction (SAED) analysis

results in Figure 5b indicated that the dominant skeleton-

like compound was Mg12RE. In addition, the high-resolu-

tion TEM (HRTEM) micrograph and fast Fourier transfer

(FFT) analysis result in Figure 5c further confirmed it.

Additionally, the SAED analysis image in Figure 5b

demonstrated the exitance of {011} twins in Mg12RE.

Moreover, the HRTEM micrograph and corresponding FFT

analysis results shown in Figure 5e, f further confirmed the

exitance of twins. Previous research on Mg–La/Ce–Gd and

Mg–4Zn–2La–3Y alloys revealed the existence of {011}

twins in the Mg12RE phase.22,30 It has been reported that

the generation of twins in Mg12RE phase is majorly due to

the segregation of Zn elements.31 The presence and content

Figure 2. Grain size distribution result of a-Mg phase in HPDC (a) EW300, (b) EW305,
(c) EW310, (d) EW315, (e) EW320, and (f) EW330 alloys. (g) Area fraction of
intermetallic compounds in HPDC EW300, EW305, EW310, EW315, EW320, and
EW330 alloys.

Figure 3. Area fraction of intermetallic compounds in
HPDC EW300, EW305, EW310, EW315, EW320, and
EW330 alloys.
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Figure 4. High-magnification BSE-SEM image of HPDC (a) EW300, (b) EW305, (c) EW310, (d) EW315, (e) EW320, and
(f) EW330 alloys displaying intermetallic compounds at GBs.

Figure 5. Micrographs of the dominant Mg12RE intermetallic phase at GBs in HPDC
EW330 alloy. (a) BF-TEM micrograph of the GB; (b) SAED for the Mg12RE phase
detected in [111] zone axis; (c) and (e) HRTEM of Mg12RE phases; (d) and (f) the
corresponding FFT for Mg12RE phases in (c) and (e), respectively.
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of Zn in Mg12RE are shown in Supplemental Table S1,

which further supports the formation of twins in Mg12RE.

Characterisation of Mg24Y5 Phase

Figure 6 depicts a detailed characterisation of the minor

blocky Mg24Y5 phase in HPDC EW305, EW310, EW315,

EW320, and EW330 alloys. Figure 6a, c, e, g, i shows the

morphology of the Mg24Y5 phase. The corresponding

energy-dispersive X-ray (EDX-SEM) spot scanning results

shown in Figure 6b, d, f, h, j indicated that the minor

blocky intermetallic compounds primarily consisted of Mg

and Y, and the atomic ratio of Mg/Y decreased continu-

ously with increasing Y addition, fluctuating between 5 and

6. According to the XRD patterns result and the corre-

sponding scanning results in Figure 6b, d, f, h, j, the blocky

intermetallic phases in the HPDC EW305, EW310,

EW315, EW320, and EW330 alloys can be thought of as

Mg24Y5. The segregation of element Y at GBs has been

reported to contribute to the Mg24Y5 phase formation.32 In

addition, the EDX-SEM mapping results in Figure 6k

revealed that the minor Mg24Y5 phase was primarily

enriched in Mg and Y, with no aggregation of other

elements.

Characterisation of Mg3Y Phase

Figure 7 displays a detailed analysis of the small irregular

Mg3Y minor intermetallic phases in HPDC EW330 alloy.

The BF-TEM image in Figure 7a indicated that the small

irregular intermetallic phases were dispersed in eutectic

regions with a size of approximately 100–200 nm. The

EDX-STEM results in Figure 7b indicated that two ele-

ments, Mg and Y, were predominantly present in the small

irregular intermetallic phases and the contents of La, Ce,

and Zn were relatively low, and the Mg/(La,Ce,Y,Zn)

atomic ratio was lower than that in Mg24Y5, which was

approximately 3. Furthermore, the EDX-STEM mapping

result in Figure 7c–h showed no apparent aggregation of

Zn, La, Ce, and Mn. Therefore, the small irregular inter-

metallic phase should be the Mg3Y phase. Burapornpong

et al.33 suggested that the Mg3Y phase, with a similar

crystal structure to Mg3La, would decompose into the

Mg24Y5 phase and the Mg2Y phase at 588 K. The presence

of the minor Mg3Y phase was attributable to the restriction

of Y diffusion due to the high cooling rate of the

HPDC.34,35 The thermal stability of Mg3Y up to 588 K in

the alloy indicated it could improve the tensile strength at

300 �C.

