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The microstructure and tensile properties of die-cast Mg-1.6 wt%La-1.0 wt%Ce alloys with Gd content
ranging from 0 wt% to 3.0 wt% were investigated. The major intermetallic compound formed at the grain
boundaries of the alloys was the skeleton-like Mg;,RE phase, and the domains of {011} twins can be ob-
served in Mgq,RE. Three minor intermetallic compounds formed at the grain boundaries of the alloys with
Gd addition, i.e., the irregular-shaped Mg,Gd phase, the needle-like Mg3;Gd phase and the blocky Gd-Mn
phase. The addition of Gd resulted in the increase of yield strength (YS) at both ambient and elevated
temperatures. The YS of the Gd-free alloy was 135.3 MPa at ambient temperature and 57.3 MPa at 300 °C.
The YS of the alloy with 3.0 wt% Gd was 162.1 MPa at ambient temperature and 97.3 MPa at 300 °C, which
were increased by 19.8 % and 69.8 %, respectively, in contrast to the alloy without Gd addition. The addition
of Gd increased the volume fraction of intermetallic compounds from 11.7 % to 18.5 %, while it had a very
limited effect on the grain size of the Mg matrix phase. The increase in ambient YS can be mainly attributed
to the increased secondary phase strengthening of intermetallic compounds at grain boundaries and
the enhanced solid solution strengthening of Gd in the Mg matrix. The increased volume fraction of
thermally stable intermetallic compounds Mg;,RE, Mg,Gd and MgsGd contributed to the increase of YS at
elevated temperatures. The fracture mechanism of the Gd-containing alloys at ambient temperature was a
quasi-cleavage fracture.
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1. Introduction

Magnesium (Mg) alloy is a promising light alloy due to its high
specific strength, specific stiffness, and low density [1-3]. It has been
used in transportation, aerospace, electronics, and other industrial
fields. To achieve high productivity and low mass-production cost,
most of the applied Mg alloys are made by high-pressure die casting
(HPDC) [4,5]. However, the further application of Mg alloys is partly
limited by the poor plasticity at ambient temperature and the low
heat resistance at elevated temperatures, especially for working
temperatures above 200 °C [6]. Recently, emerging markets such as
engines in powered tools and drones, battery packs and electric
motors in electric vehicles require high-performance heat-resistant
die-cast Mg alloys [7,8]. There is a great need to develop die-cast Mg
alloys with good mechanical properties at a temperature
above 200 °C.
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Alloying is a common method to improve the mechanical prop-
erties of Mg alloys. Appropriate alloying elements were introduced
to achieve alloy strengthening by utilizing strengthening mechan-
isms such as grain size, secondary phase, solid solution and pre-
cipitation strengthening [9,10]. The effects of alloying elements, such
as Al, Zn, Mn, Ca, and rare earth (RE), on the microstructure and
mechanical properties of Mg alloys have been widely studied
[2,11-15]. The most widely used die-cast Mg alloys are Mg-Al series
alloys, such as AZ91, AM50 and AE44 [3]. However, the Mgq;Al;;
phase, which formed in die-cast Mg-Al series alloys, cannot nail the
grain boundaries (GBs) effectively at elevated temperatures, thus
deteriorating the creep properties and reducing the high-tempera-
ture strength of the alloys [16]. Wang et al. [ 17] studied the Ca-added
AZ91 alloy and found that the partial replacement of the Mgy;Al;,
phase by the Al,Ca phase increased the YS at 150 °C. Nakaura et al.
[18] studied the AC515 alloy and found that the addition of Sr led to
the formation of a thermally stable Al-Sr phase, which improved the
strength at 150 °C. In addition, RE elements have also been applied to
enhance the high-temperature mechanical properties of Mg-Al-
based alloys [3]. Hu et al. [19] improved the strength of the Mg-5Al-
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2Si alloy at 150 °C by adding Ce. Zhang et al. [20] studied the AM40-
xCe alloy and found that with increasing Ce addition, the Al;;Ce3
phase gradually replaced the Mgy;Al;, phase, resulting in a gradual
increase in the high-temperature strength of the alloy. It was re-
ported that the addition of Nd to the AM40 alloy can effectively
suppress the Mgq;Al;, phase, and the formation of AI,Nd and
Al;1Nds phases can improve the high-temperature strength of the
alloy [21]. Zhu et al. [22] studied the AE44 alloy and found that the
La element had a more effective enhancement of the high-tem-
perature strength compared with the RE elements of Ce and Nd.
Although a considerable number of high-pressure die-cast Mg-Al-
based alloys have been developed, most of these alloys can only
work below 200 °C due to the presence of thermally unstable in-
termetallic compounds [23]. For the gravity casting Mg-RE alloys
without Al elements, such as WE43 and Elektron 21, which can be
applied in a working environment above 200 °C, however, these
alloys are not suitable for HPDC due to the hot-tearing [24].

