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Abstract: With the aim to further improve the mechanical properties of Mg—AI-RE-based alloy, Mg—3.0A1-1.8Ce—0.3Y—0.2Mn
alloy was prepared by high-pressure die-casting technique. The microstructure, thermal stability of intermetallic phases and
mechanical properties were investigated. The results show that the alloy is composed of fine primary a-Mg dendrites and eutectic in
the interdendritic regions. The intermetallic phases in eutectic are Al;;(Ce,Y); and Aly(Ce,Y) with the former being the dominant one.
The thermal stability of Al;;(Ce,Y); is conditioned. It is basically stable at temperature up to 200 °C within 800 h, while most of the
Al;;(Ce,Y); intermetallics transform to Aly(Ce,Y) at higher temperature of 450 °C for 800 h. The alloy exhibits remarkably improved
strength both at room temperature and 200 °C, which is mainly attributed to the reinforcement of dendrite boundaries with
Al;;(Ce,Y); intermetallics, small dendritic arm spacing effect as well as the solid solution strengthening with Y element.
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1 Introduction

In recent years, magnesium alloy in the form of
high-pressure die-cast (HPDC) components has attracted
much attention in automotive applications as advanced
light material. Mg—Al-based alloys such as AZ91D and
AMOG60B are used extensively in some non-critical parts
[1]. However, these alloys are unsuitable for more
critical components such as transmission and engine
parts because of their poor mechanical properties at
temperature above 125 °C [2, 3]. Further studies show
that it is ascribed to the coarsening of f-Mg;;Al;, phase
in the eutectic region [4] and the discontinuous
precipitate of lamellar Mg ;Al;, from a-Mg matrix [5].
Moreover, a widely accepted view is that both diffusion
controlled dislocation climbing and grain boundary
sliding are the creep mechanisms in Mg—Al-based alloys
[6]. Therefore, the design of alloys with good heat

resistance should be based on the reinforcement of both
the grain/dendrite boundaries and the a-Mg matrix.

The Mg—AI-RE series alloys such as AE42 are the
typical heat-resistant alloys designed for lightweight
applications in the automotive industry [7]. However,
there still appear inconsistencies in the previous reports
as to the stability of the main strengthening phase
Al;RE; in Mg—AIl-RE alloys. PETTERSON et al [8]
(AEA42 heat treated at 150, 200 and 250 °C for 100 h),
HUANG et al [9] (AE42, 450 °C for 15 h), ZHU et al [5]
(AE42, 200 °C for 2 weeks), DARGUSCH et al [10]
(AE42+1%$r, 200 °C for 2 weeks) and RZYCHON et al
[11] (AE44, 175 °C for 3000 h) reported that the
intermetallic phase Al;;RE; has high thermal stability,
and no decomposition is observed. In contrast, according
to the work by POWELL et al [12] (AE42, 175 °C for
1000 h with and without stress) and our recent work [13]
(AE44, 200 °C for 100 h under 70 MPa stress), Al;;RE;
is unstable and partially decomposes to ALRE.
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In this work, a new heat-resistant HPDC Mg alloy
was designed. Relatively low Al content was used to
improve the die castability, form high melting point
intermetallics and try to avoid the formation of Mg;,Al,,.
Ce with low solid solubility in Mg (0.74%, mass fraction)
was added to form large amount of Al—Ce intermetallic
particles to reinforce the grain/dendrite boundaries [14];
Y with high solubility in Mg (12.4%, mass fraction) was
expected to strengthen the a-Mg matrix [14]. The
microstructure, thermal stability of intermetallic and
mechanical properties at room temperature and 200 °C of
HPDC Mg—Al-Ce—Y-based alloy were investigated.

2 Experimental

The chemical composition of the experimental alloy
was Mg—3.0A1-1.8Ce—0.3Y—0.2Mn (ACY320). The
reference alloy prepared under the same condition was
Mg—3.3A1-0.2Mn (AM30). Commercial pure Mg and Al
were used. Ce, Y and Mn were added in the form of
Mg—20%Ce, Mg—20%Y and Al-10%Mn master alloys
(mass fraction). Specimens were die cast using a 280 t
clamping force cold chamber die-cast machine. About 20
kg raw materials were melted in a mild steel crucible.
Pure argon was used as protective gas and refined gas.
The molten metal was hand-ladled into the casting
machine and the melt temperature prior to casting was
about 700 °C. The die was equipped with an oil
heating/cooling system and the temperature of the oil
heater was set to 220 °C. The chemical compositions of
the castings were determined by inductively coupled
plasma atomic emission spectrometer.

The tensile samples were 70 mm in gauge length
and 6 mm in gauge diameter, as shown in Fig. 1. Tensile
tests were performed using Instron 5869 tensile testing
machine at a strain rate of 1.1x10 °s". The experimental
result in the study was the average value of at least four
measured specimens. Metallographic sample was cut
from the middle segment of the tensile bar. The
microstructures and  intermetallic  phases  were
characterized by scanning electron microscope (SEM)

Fig. 1 Photo of HPDC tensile test bars obtained from ACY320
alloy

equipped with an energy dispersive X-ray spectrometer
(EDS) and X-ray diffractometer (XRD).