Figure 6. High-magnification BSE-SEM images and EDX-SEM spot scanning analysis
results of the minor blocky Mg24Y5 phases at GBs of HPDC (a, b) EW305, (c, d)
EW310, (e, f) EW315, (g, h) EW320, (i, j) EW330; (k) EDX-SEM mapping results of Mg,
La, Ce, Y, Mn, and Zn in (i).
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Tensile Properties at RT and HTs

Figures 8 and 9 depict the tensile test curves and tensile

performance of the HPDC EW300, EW305, EW310,

EW315, EW320, and EW330 alloys at RT and HTs. The

yield strength (YS) and elongation (El) of the alloys

increase proportionally with the increment of Y added at

RT. Compared with EW300 alloy, the YS of EW330 alloy

at RT increases by 22.2%, and the El increases from 0.8 to

2.1%. Additionally, the addition of Y increases the strength

of the alloy at HT. The YS of EW330 increases by 71.3%

at 250 �C and by 44.9% at 300 �C, in comparison to the

EW300. Therefore, the YS at HT can be enhanced effec-

tively with Y addition. In addition, incorporating Y

Figure 7. TEM micrograph and EDX-STEM analysis result of the minor irregular Mg3Y intermetallic
phase at GBs in HPDC EW330 alloy. (a) BF-TEM micrographs of the Mg3Y phase; (b) EDX-STEM
analysis result of Mg3Y intermetallic phase in (a); (c–h) EDX-STEM mapping results of (c) Mg, (d) La,
(e) Ce, (f) Y, (g) Mn, and (h) Zn in (a).

Figure 8. Tensile test curves of as-cast HPDC EW300, EW305, EW310, EW315,
EW320, and EW330 alloys at (a) 20 �C, (b) 250 �C, and (c) 300 �C, respectively.
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decreases the elongation of the alloy at HTs compared to

Y-free alloys. Table 2 displays the mean and standard

deviation of tensile properties of as-cast HPDC EW300,

EW305, EW310, EW315, EW320, and EW330 alloys.

Fractured Surface

Figure 10 shows the fractured surfaces of HPDC EW300,

EW305, EW310, EW315, EW320, and EW330 alloys at

RT. Figure 10a indicated that distinct river-like cleavage

planes were present at the fracture of the EW300 alloy.

Figure 10b–f indicated that with the increasing addition of

Y, the cleavage planes gradually decreased, and the ductile

characteristics around the cleavage planes increased, which

agreed with the ductility increase at RT (Figure 8a). In

addition, Figure 10g–l shows the presence of fine trans-

granular cracks in all alloys. Therefore, the mechanisms for

fracture of HPDC EW300, EW305, EW310, EW315,

EW320, and EW330 alloys were a mixture of quasi-

cleavage and ductile fracture.

Figure 9. Tensile performance of HPDC EW300, EW305, EW310, EW315, EW320, and
EW330 alloys at RT (20 �C) and HTs (250 �C and 300 �C) under as-cast condition.
(a) YS, (b) UTS, and (c) El.

Table 2. Tested Tensile Properties of HPDC EW300, EW305, EW310, EW315, EW320, and EW330 Alloys at RT and HTs

Alloy 20 �C 250 �C 300 �C

YS (MPa) UTS (MPa) El (%) YS (MPa) UTS (MPa) El (%) YS (MPa) UTS (MPa) El (%)

