Composites Part B 94 (2016) 176e189

Contents lists available at ScienceDirect

Composites Part B
journal homepage: www.elsevier.com/locate/compositesb

A new semi-solid casting technique for fabricating SiC-reinforced Mg
alloys matrix composites
 n c,
M. Esmaily a, *, N. Mortazavi b, J.E. Svensson a, M. Halvarsson b, M. Wesse
L.G. Johansson a, A.E.W. Jarfors c
a
b
c

Department of Chemistry and Chemical Engineering, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden
Department of Applied Physics, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden
€nko
€ping University, SE-551 11 Jo
€nko
€ping, Sweden
Department of Materials and Manufacturing - Casting, Jo

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 24 October 2015
Received in revised form
23 January 2016
Accepted 10 February 2016
Available online 27 February 2016

The capability of the newly developed rheocasting (RC) technique in combination with the RheoMetal
process for producing SiC particulate-reinforced AM50 and AZ91D matrix composites (Mg-based MMCs)
was investigated. The quality of the MMCs was studied by analyzing the fraction of casting pores, number
density of SiC clusters and the uniformity of SiC particles. Solid fraction, particle size and oxidation of SiC
particles had strong impacts on the overall quality of the MMCs. The MMCs produced by 40% solid
fraction and oxidized micron-sized SiC particles exhibited an excellent casting quality. A low-quality
MMC was obtained when non-oxidized sub-micron sized SiC particles were employed. The results
showed the formation of various types intermetallic particles and carbides such as MgO, Mg2Si, Al2MgC2,
Mg2C3, Al4C3 as the interfacial reaction products of SiC/Mg alloy's melts. Mg hydride (a-MgH2) was also
identiﬁed in inter-dendritic regions of the MMCs for the ﬁrst time.
© 2016 Published by Elsevier Ltd.
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1. Introduction
Metal matrix composites (MMCs) are an emerging class of new
materials that are being developed to improve the service performance of matrix metals and alloys. High-quality MMCs offer superior mechanical properties compared to their monolithic
counterparts. They exhibit increased stiffness, tensile and fatigue
strength, improved creep resistance and high temperature properties and increased wear resistance [1,2]. Magnesium (Mg) alloys
combine high speciﬁc strength with good castability and excellent
machinability and offer several advantages in relation to weight
reduction and energy savings [3]. Combining the MMC technology
with Mg alloys seems to provide the advantages of both MMCs and
Mg alloys, and hence are known to be encouraging. MMCs based on
Mg and Mg alloys matrices (Mg-MMC) are exceptional candidates
for engineering lightweight structural materials, and are of great
technological importance for many engineering applications, such
as automotive and aerospace industries [4]. In general, Mg-MMCs
are reinforced by various ceramic particles such as SiC, Al2O3,
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Mg2Si and carbon nanotubes; see for example [5e9]. They have
been fabricated using a variety of methods such as stir casting [10],
gas pressure inﬁltration [11], powder metallurgy [12,13], squeeze
casting [14], spray deposition [15], injection molding [16] and insitu techniques [17].
As an alternative to conventional casting methods, semi-solid
metal (SSM) processing has shown the potential to produce Mg
castings with a high level of complexity with a laminar ﬂow of
metal during mold ﬁlling [18]. This is the result of the higher viscosity of the semi-solid material, and reduces air entrapment
compared to conventional casting methods, thereby produces
castings with improved mechanical properties [19]. This paper
deals with the microstructure of Mg-MMCs of two Mg alloys,
namely alloy AM50 and AZ91D MMC produced through rheocasting (RC) technique which is a subcategory of SSM processing. RC is a
casting process that offers cast components with very low pore
content and high strength when a strict temperature control is
achieved [20]. One promising method for preparing the slurries for
the RC technique is the newly developed RheoMetal process, which
is also known as the Rapid Slurry Formation (RSF) process [20,21].
The RheoMetal process converts a molten metal into slurry using
internal enthalpy exchange between the liquid metal at relatively
low superheat and a piece of solid metal attached to a stirrer. It has

M. Esmaily et al. / Composites Part B 94 (2016) 176e189

been shown that the RC method combined with the RheoMetal
process has the potential to produce high quality AM50 and AZ91D
Mg alloys with low casting defects [21,22] and that the environmental properties of Mg alloys can be notably mitigated by tailoring
the microstructure through the component fabrication step using
the RC technique.
The casting microstructure of Mg-MMCs is crucial to their performance in service. The main challenge may be to judiciously
optimize the casting process to achieve uniformity and reproducibility provided that the host alloy and the reinforcement are
suitable. Despite an abundance of research on Mg-MMC fabrication
using conventional casting techniques, there very are few reports
[23e26] dealing with the use of SSM processing, also known as
“compocasting”, to produce this class of materials, and there are no
published works on the use of RC and RheoMetal processes to
fabricate Mg-MMCs. The objective of this investigation is therefore
to document the inﬂuence of RC process on the microstructure of
Mg alloy RC AM50-and AZ91D-based MMCs using two separated
experiments. We ﬁrst produced MMCs using non-oxidized nanosized SiC particles, as a complex system, to analyze the formation of
various types of intermetallic particles that may form during solidiﬁcation in SiC-reinforced Mg alloys. In the second experiment,
we examined the capabilities of RC process in producing sound Mg
alloys-based MMCs using two different solid fractions through
quantitative assessments of the MMCs' microstructures. Thus, the
uniformity of SiC particles, casting defects and microstructure of
the host alloys were characterized using image analysis techniques.
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2. Experimentation
2.1. Fabrication of SiC-reinforced MMCs
The RC AM50, AZ91 and Mg-MMCs were produced using the RC
process, see the schematic illustration of the casting procedure in
Fig. 1. The casting machine was manufactured by Suzhou Sanji
Foundry Co Ltd. The machine had a locking force of 50 tonnes. The
die had a projected area of 250 cm2, making it possible to produce
cast components having wall thicknesses of 7, 12 and 20 mm. The
slurry for the RC process was prepared using the RheoMetal process, where a molten metal is converted into slurry using internal
enthalpy exchange material (EEM) between the liquid metal at
relatively low superheat and a piece of solid metal attached to a
stirrer. The EEM was cast onto a steel rod. The rod was then
immersed into the melt while stirring after it had been cooled
down to a moderate temperature. During this process, the melt was
cooled down rather quickly during the melting of the EEM, and at
the end, homogeneous slurry was prepared. An advantage of the
RheoMetal process has already been discussed in Refs.
[20e22,27e29]. In this way, the solid fraction (fs) can be easily
controlled in a robust way by the initial temperatures of the melt
and the EEM as well as the EEM to melt ratio. Control of the fs was
necessary to be able to meet the requirement that the slurry be
pourable into the shot sleeve of a die casting machine.
Commercial Mg alloys AZ91D and AM50 alloys were used as the
matrices. Their chemical compositions were analyzed through

Fig. 1. Schematic of the RC process used for preparing the RC alloys and Mg alloys-MMCs; step 1: melt preparation, step 2: EEM preparation, step 3: rheo-processing (slurry
preparation) (SiC particulates were added into the melt at this stage for fabricating the MMCs), step 4: pouring the slurry into the shot sleeve, and step 5: high pressure casting unit.
Note: Step 1 and 3 were performed in the same furnace but with some time intervals.
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Table 1
Chemical composition (wt. %) of the alloys investigated.
Material

Mg

Al

Zn

Mn

Si

Fe

Cu

Ni

RC AZ91D
RC AM50

Bal.
Bal.