3 Results and discussion

3.1 Microstructure

In order to understand the role of Ce and Y
additions in the Mg—3Al-based alloy, the microstructure
of HPDC AM30 alloy is observed, as shown in Fig. 2(a).
It reveals that the AM30 alloy is composed of primary
a-Mg dendrites surrounded by interdendritic eutectic. A
spot of p-Mgl;Al;, intermetallics disperses in the
interdendritic regions. The average dendritic arm spacing
(DAS) is about 17 um. The remarkable changes in the
microstructure can be observed with the addition of Ce
and Y, as shown in Fig. 2(b). The primary a-Mg
dendrites in HPDC ACY320 alloy tend to be equiaxed
and the average DAS is reduced to 9 um. More important,
the amount of intermetallic compounds in the
interdendritic regions is much higher than that in AM30
alloy with the similar Al content.

3.2 Intermetallics and their thermal stability

The XRD result of the HPDC ACY320 alloy is
illustrated in Fig. 3(a). It is known that Mg—Al-Zn (AZ)
and Mg—Al-Mn (AM) alloys are mainly composed of
a-Mg and f-Mg;Al;, phases [15], the diffraction peaks
of f-Mg;;Al,, are not emerged due to the addition of Ce
and Y. The main secondary phases in ACY320 alloy are
Alj1(Ce,Y); and Aly(Ce,Y), while the diffraction peak of
Alj1(Ce,Y); is much more intense than that of Aly(Ce,Y),
which suggests that the former is the dominant one.

The magnified SEM images characterizing the
secondary phases are shown in Figs. 2(c) and (d). The
acicular intermetallics with length of 1-3 um arrange in
a row then the rows form layers roughly, which exhibits
outstanding morphology and distribution of the
intermetallics. Besides, a few polyhedral intermetallics
with size of 1-5 pum can be observed by SEM
observations. EDS analyses were used to identify these
intermetallics. Figures 2(e) and (f) show the EDS spectra
detected from acicular intermetallics and polyhedral
intermetallic, respectively. Combined with the XRD
result, the acicular intermetallic is identified as
Al;(Ce,Y); and the polyhedral one corresponds to
Aly(Ce,Y). It is worthwhile to note that Al;;(Ce,Y); has
higher content of Ce than Y, while Y content is much
higher than Ce in Aly(Ce,Y).

To study the thermal stability of Al (Ce,Y);
intermetallic, some samples were aged at 200 and 450 °C
for 800 h, respectively. The microstructure of ACY320
alloy after heat treatment is shown in Fig. 4. There is no
obvious evidence of decomposition of the intermetallics
in 200 °C annealed sample, except that a few particles
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Fig. 2 SEM images and EDS analyses of HPDC alloys: (a) SEM images of AM30 alloy; (b, ¢, d) SEM images of HPDC ACY320
alloy; (e) EDS analyses of acicular intermetallics at point 4; (f) EDS analyses of polyhedral intermetallic at point B

C|
» -— Mg
4— Al (Ce, Y),
a— Aly(Ce, Y)

-
A\

20 30 40 50 60
20/(%)
Fig. 3 XRD patterns of HPDC ACY?320 alloys before aging (a),

after aging at 200 °C for 800 h (b) and after aging at 450 °C
for 800 h (¢)

show certain coarsening (see Figs. 4(a)—(c)). The XRD
patterns also show incognizable changes before and after
200 °C aging by comparing Figs. 3(a) and (b). However,
the conspicuous change of microstructure could be
observed after age treatment at higher temperature of
450 °C (Figs. 4(d)—(f)). It reveals that most of the
acicular intermetallics disappear and give place to fine
quadrate-like particles with size of 100-400 nm in
interdendritic regions. The XRD pattern illustrated in
Fig. 3(c) also changes obviously after 450 °C aging,
namely, the intensity of Al;;(Ce,Y); peaks decreases and
that of Al,(Ce,Y) peaks increases obviously. In addition,
EDS in SEM mode also indicates the Al: (Ce,Y) atom
ratio of these small particles is close to 2:1, not 11:3.
Therefore, the present study shows a clear evidence of
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Fig. 4 SEM images of HPDC ACY320 after ageing at 200 °C (a, b, ¢) and 450 °C for 800 h (d, e, f)

the phase transition according to the reaction
Al;1(Ce,Y); — 3AlL(Ce, Y) + SA1[12].

