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THE MICROSTRUCTURE OF WE43 MMC REINFORCED WITH SiC PARTICLES

It is well known that the properties of a metal matrix composites depend upon the properties of the reinforcement phase,
of the matrix and of the interface. A strong interface bonding without any degradation of the reinforcing phase is one of the
prime objectives in the development of the metal matrix composites. Therefore, the objective of this work is to characterize
the interface structure of WE43/SiC particles composite. Magnesium alloys containing yttrium and neodymium are known
to have high specific strength, good creep and corrosion resistance up to 250°C. The addition of SiC ceramic particles
strengthens the metal matrix composite resulting in better wear and creep resistance while maintaining good machinability.
In the present study, WE43 magnesium matrix composite reinforced with SiC particulates was fabricated by stir casting. The
SiC particles with 15 pm, 45 pm and 250 pm diameter were added to the WE43 alloy. The microstructure of the composite
was investigated by optical microscopy, scanning electron microscopy, scanning transmission electron microscopy and
XRD analysis. YSi and Y,Si reaction products are observed at the interfaces between SiC particles and WE43 matrix in the
composite stirred at 780°C. Microstructure characterization of WE43 MMC with the 45 pm, stirred at 720°C showed relative
uniform reinforcement distribution. Moreover, the Zr-rich particles at particle/matrix interface were visible instead of Y-Si
phases. In the case of composite with 15 um particles the numerous agglomerates and reaction products between SiC particles
and alloying elements were observed. The presence of SiC particles assisted in improving hardness and decreasing the tensile

strength and plastic properties.
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1. Introduction

Magnesium alloys are extensively investigated because of
their low density (1.8g/cm?) and good mechanical properties.
Magnesium alloys with aluminium additions (AZ- AM-
types) are often used in automotive and aerospace industries,
where the weight savings are essential. However, their further
application is stopped by their low thermal stability (max.
working temperature ~120-150°C). Thus, magnesium alloys
with rare earth (RE) elements were developed [1-4]. Addition
of these elements leads to formation of Mg-RE phases, with
much higher thermal stability than Mg,,Al,, phase, occurring in
AZ and AM alloys [5,6]. Alloys with yttrium and neodymium
(WE-type) additions may work up to 250°C. However, their
main drawbacks are high price due to addition of expensive
RE elements and many technological problems due to rapid
oxidation of alloying elements [7].

Investigation revealed that further increase in creep
resistance of magnesium based alloys may be increased
by addition of ceramic particles, such as SiC. Ferkel et
al. [8] revealed that pure magnesium reinforced with
nanoscaled SiC particles exhibits creep resistance similar
or even better than this, exhibited by a Mg-RE alloys. Many
attempts were done to fabricate magnesium alloys based
metal matrix composites (MMC) with SiC additions [9-
11]. Majority of them, is however fabricated by means of
milling and sintering. Cast composites are often processed

at room temperature for more homogenous distribution of
the reinforcing phase. Stirr casting seems to be promising
method for the fabrication of Mg MMC reinforced with
SiC. This method is economically effective and enables
production of complex elements [10].

It is well known that properties of the composites depends
upon properties of the reinforcing phase, matrix and interface
between them [12]. Strong bonding between reinforcement
and matrix enables transfer of the loads to the reinforcement.
However, recent investigations conducted on the SiC
reinforced WE54 alloy revealed, that in this case, load transfer
by the particles does not contribute to the strengthening of the
composite in a considerable degree. The main strengthening
mechanisms revealed in this system are: strengthening by Hall-
Petch relationship (increase of phase boundaries fraction),
strengthening by Orowan mechanism and strengthening
by differences in thermal expansion coefficients between
reinforcement and matrix [13-14].

Auvailable literature data show that SiC particles may act
as heterogenous sites for crystallization of both a-Mg dendrites
and eutectics in AZ91 alloy. However, it is true for submicron
particles. In case of addition of larger ones, the grain size in
the matrix increases. This leads to decrease of composites
mechanical properties [15-16].