8.9
5.0

0.74
0.01

0.21
0.25

0.008
0.01

0.0022
0.0016

0.0007
0.001

0.0004
0.0007

optical mass spectroscopy and are listed in Table 1. In the present
investigation, the MMCs were produced using two different SiC
particle sizes and two different fs values. Two different procedures
that were employed for making the composites are described in
Table 2. In the ﬁrst experiment, Mg alloy AM50 and AZ91D were
reinforced with SiC particles in the size range 0.1e1.9 mm (with the
commercial name: HCS 59N) using an fs of 60%. In the second
experiment, Mg alloy AZ91D was reinforced with bigger SiC particles in the size range 4e28 mm (with the commercial name: HCS
400) at two fs values of 30 and 60%. In addition, we oxidized the
larger SiC particles prior to casting at 1100  C for 45 min. In both
sets of experiments, Mg alloy matrix composites were reinforced
with 10 vol.% of high purity SiC particles. More details regarding the
process parameters, including the stirring time, stirring speed, and
protection of the slurry, are listed in Table 2.
2.2. Material characterization techniques
As-cast materials were cut into cross-sections of the RC AM50
and AZ91D as well as the Mg alloys-based MMCs with an area of
about 4.2 mm2 for microstructural characterization. The sectioned
samples were mounted in cold-setting epoxy resin. The mounted
samples were then ground, lubricated with de-ionized water, with
successive grades of silicon carbide abrasive papers (SiC grit papers)
from P800 to P4000 mesh. Polishing was then performed using
cloth discs and diamond paste in sizes ranging from 3 to 1 mm,
followed by a ﬁne polishing step using OPS colloidal silica (0.25 mm)
for 120 s on a Buehler Microcloth. The specimens were cleaned
with distilled water, degreased with acetone, washed again with
distilled water, and dried by cool air with a blower. They were then
stored in a desiccator before and during examinations. Considering
the difﬁculties associated with the microstructural quantiﬁcation in
the cast MgeAl alloys, both polished and etched samples were
investigated. A solution of Nital (5 ml HNO3 þ 95 ml ethanol) was
used as the etchant to reveal the microstructure. An Olympus GX71 optical microscope (OM) and a FEI Quanta 200 environmental
scanning electron microscope (ESEM) equipped with energy
dispersive x-ray (EDX) micro-analysis hardware were used for
imaging. The instrument comes equipped with an Oxford Inca EDX
with a Silicon Drift Detector (SDD) (Beryllium window). The EDX
analysis was carried out using 15 kV accelerating voltage. The grain
size measurements were carried out based on the Feret diameter

Table 2
Details of the RC process used in this study for fabricating the MMCs.
Process steps

A (HCS 59N)

B (HCS 400)

Particle size
Added amount of SiCP
Oxidation treatment
SiCP addition temperature
Melt holding temperature
Protection
Stirring speed
EEM
EEM temp
EEM amount
Corresponding amount solid
Stirring time

0.1e1.9 mm
10%
N/A
25  C
TLþ50  C
N2 þ 0.5% SF6
Varying 500e800 rpm
Particle free
100e120  C
5%
60%
45 min

4e28 mm
10%
1100  C 45 min in air
>850  C
TLþ50  C
N2þ0.5% SF6
Varying 500e800 rpm
Particle free
100e120  C
4, 5%
40, 60%
45 min

that is deﬁned as the distance between two parallel tangential lines
rather than planes [30]. The aspect ratio of grains in the materials
was calculated using F ¼ 4 pA/P2, where A is the area and P is the
peripheral length of a grain.
Quantitative characterization was performed using statistical
analyses in order to examine the grain size and fraction of casting
pores. Different types of software, namely Adobe Photoshop CS4,
Image Pro-Plus and ImageJR were used for scrutinizing micrographs. The uniformity of SiC particulates was investigated using
the nearest neighbor distance (NND) distribution function and the
quadrat method. The NND function was used to describe the
arrangement of SiC clusters (40 mm) in a quantitative manner. The
NND is a probability density function such that P(r) dr is the
probability of ﬁnding the nearest neighbor of a particle with the
same characteristics in the distance range r to (r þ dr); see Refs.
[22,31] for more details. The quadrat method was chosen to study
the distribution of SiC particles, see Refs. [32,33]. The quadrat
method was used for the samples containing bigger SiC particles
and much less clustering. To do this, the SEM micrographs were
divided into square cells and the number of SiC particulates in each
quadrat, Nq, was counted. In general, an ordered particle distribution would be expected to generate a large number of quadrats
containing approximately the same number of particles. On the
other hand, a clustered distribution would be expected to produce a
combination of empty quadrats, quadrats with a small number of
particles, and quadrats with many particles. A random distribution
would be expected to produce results somewhere in between these
two extremes. In this study, the quadrat method was carried out on
25 micrographs within square ﬁelds, 600  600 pixels in size. Each
ﬁeld was divided into 225 contiguous quadrats. A quadrat size of
40  40 pixels was selected. The calculated particles number per
cell distributions were then compared to the two theoretical distributions; (a) the Poisson distribution (Equation (1)) and (b) the
negative binomial distribution (Equation (2)) according to the followings [33];

PðrÞ ¼

mn
expðmÞ
r!


PðrÞ ¼

ðk þ r  1Þ!
ðk  1Þ!r!