In the past two decades, several Al-free Mg-RE alloys that are
suitable for HPDC have been developed for application in high-
temperature environment. The benchmark die-cast Mg-2.5RE-
0.35Zn (MEZ) alloy has good creep performance due to the formation
of a thermally stable Mg,RE phase, but the strength of the alloy at
ambient and elevated temperatures is low [25]. The other bench-
mark Mg-4 wt%RE (La, Ce, Nd) (HP2 +) alloy can offer good strength
and creep properties up to 200 °C [24]. According to the current
research status of Al-free die-cast Mg-RE alloys, it can be found that
the RE alloying mostly focuses on light RE elements such as La, Ce
and Nd. In addition, it is believed that the addition of Gd and Y to
Mg-La alloys can improve the castability of the alloys relative to Nd,
while the addition of Nd contributes more to the grain boundary
strengthening of the alloys in comparison to Gd and Y [26]. Although
there have been partial reports on the brief study of the micro-
structure and room temperature mechanical properties of Gd-added
die-cast Mg-RE alloys [27-30], there have been few detailed studies
about the effect of Gd on the formation of intermetallic phases
especially Gd-containing compounds and the high-temperature
mechanical properties of die-cast Mg-RE alloys.

The aim of this work is to investigate the effect of Gd on the
microstructure and mechanical properties of the high-pressure die-
cast Mgl.6La1Ce-xGd (x = 0-3, compositions in the text are in wt%
unless specified) alloys at ambient temperature and elevated tem-
peratures of 250 °C and 300 °C. This paper also discussed the
strengthening and fracture mechanisms and the relationship be-
tween microstructure and mechanical properties of the alloys.

2. Experimental
2.1. Preparation of alloy melts and HPDC

Mg1.6La1Ce-xGd alloys were made using pure Mg (99.9 wt%),
pure zinc (99.5 wt%) and master alloys of Mg-5 wt%Mn, Mg-30 wt%
La, Mg-25 wt%Ce and Mg-30 wt%Gd. The desired alloys were melted
in a resistance furnace at 720 °C under the protection of a mixture of
N, and 0.5 % SFg. After homogenisation and elimination of im-
purities, the mushroom samples were poured for the measurement
of chemical composition by inductively coupled plasma-optical
emission spectrometry (ICP-OES), as shown in Table 1.

Die-casting was carried out on a 4500 kN cold chamber high-
pressure die casting machine. The melt temperature was measured
with a type K thermocouple, then the melt was released into the
shot sleeve. The die temperature was 220 °C, and the pouring tem-
perature was 715 °C. Eight tensile test samples with a gauge dia-
meter of 6.35 mm and a gauge length of 50 mm were prepared in
each die-casting shot.

Journal of Alloys and Compounds 923 (2022) 166364

Table 1
Chemical composition of experimental Mg1.6La1Ce-xGd alloys obtained by ICP-OES.