Many investigations were done on the interface
reactions between magnesium alloys matrix and ceramic
reinforcements. The model of SiC degradation in pure
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molten magnesium was proposed [17].The degradation
process proposed by this model begins with dissolution of
Si0, layer covering the SiC particles in liquid magnesium.
This leads to formation of MgO and further dissolution of
SiC particle. As the C solubility in the magnesium is low,
graphite particles are precipitating. In the last stages, Mg,Si
phase and new, B-SiC phases are formed. The presence of
alloying elements such as Al, Zn and RE leads to more
complicated reactions. In the case of Mg-RE matrix alloys,
products of interfaces reaction are mainly RE;Si, phases
[18]. Zirconium oxide was also reported [19]. The following
paper presents results of the investigations on fabrication
of stir cast WE43 MMC reinforced with SiC particles.
Particular attention was paid to matrix/reinforcement
interface microstructure.

2. Research material and methodology

Material for the research was WE43 magnesium
alloy metal matrix composite (MMC) reinforced with SiC
particulates. The composite was produced by stir casting.
Pure ingots of WE43 alloy were melted in resistance furnace
under the protective atmosphere of 99.999% Ar. The melt
was homogenized for about 20 min at 720°C and 780°C.
The Mg-Y, Mg-Zr and Mg-Nd hardeners was added in order
to compensate the chemical composition. Preheated (up to
300°C) SiC particulates (mean diameter 15um, 45 um and
250 um) were added after the ingots melting at the 720°C and
780°C. The stirring process was conducted for 15 minutes. The
pouring process was conducted immediately after stirring into
the graphite moulds, preheated to 200°C. The composites were
poured at two different temperatures: 780°C and at 720°C.
The pouring process as well as solidification of the composites
were also conducted under protective atmosphere of Ar. The
composites were cast in form of cylinders with diameter
©=25mm and length 1=300 mm.

Microstructure of the composite was investigated by
means of light microscopy (LM) on Olympus GX71 LM,
scanning electron microscopy (SEM) on Hitachi S3400N
and Hitachi S4200 SEM and scanning-transmission electron
microscopy (STEM) on Hitachi HD-2300A. Chemical
composition of the microstructure constituents was analyzed
by energy dispersive spectroscopy (EDS) with detectors
attached to SEM and STEM microscopes. The LM and SEM
observations were conducted on both etched in 3% solution of
HNO; in ethyl alcohol and un-etched samples. Specimens for
the STEM observations were prepared with FIB 2100 focused
ion beam microscope.

Phase analysis were done by X-Ray diffraction (XRD) on
JEOL JDX-78S diffractometer with a copper anode. Registration
of XRD patterns was performed by 0.02° stepwise regression
for 20 ranging from 10° to 90° 20. Phase identification was
performed using ICDD PDF-4+database. Investigations were
done both on solid specimens as well as on isolates prepared by
dissolution of the composite in solution of 100ml of perchloric
acid in 1000 ml of acetic acid.

Mechanical properties of each composite were
investigated on Kappa 50DS tensile testing machine and
Duramin A-300 hardness tester.

3. Research results
3.1. Composites matrix

Microstructure of the composites matrix consists of a-Mg
solid solution grains (Fig. 1a) and eutectic equilibrium 3 phase
(MgsRE isomorphic to Mgs;Gd) [5], distributed homogenously
within the interdendritic regions (Fig. 1b). The a-Mg grains
possess cellular morphology, however there are also observed
grains with dendritic morphology. The solid solution in
the vicinity of grain boundaries is enriched in the alloying
elements — the concentration of Y solute atoms is up to 2.4%
and Nd solute atoms up to 0.8%, while within the grains
interior concentration of Y soluted atoms is only about 0.6%.

Moreover, non-metallic inclusions are observed in the
composites matrix (Fig. 2a). They posses two morphologies,
thread like - enriched in the yttrium as well as oxygen and fine
particles — enriched in yttrium and oxygen (Fig. 2b) or yttrium,
oxygen and zirconium (Fig. 2c).

