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The AZ91D Mg matrix composites reinforced by SiC particulate with the sizes of 11 wm, 21 wm and
47 pm were successfully fabricated respectively by vacuum-assisted pressure infiltration technology.
Microstructures and particulate distributions were analyzed with scanning electron microscope (SEM),
X-ray diffraction (XRD) and transmission electron microscope (TEM). The coefficient of thermal expansion
(CTE) measurements was performed from 75 °C to 400 °C at a heating rate of 5°C/min. The results show
that the uniform distribution of SiC particulate in metal matrix and density over 98% in theoretical density
" . of composites were fabricated. Only MgO phase was detected at the interface and no brittle phases of
Metal matrix composites . . g . . .
Microstructure Al4C3 and Mg;,Si were discovered. The desirable coefficients of thermal expansion of composites were
CTE achieved. The intensity of dislocation generation nearby SiC particulate increases significantly with the
increasing of SiC particulate size. Therefore, this technology is a potential method to fabricate Mg matrix
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composites reinforced by SiC particulates with the desirable microstructures and CTE.
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1. Introduction

High volume fraction SiC particle reinforced light metal matrix
composites have attracted much attention in multifunctional elec-
tronic packaging due to low thermal expansion coefficient [1,2].
On the other hand, the high volume fraction SiC particle rein-
forced light metal matrix composites show a high potential for
structural applications in sectors where low weight, high stiffness
and strength as well as low thermal distortion are required, such
as in sporting, automotive engineering, aerospace industry, high
accuracy mechanical engineering or defense technology [3,4]. Mag-
nesium alloys are the lightest metallic structure materials having
highest special strength [5]. Therefore, the high volume fraction
SiC particle reinforced magnesium alloys matrix composites have
attracted alot of interest because of their attractive properties, such
as alow density, a high specific strength, stiffness and coefficient of
thermal expansion [3,6]. However, the studies on the fabrication of
High volume fraction SiC particle reinforced Mg matrix composites
are still limited compared to that of Al matrix composites.

Among all the techniques available for processing of metal
matrix composites (MMCs), pressure infiltration of molten met-
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als into porous ceramics performs is the technique suitable for
fabricating the net shape and high volume fraction (>50vol.%)
MMCs [7,8]. The fabrication temperature and production time of
the MMCs in the pressureless/pressure infiltration method are the
higher and longer than those of other fabrication methods, which
may cause severe interfacial reactions. Some interfacial reactions
in metal matrix composites can effectively improve the mechanical
properties of composites by enhancing of the wettability between
particulates and molten metal [9-12], but some of interfacial reac-
tions also cause the degradation of mechanical properties due to
the formation of brittle and unstable phases (e.g., Al4C3).

Therefore, the aim of the present study is to achieve desirable
interface quality in composites by coupling vacuum technology
with pressure infiltration method for the decreasing of infiltration
temperature and contact time between SiC and Mg to fabricate high
volume fraction SiC particle reinforced magnesium alloys matrix
composites, and to study the microstructures and CTE of as-cast
composites.

2. Experimental procedure

The green and abrasive grade SiC particles (11 wm, 21 wm and 47 pum) with
a purity of 98.5% were used respectively in this study. The AZ91D Mg alloy was
employed and the chemical composition was given in Table 1. The SiC particles
were natural stacked into a ceramic tube with the diameter of 20 mm, subsequently
the AZ91D Mg alloy ingot was also stuffed into ceramic tube above the SiC parti-
cles. The ceramic tube was placed in an electric resistance furnace kept in closed
device. Before the heating of Mg alloy, the closed device was vacuumized to about
1kPa. When the temperature of Mg alloy was raised to 670°C and held for 10 min,
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Table 1
Chemical compositions of AZ91D Mg alloy (wt.%).

Material Al Zn Mn Si Fe Cu Be Ni Mg

AZ91D 8.94 0.70 0.19 0.02 0.001 0.002 0.006 0.007 Bal.
a gas pressure of 400 kPa was added and held for 30s for the infiltration of molten .
Mg into SiC particles, and subsequently the composites were air-cooled to room = SiC
temperature. 4 Mg

Microstructure characterization specimens were prepared by grinding from ; xggm'z
g

320 to 1200 grit paper and metallographically polished with 1 wm alumina. The
microstructure has been examined using a MeF-3 optical microscope and a JSMT-
200 scanning electron microscope. D/MAX-IIIB X-ray diffraction was performed on
the bulk specimens for identification of phases. JEOL 1210 transmission electron
microscope was used to analyze the interfacial phases. The distribution of phase and
chemical species has been analyzed using JXA-800R electron microprobe analysis.
The specimens for CTE testing with the dimension of ® 6 mm x 20 mm were
machined from the composites rods. The CTE measurements were performed from
75°C to 400°C at a heating rate of 5°C/min using a Netzsch DIL402 C dilatometer.
The density of the fabricated composites was measured by Archimedes’ method.
The volume fraction of SiC particulates is determined by Image-Pro Plus soft. Each
sample was analyzed five times to determine the average value of volume fractions.