Alloy X La Ce Gd Zn Mn Mg

Mg1.6La1.0Ce-0Gd

Mg1.6La1.0Ce-0.5Gd
Mg1.6La1.0Ce-1.0Gd
Mg1.6Lal1.0Ce-1.5Gd
Mg1.6La1.0Ce-2.0Gd
Mg1.6La1.0Ce-3.0Gd

159 097 0.1 048 0.28 Bal
154 095 048 046 027 Bal
1.54 094 097 047 024 Bal
155 094 144 044 027 Bal
156 096  2.01 045 025 Bal
153 094 294 047 027 Bal

v

w

X oM X X X X
L LI (| N (A |
W= =0 o

2.2. Tensile tests

Tensile tests were carried out in accordance with ASTM B557-15
and ASTM E8/E8M-16 standards using the Instron 5500 universal
electromechanical test system, which was equipped with Bluehill
software and a 50 kN load cell. All tests were conducted at ambient
temperature (20 °C) and elevated temperatures of 250 °C and 300 °C.
Extensometer with a nominal pitch of 50 mm was applied during
ambient temperature tensile tests, while elevated temperature ten-
sile tests were conducted without extensometer. The tensile rates of
ambient and elevated temperature tensile tests were 1 mm/min and
0.0002/s, respectively. Each reported data was based on a six-sample
average.

2.3. Microstructure analysis

The centre portion of the stretch bar was used for microstructural
examination. ZEISS SUPRA 35VP scanning electron microscopy
(SEM) with energy dispersive X-ray spectroscopy (EDX) was used for
Backscatter Electronics (BSE) and Secondary Electronics (SE) mor-
phology observation. SEM analysis was conducted at an accelerated
voltage of 20 kV. The 50 pm thick and 3 mm diameter transmission
electron microscopy (TEM) samples were thinned using the Gatan
Precision Ion Polishing System (PIPS) at a voltage of 3-5 kV and an
angle of 3-5°. Thinned TEM samples were used for selected area
electron diffraction (SAED), bright-field (BF) and high-resolution
TEM (HRTEM) imaging on a JEOL 2100F machine. Image] software
was used to measure phase volume fraction and grain size. X-ray
diffraction (XRD) analysis was conducted on a D8 instrument in the
2 Theta degrees from 20° to 100°.

3. Results
3.1. XRD results

Fig. 1 shows the XRD spectra for the as-cast Mgl.6LalCe-xGd
alloys with different Gd contents. a-Mg and Mg,RE phases were
detected in the alloys with the Gd contents that were less than
2.0 wt%. In addition to a-Mg and Mg,RE, Mg3Gd phase can be de-
tected in the alloy with the Gd content of 3.0 wt%. It should be
mentioned that phases with small size or small volume fraction are
normally hard to be detected under XRD.

3.2. Overall microstructure

Fig. 2 displays the BSE-SEM microstructure of the die-cast
Mg1.6La1Ce-xGd alloys in the as-cast state. The Mgl.6La1Ce-xGd
alloys comprise the a-Mg matrix phase and the intermetallic phases
at GBs. The a-Mg matrix phase shows two different grain sizes,
which is typical feature of the die-cast alloys [4]. The o;-Mg phase
with larger grain size nucleated in the shot sleeve with lower cooling
rate, and the ay-Mg phase with smaller grain size nucleated in the
die cavity with higher cooling rate. The intermetallic phases at GBs
show skeleton-like morphology.
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Fig. 1. XRD results of Mg1.6La1Ce-xGd alloys in the as-cast state (x=0, 0.5, 1.0, 1.5,
2.0, 3.0).