(1)


r 
k
p
1
1þp
1þp

(2)

where P(r) indicates the probability, r denotes the number of particles per cell, m is the mean value of the number of particles per
cell, and k and p are parameters that can be determined according
to [32]. According to the above two types of distribution, the
Poisson distribution corresponds to a homogenous particle distribution and the negative binomial distribution corresponds to a
clustered type of particles distribution. To examine the effect of
oxidation on the composition of the surface ﬁlm formed on SiC
particles high-resolution Auger electron spectroscopy (HR-AES)
was employed. Analysis was performed in a site-speciﬁc manner on
large SiC particles. The analyses were conducted using a Physical
Electronics Model 700 Scanning Auger Nanoprobe (LS) apparatus
equipped with a spherical sector analyser. Spectra were recorded in
direct mode and with a 2e5 keV and 1 nA primary beam.
Transmission Electron Microscopy (TEM) was employed to shed
light on the microstructure of Mg alloy AZ91D-based MMC using a
Titan 80e300 TEM/STEM instrument operating at 300 kV. The
microscope was equipped with an Oxford Inca EDX detector. An FEI
Versa 3D combined Focused Ion Beam/Scanning Electron Microscope (FIB/SEM) workstation was used to create and investigate
cross-sections of the oxide scales and subjacent metal of the
exposed samples. The thin lamella was mounted on a support Cu-

M. Esmaily et al. / Composites Part B 94 (2016) 176e189

grid. Time-resolved low-loss electron energy loss spectroscopy
(EELS) was performed on FIB-prepared TEM thin foils of the Mgbased MMCs using a monochromated and aberration-corrected
transmission electron microscope at 80 kV. Finally, micro-Vickers
hardness was measured (Akashi HV-114) on the polished surfaces
of the samples. The mean values of 20 measurements were obtained under the condition of a 0.1 kgf load with a duration of 15 s.
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Table 3
Typical composition of the main phases (at.%) from the points designated in Fig. 2.
Point

Probable phase

Mg

Al

Mn

Zn

Fe

1
2
3
4
5
6

a-Mg
b phase (Mg17Al12)
h phase (Al8Mn5(Fe))
a-Mg
b phase (Mg17(Al, Zn)12)
h phase (Al8Mn5(Fe))

98.2
62.5
24.1
97.1
60.5
3.9

1.8
37.5
47.5
2.9
36.4
47.1

e

e

e

27.8
e
e
48.9

e
e
2.1
e

0.4
e
e
0.1

(AM50)
(AM50)
(AM50)
(AZ91D)
(AZ91D)
(AZ91D)

3. Results
3.1. RC AZ91D and AM50 microstructures
The microstructural constituents of the cast MgeAl alloys,
especially AM50 and AZ91D, have been widely studied by
numerous authors; see for example [34e36]. The main microstructural constituents are a-Mg grains surrounded by interdendritic regions (also called eutectic a) and b phase particles
(Mg17Al12). Owing to the presence of Mn, MgeAl alloys in the AM
and AZ series also contain a small amount of h phase particles
(Al8Mn5xFex) [22,28,29]. Moreover, transient phases such as
Mg5Al have been reported in the microstructure of MgeAl alloys
[28]. This is a precursor of b-Mg17Al12 and has considerably lower
volume fraction than the dominant intermetallic phase particles.
Fig. 2 shows SEM micrographs of the microstructure of RC Mg alloys
AM50 and AZ91D. SEM/EDX of the main microstructural constituents in the RC materials are provided in Table 3. Both microstructures consisted of externally solidiﬁed dendritic grains (ESGs) and
ﬁner grains designated internally solidiﬁed grains (ISGs). The ESGs
are large grains that are usually formed prior to the melt entering

the casting and in the shot-sleeves. However, ESGs can also be
fragmented during their passage through the gating system [22].
In both cases, the b phase component appeared in the interdendritic regions. As expected, a comparison of the microstructures produced by RC AM50 and AZ91 showed that the b phase
tended to form relatively ﬁne particles in RC AM50 while the b
phase particles in the RC AZ91D alloy were coarser and more
continuous and appeared with a higher area fraction. The average
a-Mg grain sizes of RC AM50 and RC AZ91D were calculated to be
~45 and 25 mm, respectively. Using electron backscattered diffraction (EBSD) technique, we have previously shown than the RC
process produces a semi-dendritic grain structure with a higher
aspect ratio compared to those produced by conventional high
pressure die-casting (HPDC) [22]. The aspect ratio of a-Mg grains in
the alloy matrices was calculated to be 0.69 and 0.72 for the RC
AM50 and AZ91D, respectively.
Table 3 represents the EDX point analyses performed at six
positions in the microstructure of RC AM50 (points 1, 2 and 3) and
AZ91D (points 4, 5 and 6) designated in Fig. 2. The center of the a-

Fig. 2. SEM micrographs showing typical microstructures of alloys; (a) and (b) AM50, (c) and (d) AZ91D produced by RC techniques. EDX point analysis of 1, 2, 3, 4, 5 and 6 is listed
in Table 3.
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Mg grains contained ~1.8 and 2.9 at.% Al in RC AM50 and AZ91D,
respectively; see P1 and P4. The EDX analysis showed that the b
phase particles in both RC and HPDC AM50 exhibited an Al concentrations somewhat lower than the eutectic composition, see the
binary MgeAl phase diagram [37,38]. The detection of less Al
content in b particles in MgeAl alloys by SEM/EDX stems from the
fact that the EDX detector is normally affected by the surrounding
matrix [22]. Thus, detect more Mg and less Al content is usually
expected when analyzing the intermetallic particles by EDX. In
addition, the EDX analyses revealed the presence of small amount
of Zn in the b phase intermetallic compounds, presumably through
replacement of Al atmos. The brightest particles (designated as P3
and P6 in Table 3) in the SEM images (Fig. 2b and d), were h phase
particles that mainly contain Al and Mn. It may be noted that Fe was
present in the h intermetallic particles. Hence, the solidiﬁcation
microstructure of the fabricated RC AM50 and AZ91D also contained Al8 (Mn5xFex) intermetallic particles in which Fe replaced
some of the Mn atoms.
3.2. SiC-reinforced AM50 and AZ91D microstructures
Fig. 3 depicts the morphology and size distribution of the two
types of SiC particles used to fabricate the Mg alloys-based MMCs.
The particle size distribution (PSD) of the particles was determined
through image analysis on high-magniﬁcation SEM micrographs. It
was clear that there was a huge difference in the size of the two
types of particles used in this study.
In the case of HCS 59N, PSD analyses revealed that 85% of the
particles are in the range 0.4e1.2 mm with an average particle size of
about 0.7 mm. A low percentage of particles (~2.2%) was in the
nanometer range, showing an average size of less than 100 nm. In
the case of the SiC particle type HCS 400, particles exhibited an
average size of about 13.1 mm, approximately 19 times bigger than
the type HCS 59N. Besides, there were some fractions of particles
having an average size in the range 25e40 mm.

Fig. 4. AES depth proﬁle showing the formation of silica (SiO2) on the SiC particles
upon their oxidation at 1100  C for 45 min.