3. Results and discussion

The real SiC volume fractions of Mg matrix composites rein-
forced by SiC particulate with the size of 11 um, 21 wm and 47 pm
were measured respectively, and the real SiC volume fractions are
55.03 vol.%, 56.79 vol.% and 54.38 vol.% respectively. The distribu-
tion of SiC particulate reinforcement in composites is presented in
Fig. 1. The SEM study of composite samples reveals uniform distri-
bution of SiC particulate throughout the Mg matrix. The densities
of composites are listed in Table 2. The composites reinforced by
SiC particulate with more than 98% of theoretical density were fab-
ricated. The XRD patterns of the composites are presented in Fig. 2.
Individual phases were identified by matching the characteristic
XRD peaks against JCPDS data. It is obvious from Fig. 2 that the
peak of MgO phase was detected composite but the peaks of Al4C3
and Mg, Si were not detected. This result shows that the brittle and
unstable Al4C3 and Mg,Si phases are suppressed. Therefore, the
present fabrication technology is fit for the fabrication of SiC par-
ticulates reinforced AZ91D Mg matrix composites having desirable
interface and uniform distribution of SiC particulate. In order to
further analyze the interfacial reactions, the interfacial regions of
the as-cast composites were observed by TEM and the phases were
determined by the electron diffraction analysis. The typical interfa-
cial micrographs of composites are shown in Fig. 3. The interfacial
micrographs of composites are clean and no obvious reaction layer
appears in Fig. 3(a). However, there is still some reaction produces
occurred at interface in Fig. 3(b). This phase was identified as MgO
by the selected area diffraction analysis in Fig. 4. This is in good
agreement with the result of XRD.
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Fig. 2. XRD patterns of the composites.

The SiC/Mg-Al composite system can be thought as an
Al-Mg-Si-C-0 system, The presence of AlyC3, Mg,Si, MgO,
MgAl; 04, Al,03 and Si phases formed by interfacial chemical reac-
tions among Mg, Al, O and SiC has been reported [13], according to
the following equations.

4Al + 3SiC — Al,Cs +3Si (1)
2Mg + SiO; - 2MgO + Si 2)
2Al + 5Mg + 2Si05 — MgAl,04 + 2Mg;Si 3)
2Mg + Si — MgsSi (4)
4Al + 3Si0; — 2Al,05 +3Si (5)

Since the bonds in MgO, MgAl,04, and Al,03 are obviously
stronger than that in Al-C, Mg-Al and Mg-Si bonds [13], oxide

Fig. 1. Distribution of SiC particulate reinforcement in composites wih different size of SiC particulate: (a) 47 wm; (b) 21 wm; (c) 11 m.
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Table 2
Densities of composites with different SiC particulate size.

L281

Size of SiC particulate (um) Theoretical density (g/cm?3)

Experimental density (g/cm?) Relative density (%)

11 2.580
21 2.605
47 2.571

2.549 98.81
2.560 98.29
2.515 97.83

Fig. 3. Typical interfacial micrographs of composites.

Fig. 4. Selected area diffraction analysis of MgO phase at interface.

phases often form in preference to other possible compounds, for
example Al4C3 and Mg,Si. Among the possible oxides, the free
energy for the formation of MgO is lower than that of MgAl,;04
and Al,03 [14]. These thermodynamic considerations show that the
most stable oxide in Mg matrix composites is MgO. Therefore, MgO
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Fig. 6. Thermal expansion coefficient values as a function of temperature.

phase is the most possible intermetallic compound formed during
the producing procedure of these composites. On the other hands,
from the analysis of composition, structure and thermodynamic
theory, the desirable interfacial phase is identified as MgO.
Neither Al4C3 nor Mg,Si were detected at the interface in the
SiC/AZ91D composites. It indicates that the reactions (1), (3) and
(4) did not take place at the interface. This phenomenon may be

e . .
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Fig. 5. Location of Al;;Mg;7 precipitate phases: (a) interface between SiC and Mg matrix; (b) Mg grain boundary; (c) inside Mg grain.
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Fig. 7. Distribution of dislocation nearby SiC particulate in composites with different size of SiC particulate: (a) 47 wm; (b) 21 wm; (¢) 11 pm.

explained in terms of the infiltration temperature and contact time
between SiC particulate and Mg at the infiltration process. Due to
the vacuum environment among SiC particulate, the flowing capac-
ity of molten Mg among SiC particulate is significantly improved
during pressure infiltration process. Therefore, the infiltration tem-
perature and contact time between SiC particulate and Mg can
be decreased for obtaining the desirable interfacial reactions. The
infiltration temperature of 670°C employed in the present study
is lower than conventional infiltration temperature, resulting in
the small thermodynamic driving forces for interfacial reactions.
Furthermore, the contact time between SiC particulate and Mg is
also short in the present study. Therefore, the interfacial reactions
(1), (3) and (4) were suppressed during the pressure infiltration
process.