Fig. 3a and b show the statistical grain size of the a-Mg matrix
phase and the volume fraction of the intermetallic phase at GBs,
respectively, in the die-cast Mgl.6Lal1Ce-xGd alloys under as-cast
condition. The average grain size in the Mgl.6LalCe alloy was
9.1 um, with the large grains up to 33 um. The addition of Gd slightly
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refined the grain size. The average grain size in the alloy with 1 wt%
Gd was 8.6 um, and the large grains were refined to about 27 pm.
However, with the further addition of Gd, the average grain size
increased slightly. When 3.0 wt% Gd was added, the grain size of the
alloy was 9.2 um, and the size of large grains was about 29 pm. It is
clear that the grain size of the alloys with Gd addition fluctuates, but
the variation is not significant. The volume fraction of the inter-
metallic phase at GBs increased gradually with the addition of Gd, as
shown in Fig. 3b.

Fig. 4 displays the high magnification SEM-BSE morphology of
the intermetallic phases at GBs of the die-cast Mg1.6La1Ce-xGd al-
loys in as-cast state. In the absence of Gd addition, the intermetallic
phase shows rod-shaped and layered morphology. With the addition
of Gd, the fibrous or lamellar morphology of the Mg;RE inter-
metallic phases became indistinctive, as shown in Fig. 4b-f. In ad-
dition, the addition of Gd led to the formation of the minority of
small-sized compounds, which was brighter than the major ske-
leton-like intermetallic phase. With the addition of 3.0 wt%, the
small-sized compounds can be clearly observed.

3.3. Determination of intermetallics at GBs

3.3.1. Mg2RE intermetallic phase

Fig. 5 shows a detailed analysis of the major Mg,,RE intermetallic
phase at GBs of the die-cast Mgl.6La1Ce-3Gd alloy under as-cast
condition. The SEM-EDX results in Fig. 5b show that the atomic ratio
of Mg:(La, Ce, Gd, Zn) in the major skeleton-like intermetallic phase
is approximately 12.7, suggesting a phase of Mg,RE. The TEM-SAED
pattern in Fig. 5e further confirms that the major skeleton-like

Fig. 2. BSE-SEM microstructure of the die-cast Mg1.6La1Ce-xGd alloys in the as-cast state. (a) x=0 Gd, (b) x=0.5 Gd, (c) x=1.0 Gd, (d) x=1.5 Gd, (e) x=2.0 Gd, (f) x=3.0 Gd.
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Fig. 3. (a-f) Grain size distribution of Mg matrix phase and (g) volume fraction of the intermetallic phase in the die-cast Mg1.6La1Ce-xGd (x=0, 0.5, 1.0, 1.5, 2.0, 3.0) alloys under

as-cast condition.

Fig. 4. BSE-SEM microstructure of the die-cast Mg1.6La1Ce-xGd alloys in as-cast state with high magnification. (a) x=0, (b) x=0.5, (c) x=1.0, (d) x=1.5, (e) x=2.0, (f) x=3.0.

intermetallic phase is Mg,RE (body-centred tetragonal, a = 1.033, ¢ =
0.596, 14/mmm) [31], which is consistent with the XRD results in
Fig. 1. Additionally, the TEM-SAED pattern in Fig. 5f shows the pre-
sence of the local domains of {011} twins in Mg,RE. Hua et al. [32]

also found the local domains of {101} twins in the Mg;>RE phase of
the die-cast Mg-4Zn-2La-3Y alloy. The presence of twins has not
been reported in previous studies on Mg-La-Ce-Nd alloys [33]. It has
been reported that the segregation of Zn elements in the Mg,RE
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Fig. 5. Microstructure of the major Mg;,RE intermetallic phase at grain boundaries of the die-cast Mg1.6La1Ce-3Gd alloy under as-cast condition. (a) High magnification BSE-SEM
image; (b) SEM-EDX result of Mg;,RE phase; (c) SEM-EDX result of a-Mg; (d) BF-TEM image of Mg,RE phase at GBs; (e,f) SAED of Mg,,RE phase observed along [021] and [111]

zone axes.

phase decreases the sault fault energy and thus promotes twinning
[34]. The SEM-EDX results in Fig. 5b show the considerable presence
of Zn in the Mg,RE phase. Therefore, Zn promoted the formation of
twins in the Mg,RE phase of the present alloy.

