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Abstract: The Mg—Zn—Y quasicrystal-reinforced AZ91D magnesium matrix composites were prepared by squeeze casting process.
The effects of applied pressure on microstructure and mechanical properties of the composites were investigated. The results show
that squeeze casting process is an effective method to refine the grain. The composites are mainly composed of a-Mg, f-Mg;;Al},
and Mg;ZngY icosahedral quasicrystal phase (/-phase). With the increase of applied pressure, the contents of f-Mg;;Al;, phase and
MgsZngY quasicrystal particles increase, further matrix grain refinement occurs and coarse dendritic a-Mg transforms into equiaxed
grain structure. The composite exhibits the maximum ultimate tensile strength and elongation of 194.3 MPa and 9.2% respectively
when the applied pressure is 100 MPa, and a lot of dimples appear on the tensile fractography. Strengthening mechanisms of
quasicrystal-reinforced AZ91D magnesium matrix composites are chiefly fine-grain strengthening and quasicrystal particles

strengthening.
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1 Introduction

Magnesium alloys have wide application prospect
to be utilized as the lightest metal structural materials in
aerospace, electronic communication and automotive
fields, etc [1—4]. However, the application of most
magnesium alloys has been greatly restricted due to their
poor strength, oxidation and creep resistance [5]. For
example, AZ91D alloy is the most widely used die
casting magnesium alloy, which possesses predominant
castability and mechanical properties. However, it cannot
be used at elevated temperatures beyond 393K due to the
low melting point of intermetallic f-Mg;;Al;, phase. To
accelerate a wide-range application of magnesium alloys
as structural materials allowing the maximum mass
reduction, properties should be further enhanced by
improving the alloy composition and optimizing the
fabricating factors.

I-phase has attractive mechanical properties such as
high thermodynamic stability, high hardness and high

strength, which is attributed to its unique atomic
structure [6,7]. Recently, it has been reported that
magnesium alloys containing /-phase as a secondary
solidification phase exhibit good mechanical properties,
which provides a new approach for magnesium alloy
strengthening [8—15]. However, monolithic /-phase
materials have poor ductility to inhibit structural
applications. A reasonable solution for improving
structural  application is  fabricating composites
comprising /-phase and a ductile phase, the study of
which is rarely reported.

Compared with other manufacturing methods of
magnesium matrix composites, squeeze casting is one of
the most cost-effective methods, which leads to the
microstructure refinement and alleviation of casting
defects due to the abrupt heat transfer and the squeezing-
pressure effect. This process can be easily adopted for
conventional die-casting devices. Now, it is increasingly
being used as a practically effective method to produce
more densified products [16,17]. The main squeeze
casting parameters that affect the cast microstructure are
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mould preheating temperature, applied pressure level,
time delay between pouring of the metal in the die and
application of pressure, pouring temperature and duration
of pressure application. The applied pressure during
solidification prevents the formation of both shrinkage
and gas porosity in the solidifying alloy. The necessary
pressure for eliminating shrinkage defects varies from
alloy to alloy, which mainly depends on the freezing
range of the alloy, the growth morphology of the material
and the flow stress of the casting when the material is
nearly solid [18—22].

Most studies on the effects of alloying elements on
microstructure and properties of squeeze casting
magnesium alloys have been carried out [23], but very
few investigations have been focused on squeeze casting
quasicrystal-reinforced magnesium matrix composites
until now. This research aimed to present the effects of
quasicrystal and applied pressure by investigating the
correlation between microstructure and mechanical
properties of squeeze casting magnesium matrix
composites. For this purpose, Mg—Zn—Y quasicrystal
master alloy was fabricated by conventional casting.
Then, Mg—Zn—Y quasicrystal-reinforced AZ91D
magnesium matrix composites were prepared by squeeze
casting process. The effect of applied pressure on
microstructure and mechanical properties of composites
was investigated. Moreover, the strengthening
mechanism was discussed. The study provides a new
kind of quasicrystal strengthening phase and squeeze
casting technology for preparing magnesium matrix
composites.

2 Experimental

The quasicrystal-containing master alloy with the
nominal composition of Mg—45Zn—10Y (mass fraction,
%) was prepared by using Mg—30%Y master alloy, pure
Mg and Zn (>99.9%) raw materials in electric resistance
furnace employing a steel crucible under a gas mixture of
tetrabromofluoroethane (1% in volume fraction), carbon
dioxide (24% in volume fraction) and compressed air
atmosphere (75% in volume fraction). AZ91D melt was
held at 700 °C for 15 min, followed by adding 5%
quasicrystal-containing Mg—45Zn—10Y master alloy into
AZ91D melt, and then the melts were held at the same
temperature for homogenization. Later, the melts were
poured directly into a preheated steel die and composite
ingots were prepared by squeeze casting. The applied
pressures were 0, 50, 100 and 150 MPa, respectively.
The die preheating temperature and pouring temperature
were 200 and 700 °C, respectively. Squeeze pressure was
applied to the casting within 10 s of pouring and the
duration of applied pressure was 20 s.

