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Abstract: This article investigates the microstructure and mechanical properties of Mg-4Al-4Ce-1Y alloy prepared by
gravity casting and squeeze casting methods. The results indicate that the phase composition of the alloys prepared by
the two casting methods is identical, consisting of an α-Mg matrix, a needle-like Al11(Ce,Y)3 phase, a block-like
Al2(Ce,Y) phase and a minor of Mg17Al12 phase. However, the squeeze casting microstructure exhibits a significant
grain refinement, which can significantly improve the mechanical properties of Mg-4Al-4Ce-1Y alloy. The compressive
strength, yield strength, and hardness of the squeeze cast alloy reach 333.7 MPa, 117.7 MPa, and 79.7 HV, respectively,
which are 19.3%, 66.7%, and 8.7% higher than those of the gravity cast alloy. However, grain refinement leads to grain
boundaries impeding the free movement of electrons and phonons, thereby reducing their mean free path. As a result,
the thermal diffusivity and thermal conductivity of the squeeze cast Mg-4Al-4Ce-1Y alloy are lower than those of the
gravity cast alloy.
Key words: magnesium alloy; gravity casting; squeeze casting; microstructure; mechanical properties; thermal
conductivity properties

1 Introduction
Magnesium alloys, featuring high specific

strength, low density, and good workability, have
become important lightweight structural materials.
The addition of rare earth elements cerium (Ce) and
yttrium (Y) can improve the heat resistance and
corrosion resistance of magnesium alloys. Moreover,
it can enhance the strength and hardness of
magnesium alloys to a certain extent, thus meeting the
requirements for high - strength and lightweight alloys
in some fields [1-5]. Therefore, magnesium alloys have
broad application prospects in the automotive,
aerospace, 3C and other fields [6-12]. In industrial
applications, magnesium alloys have attracted much
attention due to their excellent properties, among
which the Mg-Al-RE alloy system is an important
alloy system [13,14]. Cerium is a commonly used rare
earth element with a relatively low cost, which meets
the requirements of low cost in alloy design. The
electronegativities of cerium (Ce), aluminum (Al) and
magnesium (Mg) are 1.12, 1.61 and 1.31 respectively.
Since the electronegativity difference between cerium
(Ce) and aluminum (Al) is the largest, the intermetallic
phase of Al-Ce will be preferentially formed, thus

inhibiting the formation of Mg17Al12. Due to the
relatively high melting point of the Al-Ce phase, it can
act as a strengthening phase in the alloy, enhancing the
mechanical properties of the material [15], and the
addition of the Y element has a similar effect. Based
on the above reasons, the addition of rare earth
elements plays an important role in strengthening the
mechanical properties of alloys [16].

Traditional casting processes generally suffer
from numerous casting defects. In contrast, the
squeeze casting process has the following
characteristics compared with traditional casting
processes: (1) By applying pressure, it can increase the
solidification rate of the alloy, enhance the nucleation
rate, and slow down the grain growth rate, thus
refining the grain structure of the alloy. (2) The
applied pressure helps to increase the solid solubility
of solute elements. The uniformly distributed
non-metallic inclusions can reduce the degree of
segregation, minimize the formation of defects such as
pores and shrinkage cavities, and improve the quality
of the material [9]. (3) It can reduce waste and
secondary processing, lower the environmental impact,
and promote sustainable development [17,18]. The
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squeeze casting process can effectively improve the
material properties, enhance the production efficiency
of alloys, reduce the production cost, and is suitable
for the production needs of various industrial fields.

2 Materials and Methods
The Mg blocks with a purity of 99.99%, Al

blocks, Mg-30%Ce master alloy and Mg-20%Y
master alloy were melted in a high-frequency vacuum
induction melting furnace. The Mg-4Al-4Ce-1Y alloy
samples for gravity casting were prepared by
induction melting in a graphite crucible at a melting
temperature of 750 °C, followed by furnace cooling.
The size of the samples is Φ20×100 mm. The
extrusion device consists mainly of a quartz tube, a
push rod and a copper mold [19]. The extrusion device
was installed in the high-frequency vacuum induction
melting furnace, and the alloy was melted in the quartz
tube. After the sample was melted, the molten alloy
was injected into the copper mold by driving the push
rod with an air pump. The extrusion speed is 0.3 m/s,
and the cooling rate of the copper mold is about 200
K/s. The rod-shaped samples with a size of Φ8 mm
were obtained after squeeze casting.