3.3.2. MgyGd intermetallic phase

Fig. 6a displays the TEM morphology of the minor Mg,Gd and
MgsGd intermetallic phases at GBs of the die-cast Mg1.6La1Ce-3Gd
alloy under as-cast condition. The Mg,Gd intermetallic phase was in
irregular shape, as indicated by the dashed circle A. Fig. 6b-g shows
the STEM-EDX mapping of elements Mg, La, Ce, Gd, Mn and Zn in
Fig. 6a, respectively. Fig. 6h shows the STEM-EDX result of point A in
Fig. 6a, and the irregular shaped intermetallic phase was rich in Mg,
Gd, and Zn, with a Mg:(Gd, Zn) atomic ratio of 2.13, which indicates
that the irregular shaped intermetallic phase is Mg,(Gd, Zn) (face-
centred cubic, a = 0.8575, Fd-3m) [35].

Fig. 7 shows the HRTEM images of two Mg,Gd phases at GBs of
the die-cast Mgl.6LalCe-3Gd alloy in the as-cast state. The Fast
Fourier Transform (FFT) patterns in Fig. 7b and e further confirmed
the Mg,Gd phases, and the FFT patterns in Fig. 7c and e further
verified that major intermetallic phase adjacent to the Mg,Gd phases
was Mg ;RE, under the zone axes of [OlO]Mgzcd//[_Zil Img12RE OT

[001 ]mg2cal/[221]mgrzre- The lack of detection in XRD should be due
to the small content of the Mg,(Gd, Zn) phase that was hard to be
detected.

3.3.3. Mgs3Gd intermetallic phase

As marked by the dashed circle in Fig. 6a, another minor needle-
like Mg3Gd intermetallic phase was observed at GBs of the die-cast
Mg1.6La1Ce-3Gd alloy under as-cast condition. The STEM-EDX map
in Fig. 6e and the STEM-EDX result in Fig. 6i show that the needle-
like intermetallic phase is rich in Gd. Fig. 8b shows the high mag-
nification TEM morphology of the needle-like MgsGd intermetallic
phases, and the TEM-SAED patterns in Fig. 8c and d confirmed that
the needle-like intermetallic phases were MgsGd (face-centred
cubic, a = 0.73, Fm-3m) [28]. It was reported that both Mg,Gd and
MgsGd phases had good thermal stability [29], which were bene-
ficial to the high temperature mechanical properties of Mg alloys.

3.3.4. Gd-Mn intermetallic phase

Fig. 9a displays the TEM morphology of the third minor blocky
Gd-Mn intermetallic phase at GBs of the die-cast Mg1.6La1Ce-3Gd
alloy under as-cast condition. The STEM-EDX mapping in Fig. 9b-g
shows that the blocky Gd-Mn intermetallic phase is rich in Gd, La, Ce
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Fig. 6. TEM morphology and STEM-EDX results of the minor Mg,Gd and MgsGd intermetallic phases at grain boundaries of the die-cast Mg1.6La1Ce-3Gd alloy under as-cast
condition. (a) High magnification STEM image; (b-g) STEM-EDX mapping of elements (b) Mg, (c) La, (d) Ce, (e) Gd, (f) Mn and (g) Zn in (a); (h) STEM-EDX result of point A-Mg,Gd
in (a); (i) STEM-EDX result of point B-Mg3Gd in (a).

