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ABSTRACT

Mg-3.4 wt.% Al-based alloy modified with 2.4 wt.% Ce-rich and 0.3 wt.% Y-rich misch metals was prepared
by high-pressure die-casting. The microstructure, thermal stability of intermetallic phases and mechan-
ical properties were investigated. The cross-section of test bar is divided into the fine skin region and
the wide core region by a narrow band. Two intermetallic phases Al;1RE3 and Al RE, with the former
being the dominant one, are mainly distributed at the interdendritic regions. The Al;1RE; intermetallics
possess high volume fraction, fine acicular/lamellar morphology and layered arrangement. It is suggests
that each rare earth element has the individual preference for the above two Al-RE intermetallics. The
thermal stability of Al;1RE;3 is conditioned. It is basically stable at temperature up to 200 °C within 800 h,
while almost all Al;1RE; intermetallics transform to Al,RE at higher temperature of 450 °C for 800 h. The
alloy exhibits remarkably improved tensile and compressive yield strengths at room temperature and
200°C and they are the results of the reinforcement of dendrite boundaries with Aly;RE; intermetallics,
the fine dendritic arm spacing effect as well as the solid solution strengthening with various rare earth

elements.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

As the lightest metal structural material, magnesium alloy is
very suitable for the automotive industry where weight saving,
energy efficiency and emission reduction are essential at present
[1]. Majority of magnesium parts used in automotive applications is
high-pressure die-cast (HPDC). The HPDC Mg-Al-based alloys such
as AZ91D, AM60B and AMS50A alloys are used extensively since
these alloys exhibit good die castability and suitable balance of
room-temperature strength and ductility [1,2]. However, the appli-
cation temperature of these alloys is limited to about 125 °C, above
which the mechanical properties decrease sharply [3].

The design of alloys for good heat resistance has to be based on
an understanding of what the strengthening mechanisms are, how
they fail and how their failure can be retarded [4]. Awidely accepted
view is that both diffusion controlled dislocation climb and grain
boundary sliding (GBS) are the creep mechanism in Mg alloys [3,5].
Moreover, Moreno et al. [6] has pointed out that microstructural
instability in the near-grain boundary regions significantly influ-
ences creep behavior in the fine-grained HPDC Mg alloys. Up to
now, typical heat resistant HPDC Mg alloys developed include AE42
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(Mg-4AI-2RE) [7], AE44 (Mg-4AI1-4RE) [8], MEZ (Mg-2RE-0.3Zn)
(above RE = Ce-rich misch metal) [6], AJ62 (Mg-6Al-2Sr) [9], AX52
(Mg-5Al-2Ca) [10] and MRI153 (Mg-9Al-0.7Zn-1Ca-0.1Sr) [11].
The strengthening mechanism of these alloys mainly focused on the
reinforcement of grain/dendrite boundaries with thermally stable
intermetallic particles to inhibit GBS. However, some intermetallics
are not always thermal stable just as Mg;7Al;, in AZ and AM alloys.
They either undergo phase transition or small ones disappear and
larger ones grow [4]. On the other hand, the hard intermetallics can
increase strength and the influencing degree is dependent on the
characteristics of the intermetallics such as type, size, morphology
and distribution [12].

In fact, to improve highly heat resistant Mg alloys, besides
grain/dendrite boundaries the strengthening of Mg matrix by
solid solution and/or precipitation also should give consideration.
Maruyama et al. [13] reported that Y has a higher solid solu-
tion strengthening effect than Al in Mg alloys. Just recently, Zhu
et al. [14] studied the relationship between microstructure and
creep resistance in HPDC Mg-La, Mg-Ce, Mg-Nd binary alloys and
reported that strengthening of the a-Mg matrix by solid solution
and/or precipitation is more important than grain boundary rein-
forcement by intermetallic phases for creep resistance of HPDC
Mg-RE alloys.

The behavior of RE elements in Mg alloys can be divided into
two subgroups: the Ce subgroup and the Y subgroup [15]. The solid
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solubility of the formers in Mg is low while it is high for the latters.
In addition, RE additions have generally been regarded as expensive
alloying additions, but in fact Ce-rich misch metal (Cemm) contain-
ing most of Ce subgroup elements and Y-rich misch metal (Ymm)
composed of most Y subgroup elements are relatively low in cost
and much cheaper than the single rare earth [16,17]. In this work, a
new heat-resistant HPDC Mg alloy was designed. Relatively low Al
content was used to improve the die castability and form high melt-
ing point Al-RE intermetallics; Cemm with the low solid solubility
in Mg was added to form large amount of intermetallic particles to
reinforce the grain/dendrite boundaries; Ymm with high solubility
in Mg was expected to provide strengthening of the a-Mg matrix.
As for this paper, we mainly focused on the microstructure, ther-
mal stability of intermetallic and mechanical properties at room
temperature and 200 °C of HPDC Mg-Al-Cemm-Ymm-based alloy.