The squeeze casting samples were cut into
cylindrical specimens with a diameter of Φ6 mm.
These cylindrical specimens were inlaid, then polished
with silicon carbide sandpapers ranging from 120 to
2000 mesh, and subsequently polished with a 0.5 μm
diamond polishing paste. The specimens were etched
with a 4% nitric acid-alcohol solution. The
microstructure was observed and energy-dispersive
spectroscopy (EDS) analysis was carried out using a
scanning electron microscope (SEM) (JEOL
JSM-6510) and an energy-dispersive spectrometer
(EDS) (OXFORD X-200 max). The phase
composition of the samples was analyzed by X-ray

diffraction (XRD) (Empyrean from the Netherlands)
with a Cu target using the Cu-Kα line, and the
scanning range was from 5° to 90°.

The compression properties were tested on a
universal testing machine (CTM-4304). The indenter
speed was 0.2 mm/min, and the size of the
compression specimen was Φ6×10 mm. The fracture
morphology of the specimens was observed by
scanning electron microscopy (SEM).

3 Experiment results
3.1 Microstructure

The metallographic structures of the
Mg-4Al-4Ce-1Y alloy prepared by gravity casting and
squeeze casting are shown in Fig. 1. Fig. 1 (a)
corresponds to the as-cast alloy structure. A large
number of fine blocky or strip-shaped phases can be
observed to aggregate, and under the metallographic
microscope, the second phase appears as dark
agglomerated shapes. Fig. 1 (b) and (c) correspond to
the metallographic photos of the squeeze casting
Mg-4Al-4Ce-1Y alloy at magnifications of 200 times
and 500 times. It can be seen that after squeeze casting,
the agglomerated and disorderly distributed second
phase transforms into a dendritic structure, and the
number of the second phase increases. The grain
boundaries of the sample are very obvious. Under fast
cooling conditions, when liquid alloys are crystallized
in a dendritic manner, due to the slow diffusion of
atoms in the solid phase to a uniform process, the
dendrites first precipitated, the dendrites later
precipitated, and the dendritic interstitial have
different compositions. The first precipitated dendrites
contain more high-melting point components, while
the dendritic interstitial contains more low-melting
point components.

Fig 1. Metallographic photos of Mg-4Al-4Ce-1Y alloy produced by gravity casting and squeeze casting:
(a) gravity casting (b) squeeze casting×200 (c) squeeze casting×500
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Due to the use of copper molds in extrusion
casting, the cooling rate is faster. With a relatively fast
cooling rate, atoms of Al, Ce and Y in the metal do not
have enough time to diffuse and migrate. Affected by
the grain boundary energy, they will accumulate at the
grain boundaries. According to the Gibbs-Thomson
equation, the nucleation rate is proportional to the
supersaturation. As the solidification temperature
decreases, the solubility of Al, Ce and Y atoms
decreases, making the alloy more likely to be
supersaturated, thus increasing the nucleation rate and
slowing down the grain growth rate [20]. The
solidification theory indicates that the nucleation rate I
and the growth rate V determine the grain size of the
solidified alloy. However, both the nucleation rate and
the growth rate are related to the cooling rate, and the

magnitudes of their accelerations are different. The
quantitative relationship between them and the grain
size d can be expressed as [21]:

� = �
�

1
4 (1)

The grain size decreases with an increase in the
nucleation rate and increases with an increase in the
growth rate. When the cooling rate is fast, the
undercooling degree becomes larger, the free energy
difference between the liquid phase and the solid
phase becomes larger, the crystallization driving force
becomes larger, and the growth rate of the nucleation
rate is greater than the growth rate. Therefore, the
higher the cooling rate, the smaller the ratio V/I and
the finer the grain.