Fig. 7. HRTEM image of two Mg,Gd phases at the grain boundaries of the die-cast Mg1.6La1Ce-3Gd alloy in the as-cast state. (a) and (d) are HRTEM images of the two Mg,Gd
phases, respectively; (b), (c) and (e), (f) are FFT patterns corresponding to the Mg,Gd and the adjacent Mg;,RE phases.
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Fig. 8. TEM confirmation of the needle-like Mgs;Gd intermetallic phase at grain boundaries of the die-cast Mg1.6La1Ce-3Gd alloy under as-cast condition. (a) Low magnification
BF-TEM image; (b) High magnification BF-TEM image, the yellow arrows mark the needle-like Mg3;Gd phase; (c,d) SAED of Mgs;Gd phases observed along [100] and [001]

zone axes.

and Mn. Fig. 9h provides the composition of the Gd-Mn intermetallic
phase that was measured by STEM-EDX, and the detected Mn con-
tent was relatively low, while the content of Gd was much higher
than that of La and Ce. This may be due to the low addition of Mn in
the alloy. Previous studies have suggested that rare earth elements
such as Gd and Y are prone to solute segregation in cast Mg alloys at
defective locations such as boundaries [30,36,37]. The phenomenon
of solute segregation is usually due to the atomic size effect [38]. It
has also been reported that Mn is prone to co-segregation with Nd
and Gd [39,40]. Therefore, the formation of Gd-Mn intermetallic
phase might be due to the co-segregation of Gd and Mn elements,
which will be investigated in detail in future research.

3.4. Mechanical properties at ambient and elevated temperatures

Figs. 10a-c and 11a-c show the stress-strain curve and tensile
properties of die-cast Mgl.6LalCe-xGd alloys at ambient

temperature and elevated temperatures of 250 °C and 300 °C. With
the increased addition of Gd, the YS of the alloys increases, while the
corresponding elongation (El) decreases at ambient temperature.
Compared with the alloy without Gd, the addition of 3.0 wt% Gd led
to an increase of 19.8 % in YS. Furthermore, at elevated temperatures,
the YS of the alloys also increases with addition of Gd. At 250 °C and
300 °C, the addition of 3.0 wt% Gd increases the YS by 53.9 % and 81.4
%, respectively, compared to the Gd-free alloy. Thus, the addition of
Gd can enhance the YS of the alloy. Moreover, the El of the alloys
containing Gd is lower than the Gd-free alloy, at 250 °C and 300 °C.
Detailed average data and standard deviations of the tensile prop-
erties of die-cast Mgl.6La1Ce-xGd alloys are listed in Table 2.

3.5. Fractured surface

See Fig. 12.
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Fig. 9. TEM morphology and STEM-EDX results of the third minor blocky Gd-Mn intermetallic phase at grain boundaries of the die-cast Mg1.6La1Ce-3Gd alloy under as-cast
condition. (a) STEM image; (b-g) STEM-EDX mapping of elements (b) Mg, (c) La, (d) Ce, (e) Gd, (f) Mn and (g) Zn in (a); (h) STEM-EDX result of the blocky Gd-Mn intermetallic

phase marked by dashed circle in (a).

3.6. Microstructural evolution

The solidification process can demonstrate the evolution of mi-
crostructure. From the phase diagram of the Mg-Gd binary alloy, it
can be seen that the eutectic reaction occurs at the position of Mg-
4,53 at% Gd (Mg-23.5wt% Gd) during solidification [9]. Therefore,
the experimental alloys in this study should be hypo-eutectic.

Fig. 13a displays the calculated phase diagram of die-cast
Mg1.6La1Ce-xGd alloys in the cross section of Mgl.6LalCe with

different Gd contents, using the Pandat CALPHAD software, and the
possible phases present in the Gd-containing alloys are o-Mg,
Mg,RE and MgsRE. In addition, the phase diagram indicates the
formation of the MgsGd phase at the onset of about 0.5wt% Gd.
Fig. 13b shows the calculated solidification curves of die-cast
Mg1.6Lal1Ce-xGd alloys using the non-equilibrium Scheil model in
Pandat software. The liquidus temperature and the temperature for
the formation of Mg;,RE phase decreases with the increased addi-
tion of Gd. The calculated Mg;,RE phase agreed with the
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Fig. 10. Typical tensile stress-strain curve of die-cast Mg1.6La1Ce-xGd alloys in as-cast state at ambient temperature (20 °C), 250 °C and 300 °C. (a) 20 °C, (b) 250 °C, and (c) 300 °C.