Phase identification was performed by X-ray

diffraction (XRD, D/Max-RB) using monochromatic Cu
K, radiation. Microchemical-analysis was examined
by energy dispersive spectrometer (EDS). For
microstructure observations, the as-cast specimens were
etched with a solution of nitric acid (4 mL) and ethanol
(96 mL). The microstructures were observed by optical
microscopy (OM, LEICA DM2500M), scanning electron
microscopy (SEM, SU—-1500) and transmission electron
microscopy (TEM, JEM-2010). The ultimate tensile
strength and elongation were evaluated using cylindrical
test specimens machined from the squeeze -casting
samples. The shape and size of the specimen are shown
in Fig. 1. The tensile fracture surfaces were observed by
SEM.
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Fig. 1 Shape and size of tensile specimen (unit: mm)

3 Results and discussion

3.1 Microstructure of squeeze casting magnesium

matrix composites

The microstructure and XRD pattern of Mg—45Zn—
10Y quasicrystal master alloy are displayed in Figs. 2
and 3, respectively. It can be seen that the as-cast Mg—
457Zn—10Y alloy mainly consists of a-Mg phase, /-phase
and Mg;Zn; phase. The dark dendrite, gray matrix,
lamellar eutectic structure and petal-like or polygon-like
particles are identified as a-Mg, Mg;Zn;, (a-Mg+I-phase)
and [-phase, respectively. It is shown clearly in Fig. 2
that large quantity of petal-like and polygon-like
quasicrystals are distributed homogeneously in Mg—
457Zn—10Y master alloy. Figure 4 exhibits bright-field
TEM image of petal-like quasicrystal and selected area
electron diffraction (SAED) pattern of [-phase with
typical 5-fold symmetry, which is a distinctive
characteristic of /-phase.
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Fig. 2 Microstructure of Mg—45Zn—10Y quasicrystal master
alloy
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Fig. 3 XRD pattern of Mg—45Zn—10Y quasicrystal master
alloy

The as-cast microstructures of quasicrystal-
reinforced AZ91D magnesium matrix composites under
different applied pressures are illustrated in Fig. 5. It can
be concluded that the composites consist of gray-white
a-Mg dendrites while the interdendritic spaces are
occupied by f-Mgi;Al;, phase. Several Mg;ZngY
quasicrystal particles appear inside the dendrites near the
interdendritic regions. The amount and morphology of
the phases vary with the applied pressure. Figure 5(a)
shows the microstructure of gravity casting (without
applied pressure) quasicrystal-reinforced magnesium
matrix composite, in which a-Mg appears as coarse
dendrites and p-Mg;Al;; phase is inhomogeneously
distributed at grain boundaries. With the increase of
applied pressure, the contents of S-Mg;;Al;; phase
and Mg;ZneY quasicrystal phase increase and the

(a) Gravity casting (without applied pressure); (b) 50 MPa; (c) 100 MPa; (d) 150 MPa
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morphology of a-Mg changes from dendrite structure to
equiaxed grain structure. Thus, for the 50 MPa
composite sample, some f-Mg;;Al;, phases appear at
grain boundaries, while for the 100 MPa sample, the
amount of f-Mg;Al;, phase increases and for the
150 MPa sample, grain boundaries are dominated by
[-Mg ;Aly,. It is also shown that squeeze casting process
is an effective method to refine the grain size. The
dendrites of composites are smaller for squeeze casting
than those of gravity casting due to high rate of
solidification. The grain sizes of squeeze casting
composites for 50, 100 and 150 MPa are around 50, 30
and 30 pm, respectively.