The observations reported here suggest that there is
a limit to the thermal stability of Al;;RE;. Up to now, the
thermal stability of the main strengthening phase Al;;RE;
in Mg—AI-RE alloys is still a matter of debate [6, 9—14].
POWELL et al [12] investigated the microstructural
stability of die-cast AE42 (Mg—4AI-2RE) alloys which
were individually creep tested for 1000 h at 22, 100, 125,
150 and 175 °C. It was reported that the lamellar/acicular
phase Al;RE;, which dominates the interdendritic
microstructure of the alloy, partly decomposes into
ALRE and Al (forming Mg;;Al,,) at temperature above
150 °C (i.e. 175 °C), and the sharp decrease in the creep
resistance is attributed to the reduced presence of the
lamellar/acicular Al;;RE; and the appearance of
Mg ;Al},. In addition, it was also pointed out that the
stress is not a contributing factor to Al;RE; stability.
However, ZHU et al [5] reported that intermetallic phase

Al RE; in die-cast AE42 has high thermal stability with
no decomposition observed at temperature up to 200 °C
for 336 h, meanwhile, the continuous precipitation of
Mg ;Al, due to the supersaturation of Al solute was
observed in the Mg matrix, which was considered to be
responsible for the deterioration in creep resistance at
temperatures above 150 °C. In the present work, as for
the alloy Mg—3.0A1-1.8Ce—0.3Y—0.2Mn after severe
aging treatment at 200 °C for 800 h, neither obvious
decomposition of Al;;RE; (i.e. Alj;(Ce,Y)s) nor the
formation of Mg;;Al;, is observed. It is considered that
following aspects are related to the stability of Al;|RE;
and the formation of Mg;;Al;,. First, the harsh degree of
aging treatment containing aging temperature and time is
an important factor for the composition of Al;;REs. This
may be responsible for the different observation results
by POWELL et al (175 °C for 1000 h) and ZHU et al
(200 °C for 336 h) in AE42 alloy as well as ACY320
alloy in this study (200 °C for 800 h and 450 °C for
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800 h) at different aging temperatures. Second, the
difference of RE components also affects the stability of
Al;|RE; [13], which is a factor to explain the difference
between Al;|RE; in AE42 and Al (Ce, Y); in ACY320
alloy. Last, the lower Al content in ACY320 (3%)
compared with that in AE42 (4%) causes little Al
sequestered as soluted in the Mg matrix, which is
responsible for no discernible precipitation of Mg;;Al;,
after aging in ACY320 alloy. The absence of DSC
analysis to study phase transition challenges further
work.

3.3 Mechanical properties

The representative tensile stress—strain curves of
HPDC ACY320 and AM30 alloys at room temperature
and 200 °C are shown in Fig. 5. The tensile properties
including ultimate tensile strength, tensile yield strength
and elongation to failure are listed in Table 1. The
strength increases dramatically by 45—65 MPa both at
room temperature and 200 °C, while the elongation still
keeps a high level with the addition of Ce and Y to
AM30 alloy. The following aspects are considered to be
related to the improved strength. The first and also the
most important aspect is the formation of large amount
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Fig. 5 Typical tensile stress—strain curves of HPDC alloys at
room temperature (a) and 200 °C (b)

of Al;;(Ce,Y); intermetallics which provide considerable
reinforcement of dendrite boundaries. Second, since the
DAS is finer for the Mg—3Al-based alloys containing Ce
and Y, the fine DAS effect can contribute to the observed
increase in strength. Another factor is the strengthening
of the a-Mg matrix by solid solution with rare earth
elements especially Y. Generally, the ductility is low for
the alloy containing large amount of intermetallic
particles [16]. However, the elongation of HPDC
ACY320 alloy with high volume fraction of
intermetallics still keeps a high level. It may be related to
the fine morphology and arrangement of Al;;(Ce,Y);
intermetallics.

Table 1 Tensile and compressive properties of HPDC alloys at
room temperature and 200 °C

Room temperature

Alloy Tensile yield  Ultimate tensile Elongation/
strength/MPa  strength/MPa %
ACY320 158 255 10
AM30 116 191 9

200 °C

Alloy Tensile yield ~ Ultimate tensile Elongation
strength/MPa strength/MPa /%
ACY320 103 120 22
AM30 60 72 18

4 Conclusions

1) With the addition of 1.8% Ce and 0.3% Y to
Mg—3%Al-based alloy, the primary Mg dendrites are
refined, the intermetallic phase Mg;;Al;; is completely
suppressed and substituted by Al;;(Ce,Y); and Al,(Ce,Y)
with the former being the dominant one at the
interdendritic regions.

2) Al;1(Ce,Y); intermetallics are basically stable at
temperature up to 200 °C within 800 h, while most of the
Al;(Ce,Y); transform to Al,(Ce,Y) at higher temperature
of 450 °C for 800 h. This suggests that the thermal
stability of Al;;RE; is conditioned.

3) The high-pressure die-cast Mg—3.0A1-1.8Ce—
0.3Y-0.2Mn alloy exhibits significantly improved
strength at room temperature and 200 °C, which is the
results of the reinforcement of dendrite boundaries with
Alj1(Ce,Y); intermetallics, fine dendritic arm spacing
effect as well as the solid solution strengthening with Y
element.
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