Fig. 1. HPDC tensile test bars obtained from AEW320.

Fig. 2. Microstructure of the HPDC alloys: (a) OM image showing the skin and partial core regions of AM30; (b) SEM image showing the core regions of AM30; (c) OM image
showing the skin and partial core regions of AEW320; SEM images showing the skin (d) and core (e) regions.
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Table 1
Main chemical compositions of the Ce-rich misch metal and Y-rich misch metal.

Misch metal Composition (wt.%)

La Ce Pr Nd Sm Eu

Dy Ho Er Tm Yb Lu Y

Cemm 27.03 5146 5.87 15.64 <0.10 -
Ymm 0.11 - - 0.16 - <0.10

0.11 6.30 11.22 1.45 0.18 0.55 79.75

2. Experimental procedures

The chemical composition (wt.%) of experimental alloy is
Mg-3.4Al-2.4Cemm-0.3Ymm-0.3Mn (AEW320). The reference alloy prepared and
tested in the same condition is Mg-3.3Al1-0.2Mn (AM30). Commercial pure Mg
and Al were used, Mn, Cemm and Ymm were added in the form of Al-10wt.%
Mn and Mg-20wt.% Cemm and Mg-20wt.% Ymm master alloys, respectively.
Specimens were produced using a 280t clamping force cold chamber die-cast
machine. The main chemical compositions of the misch metals and the specimens
were determined by inductively coupled plasma atomic emission spectroscopy
(ICP-AES). Table 1 lists the main compositions of Cemm and Ymm. Only the Ce and
Y contents were analysed in the specimens and the rest rare earth elements were
calculated according to the composition of misch metals.

The tensile samples were 70 mm in gauge length and 6 mm in gauge diameter,
as shown in Fig. 1. The compressive samples were 6 mm in diameter and 10 mm in
height, which were cut from the tensile bars. Tensile and compressive tests were per-
formed using Instron 5869 tensile testing machine with astrainrate of 1.1 x 103 s-1.
The value in the study was the average of at least four measurements. Metallographic
samples were cut from the middle segment of the tensile bars. The microstructure
and intermetallic phases were characterized by scanning electron microscope (SEM)
equipped with an energy dispersive X-ray spectrometer (EDS) and X-ray diffraction
(XRD).

3. Results and discussion
3.1. Microstructure

In order to study the role of the Cemm and Ymm additions in the
Mg-3Al-based alloy, firstly the microstructure of HPDC AM30 alloy
without Cemm and Ymm is shown in Fig. 2(a) and (b). It reveals
that the AM30 alloy consists of the primary a-Mg dendrites sur-
rounded with interdendritic eutectic. Moreover, there is no obvious
compact layer in skin region. Further SEM observation reveals that
the average dendritic arm spacing (DAS) is about 17 pm and a spot
of B-Mg17Al;; intermetallics disperse in interdendritic regions. The
obvious changes in the microstructure can be observed with Cemm
and Ymm additions. As shown in Fig. 2(c), a narrow band can be
found and divides the cross-section into the skin region with the
thickness of about 200 wm and the wide core region. Peng et al. [18]
identified that the similar narrow band in HPDC Mg-Gy-Dy alloy is
the segregation of the alloying elements. What is more important,
the amount of intermetallic compounds in interdendritic regions
in AEW320 alloy is much higher than that in AM30 alloy of similar
Al content. Fig. 2(d) and (e) shows the comparative observation on
the skin region and core region microstructures. It can be seen that
the skin region has the much finer dendrites than the core region of
the casting. The average DAS in skin region is less than 3 wm while
the value of the core region is up to 8 pm.
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Fig. 3. XRD patterns of the HPDC AEW320 alloy (a), the samples after annealing at
200°C (b) and 450°C (c) for 800 h.