With the increase of applied pressure, the content of
p-Mg;Aly, phase increases which is due to solid
solubility decrease of Al in a-Mg matrix. On the one
hand, the melting point variation of f-Mg;;Al;, is greater
than that of Mg under pressure, with increasing applied
pressure, the eutectic point shifts to the Mg-rich
direction, as shown by the arrow in Fig. 6, which leads to
lower solubility of Al in a-Mg. On the other hand, with
the increase of applied pressure, the cooling rate
increases and pseudo eutectic reaction occurs [24], which
also cause the same eutectic point change to the Mg-rich
direction and solid solubility decrease of Al in a-Mg. The
change of equilibrium phase diagram is the basic reason
to cause the increase of f-Mg;Alj, content in the alloy.
For AZ91D alloy, the content of Al atoms is fixed, with
the increase of applied pressure, less Al atoms solute in
0-Mg matrix and more Al atoms involve in the formation
of f-Mg;Al;, phase. As a result, the content of
[-Mg;Al, phase increases. Similarly, increasing applied
pressure leads to solid solubility decrease of Zn and Y in
o-Mg matrix, which benefit to forming more Mg;ZngY
quasicrystal particles.
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Fig. 6 Effect of pressure on Mg—Al alloy phase diagram

The grain size is also influenced by applied pressure.
The solidification of AZ91D alloy during squeeze casting
process is carried out under non-equilibrium condition.

Al atoms in primary o-Mg cannot diffuse
homogeneously which leads to the enrichment of Al
atoms in liquid and the formation of more eutectic
structure. Increasing applied pressure contributes to
obtaining higher cooling rate, and the larger the cooling
rate is, the more serious the segregation of Al in primary
a-Mg is [24], which results in smaller grain sizes of
a-Mg and f-Mg;Al,. Compared with gravity casting,
squeeze casting is beneficial to refine grain size. Firstly,
heat transfer across the interface between the casting and
die is improved, which is ascribed to intimate contact of
crystalline layer with die wall under external force.
Secondly, the liquidus temperature increases to produce
high undercooling degree in front of the crystallization
and promote nucleation rate and grain refinement.
Finally, when pressure is applied to the material, alloy
liquid can feed shrinkage and porosity to make plastic
deformation occur. Meanwhile, dendrites are broken and
new crystal nuclei are formed to reduce grain size.

It can be found from Fig. 5(b) that microstructure is
unhomogeneous and exhibits distinct regions of fine and
coarse structure (bi-modal structure) as the applied
pressure is 50 MPa. The possible reasons are as follows:
Firstly, at the beginning of solidification, the grain size is
small, which is attributed to high cooling rate. With the
process of solidification, recalescence phenomenon
occurs to make grain size increase and appears as
bi-modal structure. Secondly, after nucleation and
growth of initial grains, small grains will form during the
solidification of the remaining alloy melts between initial
grains with increasing the cooling rate, which leads to
the existence of bi-modal structure. Thirdly, solute
elements gather together in melts to form
macro-segregation and larger constituent undercooling,
which results in small grain size and finally distinct
bi-modal structure exhibits.

To confirm the existence of /-phase, SEM, EDS and
TEM observations were performed for the composite
sample of 100 MPa, as shown in Fig. 7. The results
indicate that Mg;ZngY [-phase exists indeed in the
composite. Figure 8 shows XRD pattern of the sample at
an applied pressure of 100 MPa, which reveals that the
composite consists of a-Mg, f-Mg,;Al, and I-phase.

3.2 Mechanical properties of
magnesium matrix composites
Figure 9 shows the tensile properties of squeeze
casting quasicrystal-reinforced AZ91D magnesium
matrix composites under different applied pressures. It is
observed from the results that an increase in applied
pressure levels between 0 and 100 MPa brings a
significant improvement in ultimate tensile strength and
elongation. The tensile strength and elongation of
composite at 100 MPa both reach the maximum values

squeeze casting
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Fig. 7 SEM image of sample with applied pressure of 100 MPa (a), EDS pattern of /-phase (b), bright-field TEM image of /-phase (c),

SAED pattern of /-phase with 5-fold symmetry (d)
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Fig. 8 XRD pattern of sample at applied pressure of 100 MPa

of 193.4 MPa and 9.2%, respectively, which increase by
83% and 109% compared with those of the sample under
gravity casting. Since no obvious microstructure change
is observed under applied pressures of 0 and 50 MPa, the
improvement in tensile properties by the increase of
pressure should be attributed to shrinkage and porosity
reduction [25]. However, the best tensile properties for
100 MPa might be mainly ascribed to the grain
refinement. It can also be found from Fig. 9 that the
tensile properties decrease with the further increase of
the applied pressure from 100 to 150 MPa. Firstly, no
obvious effect of grain refinement is observed when the
applied pressure rises to 150 MPa which leads to a slight
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Fig. 9 Mechanical properties of quasicrystal-reinforced AZ91D

magnesium matrix composites under different applied pressures

increase in properties. Secondly, grain boundaries will be
weakened and crack will be promoted because large
quantity of p-Mgi;Al;, phases are distributed in the
vicinity of the grain boundaries under the applied
pressure of 150 MPa. The effect of the latter is greater
than that of the former and eventually leads to the
decrease of tensile properties.

