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A vacuum stir casting process is developed to produce SiC, reinforced cast magnesium matrix composites.
This process can eliminate the entrapment of external gas onto melt and oxidation of magnesium during
stirring synthesis. Two composites with Mg-Al9Zn and Mg-ZnS5Zr alloys as matrices and 15 vol.% SiC
particles as reinforcement are obtained. The microstructure and mechanical properties of the composites
and the unreinforced alloys in as-cast and heat treatment conditions are analyzed and evaluated. In 15
vol.% SiC,, reinforced Mg-Al9Zn alloy-based composite (Mg-A19Zn/15SiC,), SiC particles distribute ho-
mogenously in the matrix and are well bonded with magnesium. In 15 vol.% SiC,, reinforced Mg-ZnSZr
alloy-based composite (Mg-ZnS5Zr/15SiC), some agglomerations of SiC particles can be seen in the mi-
crostructure. In the same stirring process conditions, SiC reinforcement is more easily wetted by magne-
sium in the Mg-Al9Zn melt than in the Mg-Zn5Zr melt. The significant improvement in yield strength and
elastic modulus for two composites has been achieved, especially for the Mg-Al9Zn/15SiC,, composite in
which yield strength and elastic modulus increase 112 and 33 %, respectively, over the unreinforced alloy,
and increase 24 and 21%, respectively, for the Mg-Zn5Zr/15SiC,, composite. The strain-hardening behav-
iors of the two composites and their matrix alloys were analyzed based on the microstructure character-

istics of the materials.

Keywords composite materials, magnesium alloy, microstruc-
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1. Introduction

Magnesium alloys are the lightest metallic structural mate-
rials. Magnesium (pure magnesium or its alloys) matrix com-
posites maintain the low density of magnesium alloys. Further-
more, they possess higher strength and stiffness at room and
elevated temperatures, and superior wear resistance and damp-
ing capacity.!'! Therefore, the composites have been consid-
ered an attractive choice for higher performance applications in
the aerospace and automotive fields.

Magnesium matrix composites have been produced by dif-
ferent methods, such as stir casting,!"*®'% powder metal-
lurgy,''%'?! and squeeze casting.”'*'*! Among these methods,
stir casting would be considered an easily adaptable and most
used method. An additional benefit of this process is the near-
net-shape formation of the composites by conventional foundry
processes. To avoid burning of molten magnesium alloy, the
stir casting process for mixing reinforcement particles with the
melt has been carried out under CO,/SF, or inert Ar protective
atmosphere. Due to vortex, these protective gases could be
engulfed into the melt during stir casting, thereby causing
higher porosity in the obtained composite.!'! Saravanan et al.'*’
developed a casting process for the synthesis of particle rein-
forced Mg matrix composites without the use of flux and pro-
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tective gas atmosphere. The process does not eliminate, how-
ever, the oxidation possibility of magnesium melt due to the
existence of oxidation atmosphere above the melt surface. In
comparison with aluminum matrix composites, the research
and development of magnesium matrix composites are still
limited. A key reason is perhaps related to the difficulty in
synthesizing Mg matrix composites due to the high chemical
activity of elemental Mg. The objective of the present study is
to develop a stir casting process to fabricate SiC,, reinforced
cast magnesium matrix composites under vacuum condition.
The microstructure and mechanical properties of the as-cast
composite materials are investigated, and the same work is also
performed for the unreinforced magnesium alloys to compare
them with the composites.

2. Experimental Procedures

Magnesium matrix composites reinforced with 15 vol.%
SiC, were produced by the stir casting process in vacuum
condition. Commercial Mg-Al9Zn (AZ91C) and Mg-Zn5Zr
(ZK51A) alloys were used as the matrices. Their chemical
compositions are listed in Table 1. The reinforcement particles
are high purity SiC with an average size of 12.8 pm. SiC
particles were dried at 250 °C for 3 h prior to addition on
molten magnesium alloys.