Fig 2. SEM photos of Mg-4Al-4Ce-1Y alloy fabricated by gravity casting and squeeze casting:
(a) gravity casting (b) squeeze casting×200 (c) squeeze casting×500

Fig. 2 and 3 show the scanning electron
microscopy (SEM) photos and the results of
energy-dispersive spectroscopy (EDS) analysis of the
Mg-4Al-4Ce-1Y alloy prepared by gravity casting and
squeeze casting. According to the atomic ratios
obtained by EDS, the network structure consists of
Al11(Ce,Y)3and Mg17Al12, while the agglomerated
blocky phase is Al2(Ce,Y). Thus, the phase
composition of Mg-4Al-4Ce-1Y includes the α-Mg
matrix, Al11(Ce,Y)3, Al2(Ce,Y), and Mg17Al12. For the

squeeze casting alloy, according to the EDS analysis,
the atomic percentage of Al and (Ce,Y) in the slender
acicular phase is close to 11:3, indicating that the
slender acicular phase is Al11(Ce,Y)3; the atomic
percentage of Al and (Ce,Y) in the blocky phase is 2:1,
meaning that the blocky phase is Al2(Ce,Y). In
addition to the separately distributed slender acicular
Al11(Ce,Y)3 phase in the figure, the situation where the
blocky Al2(Ce,Y) is connected to the slender acicular
Al11(Ce,Y)3 can also be observed.

Fig 3. EDS photos of gravity casting and squeeze casting of Mg-4Al-4Ce-1Y alloy:
(a) squeeze casting×12000 (b) squeeze casting×9000
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3.2 Mechanical properties
Fig. 4 shows the compression stress-strain curves at

room temperature of the Mg-4Al-4Ce-1Y alloy samples
prepared by gravity casting and squeeze casting. Table 1
presents the compression properties of the
Mg-4Al-4Ce-1Y alloy. Compared with the gravity casting
samples, the compressive strength and yield strength of the
squeeze casting Mg-4Al-4Ce-1Y alloy have been
significantly improved. The compressive strength has
increased from 279.8 MPa to 333.7 MPa, an increase of
19.3%, and the yield strength has increased from 70.6
MPa to 117.7MPa, an increase of 66.7%.

Fig 4. Stress-strain curves of gravity casting and squeeze

casting of Mg-4Al-4Ce-1Y alloy

Table. 1 Compressive properties of Mg-4Al-4Ce-1Y alloy

Table 2 shows the Vickers hardness of the
Mg-4Al-4Ce-1Y alloy. As can be seen from the table,
compared with gravity casting, the hardness of the
squeeze casting sample has increased. The average
hardness has increased from 73.3 HV to 79.7 HV,
representing an increase of 8.7%.

Tab. 2 Vickers hardness comparison for Mg-4Al-4Ce-1Y alloy

Vickers hardness/HV

Specimen
number

1 2 3 Average

Gravity casting 72.7 72.4 74.9 73.3

Squeeze
casting

80.3 79.1 79.7 79.7

It is widely acknowledged that the grain size is a
major factor influencing the strength of an alloy. The
relationship between the strength of the alloy and the
grain size can be expressed by the Hall - Petch
formula[22]:

��� = �0 + K�−1
2 (2)

In the formula (2), ReL is the strength, σ0 is a
constant, which is generally determined by the
properties of the material itself, depending on the
crystal structure and dislocation density; K is a
constant, which characterizes the degree of influence
of grain boundaries on the strength; d is the average
diameter of each grain in a polycrystal.

Compared to gravity casting, the microstructure
of the squeeze casting Mg-4Al-4Ce-1Y alloy is
significantly refined. The grain size of the alloy
decreases and the number of grain boundaries
increases. Grain boundaries can effectively impede
dislocations. As a result, dislocations accumulate near
the grain boundaries, leading to local stress
concentration. This, in turn, promotes the activation of
dislocation sources in adjacent grains; at the same time,
the finer the grain, the larger the grain boundary area,
the more tortuous the grain boundaries will be, which
is not conducive to the propagation of cracks, thus
playing a role in fine grain strengthening [22]. However,
the higher the energy near the grain boundary, the
disordered arrangement of atoms, resulting in
entanglement and dislocation stuffing of normal lattice
slip dislocations, which in turn increases the
dislocation density and leads to increased dislocation
movement resistance [23]. It can be seen from formula
(2) that when the grain size in the alloy decreases and
the dislocation density increases, the strength of the
alloy increases under the action of dislocation
strengthening. Therefore, under the combined action
of fine grain strengthening and dislocation
strengthening, the compressive strength, yield strength
and hardness of the squeeze casting samples are
significantly improved than those of the gravity
casting samples.
3.3 Fracture morphology and analysis

Fig. 5 (a) shows the fracture morphology of
gravity-cast Mg-4Al-4Ce-1Y alloy. It can be seen from
the figure that the dimple is torn under the action of
shear stress, resulting in a flat rocky step at the
fracture. There are some shallow pits on the surface of
the step, and the "river" pattern is elongated,

sample
compressive
strength/MPa

yield
strength/M

Pa

deformati
on/%

Gravity
casting

279.8 70.6 34.5

Squeeze
casting

333.7 117.7 23.6
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indicating a certain local plastic deformation, which is
characterized by tough and brittle mixed fracture.