EW300 143.1 ± 2 164.3 ± 2 0.8 ± 0.1 85.0 ± 1 102.9 ± 2 26.2 ± 1.6 72.2 ± 2 76.9 ± 2 29.5 ± 0.9

EW305 153.9 ± 2 169.1 ± 2 1.0 ± 0.1 105.3 ± 2 119.4 ± 3 8.3 ± 1.2 83.4 ± 2 84.4 ± 2 9.3 ± 1.2

EW310 164.2 ± 2 172.6 ± 2 1.6 ± 0.2 121.2 ± 2 134.4 ± 2 10.2 ± 1.1 85.1 ± 2 89.5 ± 1 20.9 ± 1.0

EW315 171.6 ± 2 177.5 ± 2 1.7 ± 0.4 140.1 ± 2 157.8 ± 2 20.6 ± 0.9 93.1 ± 2 97.9 ± 2 22.2 ± 0.8

EW320 171.9 ± 1 179.8 ± 2 2.0 ± 0.3 141.5 ± 2 161.6 ± 2 12.8 ± 1.4 103.2 ± 1 109.3 ± 2 15.2 ± 1.6

EW330 174.8 ± 1 186.7 ± 2 2.1 ± 0.4 145.6 ± 2 175.4 ± 3 7.1 ± 0.8 104.6 ± 2 112.1 ± 1 11.5 ± 1.2
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Figure 10. Cross-sectioned and longitudinal-sectioned SEM fracture micrographs of HPDC (a, g) EW300, (b, h)
EW305, (c, i) EW310, (d, j) EW315, (e, k) EW320, and (f, l) EW330 alloys at RT.

Figure 11. Non-equilibrium Scheil calculated phase diagram and solidification
curves with the Pandat CALPHAD software. (a) Calculated phase diagram of the
EW alloys; (b) calculated solidification curves of the EW300, EW305, EW310, EW315,
EW320, and EW330 alloys.
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Discussion

Microstructural Evolution

The evolution of the microstructure can be demonstrated

by the solidification procedure. During solidification, the

eutectic reaction of the Mg–Y binary alloy occurs at Mg–

3.75 at% Y (Mg–12.0 wt% Y).36 Consequently, the

investigated alloys should be hypo-eutectic in this study.

Figure 11a shows the phase diagrams of the EW alloys

calculated by the Pandat CALPHAD software. The phase

diagram for the Y-modified alloy reveals the presence of

three distinct phases: a-Mg, Mg12RE, and Mg24RE5.

According to the analysis in Figure 11a, the Mg24RE5

phase begins to form at about 0.5% Y addition agrees with

the results in Figure 6. Calculated solidification curves of

HPDC EW300, EW305, EW310, EW315, EW320, and

EW330 alloys are shown in Figure 11b, as determined by

the Pandat CALPHAD software. With the increasing

addition of Y, liquidus temperatures of the EW series

alloys and the Mg12RE phase formation temperature

decrease. The calculated results of the Mg12RE and

Mg24Y5 phases are consistent with those of previous

experiments.

Microstructure–Tensile–Property Relationships

As shown in Figures 8 and 9 and Table 2, increased Y

addition to the EW alloys can enhance the YS at RT and

HT. In terms of second phase strengthening (Drsp), grain

refinement strengthening (Drgr), and solution strengthening

(Drss), the strengthening mechanism of as-cast HPDC EW

alloys can be described as follows in Eqn. 1.22,37,38

DrEW ¼ Drgr þ Drss þ Drsp Eqn: 1

The Hall–Petch equation can be utilised to characterise

grain refinement strengthening in Eqn. 2.39

Drgb ¼ Kd�
1
2 Eqn: 2

where K is the material constant and d is the mean grain

size. Figure 2a–f indicates that adding Y up to 1.5% has a

slight grain refinement in EW alloys. Therefore, the grain

refinement effect of Y addition is calculated to be 1.2, 2.8,

4.6, 3.7, and 4.2 MPa, respectively. In the solidification

process, Y segregation leads to supercooling of the solid–

liquid interface components, which can promote nucleation

of new grains and thus inhibit the growth of existing

grains.6,40 Furthermore, it has been reported that the

Mg24Y5 phase is assumed to promote heterogeneous

nucleation during solidification and thus obtain grain

refinement.6,40 With increased Y content, a greater

growth restriction factor leads to an increased refinement

effect. However, the latent heat of crystallisation released

with the formation of more Mg–RE intermetallic phases

reduces the subcooling and weakens the refinement

effect.41 Therefore, Y addition has a minor improvement

on the tensile strength of EW alloys with grain refinement

strengthening.

Following the Mg–Y, Mg–La, and Mg–Ce binary alloy

phase diagram, in comparison to La (0.23%) and Ce

(0.74%), the equilibrium solubility of Y (12.0%) in Mg is

significantly greater.22,42 Therefore, the solution-strength-

ening mechanism is supposed to affect Y-containing Mg

alloys significantly.43 The Gypen and Deruyttere44 can be

used to express Drss in Eqn. 3:

DrSS ¼
X

i

k
1=n
i Ci

� � !n

Eqn: 3

where ki and n are material constant, Ci is the solid solution

amount. According to EDS scanning results of the matrix

in Supplementary Figure S2 and Table S2, the solidified Y

(0.17%) is lower than solidified La (0.29%) and solidified

Ce (0.27%) in the EW330 alloy. Furthermore, the solid

solution content of Y in EW alloys with up to 1.5% Y was

detected as almost 0. According to the report, there is an

interaction between different RE elements, and adding La/

Ce and Y simultaneously decreases the matrix solubility of

Y.45 Therefore, the solid solution-strengthening effect is

calculated to be 2.4, 4.4, and 4.9 MPa for additions above

1.5% Y, respectively. Overall, the solid solution

strengthening of Y is meaningful for additions of Y

above 1.5%. However, the solid solution strengthening of

Y is not significant due to the low content of dissolved Y.