It has been reported that heating SiC particles up to 900  C, not
only helps elimination of surface impurities and in the desorption
of gases, but also changes the surface composition by forming an
oxide layer on the surface [39]. Fig. 4 shows an AES depth proﬁle
acquired from the surface of large oxidized SiC particle type HCS
400 artiﬁcially oxidized at 1100  C. Three AES analyses were conducted on particles larger than 5 mm in order to determine the
thickness of the oxide layer formed on SiC particles. From the
proﬁle, the outmost layer of the analyzed particles contained high
concentration of C. This layer was observed in all three particles and
is attributed to surface contamination. Below this layer, silica (SiO2)
was present. The thickness of this layer was found to vary
30e50 nm from one particle to another, probably in relation to the
particle surface exposed to electron beam. Such variations in the
oxide layer thickness have also been reported in other studies,
where this behavior is explained by the fact that oxidation is
strongly governed by the surface exposed to O, being faster for the C

Fig. 3. SEM micrographs and particles size distribution of SiC particles used to produce the Mg-MMCs; (a) and (b) HCS 59N, (c) and (d) HCS 400.
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face than for the Si face [39,40]. As indicated above, the oxidized
particles were employed in the second experiment.
3.2.1. The ﬁrst experiment-non-oxidized HCS 59N SiC particles
Fig. 5 shows the microstructure of the Mg alloy AM50 and
AZ91D reinforced by SiC particles type HCS 59N using the RC
method. These alloys were produced using an fs of 60%. In this
experiment, SiC particles were not oxidized and just pre-heated to
50  C for drying. As seen in the SEM images, in both AM50-and
AZ91D-based MMCs, SiC clusters could frequently be observed.
Quantitative data on the quality of the alloys and MMCs and the
particles' uniformity are provided below.
In the case of alloy AM50-based MMC (Fig. 5a and b), morphological inspections revealed that the addition of SiC particles
introduced some changes in the grain structure of the alloys. Firstly,
a notable reduction in the average a-Mg grain size, reaching a value
of about 28 mm, was observed in alloy AM50-based MMC. This can
be compared to the average a-Mg grain size in the RC AM50,
compare Fig. 5b with Fig. 2b. Secondly, SiC additions gave rise to an
increase in the aspect ratio of a-Mg grains, showing an aspect ratio
of ~0.8, signifying an increase in the sphericity of primary a-Mg.
Notably, very little evidence of b phase particles in the interdendritic regions was observed (see Fig. 5a and b). The b phase
particles were substituted with a new phase containing some
percentages of Si and C in addition to Mg and Al (see point 3 in
Fig. 5b and Table 4). Similar observations were made in the case of
alloy AZ91D-based MMC (Fig. 5c and d). Thus, a comparison between the RC AZ91 and RC AZ91-based MMC showed that the size
of a-Mg grains decreased from 25 mm to 21.4 and the aspect ratio
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Table 4
Typical composition of the main phases (at.%) from the points designated in Fig. 5.
Point

Probable phase

Mg

Al

C

Si

Zn

1
2
3
4
5
6

a-Mg

97.2
23.7
75.5
1.5
95.65
59.7

1.7
35.3
17.8
0.5
2.75
37.6

1.1
41
1.9
44.3
1.6
1.2

e
e
4.8
53.7
e
e

e
e
e
e
e
1.5

(AM50)
(AM50)
(AM50)
(AM50)
(AZ91D)
(AZ91D)

~ Al2MgC2
e
SiC particle
a-Mg
b phase (Mg17(Al, Zn)12)

also increased from 0.72 to 0.79, respectively. Similar to RC AM50based MMC, some fractions of b phase particles in the RC AZ91Dbased MMC (see the dark regions in the surrounding areas of b
phase particles in Fig. 5c) were replaced with a phase containing Si,
C, Mg and Al. Otherwise, b phase formed in the RC AZ91D-based
MMC showed a composition almost similar to its original chemical composition with some addition of C; compare point 6 in Table 4
with point 5 in Table 3.
Table 4 lists the EDX analyses at the six points in the microstructure of RC AM50- (points 1, 2, 3 and 4) and AZ91D-based
MMCs (points 5 and 6) designated in Fig. 5. In both cases, a-Mg
grains (points 1 and 5) contained 1e2 at.% C content, which is likely
related to surface contaminations introduced to the sample's surface during the grinding/polishing step. Point 2 in Fig. 4a revealed a
chemical composition very close to Al2MgC2 carbide, appearing as
almost spherical particles in the MMCs' microstructures. This carbide, which was chemically analyzed through EDX and high resolution SEM, could not be detected by XRD due to its small fraction.
The phase was previously communicated as one of the most

Fig. 5. SEM micrographs showing the microstructure of Mg-based MMC (HCS 59N) produced through the RC method; (a) and (b) alloy AM50-based MMC, (c) and (d) alloy AZ91Dbased MMC. Note: the fs of slurry for these experiment was 60%. EDX point analysis of 1, 2, 3, 4, 5 and 6 is listed in Table 4.
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probable carbides in Mg-based MMCs [41e44]; see the XRD diffractograms below. Notably, it was noticed that some SiC particles
(point 4 in Fig. 5b and Table 4) had been trapped within a-Mg
grains almost in the center of ECSs, presumably between dendrite
side arms.
3.2.2. The second experiment-oxidized HCS 400 SiC particles
In this part of the study, alloy AZ91 was reinforced using the
oxidized SiC particle type HCS 400. Fig. 6 shows the as-cast
microstructure of alloy AZ91-based MMC produced by HCS 400
using two fs values of 40 (Fig. 6a and b) and 60% (Fig. 6c and d). An
overall inspections showed that while the sub-micron SiC particles
were distributed almost at everywhere including inter-dendritic
regions and also in the interior of a-Mg grains in the MMC produced in the ﬁrst experiment, the micro-sized SiC particles were
mostly distributed in the inter-dendritic regions. SiC particulates
and clusters were recognizable in SEM images. Clustering of SiC
particles was much less pronounced when using HCS 400
compared to those containing SiC particle type HCS 59N (compare
Figs. 5 and 6). Furthermore, SiC clustering was considerably minimized when fs was 40%; compare Fig. 6a and b with Fig. 6c and d.
This was also supported by the statistical analyses; see below. Grain
size measurements showed that the use of particle type HCS 400
resulted in an average a-Mg grain size of ~23 and 21 mm for the fs
values of 40 and 60%, respectively. Thus, a coarser grain structure in
alloy AZ91D was formed with the same fraction of solids (60%)
when using particle type HCS 400 rather than HCS 59N; compare
Fig. 6a and b with Fig. 5c and d.
The SEM/EDX analyses of some of the microstructural features,
i.e. points 1, 2 and 3, are provided in Table 5. The number of