Fig. 1. Microstructure of the composites matrix, LM; a) grain structure
of the WE43 alloy; b) eutectics morphology in the WE43 alloy

Fig. 2. Non-metallic inclusions in the composites matrix; a) Morphology
of the inclusions, SEM; b) Results of EDS analysis of Y-enriched
particles; ¢) Results of EDS analysis of Y- and Zr-enriched particles

3.2. Composites reinforcement

The SiC particles in each composite are distributed mainly
at the grain boundaries and in the interdendritic regions. The
reinforcement is distributed relatively homogenously in the



composite reinforced with 15um particulates, stirred at 780°C
and in composite with 45 um particulates (Fig. 3a). In these cases,
only single agglomerates are observed (Fig. 3b). The composite
reinforced with 15 pm particulates, stirred at 720°C exhibits non-
uniform distribution of the particles. Majority of these particles is
observed in form of numerous agglomerates (Fig. 3¢).

The distribution of the 250 pum particles on the transverse
sections of the castings is relatively uniform (Fig. 3d).
However, they tend to settle down in the crucible and in the
mould, which leads to non-uniform distribution of the particles
on the longitudinal sections.

Fig. 3. Reinforcement distribution in different composites; a, b) 45um
particulates, LM; ¢) 15 pm particulates, LM; d) 250um particulates, SEM

3.3. Reinforcement/matrix interface

In each case, the interface between SiC particulates and
WE43 alloy matrix is free from any voids. The matrix is well
adhered to the particles, which is caused by good wettability
of SiC with WE43 alloy. Products of reactions between the
reinforcement and matrix are observed at the interfaces in each
composite. It may suggest that matrix and particles are bonded
chemically, not only physically.

In the composite cast at 780°C, numerous cuboidal
precipitates are being observed between the WE43 matrix and
SiC particulates (Fig. 4a). EDS investigations revealed that
they are enriched in silicon as well as yttrium. The atomic ratio
of Sito Y in these phases is close to 1. There are also observed
phases with atomic ratio Si:Y is close to 0.5 (Tab. 1). In the
vicinity of these phases some primary crystals of Mg,Si phase
were observed (Fig. 4b).

Fig. 4. Reaction products in the composite cast at 780°C; a) Y- and
Si-enriched phases, SEM; b) Mg,Si phases, LM
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TABLE 1
Chemical composition of the reaction products in composite cast at
780°C (at. %)

Phase: Mg Si Y Nd Al
Mg,Si 66.9 | 33.1 - - -
Cuboidal 1 (Si/Y~=1) 22.0 | 389 | 369 | 22 -
Cuboidal 2 (S1/Y=0.5) 392 | 17.8 | 392 | 2.7 1.1

Composites cast at 720°C are characterized by
considerable different interface structure. The interface
between matrix and reinforcement is decorated by a thin
layer (Fig. 5a), in which very fine particles are visible (Fig.
7). These particles are observed sometimes even 15 um from
the reinforcement (arrow in the Fig. 5b). STEM observations
revealed that the interface between particle and the matrix
is strongly enriched in alloying elements — mainly in Zr and
Y. These regions are also enriched in silicon. The Si content
gradually decreases from the interface into the matrix, while
zirconium content increases (Fig. 6). Apart from Si-Zr-Y
layer at the interface (Fig. 5b), STEM observations revealed
two more morphologies of phases occurring at and near
the interface: cube-like precipitates, which contain mainly
yttrium and oxygen (Fig. 7a, c¢); Second type — cuboids or
spheres, which contain mainly Si and Zr (Fig.7b, d). The ratio
of Zr to Si in these phases is variable. The Zr/Si ratio vary
from near 1 up to 3 and sometimes even higher (Tab. 2). This
indicates that there are many types of Zr-Si phases formed at
the interface. Impurities such as Fe or Al are often observed
at the interfaces. Dy is also observed in phases present at the
interface. Rare earth elements are always introduced into the
melt in form of mixtures, not pure elements, so small amounts
of elements such as Dy may be dissolved in the intermetallic
phases. The peak for Cu on the EDS chart comes from the
holder, at which specimen was introduced into the STEM
chamber.