experimental observations in Sections 3.2 and 3.3. However, the
calculated MgsRE phase was not observed by the previous micro-
structure analysis. It may be due to the rapid solidification of HPDC,
where the variation of the composition of the liquid and solid phases
during the solidification of the alloy has deviated far from the
equilibrium solidification [41,42]. Instead, the Mg,Gd and MgsGd
phases with a higher solidification point formed in the liquid phase
in the Gd-rich region at the beginning of solidification was retained
at room temperature [28]. This explains the formation of Mg,Gd and
Mgs;Gd phases in the present alloys rather than the calculated
MgsGd phase.

3.7. Relationship between microstructure and mechanical properties

The addition of Gd improves the YS of the Mg1.6La1Ce alloy, as
shown in Fig. 11 and Table 2. The strengthening mechanism of the

Mg1l.6LalCe-xGd alloys can be expressed by grain strengthening
(ogp), secondary phase strengthening (omg-re) and solid solution
strengthening (o) as follows [5,27,43]:

(1)

OMg1.6Lal.0Ce—xGd = Ogb + Oss + OMg—RE

The grain strengthening can be defined by the Hall-Petch re-
lationship [44,45]:

ggh = 0p + Kd—2 (2)
where d is the grain size and K is the material constant. According to
Fig. 3a-f, the addition of Gd has very limited effect on the grain size
of die-cast Mgl.6La1Ce-xGd alloys. Therefore, the addition of Gd
hardly has effect on the increase or decrease of grain strengthening
in Mgl.6La1Ce-xGd alloys.
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Fig. 11. Tensile properties of die-cast Mg1.6La1Ce-xGd alloys in as-cast state at ambient temperature (20 °C), 250 °C and 300 °C. (a) yield strength, (b) ultimate tensile strength,

and (c) elongation.

Table 2

Tensile properties of the die-cast Mg1.6La1Ce-xGd alloys in the as-cast state.
Alloy RT 250°C 300°C

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

x=0 1353 + 2.1 166.6 + 3.0 38+05 864 + 1.2 96.3 + 14 155 £ 15 573 +13 574 £ 13 19.1 £ 0.9
x=0.5 146.5 £ 1.0 168.7 £ 2.3 24+03 975 22 1091 + 1.7 48 + 0.8 795 1.2 798 + 1.5 72 + 11
x=10 1539 £ 19 168.0 + 2.7 20+03 105.6 £ 1.5 1300 £ 1.5 120+ 14 81.0 + 1.2 849 + 0.8 135+ 1.0
x=15 1573 £ 2.1 1694 + 2.6 1.8 £0.2 1225 £ 19 132.7 £ 2.4 151 £ 0.7 877 £2.0 948 + 1.8 16.2 £ 0.8
x=2.0 158.6 + 2.0 160.3 + 2.9 1.0 £ 0.3 1253 £ 1.7 140.0 + 2.2 83+10 899 +23 953 + 1.9 11.6 £ 0.6
x=3.0 162.1 + 1.6 163.0 + 2.7 0.7 £ 0.1 133.0+ 1.9 150.2 + 1.8 44 + 0.6 973 £ 19 104.1 £ 1.1 8.2+ 09

According to the Mg-RE binary phase diagram, the equilibrium
solubility of Gd (23.5 wt%) in the Mg matrix is much higher than that
of La (0.23 wt%) and Ce (0.74 wt%) [9,46]. Solid solution strength-
ening can play a significant role in the strengthening of Gd-added
Mg alloys. According to the EDS result of the Mg matrix in Fig. 5c, the
solid solution content of Gd (1.2wt%) is higher than the other
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elements, and the solid solution strengthening brought by Gd con-
tributes considerably to the strengthening of the Mgl.6La1Ce-3Gd
alloy.