Figure 1 shows the schematic diagram of the apparatus used
for fabrication of Mg matrix composites. The apparatus con-
sists of three systems: electrical resistant heating, evacuation,
and stirring systems. The impeller made of stainless steel was
driven with a direct current (DC) engine so that the stirring rate
could be exactly controlled and measured. Two thermocouples
were installed. One was used to control the temperature of the
electric furnace and the other to measure the temperature of the
melt. The whole process is as follows:
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Fig. 1 Schematic diagram of the apparatus for fabrication of Mg matrix composites
Table 1 Chemical Compositions of Mg-Al9Zn and Mg-Zn5Zr Matrix Alloys
Element, wt% Mg Al Zn Mn Zr Cu Si Fe Ni
Mg-Al9Zn bal. (a) 8.60 0.52 0.36 <0.03 <0.03 <0.01 <0.05
Mg-Zn5Zr bal. . 4.54 0.68 <0.05 0.15 0.06 <0.01

(a) Bal., balance quantity

1) 1.5 kg magnesium alloy was charged in a steel crucible
preheated at 400 °C in the electric furnace. The melt surface
was covered with a flux salt to avoid burning of the mag-
nesium alloy when the alloy was melted. At about 720 °C
for the Mg-Al9Zn alloy and 740 °C for the Mg-Zn5Zr alloy,
the melt was refined for 6-8 min by stirring it up and down
with a skim ladle. The melt temperature was then decreased
to about 700 °C.

After carefully cleaning the surface of the melt, all pre-

heated SiC particles were quickly added onto the molten

surface. A stirring part was put in place and the electric
resistance furnace was evacuated to the level of 2-4 kPa.

Then the mixing motor was turned on. The rotating rate of

the steel impeller was gradually increased to about 1500

rpm. Stirring lasted about 25 min. Once the stirring began,

the furnace temperature was regulated to 600 °C.

3) The motor was stopped. Argon was charged into the furnace
and the impeller was removed. The composite melt was
around 590-600 °C, and in a semisolid state at the end of the
stirring process. The melt was heated to about 700 °C and
poured into a permanent steel mold to form ingots of 215 x
45 x 22 mm.

2

~

The same ingots were also poured for the unreinforced mag-
nesium alloys. The ingots were heat treated and then cut into
specimens for tensile testing.
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The densities of matrix alloys and composite materials were
measured by a weight loss method using an electron balance
with a resolution of 0.01 g. Porosity of the composites was
estimated by the equation of 1 — p,./py, Where p,, and py, are
the measured and theoretical densities, respectively. And, py,
= PmgVme T PsicVsic Where py, and pg;c are the density of
the matrix alloy and SiC, respectively (the measured density
was taken for matrix and 3.2 g - cm™ for SiC), and Vg and
Vg;c are the volume fraction of matrix and SiC particles in the
composites, respectively. The addition amount, 15 vol.%, was
adapted for the volume fraction of SiC particles in the estima-
tion.

A solution heat treatment (T4) was carried out for 18 h at
415 °C for Mg-Al9Zn alloy and Mg-Al9Zn/158iC,, composite
under CO, protective atmosphere. Aging treatment (T1) at
175 °C for 14 h without any solution treatment was performed
for the Mg-Zn5Zr alloy and the Mg-Zn5Zr A/15SiC, com-
posite.

An optical microscope with an image analysis system was
used to observe microstructure and measure the grain size, and
the matrix/SiC interface was observed by using a scanning
electron microscope (SEM). The tensile specimens were cut
from the heat-treated ingots as the scheme indicated in Fig.
2(a). The size of tensile specimens is shown in Fig. 2(b). The
tensile test was carried out at a strain rate of 8 x 10~ s™' using
an MTS 810 machine equipped with a computer data acquisi-
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Fig. 2 Diagram of (a) the scheme of obtaining tensile specimen from ingots; (b) the size of plat tensile specimen

tion system, and with a gage length of 25 mm. The tensile
property data were based on the average of four tests.

3. Results and Discussion

Visual inspection of cast and machined surfaces of two
composite ingots showed that cast defects and macrosegrega-
tion of SiC particles were not noticed. No gas bubbles from
engulfing external gas due to a vortex can be seen in the com-
posite ingots. In the present process, the significant advantage
is to eliminate the entrapment of external gas onto melt and
oxidation of magnesium during the stirring synthesis. Table 2
gives the densities of matrix and composite ingots and the
estimated porosity of the composites. It is found that the po-
rosity of the Mg-Al9Zn/15SiC, composite is markedly less
than that of the Mg-Zn5Zr/15SiC,, composite, indicating that
the Mg-Al9Zn/15SiC,, composite obtained by the present stir
casting process possesses better metallurgical quality. Note that
the high porosity in the Mg-Zn5Zr/15SiC,, composite does not
result from the gas entrapment, which will be analyzed in the
following context.