Table 5
Typical composition of the main phases (at.%) from the points designated in Fig. 6.
Point

Probable phase

Mg

Al

C

O

Zn

1
2
3

a-Mg
b phase (Mg17(Al, Zn)12)

97.2
60.5
42.1

2.6
36.5
e

0.2
0.1
57.9

e
e
e

e
2.9
e

Mg2C3

intermetallic particle types could be identiﬁed by SEM/EDX was
much less in the microstructure of composites produced in the
second experiment compared to the ﬁrst experiment (see also
below). The C content of the b phase particles was considerably
decreased. Thus, b phase intermetallic particles exhibited a chemical composition very close to those formed on RC AZ91D; compare
point 2 in Table 5 with point 5 in Table 4. In addition to SiC particles
and the main constituents, there was evidence for a type of Mg
carbide, Mg2C3; see point 3 in Table 5. These carbide had a bandlike morphology and were formed adjacent to the SiC particles. It
was noted that the fraction of Mg2C3 increased with increasing fs.
This could be attributed to the more mechanical contact between
the EEM and the SiC particles-containing melt during the slurry
preparation. It may be noted that the formation of this carbide has
also been reported in Refs. [42,43].
3.3. Phase identiﬁcation using XRD, TEM/EDX and EELS
Fig. 7 displays XRD patterns (a grazing incidence angle of 0.5 ) of
the RC AM50-and AZ91-based MMCs (HCS 59N). In both cases,
relatively low intensity peaks corresponding to the b phase
(Mg17Al12) were present in addition to the peaks corresponding to

Fig. 6. SEM micrographs showing the cast microstructure of alloy AZ91D-based MMC produced using SiC particle type HCS 400 produced by the RC method; (a) and (b) fs ¼ 60%, (c)
and (d) fs ¼ 40%. EDX point analysis of 1, 2, 3, 4 and 5 is listed in Table 5.
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Fig. 7. XRD diffractograms (obtained by an incidence angle of 0.5 ) collected from the
RC AM50-and AZ91D reinforced by SiC particle type HCS 59N using the slurry with an
fs of 60%. Note: the peak shown by arrow for the case of Mg alloy AZ91D-based MMC
could not be attributed to any unknown crystalline compound.

a-Mg. While the peaks related to b phase appeared with higher
intensity and could be easily detected for the case of alloy AZ91D,
they were hardly recognizable in the case of alloy AM50, which is in
line with microstructural inspections (see Fig. 5). The XRD analysis
showed no evidence of the AlMn phase, which is likely due to their
low volume fraction. In both cases, strong peaks related to b-SiC
were obvious. Peaks corresponding to Mg2Si intermetallic particles
and MgO had a higher intensity for the alloy AM50 than AZ91D.
Surprisingly, some peaks had characteristics very similar to Mg
hydride (MgH2) in both MMCs.
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In all the XRD analyses performed, there was no indication of
carbides in the XRD analyses using grazing incidence angle of 0.5 ,
which is consistent with the XRD patterns of SiC reinforced Mgbased MMCs. XRD patterns related to the MMCs (HCS 400) were
not shown as the only phases that could be detected in those cases
were the main phase, i.e. a-Mg, b phase and SiC particles.
TEM analysis was performed to further elucidate the effect of SiC
additions on the formation of different phases. From qualitative
SEM imaging (see the SEM images in Figs. 5 and 6), it was obvious
that SiC particles tended to accumulate in the inter-dendritic regions. Fig. 8 shows the STEM/EDX and STEM/EELS investigations
performed on a FIB-prepared thin foil from an inter-dendritic region of Mg alloy AZ91D reinforced by SiC particle type HCS 59N. The
darker area (point A in Fig. 8a and Table 6) conﬁrmed an Al content
of 7.9 at.% indicating that the studied are was an inter-dendritic
region. As seen, an island (the brighter area in Fig. 7a) was
formed inside the inter-dendritic region. Point B in Table 6 shows
the chemical composition of this island, where a composition
similar to point A was detected with some additions of Zn. The
bright particles in Fig. 8a were SiC particles; see the chemical
composition of C in Table 6. Note that the C content of the SiC
particles was less than their stochiometric composition. MgO and
Mg2Si were also present close to SiC particles; see for e.g. points E
and D in Fig. 8a and b and in Table 6. We also found another carbide
consisted of Al and C, showing the chemical composition of Al4C3
(point E).
Fig. 8c provides the time resolved and normalized EELS spectrum of the point designated by a cross in Fig. 8b, adjacent to the SiC
particle. The EELS analysis indicated the presence of MgH2 in the
alloy's microstructure, which is in line with the detection of MgH2
by XRD (Fig. 7). Thus, at time 0s, two volume plasmon peaks of

Fig. 8. STEM investigation on inter-dendritic regions of Mg alloy AZ91D reinforced by SiC particle type HCS 59N; (a) high-angle annular dark-ﬁeld (HAADF) STEM micrograph, (b)
bright-ﬁeld STEM micrograph and (c) EELS spectra of the point designated by a cross in Fig. 8a and b. TEM/EDX point analysis A, B, C, D and E are presented in Table 6.
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Table 6
TEM/EDX Chemical compositional analyses (at.%) from the points designated in Fig. 8.
Point

Probable phase

Mg

A
B
C
D
E
f

Inter-dendritic region
Inter-dendritic region
SiC particles
MgO
Al4C3
Mg2Si

89.6
86.7
e
51.7
0.9
63.55

Al
± 1.2
± 0.8
± 2.3
± 0.3
± 0.5

7.9
8.1
e
0.1
54.5
0.15

C
± 1.1
± 0.4
± 0.01
± 0.2
± 0.01

~10.6 and 14.55 eV were acquired corresponding to the Mg and aMgH2, respectively [45,46]. The relative intensity of the Mg peak
increased as the exposure time to the electron beam increased, and
after 630 s the peak corresponding to a-MgH2 had vanished and the
phase was transformed into Mg due to the hydrogen loss from the
hydride particle.
3.4. Materials quality; quantitative analyses
The uniformity of SiC particles and clusters as well as the fraction of casting defects were investigated in order to examine the
MMCs' quality. It should be noted that statistical analyses can
provide broader, and thus more precise, descriptions of the MMC's
quality as they were determined from a relatively large area
(4.2 mm2). The NND of SiC clusters larger than 40 mm, approximately equal to twice the size of the largest SiC particulates
employed in this study, for alloy AZ91D reinforced by the two
particle types and at the two different fs values are presented in
Fig. 9a. From the statistical data, it was clear that the number of
clusters in the studied areas was in the order of HCS 59N (fs ¼ 60%)
>> oxidized HCS 400 (fs ¼ 60%) > oxidized HCS 400 (fs ¼ 40%); see
the x-axis in Fig. 9a. Thus, while the clustering was most probable
when employing the particle type HCS 59N, it was markedly