Fig. 5 (b) shows the fracture morphology of

extrusion casting Mg-4Al-4Ce-1Y alloy. It can be seen
from the drawing that the fracture is relatively flat,
showing the characteristics of typical brittle fracture.

Fig 5. Fracture morphology of Mg-4Al-4Ce alloy produced by gravity casting and squeeze casting:
(a) squeeze casting×30 (b) squeeze casting×25

3.4 Thermal conductivity

Table 3 shows the thermal diffusion coefficients
and thermal conductivity of the gravity casting and
squeeze casting Mg-4Al-4Ce-1Y samples at room
temperature. The thermal diffusion coefficients of the
gravity cast and squeeze casting samples at room
temperature were 51.9 mm2s-1 and 44.1 mm2s-1, and

the thermal conductivities were 92.7 Wm-1·K-1 and
78.9 Wm-1·K-1, respectively. Compared with the
gravity cast samples, the thermal diffusion coefficients
and thermal conductivity of the squeeze casting
Mg-4Al-4Ce-1Y alloy samples were both reduced.

Table 3 The thermal conductivity of Mg-4Al-4Ce-1Y alloy

sample
thermal diffusion coefficient

mm2·s-1

density

g·cm-3

specific heat capacity

Jg-1·K-1

thermal conductivity

Wm-1·K-1

gravity casting 51.9 1.803 0.991 92.7

squeeze casting 44.1 1.803 0.991 78.9

In metals and their alloys, both electronic thermal
conductivity and phonon thermal conductivity are
important thermal conductivity methods, and the
thermal conductivity of the material is composed of
electronic thermal conductivity and phonon thermal
conductivity.

� = �� + �� (3)
In the formula (3), λ is the metal thermal

conductivity, λe is the electron thermal conductivity, λL
is the phonon thermal conductivity.

It is well known that the existence of
intermetallic phases and grain boundaries will destroy
the original periodic arrangement of metal crystal
lattices, increase the scattering probability of phonons
and electrons during propagation, and reduce the mean
free paths of phonons and electrons, thereby reducing
the thermal diffusion coefficient and thermal
conductivity of metals. Moreover, with the increase of
the number of intermetallic phases and grain

boundaries in the matrix, the greater the impact on the
thermal diffusion coefficient and thermal conductivity
of metals [25]. Therefore, the thermal diffusion
coefficient and thermal conductivity of squeeze
casting samples are lower than those of gravity casting
samples.

4 Conclusion
The Mg-4Al-4Ce-1Y alloy was prepared by

different casting methods (i.e. gravity casting and
squeeze casting), and the following conclusions were
obtained:

1.The phase compositions of Mg-4Al-4Ce-1Y
alloys by gravity casting and squeeze casting are α-Mg
matrix, Al11(Ce, Y)3, Al2(Ce, Y) and Mg17Al12. Among
them, Al11(Ce, Y)3 is a slender needle-like phase,
which is uniformly distributed on the grain boundary;
Al2(Ce, Y) is large granular or short rod-like, and a
small amount of Mg17Al12 is distributed on the alloy
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matrix.
2.The mechanical properties of extrusion-cast

Mg-4Al-4Ce-1Y alloys are significantly improved
compared to gravity-cast alloys. The compressive
strength is increased from 279.8 MPa to 333.7 MPa,
an increase of 19.3%, and the yield strength is
increased from 70.6 MPa to 117.7 MPa, an increase of
66.7%. The average hardness is increased from 73.3
HV to 79.7 HV, an increase of 8.7%.

3. The thermal diffusion coefficients of gravity
casting and squeeze casting samples at room
temperature are 51.9 mm2s-1 and 44.1 mm2s-1,
respectively, and the thermal conductivities are 92.7
Wm-1·K-1 and 78.9 Wm-1·K-1.
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