3.2. Intermetallics and their thermal stability

XRD result of the HPDC AEW320 alloy is illustrated in Fig. 3(a).
It has been known that AZ and AM alloys are mainly composed
of a-Mg and 3-Mg;7Aly, phases, while as shown in the figure, no
obvious peaks of 3-Mgi7Al;; phase emerge due to the addition of
Cemm and Ymm. The main secondary phases in AEW320 alloy are
Al;1RE3 and Al RE (RE here represents both Cemm and Ymm), while
Aly1RE3 diffraction peak is much more intense than that of Al;RE,
which suggests that the former is the dominant secondary phase.

The magnified SEM images characterizing the secondary phases
in the core region of HPDC AEW320 alloy are shown in Fig. 4. It can
be found that the acicular/lamellar intermetallics with the length
of 1-3 wm arrange in a row then the rows form layers roughly
(Fig.4(a) and (b)). This is the outstanding morphology and distribu-
tion of the intermetallics. EDS analyses were used to identify these
intermetallics. Fig. 4(d) shows one of the EDS spectrums and Table 2
lists the elementary compositions (marked as A). Note that almost
all the rare earth elements within Cemm and Ymm are detected
and Ce content is most among them. Combined with XRD result, the
acicular/lamellar intermetallics are identified as Al;1REs. Besides, a
few quadrate-like intermetallics with size of 1-3 wm can be found
by careful SEM observations, as shown in Fig. 4(c). Fig. 4(e) dis-

E;l;l:rlzalysis results of acicular/lamellar (A) and quadrate-like (B) intermetallics.
Phase Composition (at.%)
Mg Al Ce La Y Nd Sm Dy Lu Eu Er Tm Mn
A 79.35 15.80 1.74 1.02 0.92 0.35 0.16 0.13 0.12 0.11 0.10 0.08 - 0.11
B 76.23 15.08 1.21 0.14 6.43 0.18 0.22 0.02 - 0.07 0.11 0.17 0.09 0.06
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Fig. 4. (a)-(c) SEM images of the intermetallic phases in HPDC AEW320 alloy; (d) EDS spectrum of acicular/lamellar intermetallics; (e) EDS spectrum of quadrate-like

intermetallic.

plays one of its EDS spectrums and the elementary compositions
are also listed in Table 2 (marked as B). It is worthwhile to note
that Y content is much higher than the other rare earth elements.
The quadrate-like intermetallic corresponds to Al,RE according
to EDS analyses combined with the XRD result. Here some cases
should be pointed out in the EDS analyses. The interaction between
the electron beam and the Mg matrix is inevitable due to the so
fine size of the particles, thus Mg atoms are found in the EDS
analyses. The content of some rare earth elements with low level
in Cemm and Ymm are not determined completely in the inter-
metallics and theirrelative proportions are alterable, while the ratio
of main rare earth elements such as Ce, La, Y and Nd are almost
certain.

To study the thermal stability of AI-RE intermetallics, some sam-
ples were annealed at 200°C and 450°C for 800 h, respectively.
The microstructure of AEW320 alloy after annealing treatment is
shown in Fig. 5. In 200°C annealing sample, as shown in Fig. 5(a)
and (b), the acicular/lamellar Al;1RE3 intermetallics in the inter-
dentritic regions appear to be stable, without discernible change

in size or shape. Careful examination reveals an interesting fea-
ture as shown in Fig. 5(c), a cubic Al;RE intermetallic grows
together with the dendritic Aly1RE3. XRD patterns also show inc-
ognizable changes before and after 200 °C annealing by compared
Fig. 3(a) with (b). However, the obvious change of microstructure
could be observed after annealing treatment at higher temper-
ature of 450°C (Fig. 5(d)). At higher magnification as shown in
Fig. 5(e) and (f), it reveals that almost all the acicular/lamellar
intermetallics disappear and give place to fine quadrate-like parti-
cles with size of about 100-300 nm in interdendritic regions. XRD
pattern as shown in Fig. 3(c) also changes obvious after anneal-
ing at 450°C, namely, the intensity of Al{;RE; peaks decrease
and that of ALRE peaks increase obviously. It is a significant
observation, which gives the clear evidence of Al{1RE3 phase tran-
sition.