Figure 3 shows the optical microstructure of the Mg-Al9Zn
alloy and its composite reinforced with 15 vol.% SiC, in T4
heat treatment condition. Figure 4 shows the optical micro-
structure of the Mg-Zn5Zr alloy and its composite reinforced
with 15 vol.% SiC, at T1 heat treatment condition. From Fig.
3 and 4, Mg-Al9Zn and Mg-Zn5Zr alloys and their composites
exhibit equiaxial grain structure with obscure grain boundaries.
In the Mg-Al9Zn/15SiC,, composite, distribution of SiC par-
ticles is rather uniform, and SiC particles disperse in the matrix
separately; no evident agglomeration of SiC particles can be
found. On the basis of the microstructure in higher magnifica-
tion (Fig. 3c) and the SEM photograph (Fig. 5), SiC particles
are bonded with magnesium matrix intimately, and no evidence
of significant chemical reaction between SiC/Mg interfaces is
found. In addition, SiC particles are located at the grain bound-
aries as well as within the primary magnesium grains (Fig. 3c).
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Table 2 Densities of Matrices and Composites and
Porosity of Composites

Materials Density, Mg - m™3 Porosity, %
Mg-Al9Zn 1.795 e
Mg-Al19Zn/15SiC, 1.984 1.1
Mg-Zn5Zr 1.804 e
Mg-Zn5Zx/15SiC, 1.909 5.2

In the case of the Mg-Zn5Z1/15SiC,, composite, some agglom-
erations of SiC particles and pores enclosed by those SiC par-
ticles can be seen in the microstructure (Fig. 4b), thereby re-
sulting in a low density of the composite ingot. The SiC
particles in the agglomerations have not or have partially been
bonded by magnesium matrix. The pores in the microstructure
resulted neither from gas separation from the melt during so-
lidification nor from entrapment of external gas into the melt
during the stirring process. The initial SiC powders have not
been dispersed completely to cause these agglomerations and
pores. This phenomenon indicates that the wettability of SiC by
magnesium in the Mg-Zn5Zr alloy melt is worse than that in
the Mg-Al9Zn alloy melt in the same stirring process condi-
tions. A reasonable explanation for the relatively poor wetta-
bility is that the aluminum alloying element is not contained in
the Mg-Zn5Zr alloy, while aluminum in Mg alloys has proved
to further improve the wettability because certain interfacial
reactions occur by adding aluminum."®' Certainly, it is prob-
able to eliminate these SiC agglomerations by improving the
parameters of the stirring process, such as stirring temperature
and time, and further work on this aspect will be carried out.
Figure 4(b) also demonstrates that the other SiC particles be-
sides those in agglomerations are well dispersed in the mag-
nesium matrix and are in intimate contact with the magnesium
matrix. As with the Mg-Al19Zn/15SiC,, composite, SiC particles
in the Mg-Zn5Zx/15SiC,, composite are segregated at the grain
boundaries or entrapped within the primary magnesium grains
(Fig. 4c).
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Fig. 3 Microstructure of Mg-Al9Zn alloy and Mg-Al9Zn/15SiC, in
T4 heat treatment condition. (a) Mg-Al9Zn alloy; (b) Mg-Al9Zn/
158iC,, composite; (¢) higher magnification for Mg-Al9Zn/15SiC,

composite

Journal of Materials Engineering and Performance

20um

Fig. 4 Microstructure of Mg-Zn5Zr alloy and Mg-Zn5Zr/15SiC,, in
T1 heat-treatment condition. (a) Mg-Zn5Zr alloy; (b) Mg-Zn5Zr/
158iC,, composite; (c) higher magnification for Mg-Zn5Zr/15SiC,
composite
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Fig. 5 SEM photograph showing the magnesium matrix/SiC inter-
face