The SiC particulate reinforced AZ91D composites samples were
examined by TEM and the presence of Al;;Mg;7; phases were
detected in the investigated microstructure in Fig. 5. When the tem-
perature decreases to 438 °C, the eutectic reaction takes place and
generates Al;;Mgq7 phases. The location of Al;;Mg;7 precipitate
phases is obviously different in Fig. 5. It indicates that two different
routes could be responsible for the formation of Al;,Mg;7 precip-
itate phases. The small amounts of Al;;Mg;7 distributed along the
grain boundaries of Mg matrix and interface of SiC particulates
(Fig. 5(a) and (b)) suggest that this type of Al;;Mg;7 precipitate
phases were formed as a result of the local enrichment concentra-
tion of Al element to an exceeding concentration at the temperature
in the stage of solidification of the remaining liquid, which then
solidified as the (a-Mg+Al;;Mgq7) eutectic. The Al;;Mg;7 phase
inside the Mg grains (Fig. 5(c)) suggests that the Al;,Mg7 precip-
itate phases have occurred in the solid solution regions enriched
with Al below the solidus temperature. This is in agreement with
the results obtained by [15].

The thermal expansion coefficient values as a function of tem-
perature for SiC particulate reinforced AZ91D composites with
different particulate size were plotted in Fig. 6. It is evident that
the CTE of composites increase with the increasing of SiC par-
ticulate size. This result agreed with the viewpoints obtained by
Elomari [16] and Yan [17]. According to the Tayor-based nonlocal
theory (TNT) of plasticity [18], the flow stress of the matrix o}, in
composites is given by:

O = \/(om)2+27\/§ﬁ2u2§f%8 (6)

where oy, is the flow stress of the matrix (AZ91D), § is an empirical
constant, p is the shear modulus of the matrix, fis the particulate
volume fraction, ¢ is the plastic stress, b is the burgers vector, and 2a
is the particle diameter. From Eq. (6), it can be noted the flow stress
of the matrix in composites increases with decreasing the particu-
late size. During cooling from fabrication temperature to ambient

temperature, the relaxation of the thermal stresses will be harder
for composites with small particulate [17]. During reheating for
CTEs testing, the higher flow stress of the matrix in the composite
with the smaller particulates will restrain the plastic deforma-
tion in the matrix. Therefore, the CTEs of the composites should
decrease with decreasing particulate size. The average CTEs of com-
posites reinforced by particulate size of 47 pm and 21 pwm are about
14.21 x 1076/°C and 13.08 x 10-6/°C respectively, and significantly
lower by 12.88% and 9.40% than that of composites fabricated by
squeeze casting [19]. Therefore, the vacuum-assisted pressure infil-
tration technology can fabricate SiC particulate reinforced AZ91D
composites with the excellent CTE. Previous literature [17,20,21]
has reported that the dislocation may appear nearby SiC particulate
due to the thermal mismatch. The distribution of dislocation nearby
SiC particulate was given in Fig. 7. As the size of SiC particulate
increases, the intensity of dislocation generation increases signifi-
cantly. The dislocation density gradient was obviously observed in
Fig. 7(a), but no obvious dislocation density gradient was detected
in Fig. 7(b) and (c). The dislocation density is obviously related to
CTE of composites, and the effects of dislocation on CTE will be
detailedly considered in our future study.

4. Conclusions

The SiC particulate reinforced AZ91D composites were fab-
ricated successfully by vacuum-assisted pressure infiltration
technology. The uniform distribution of SiC particulate in metal
matrix and density over 98% in theoretical density of composites
were fabricated. Only MgO phase was detected at the interface and
no brittle phases of Al4C3 and Mg,Si were discovered. The desir-
able coefficient of thermal expansion of composites was achieved.
The intensity of dislocation generation nearby SiC particulate
increases significantly with the increasing of SiC particulate size.
So, this technology is a potential method to fabricate AZ91D Mg
matrix composites reinforced by SiC particulates with the desirable
microstructures and CTE.
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