However, the stability and decomposition of the main strength-
ening phase Al{1RE3 in Mg-AI-RE-based alloys are still a matter
of debate in the previous reports. According to the earlier work by
Powell et al. (AE42, 175 °C for 1000 h with and without stress) [19]
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Fig. 5. SEM images showing microstructure of HPDC AEW320 alloy after annealing at (a)-(c) 200°C and (d)-(f) 450 °C for 800 h.

and our recent work (AE44, 200°C for 100 h with 70 MPa stress)
[20], Al11RE3 is unstable and partially decomposes to Al RE. In con-
trast, Pettersen et al. (AE42 heat treated at 150, 200 and 250°C
for 100 h) [21], Huang et al. (AE42, 450°C for 15h) [7], Zhu et al.
(AE42, 200°C for 2 weeks) [22], Dargusch et al. (AE42 +1 wt.% Sr,
200°C for 2 weeks) [23], Rzychon et al. (AE44, 175 °C for 3000 h)
[24] and Shang et al. (AZ31+0.21 wt.% Ce, 450°C for 10h) [25]
reported that the intermetallic phase Al;;RE3 have high ther-
mal stability, without decomposition observed. The observations
reported here indicate that there is a limit to the thermal stabil-
ity of Al;1REs3, and it is stable at temperature up to 200°C within
800 h, while almost all Al;1RE;3 intermetallics transform to Al RE at
higher temperature of 450 °C for 800 h. As to the exact phase tran-
sition point (temperature and time) and the effect of different rare
earth elements in Al;1RE3 on its stability, further work would be
required.

3.3. Mechanical properties

The representative tensile and compressive stress—strain curves
of HPDC AEW320 and AM30 alloys at room temperature (RT) and
200°Care shown in Fig. 6. Table 3 lists the tensile properties includ-
ing tensile yield strength (TYS), ultimate tensile strength (UTS) and
tensile elongation (&) and the compressive properties including
compressive yield strength (CYS), ultimate compressive strength
(UCS) and compressive elongation (&¢). Two notable informations
can be obtained by analysis of these figures and data. The strength
increases dramatically by about 40-75 MPa while the elongation
still keeps similar level with adding Cemm and Ymm to AM30 alloy.

The following aspects are considered to be related to the
improved strength. Since the DAS is finer for the Mg-3Al-based
alloys with Cemm and Ymm, the fine DAS effect can contribute to
the observed increase in strength. Another factor to be considered
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Fig. 6. Typical stress—strain curves of the HPDC alloys: (a) tensile curves at (a) room temperature and (b) 200 °C; compressive curves at (c) room temperature and (d) 200°C.

?e“r::?l:and compressive properties of the HPDC alloys at room temperature and 200°C.
Alloy RT 200°C RT 200°C
TYS(MPa)  UTS(MPa) & (%)  TYS(MPa) UTS(MPa) & (%)  CYS(MPa) UCS(MPa) & (%)  CYS(MPa) UCS(MPa)  &c(%)
AEW320 166 267 11 102 117 20 158 372 17 169 249 33
AM30 116 191 9 60 72 18 115 305 19 113 195 41

is the strengthening of the a-Mg matrix by solid solution with vari-
ous rare earth elements. The last and also the more important is the
formation of large amount of Al;{RE3 intermetallics which provide
the considerable reinforcement of dendrite boundaries. Generally,
the ductility is low for the alloy containing a large number of inter-
metallic particles [26]. However, the elongation of HPDC AEW320
alloy with high volume fraction of intermetallics still keeps high
level as that of AM30 alloy. It may be attributed to the fine mor-
phology and arrangement of Al;1RE3 intermetallics.

4. Conclusions

The microstructure, intermetallic
mechanical properties of high-pressure die-cast
Mg-3.4A1-2.4Cemm-0.3Ymm-0.3Mn (wt.%, Cemm=Ce-rich
misch metal, Ymm=Y-rich misch metal) alloy have been
investigated. The main results are summarized as follows.

phases and

(1) The cross-section of test bar could be divided into the fine skin
region and the wide core region. A large amount of Al{;RE3
intermetallics with fine acicular/lamellar morphology and lay-
ered arrangement and a few quadrate-like Al, RE were observed

at the interdendritic regions. Ce content in Al;;RE3 is higher
than the other rare earth elements and Y is preferred to exist in
AlLRE.

(2) Both the Al{1RE3; and Al;RE intermetallics are stable at tem-
perature up to 200°C within 800 h, while almost all Al;;RE3
transform to AlLRE at higher temperature of 450°C for 800 h.
This suggests that the thermal stability of Al;1RE3 is condi-
tioned.

(3) The alloy exhibits significantly improved tensile and compres-
sive strengths at room temperature and 200 °C, which is mainly
attributed to the reinforcement of dendrite boundaries with
Al11RE3 intermetallics, the small dendritic arm spacing effect
as well as the solid solution strengthening with various rare
earth elements.
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