Fig. 5. Matrix/reinforcement interface structure; a) thin layer at the
interface, STEM; b) layers of fine particles, SEM

Fig. 6. Chemical composition of the SiIC/WE43 interface
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Fig. 7. Matrix/reinforcement interface structure STEM;
phases; b) Cuboidal and spherical phases; c) EDS
corresponding to the particle pointed in Fig. 7a; d) EDS
corresponding to the particle pointed in Fig. 7b
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TABLE 2
Chemical composition of different cuboidal phases at the SIC/WE43
interface in composite cast at 720°C (at. %)

Z1/Si ratio Mg Si Zr Al Fe RE
1.15 73 | 414 | 478 | 2.2 - 1.4
1.86 11.8 | 30.8 | 574 - - -
2.71 38 | 243 | 66.0 | 4.9 - -
3.55 22 201 | 714 | 55 0.7 -
4.46 39 | 157 ] 70.0 | 95 1.0 -

3.4. Phase analysis of the composites

The XRD phase analysis (Fig. 8) revealed that the
microstructure of composite cast at 780°C consists mainly
of a-Mg solid solution. Moreover the diffractions lines of
MgsGd (ICDD 03-065-7133, cF448) phase were observed in
the tested composite. This compound is isomorphous with the
equilibrium B phase (a =2.234 nm). According to the literature
and previous studies [5, 13, 20] the  phase has a Mg ,;Nd,Y
composition in Mg-Y-Nd-Zr alloys and small differences in
relative intensities between catalogue data for MgsGd phase
and experimental data were observed. and phase isomorphic
to MgsGd. The intermetallic phases observed at the a-Mg solid
solution grains (Fig. 1b) possess chemical composition similar
to the Mg;4,Nd,Y compound (Tab. 3). The excess of Mg is
probably caused by a large interaction volume and excitation
of the 0a-Mg matrix atoms. Presence of SiC particulates is also
confirmed. Only YSi phase has been confirmed by the XRD
investigations. Other phases were not confirmed, probably
because of their low volume fraction in the composite.

Analysis of isolates received from composites cast at
720°C revealed presence of SiC particles and oxides such
as: Si0,, Y,0;. Zr1,Si phase was also identified (Fig. 10). It
should be noted that the identification of Si0O,, Y,0;, Zr,Si
compounds it is ambiguous due to their low content in the
isolate and overlapping the diffraction lines. Other Zr-Si
phases were not detected, probably because of their low
volume fraction.
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Fig. 8. XRD analysis results for SiC-WE43 composite cast from
780°C
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Fig. 9. XRD results for isolate from SiC-WE43 composite cast from
720°C

TABLE 3

Chemical composition of the phases isomorphous to MgsGd (at. %)
Mg Y Nd
88.9 3.3 7.8

3.5. Mechanical properties of the WE43-SiC composites

Mechanical properties of each composite are shown
in the Table 4. Addition of SiC particulates causes decrease
of mechanical and ductile properties, when compared to the
un-reinforced WE43 alloy. The addition of 15um and 45um
particles causes similar decrease of the mechanical properties,
while introduction of 250 pm leads to further decrease of the
plasticity and tensile strength of the composite. On the other
hand, hardness of the composite is higher than this, exhibited
by a pure WE43 alloy. It increases with increasing size of the
particulates.



4. Discussion

Presence of the non-metallic inclusions in the composites
matrix is caused by oxygenating of liquid metal during the
stirring process. Formation enthalpies of yttrium oxides and
zirconium oxide at 720°C are more negative than formation
enthalpy of magnesium oxide, therefore the yttrium and
zirconium tend to react with oxygen before the magnesium
and zirconium. As we did not find any MgO inclusions in the
composite structure, it is possible that mainly Zr and Y are
being oxygenated.

With increasing temperature, viscosity as well as density
of the alloy decreases, so the movement of SiC particles is
easier. This may lead to better homogeneity of the composite.
However, at high temperature, SiC reinforcement react with
the liquid alloy in a considerable way. Yttrium is the main
element, reacting with SiC. It leads to the formation of massive
Y'Si and probably Y,Si phases. Moreover, yttrium which reacts
with reinforcement will not take a part in the further heat
treatment of the composite, decreasing its final mechanical
properties.