The second phase strengthening originates from the hindrance of
grain boundary dislocation slip by the formation of Mg-RE inter-
metallic phases at GBs. As shown in Fig. 3g, the volume fraction of
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Fig.12. (a-f) SE-SEM micrographs showing the fractured surface and (g-1) BSE-SEM micrographs of the sectioned surface near the fracture of the die-cast Mg1.6La1Ce-xGd alloys
at ambient temperature. (a,g) X=0, (b,h) x=0.5, (c,i) x=1.0, (d,j) x=1.5, (e,k) x=2.0, (f]) x=3.0.

intermetallic phases at GBs increases significantly from 11.7 % to 18.5 intermetallic compounds indicates the considerable enhancement of
% with the addition of 3.0 wt% Gd. According to Figs. 2 and 4, both second phase strengthening with Gd addition.

the major intermetallic phase (Mg;2RE) and the minor intermetallic At elevated temperatures, the secondary phases distributed at
phases (Mg,Gd, MgsGd, Gd-Mn) increase with the increased addi- the GBs can pin down the GBs and hinder dislocation movement,
tion of Gd. The obvious increase in the volume fraction of thus enhancing the strength of alloys [47]. The major skeleton-like

1
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XGd alloys using the non-equilibrium Scheil model in the Pandat CALPHAD software.

Mg>RE intermetallic phase has a melting point of approximately
640 °C and good thermal stability [48]. According to the Mg-Gd
phase diagram, the minor intermetallic phases Mg,Gd and MgsGd
have the high melting points of 706 °C and 755 °C, respectively, and
high thermal stability [49]. With the increased addition of Gd, the
increase of thermally stable intermetallic phases contributes to the
improvement of the strength of the Mg1.6La1Ce-xGd alloys at 250 °C
and 300 °C.

4. Conclusions

The effects of Gd addition on the microstructure and tensile
properties of the die-cast Mgl.6LalCe-xGd alloys at ambient and
elevated temperatures were investigated, and the main conclusions
are as follows:

(1) The intermetallic compound at grain boundaries of the Gd-free
alloy is the skeleton-like Mg;,RE phase. In addition to the major
Mg,RE phase, the addition of Gd leads to the formation of three
minor Gd-containing intermetallic compounds at grain bound-
aries, i.e., the irregular-shaped Mg,Gd phase, the needle-like
Mg3Gd phase and the blocky Gd-Mn phase. The domains of {011}
twins were observed in the major Mg;,RE intermetallic phase.

(2) The addition of Gd increases the volume fraction of both the
major and minor intermetallic compounds at grain boundaries,
while it has very limited effect on the grain size of the Mg matrix
phase. With the increased addition of Gd from 0 wt% to 3 wt%,
the total volume fraction of the intermetallic compounds in-
creases significantly from 11.7 % to 18.5 %.

(3) The addition of Gd results in the increase of yield strength at
both ambient and elevated temperatures. The YS of the Gd-free
alloy is 135.3MPa at ambient temperature and 57.3 MPa at
300 °C. The YS of the alloy with 3.0 wt% Gd is 162.1 MPa at am-
bient temperature and 97.3 MPa at 300 °C, which are increased
by 19.8 % and 69.8 %, respectively, in contrast to the alloy
without Gd addition.

(4) The increase in ambient yield strength can be mainly attributed
to the increased secondary phase strengthening of intermetallic
compounds at grain boundaries and the enhanced solid solution
strengthening of Gd in Mg matrix. The increase of thermally
stable intermetallic compounds Mg,RE, Mg,Gd and MgsGd
contribute to the increase of yield strength at elevated tem-
peratures. The fracture mechanism of the Gd-containing alloys
at ambient temperature is quasi-cleavage fracture.
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