Figure 10 shows the SEM images of tensile
fractographs for composites under different applied
pressures. It can be observed that the fracture behaviour
is somehow influenced by the applied pressure during
squeeze casting process. For gravity casting, the fracture
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Fig. 10 SEM images of tensﬂe fractographs for quas1crystal reinforced AZ91D magnesium matrix comp051tes under different applied
pressures: (a) Without applied pressure; (b) 50 MPa; (c) 100 MPa; (d) 150 MPa

surface tends to be smooth and presents a typical brittle
fracture. The observed fracture mode of the composites
under 50 and 100 MPa is quasi-cleavage fracture and as
the applied pressure increases, the fracture mode of
composite tends to be more ductile, which is
characterized by the presence of more deeper dimples in
the 100 MPa specimen compared with 50 MPa specimen.
The formation of dimples is due to the coalescence of
localized microvoids under a continual rising load. The
microvoids nucleate in the areas of localized high plastic
deformation such as that associated with f-Mg;Al;,
particles, I-phase particles and grain boundaries. With the
increase of load on the composite, the microvoids grow,
coalesce and eventually form a continuous fracture
surface [18]. The less ductile fracture mode of specimen
under 150 MPa is attributed to high content of second
phases which leads to stress concentration and crack
initiation. The SEM observations of the fracture surfaces
are in good agreement with the tensile behaviour of the
composites.

3.3 Strengthening mechanism analysis

It is indispensable to add reinforcing phase into
magnesium alloys to obtain high strength and toughness.
Moreover, the optimization and stability of interface
structure between strengthening particles and matrix are
important to improve the mechanical properties of
magnesium matrix composites.

Fine-grain strengthening is mainly realized by
changing grain size of magnesium alloys. Grain
boundaries can effectively inhibit dislocation gliding to
improve properties. Meanwhile, stress concentrations in
front of the grain boundaries activate more slip systems
to make uniform deformation and improve the toughness
of alloys. The smaller the grain sizes, the larger the
strengthening effect of the grain boundaries. In this work,
the reasons for grain refinement are as follows. Firstly,
squeeze casting process can greatly refine grain size of
o-Mg matrix and change the morphology of it into
equiaxed grain structure. Secondly, precipitated
Mg;ZngY quasicrystal particles during solidification
effectively prevent the grain growth to exhibit grain
refinement effect.

As the reinforcing phase, /-phase particles with
smaller size are distributed homogeneously in a-Mg
matrix or around f-Mg;;Al}, phase. Due to low surface
energy of quasicrystals as well as similarity between
quasicrystal particles and the excellent
wettability between them can be obtained. Hence,
I-phase particles have less rending effect on the matrix
and the stress concentration degree in the matrix is much
low. Mg;ZngY I-phase particles prevent the diffusion of
Al and Zn elements, which results in decreasing grain
size of the matrix. It can be observed from Fig. 7(a) that
there is no interfacial reaction between Mg;ZngY
quasicrystal particles and a-Mg matrix, meanwhile, there

matrix,
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is no brittle phase existing at the interface which results
in high interface bonding properties. Mg;ZngY
quasicrystal particles can effectively pin the grain
boundaries and prevent the migration of f-Mg;Al);
phase at grain boundaries. For these composites, the load
is mainly undertaken by a-Mg matrix and partly borne
by quasicrystal particles. The dispersed distribution of
I-phase particles can restrain the matrix deformation,
prevent dislocation movement, exhibit the dispersion
strengthening effect and finally improve the properties of
composites.

4 Conclusions

1) The squeeze casting composites exhibit finer
microstructure than gravity casting composite. Squeeze
casting process can change the morphology of a-Mg
from dendrite structure to equiaxed grain structure. The
composites consist of a-Mg, f-Mg;;Al;, and dispersed
Mg;ZngY I-phase. With the increase of applied pressure,
the contents of f-Mg;Al;; and Mg;ZngY quasicrystal
particles increase.

2) The tensile properties of the squeeze casting
composites vary with applied pressure. Namely, with the
applied pressure increasing from 0 to 150 MPa, the
ultimate tensile strength and elongation firstly increase
and then decrease. When the applied pressure is 100 MPa,
the ultimate tensile strength and elongation reach the
maximum values of 194.3 MPa and 9.2%, respectively.
The fracture modes of squeeze casting composites transit
from brittle cleavage to quasi-cleavage with increasing
applied pressure.

3) The strengthening mechanisms are considered as
fine-grain strengthening and quasicrystal particles
strengthening.
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