2.5
3.3
41.9
0.2
44.6
2.3

±
±
±
±
±
±

0.3
0.1
1.4
0.02
3.2
0.03

Si

Zn

O

e
e
58.9 ± 2
e
e
34 ± 1.9

e
1.9 ± 0.1
e
e
e
e

e
e
e
48 ± 1.1
e
e

minimized when using the oxidized particle type HCS 400 with a
lower fs, which was in accordance with the qualitative assessments;
see above.
In addition, the NND results indicated a large number SiC clusters were present at a lower distance interval (90e180 mm) and a
small number clusters at the high distance intervals (more than
180 mm) in the microstructure of alloy AZ91D reinforced by the SiC
particle type HCS 59N in comparison with those reinforced by the
oxidized particle type HCS 400 at the two fs values of 40 and 60%.
Moreover, it was evident that at fs ¼ 40% less clustering of the SiC
particles occurred. Therefore, in that case SiC clusters were more
frequently formed at very high distance intervals (240 mm). It
should be mentioned that the NND analysis of the RC alloy AM50
reinforced by HCS 59N (Fig. 5a and b) showed a somewhat similar
pattern to the alloy AZ91D reinforced by the same particle type. The
results obtained from the quadrat method (Fig. 9b and c) provided a
general picture of the distribution of SiC particles owing the large
area fraction of the investigation. Quadrat analysis was performed
only on MMCs exhibiting much less SiC clustering and hence
relatively better casting quality, i.e. Mg alloy AZ91D reinforced by
oxidized particles type HCS 400 at the two fs values. The number of
SiC particles per quadrat was meaningfully different between
MMCs produced by the two fractions of solid (Fig. 9a and b). Thus,

Fig. 9. Clustering analysis: quantitative analyses of the MMCs' quality fabricated by the RC process; (a) the NND of SiC cluster larger than 40 mm. Particle distribution analysis:
typical distributions of SiC particles per quadrat Nq for alloy AZ91D reinforced by the oxidized SiC particle type HCS 400 with an fs value of (b) 60% and (c) 40%. Note: the statistical
data presented in each ﬁgure were determined using 25 SEM images taken from relatively large areas (~4.2 mm2) of the MMCs' microstructures.

M. Esmaily et al. / Composites Part B 94 (2016) 176e189

185

Fig. 10. (a) Secondary electron (SE) and (b) backscattered electron (BSE) SEM micrographs showing the same area, 2 mm from the casting skin, in the RC alloy AM50 reinforced by
the SiC particle type HCS 59N. Note: the area separated by dotted-lines in Fig. 10a shows the regions containing grains with smaller size.

the Mg alloy-based MMC produced using an fs of 60% followed the
negative binomial distribution, whereas the MMC produced using
an fs of 40% followed the Poisson distribution type, conﬁrming the
uniform distribution of SiC particles in the latter case.
The SEM micrographs shown above (Figs. 2, 5 and 6) were taken
from the central regions of the castings. Inspecting areas close to
the castings' skins also resulted in some information on the materials' microstructure and casting defects. Fig. 10 shows an area
~1 mm from the cast skin in alloy AM50-based MMC. This micrographs shows the poorest part of the MMC, from a quality point of
view. As expected [22], the grain structure became ﬁner when
approaching the cast skin. Frequently, regions exhibiting considerably ﬁne a-Mg grins in the range 1e4 mm could be observed; see
these regions in Fig. 10a. Similar regions could also be seen in the
central regions of the castings, but to a lesser extent. Besides,

particle-porosity association could be often observed, see the worst
regions (from porosity point of view) in Fig. 10. Such regions consisting of grain with extremely non-uniform size and SiC-associated
defects were also present in the case of RC alloy AZ91D reinforced
by the particle type HSC 59N, but could not be seen in the MMCs
produced by the particle type HCS 400. To have a broader image of
the extent of casting defects, the fraction of casting defects were
determined.
Fig. 11 shows the morphology of pores and the quantitative
assessments of the porosities in the materials produced by the RC
technique. The SEM image in Fig. 11a shows relatively large connected casting pores in the MMC produced by HCS 59N. In the case
of the MMC (HCS 400), the pores were signiﬁcantly smaller and
were only formed in the inter-dendritic regions; see Fig. 11b. The
data shown in Fig. 11c were obtained from an area of 4.2 mm2 and

Fig. 11. Casting defects of the MMCs produced using the two different particle types and fs values; (a) SEM micrograph showing the occurrence of connected porosities in the
microstructure of alloy AZ91 reinforced by the SiC particle type HCS 59N, (b) the same alloy produced by the oxidized SiC particle type HCS 400 and (c) area fraction of porosity of all
of the alloys and MMCs produced in this study. Please note the bars of Fig. 11c that correspond to the SEM images shown in Fig. 11a and b.
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Fig. 12. Hardness of RC alloys and the MMCs produced by the two SiC particle types
and fs values.

includes micro- and macro-pores. It was obvious that the casting
porosity was much less in the MMC produced HCS 400 than HCS
59N, which is in line with microstructural observations described
above. As seen, while the as-cast RC materials exhibited a pore
fraction of 1e2%, the RC alloy materials reinforced by the particle
type HCS 59N showed a ~3 times higher fraction of pores. The
fraction of casting pores decreased to almost the same values as
their host alloys for the alloys reinforced by the oxidized HCS 400.
Besides, the fraction of pores in the MMCs reached its minimum
value when fs was 40%. Thus, the trend in the extent of pores in the
MMCs was similar to the clustering tendency and the uniformity of
SiC particles.
3.5. Hardness measurements
The variations in hardness of the alloys AM50, AZ91 and the
MMCs are shown in Fig. 12. It was evident that the MMCs were
harder than their host alloys. It should be mentioned that huge
variation in the hardness values due to the presence of SiC clusters
(especially in the case of MMCs produced by HCS 59N) were
omitted from the data. The use of HCS 59N as reinforcements
resulted in the maximum hardness, increasing the hardness from
~50 to 73 and 64 to 76 for alloy AM50 and AZ91D, respectively. HCS
400 gave rise to a lower hardness than HCS 59N but still higher than
RC AM50 and AZ91D. Unlike the MMCs' quality, decreasing the fs
value did not result in a higher hardness but one may consider the
decrease in the scattering of the hardness results in the MMCs
produced by HCS 400 using an fs value of 40% compared to the other
MMCs.
4. Discussion
Based on the reasons presented in the Introduction, it is highly
desirable to produce Mg-based MMC cast components with uniform reinforcement distribution and structural integrity. The RC
method in combination with the RheoMetal process has already
established itself as a promising casting technique enabling the
production of high-quality and complex cast Mg alloys with
enhanced service performances [22,27,28]. Thus, one expected to
detect a relatively low fraction of casting pores, in the range of 1e2%
of the total examined area, in the RC AM50 and AZ91D alloys (see
Figs. 2 and 11). In the case of RC alloys, the pores are frequently
associated with the melt solidiﬁed in the inter-dendritic regions;
see Fig. 2a. The commonly observed macro-porosities corresponding to large gas pores in the size range 100e500 mm, which
are often formed in Mg alloys produced by the conventional HPDC
method process, are not formed in the RC Mg alloys. This is a result