Stirring of the liquid alloy with SiC at 720°C may effect
in inhomogeneous distribution of the particles in the matrix
(mainly in case of particles with diameter close to 15um).
However, the particles react with the liquid alloy in much
smaller degree. The proposed mechanism [17] of reactions
in magnesium-SiC composite is following: thin SiO, layer,
covering the SiC particles reacts with liquid magnesium,
forming MgO. Elemental silicon formed in this reaction
diffuses into the alloy, leading to formation of Mg,Si phase. In
the second stage, liquid magnesium penetrates SiC particles.
Carbon has a very low solubility in molten magnesium,
which causes rapid precipitation of graphite. During cooling,
new SiC crystals may be formed. This mechanism is true for
pure magnesium matrix. These mechanisms are much more
complicated in case of magnesium alloys, especially in case
of magnesium alloys with rare earth elements. In available
literature, products of reactions between SiC and Mg-RE alloys
are noted to be mainly RE,Si; phases. Our investigations on
composite stirred at 780°C confirmed, that in case of alloys
containing rare earth elements, yttrium reacts preferentially
with particles. However, in the available literature, there is no
information about formation of Zr-Si type phases. Based on
the conducted investigations, following mechanism for WE43
— SiC composite cast at 720°C is proposed: thin SiO, layer is
penetrated with liquid alloy. As the yttrium is more reactive
than magnesium (Formation enthalpy of Y,0; at 720°C is
equal about -518 KJ/mol, while of MgO -128.5 KJ/mol)
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its oxides are being formed. Remaining silicon reacts with
zirconium, forming the Zr-Si phases. In the present work,
Zr,Si phase was identified. However, EDS analysis showed,
that the chemical composition of Zr-rich particles deviated
from the stochiometric Zr,Si composition, thus other Zr,Si,
phases may be also formed. As there are no evidences of any
carbides at the interface, it may be concluded, that Zr-Si layer
acts as an effective blocker of diffusion processes, preventing
the further decomposition of SiC particles.

The structure of the composite cast at temperature of 720°C,
reinforced with 45um particles is relatively homogenous, with
thin reaction layers at the reinforcement/matrix interface.
Moreover, yttrium does not take a considerable role in the
reactions with the particles. Yttrium remaining within the
matrix enables further heat treatment of the composite, leading
to increase of the mechanical properties.

Mechanical properties of the fabricated composite are
not satisfying. Cabbibo etal. [13] revealed that in magnesium
alloy-SiC composites main strengthening mechanisms are
strengthening due to Hall Petch relationship (increase of
phase boundaries), strengthening by Orowan mechanism and
strengthening by different thermal expansion coefficients
between the matrix and reinforcement. As the introduced
particles have a large size, first two mechanisms do not
play an important role. Also third one mechanism, is not
activated in ambient temperature. Moreover, large particles
may act as a structural notches, decreasing the mechanical
properties. Creep resistance however may be improved,
due to activation of thermal expansion coefficients
strengthening.

5. Conclusions

WE43 alloy matrix composite reinforced with SiC
particulates was successfully produced via stir casting. The
best result was achieved for the composite stirred at 720°C,
reinforced with 45um SiC particulates.

Stirring at 780°C causes reactions between matrix and
reinforcement, leading to formation of massive YSi and Y,Si
phases at the matrix/particle interface decreasing plastic
properties of the composite.

Stirring at 720°C ensures less homogenous distribution
of reinforcement, however, reactions at the interfaces leads to
formation of thin layers of Zr-Si phases.

Addition of SiC particles with diameters varying from
15um to 250pm leads to decrease of mechanical and plastic
properties of the material and increase of its hardness.

TABLE 4
Mechanical properties of the WE43-SiC composites
Particle Stirrin N
Material diameter temperatire Stlrrlng time Hardness R., [MPa] Ry, [MPa] As [%]
o [min] HV2
[um] [°C]

WE43 - - - 59+4 166+18 113£9 6.7£1.5
WE43 + 10% SiC 15 720 15 68+5 142+4 103+6 2.9+0.3
WE43 + 10% SiC 15 780 15 66+7 14649 111£12 2.8+0.2
WE43 + 10% SiC 45 720 15 7146 149+16 125+14 3.0+0.1
WE43 + 10% SiC 250 720 15 81+4 112+11 89+6 1.1+0.1
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