In addition, it is notable that the presence of SiC particles
causes the refinement of magnesium grains. Figure 6 indicates
the average grain sizes of two composites and their comparison
with the unreinforced magnesium alloys in heat-treated condi-
tions. The grain size of the matrix in the Mg-Al9Zn/15SiC,
composite is reduced to 42% of that of the unreinforced Mg-
Al9Zn alloy. The refinement effect in the Mg-Zn5Zr/15SiC,
composite is not as much as that in the Mg-Al9Zn/15SiC,
composite. The average grain size of the matrix magnesium
grains in Mg-Zn5Zr/15SiC,, decreases 35% due to the presence
of SiC particles. The refinement mechanism has been reason-
ably characterized in some studies.!”®'%'7 It has been reported
that the grain refinement results from the heterogeneous nucle-
ation of the primary magnesium phase on the surface of SiC
particles with certain crystallographic orientation relationships
and the restricted growth of magnesium crystals by SiC par-
ticles during solidification. Only SiC particles, which can act as
the heterogeneous nucleation site, would be captured by grow-
ing magnesium crystals and finally stay within the magnesium
grains in the composites.

The typical stress-strain curves of the as-cast Mg-Al9Zn
alloy and the Mg-Al9Zn/15SiC,, composite, and the Mg-Zn5Zr
alloy and the Mg-Zn5Zr/15SiC,, composite in heat-treated con-
ditions are shown in Fig. 7. The tensile properties of all the
as-cast materials obtained are given in Table 3. Because the
tensile specimens were cut from thick ingots with low cooling
rates, all materials exhibit relatively low ultimate tensile
strength (UTS). The yield strengths of two composites are sig-
nificantly higher (up to 112 and 24% for the Mg-A19Zn/15SiC,,
and Mg-Zn5Zr/15SiC,, composites, respectively) than the un-
reinforced magnesium alloys, and the UTS are slightly lower
than those of the magnesium alloys. Meanwhile, the elastic
modulus for two composites (up to 33% for Mg-Al9Zn/15SiC,
and 21% for Mg-Zn5Zr/15SiC,) increased significantly, which
can directly be indicated from the higher slopes of the linear
portion of the curves for the Mg-Al9Zn/15SiC,, and Mg-Zn5Zr/
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Fig. 6 Average grain sizes of the magnesium matrix composites and
the corresponding matrix alloys

158iC,, composites than for the Mg-Al9Zn and Mg-Zn5Zr al-
loys in Fig. 7. However, the elongations of the Mg-Al9Zn/
15SiC, and Mg-Zn5Zr/15SiC,, composites are drastically
decreased to 1.1 and 1.8%, respectively, compared with the 7.2
and 7.3% elongations of the unreinforced Mg-Al9Zn and Mg-
Zn5Zr alloys, respectively. In the case of the Mg-Zn5Zr/
15SiC, composite, some agglomerations of SiC particles have
been observed in the microstructure (Fig. 4b), but its yield
strength and elastic modulus still exhibit a certain increase.
However, the increase in yield strength and elastic modulus for
the Mg-Al9Zn/15SiC,, composite is more significant than for
the Mg-Zn5Zr/15SiC,, composite due to more uniform distri-
bution of SiC particles and the intimate bond between SiC
particles and magnesium.

The strain-hardening behaviors of the two alloys and com-
posites were investigated through the differentiation to the
stress-strain curves in Fig. 7. The strain-hardening rates versus
true plastic strains are shown in Fig. 8. From Fig. 8(a), it is
found that the strain-hardening rate of the Mg-Al9Zn/15SiC,
composite during plastic deformation is higher than that of the
unreinforced Mg-Al9Zn alloy, while their difference decreases
with increasing plastic deformation, and even the rates of the
two materials almost become the same. However, as shown in
Fig. 8(b), the change tendency in the strain-hardening behav-
iors of the Mg-Zn5Zr alloy and Mg-Zn5Zr/15SiC,, composite is
different from that of the above two materials. The rate of the
Mg-Zn5Zx/158iC,, composite is higher first, and then lower
than that of the Mg-Zn5Zr alloy, with the increasing plastic
strain.