of the fact that the RC process induces strong shearing forces on the
slurry, causing the feed rate of the casting to increase, and thereby
resulting relatively quick ﬁll speeds at high pressure [22]. It is
known that trapped gases and bubbles are formed during ﬁlling,
while shrinkage defects occur when feed metal is not accessible to
compensate for shrinkage as the metal solidiﬁes [20e22]. Hence,
less risk for trapped gas as well as shrinkage is expected in RC
AM50, which is in accordance with the results obtained in this
study. The low temperatures and high apparent viscosity of the
semi-solid slurry also leads to less porosity in castings made using
the RC technique.
Perhaps the most vital part of the MMC technology is the science
of interface as interfacial reactions embodies many of the important
aspects of MMCs properties. When discussing MMCs and interfacial
reactions/properties, wetting characteristics of the ceramic particles becomes a crucial concept [1,2]. Here, wettability is the ability
of the molten metal to spread on a particle surface, and symbolizes
the extent of intimate contact between the melt and ceramic particles [1]. Unluckily, the wettability of ceramic particles in molten
Mg and Al and accordingly their alloys is poor, i.e. particles exhibit
wetting angles considerably higher than 90 [15]. During the last
two decades, various methods have been suggested to mitigate the
wetting of ceramic particles by liquid metal, such as increasing
metal liquid temperature, pre-treatment of particles (used in the
second experiment in this study), and coating ceramic particles
[47,48].
4.1. The ﬁrst experiment-non-oxidized HCS 59N SiC particles
It is, indeed, attractive to fabricate MMCs using nano-sized
ceramic reinforcements as the addition of micron size ceramic
particles, can reduce the ductility of the matrix although improves
strength signiﬁcantly [24]. Mg alloys reinforced by sub-micron
sized ceramic particles are usually made through powder metallurgy, disintegrated melt deposition, friction stir processing and
ultrasonic vibration; see for e.g. Refs. [49e51]. In this study we
employed the RC process for fabricating Mg alloy AM50-and
AZ91D-based MMCs using sub-micron sized SiC particle type HCS
59N. This part of the work was combined with various types of
analytical techniques including TEM/EDX/EELS to shed light on the
formation of all microstructural constituents that may form in SiCreinforced Mg-based composites. As expected, non-oxidized SiC
particles strongly tended to form clusters in the MMCs' microstructures. It was quite challenging for us to achieve uniform
dispersion of such small particles through casting as agglomeration
and clustering frequently occurred during solidiﬁcation due to high
viscosity and poor wettability, the factors that are known to play a
role in the soundness of nano-sized SiC-reinforced composites
[52e55]. It may be noted that 10 vol.% of SiC, which was the case of
this investigation, is a signiﬁcant value of volume fraction for producing composites using nano-sized particles. Deng et al. [56], who
attempted to produce Mg alloy AZ91 Mg matrix composites using
sub-micron size SiC particulates using stir casting, only used 0.5e5
vol.% ceramic particles. Even though they employed many fewer
fractions of SiC particles, they reported considerable amounts of SiC
clusters in their MMCs' microstructures.
Moreover, the MMCs fabricated by HCS 59N exhibited the
maximum fraction of casting pores, both in the central and skin
areas of castings. In addition to the pores associated with the melt
solidifying in the inter-dendritic regions, SiC cluster-porosity association was also observed, see Fig. 10b. In a few cases, worm-like
pores were seen in the MMCs' microstructure, see Fig. 11a. In
addition to the factors mentioned above, it is suggested that pores
were mainly associated with the enormously large surface-tovolume ratio of SiC particles in the ﬁrst experiment. Moreover,
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SiC particles in the ﬁrst experiment were poorly degassed that can
be attributed to their fresh (non-oxidized) surfaces. Casting pores in
MMCs are normally generated from the solidiﬁcation shrinkage, the
entrapment of gases and hydrogen evolution [57e59]. The
entrapment of gases depends essentially on the processing parameters [56]. The hydrogen production is mainly the result of the
reactions between the absorbed H2O and Mg melt. Some water
vapor is usually absorbed on the surface of the added particles,
even though the particles are pre-heated. Once entering the melt,
the water vapor can react strongly with Mg, forming MgO and
releasing H2. This also explains the formation of MgH2 at the SiC
particle/alloy interface; see Fig. 8. It may be noted that the hydride
phase, a-MgH2, has not previously been reported in the microstructure of Mg-based MMCs.
In the case of Mg alloy AM50, it was rather surprising that very
little knowledge is available regarding the production of alloy
AM50 reinforced by SiC particles, even when other ceramic particles are included. The only published work on the microstructure of
alloy AM50-based MMC is the work done by Regev et al. [23]. They
could successfully produce cast micron-sized SiC particle (in the
range 4e30 mm) reinforced AM50 using a SSM process. However,
they did not provide detailed information concerning probable
intermetallic particles and carbides. An interesting observation was
made when we noticed that the b phase intermetallic particles
were only formed with a much smaller fraction compared to the RC
AM50 (Fig. 5a and b). Instead, a phase containing Mg, Al, Si and C
was formed in the inter-dendritic regions (Fig. 5a and b). Such
interference of nano-sized SiC particles in the composition of b
phase was also observed in the microstructure of alloy AZ91 reinforced by the same particle type. This indicates another difﬁculty in
producing Mg alloys-based MMCs using nano-sized particles as
both b phase particles and tiny SiC particles tend to settle in the
inter-dendritic regions during solidiﬁcation of Mg alloys-based
MMCs.
In contrast to the composition of the b phase, the sub-micron
sized SiC additions did not have an considerable effect on the
composition of h phase intermetallic (Alx(Mn, Fe)y) particles in
both alloys as they formed with approximately the same fraction as
the RC alloys (compare the brightest particles in Figs. 2 and 5). This
was also conﬁrmed by image analysis techniques. However, the
morphology of h phase particles was somewhat different when
comparing the microstructure of the MMCs and their monolithic
counterparts. While h phase formed as semi-spherical particles in
the RC materials, they appeared mostly as rod-like morphology in
the MMCs (see for example Fig. 5a).
In the Mg-based MMCs, eutectic phases also form during the
solidiﬁcation process. These eutectic phases are able to wet the SiC
particles and heterogeneously nucleate on the SiC substrate. The
imperfections in the SiC particles, such as stacking faults, dislocations, and pits or grooves can act as favorable sites for heterogeneous nucleation [60]. In some cases, SiC particles near to the
center of a-Mg grains were observed; see point 4 in Fig. 5 and
Table 4, which may suggest that they were nucleation sites for the
grains. The potency of SiC particles acting as nucleation sites in Mgbased alloys are discussed in Refs. [60,61]. Carbides were profoundly formed in the MMCs produced in the ﬁrst experiment. It
has been reported by several studies that carbides also play a role as
grain reﬁnements in the microstructure of Mg-based MMCs
[62e65]. For example, Lu et al. [63], who examined the microstructure of an Mg-3%Al alloy reinforced by SiC particles, discussed
the active role of the carbide Al4C3 in reﬁning the grain structure of
the MMC. Microstructural inspections (see for example Fig. 10a)
showed the formation of small a-Mg grains due to the large population of active nucleation sites provided by the sub-micron sized
SiC particles and carbides. Such microstructural conﬁguration (with
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a reduced average grain size) might be beneﬁcial from a mechanical
properties standpoint, according to the HallePetch equation [2,3],
but may be detrimental from a corrosion standpoint. This stems
from the fact that environmental degradation is an actual limiting
factor for Mg-based alloys and that the atmospheric corrosion of
Mg-based alloys is governed by the number of active cathodic sites
and also available anodic sites [27e29].
SEM/EDX, XRD and TEM/EDX/EELS revealed the formation of
MgO, Mg2Si, MgH2, Al4C3, Al2MgC2 as the reaction products of SiC
particles and the melts. A possible mechanism for the formation of
the hydride phase was provided above. The presence of MgO and
Mg2Si in the case of the alloys reinforced by non-oxidized particles
was expected as the interaction of SiC particles with molten Mg
that results in the formation of a mixture of Mg2Si and MgO
intermetallic particles. The carbides are commonly seen in the Mgbased MMCs and are said (see for e.g. Ref. [15]) to form based on the
following reactions;
4Al þ 3SiC / Al4C3 þ 3Si