Mg–RE intermetallic phase formation at GBs can impede

dislocation movement, leading to second phase strength-

ening.46 The second phase strengthening effect resulting

from the addition of Y is 9.6, 18.3, 23.9, 22.7, and

23.1 MPa by Eqns. 1, 2, and 3, respectively. As shown in

Figures 1, 2, 3 and 4, the dominant Mg12RE phase and the

minor Mg24Y5 and Mg3Y phase increase with increasing Y

addition in the EW alloys. These intermetallic phases can

hinder dislocation movement across GBs, thus enhancing

YS. The area fraction of intermetallic phases presented in

Figure 3 increases significantly with the increasing Y

addition, indicating that second phase strengthening is the

dominant strengthening mechanism for strengthening EW

alloys.

It is generally thought that the second phase at GBs can

also hinder dislocation movement at HT.47 In EW alloys,

the melting point of dominant Mg12RE and the minor

Mg24Y5 are both relatively high, around 640 �C and

605 �C, respectively.48 The thermally stabilised high

melting point intermetallic phase contributes to the

strengthening of alloys at HT. The irregular intermetallic

phase Mg3Y would decompose to Mg24Y5 and Mg2Y at

588 K,33 and it should be stable up to 300 �C and
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contribute to the strength improvement at 250 �C and

300 �C. Therefore, the increase of the Mg12RE, Mg24Y5,

and Mg3Y phases with increasing Y contributes to the

increase of YS in EW alloys at HTs.

The El of the alloy, however, shows a different trend with

the addition of Y from that of the strength, decreasing, then

increasing, and then decreasing. In contrast to alloys

without Y additions, the thermal stabled Mg–Y phases

formed at the GBs in Y-containing alloys, thus hindering

dislocation motion at HTs of 250 �C and 300 �C, which

leads to a reduction in plasticity. For alloys with Y addi-

tions below 1.5 wt%, the grain size decreases gradually

with Y addition. More refined grains introduced more GBs

and more dislocation density and then improved the

strength and plasticity. Thus, the El for alloys with Y

additions below 1.5 wt% shows an increasing trend at HTs.

However, with Y additions higher than 1.5 wt%, the

excessive RE additions make the non-uniformly distributed

massive Mg–Y phases gradually coarsened, and then gen-

erates stress concentration during the plastic deformation

of HT tensile, which promotes the emergence and expan-

sion of microcavities and decreases the El of the alloys at

HTs.

Conclusions

The microstructure and tensile properties of HPDC EW

alloys at RT and HTs were studied, and conclusions are

summarised below:

(1) The dominant skeleton-like phase at GBs is

Mg12RE. The blocky Mg24Y5 phase and the

irregular Mg3Y phase are formed with Y addi-

tion. Moreover, {011} twins were observed in

the dominant Mg12RE phase.

(2) The increase in Y results in an increment of the

area fraction of intermetallic phase, while it has

a restricted contribution to the decrease of the

mean grain size. Compared with the Y-free

EW300 alloy, the area fraction of intermetallic

phase in the 3% Y (EW330) alloy increases

dramatically from 14.5 to 18.4%.

(3) With the addition of Y, the YS is improved at

both RT and HTs. The YS of EW330 alloy at RT

and 300 �C is 174.8 MPa and 104.6 MPa, which

are increased by 22.2% and 44.9%, respectively,

compared to the EW300 alloy. In addition, the

addition of Y causes an increase in the El at RT.

(4) The improvement of YS at RT is attributed to

the second phase strengthening. The increase of

the thermally stable Mg12RE, Mg24Y5, and

Mg3Y phases contribute to the enhancement of

YS at HTs. The fracture mechanism of EW

alloys is a ductile and quasi-cleavage fracture

blend at RT.
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