The strengthening effect achieved in the composites, i.e.,
the increases in yield strength and elastic modulus as compared
with the unreinforced magnesium alloys, can be attributed to
the presence of the hard SiC particles. SiC particles distributing
within the magnesium grains and at primary magnesium
boundaries highly constrain the slip behavior of the magnesium
grains, because the particles with large elastic stiffness and
fracture strength are too strong to be deformed. The barrier to
slip in the magnesium matrices of SiC particles also cause the
higher strain-hardening rates for the composites in the early
stage of plastic deformation, because a greater load increment
must be used if the same deformation is obtained as compared
with the unreinforced magnesium alloys. From the evaluation
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Fig.7 Stress-strain curves for the unreinforced magnesium alloys and their composite. (a) Mg-Al9Zn alloy and Mg-A19Zn/15SiC, composite; (b)

Mg-Zn5Zr alloy and Mg-Zn5Zr/158iC;, composite

Table 3 Tensile Properties of the Two Matrix Alloys
and Their Composites

Yield Tensile Elastic
Strength, Strength, Elongation, Modulus,
Materials MPa MPa % GPa
Mg-Al9Zn 84 225 7.2 42.7
Mg-Al9Zn/15SiC, 178 218 1.1 57.0
Mg-Zn5Zr 131 221 7.3 43.2
Mg-Zn5Zr/15SiC,, 162 210 1.8 52.4

of grain sizes as shown in Fig. 6, significant grain refinement
was achieved in the two composites, which should also con-
tribute the strengthening of the composite materials. The grain
boundary can act as a barrier to the slip process; therefore the
increase in the grain boundary from magnesium grain refine-
ment makes the deformation of magnesium grains more diffi-
cult.

Under an external load during the tensile test, a strong in-
ternal stress must develop between SiC particles and the ma-
trix. The local stress concentration would be created due to the
particle/matrix interaction, and localized damage may occur
when the local stress is beyond the strength of the material at
higher strain levels. As for composites, the localized damage
could be in the forms of particle cracking, matrix cracking, and
interface debonding."'®! Inclusion and particle agglomeration
(if they exist) should also be the source of the localized dam-
age. The localized damage can relax the internal stress and
therefore decrease the strain-hardening rate for the composites.
The final fracture of the composites results from the coales-
cence of the localized damages. In the present composites, SiC
particles are distributed within the magnesium grains or at
primary magnesium boundaries, which improve the uniformity
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of SiC particles. Further, the uniform distribution of SiC par-
ticles can improve the uniformity of stress distribution, thereby
reducing or delaying the formation of localized damage. So the
phenomenon of internal stress relaxation occurs rarely. As de-
scribed above, the presence of SiC particles greatly constrains
the slip behavior, therefore increasing the strain-hardening
rates for the composites in the early stage of plastic deforma-
tion. Meanwhile, the localized damage is limited in the Mg-
Al9Zn/158iC, composite, and is absent in the unreinforced
Mg-Al9Zn alloy. This results in the higher or similar strain-
hardening rate for the Mg-Al9Zn/15SiC,, composite over the
unreinforced Mg-Al9Zn alloy in the whole plastic deformation
of the composite. In the Mg-Zn5Zr/15SiC, composite, how-
ever, the localized damage exhibits differently due to the pres-
ence of SiC particle agglomerations and pores resulting from
the agglomerations. These defects, in fact, are the crack source
and will be propagated when the external load reaches a certain
value, which causes serious localized damage. It can be proved
from the tensile fracture of the composite where the SiC ag-
glomerations were readily seen. Therefore, the internal stress
relaxation from the localized damage will cause the decrease
of the strain-hardening rate, resulting in a lower rate than that
of the unreinforced Mg-Zn5Zr alloy after a certain plastic
deformation.

4. Conclusions

1) The vacuum stir casting process is developed to produce
SiC particle-reinforced Mg-Al9Zn and Mg-Zn5Zr cast mag-
nesium matrix composites. No macrosegregation of SiC
particles and gas bubbles can be found in the composite
ingots. This process can eliminate the entrapment of exter-
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nal gas onto melt and oxidation of magnesium during stir-
ring synthesis.

2) In the microstructure of the Mg-Al9Zn/15SiC,, composite,
SiC particles exhibit a reasonably homogenous distribution
and SiC reinforcements are well bonded by magnesium. In
the Mg-Zn5Zr/15SiC,, composite, some agglomerations of
SiC particles can be seen. At the same stirring process con-
ditions, the wettability of SiC by magnesium in the Mg-
Zn5Zr melt is worse than that in the Mg-Al9Zn melt.

3) Both composites exhibit significant improvement in yield
strength and elastic modulus, especially for the Mg-Al9Zn/
158iC,, composite. A 112% increase in yield strength and
33% increase in elastic modulus are obtained for this com-
posite compared with the unreinforced magnesium alloy,
while increases of 24 and 21%, respectively, were observed
for theMg-Zn5Zr/15SiC,, composite.
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