(3)

2SiC þ 2Al þ 5 Mg / 2Mg2Si þ Al2MgC2

(4)

Generally, microstructural examination revealed fewer types of
intermetallics and carbides when using the oxidized SiC particle
type HCS 400 than when using HCS 59N as a result of the particles'
stability provided by SiO2. This can also partially explain the slightly
lower hardness values of the MMCs produced in the second
experiment than those produced in the ﬁrst one.
4.2. The second experiment; oxidized HCS 400 SiC particles
In general, the MMCs produced by oxidized SiC particles (HCS
400) showed much better material quality. Thus, these MMCs
produced through the RC technique exhibited a lower fraction of
casting pores. The tendency for clustering and casting defects
including the particle-associated pores and shrinkages was much
less when oxidized HCS 400 using an fs of 60% compared to that of
HCS 59N and, interestingly, the difﬁculties associated with particle
distribution and homogeneity were minimized, or almost eliminated, when the fs decreased to 40%; see the SEM images in Fig. 6c
and d and the quantitative assessments in Figs. 9 and 11. Thus,
increasing the fs during the RC process did not give rise to a better
wetting of SiC particles, and accordingly more dispersion on
ceramic particles. This is rather surprising as one could have expected to obtain an opposite effect of fs on the quality of the MMCs
as more mechanical stirring (by EEM), and accordingly better
wetting of particles, should occur at higher fs values. However, such
increase in mechanical contacts between the EEM and the melts
seems to have a negative effect on quality of Mg-based MMCs.
Nevertheless, the fraction of casting pores was slightly lower in the
MMCs when the fs was 40% (see Fig. 11). To ﬁnd out the reason
behind the effect of solid fraction on the MMCs' quality future
studies are planned by our research group. The presence of Mg2C3
carbides in the MMC produced by oxidized SiC particles was
notable. The formation of Mg2C3 in the case of composites reinforced by the oxidized particles is most likely linked to the reaction
of SiO2 with molten Mg in some cases, and thus the melt became in
contact with SiC particles to form carbides.
5. Conclusions
We produced Mg alloy AM50-and AZ91D-based MMCs using the
rheoprocessing, whereby the slurry was produced by the RhoMetal
process. The following conclusions can be drawn from this study:
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1. TEM/EDX/EELS showed the presence of different intermetallic
particles and Al carbides in the inter-dendritic regions of the
MMC produced by non-oxidized ﬁne (sub-micron sized) SiC
particles. The hydride MgH2, which was detected at the interface
SiC/AZ91D, was suggested to be formed due to presence of water
vapor on the surface of SiC particles, which resulted in the
availability of H2 in inter-dendritic regions during the
solidiﬁcation.
2. Oxidation (at 1100  C for 45 min) of SiC particles resulted in less
formation of undesired intermetallics and Al carbides in the
microstructure of Mg alloys-based MMCs owing to the formation of SiO2 on the SiC particles' surfaces.
3. The MMCs produced by macro-size oxidized particles exhibited
low very low fraction of porosities, which was explained by
desorption of adsorbed gases from SiC particle surfaces through
the heat treatment procedure and signiﬁcantly smaller number
of speciﬁc surface areas as compared to the ones reinforced by
nano-sized and non-oxidized SiC particles.
4. The quality of the MMCs was also examined using the NND and
quadrat methods. It was shown that the slurry fraction has a
great impact on the quality of the MMCs produced through the
RC technique. Thus, the MMC produced by 40% of solid in their
slurry exhibited much better dispersion of SiC particles as well
as much fewer casting defects than that produced by 60% solid
fraction. To understand the reason behind this effect, however,
future studies are needed.
Altogether, it was shown that the rheocasting technique in
combination with the RheoMetal process exhibits promising potential for fabricating Mg-based MMCs with very low fraction of
casting defects as well as excellent homogeneity of macro-sized
ceramic particles, if the right set of process parameters are
employed. From the foundry point of view, the results of this study
are of importance in order to optimize the process parameters
further and to understand the RC process and thereby develop the
technique for producing high quality MgeAl casting alloys-based
MMCs on an industrial scale.
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