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Abstract

SiC/Al composites with uniformly distributed SiC particles were fabricated by pressureless infiltration of liquid AlSi; Mg alloy into SiC preforms
with different porosity derived from SiC powders. The linear expansion of SiC preforms without any deformation was about 4% due to the oxidation
of SiC powders during the sintering process. SiC preforms had no change in both shape and dimensions after infiltration so that near-net-shape
composites were achieved. As SiC volume fraction varies from 39% to 62%, the thermal conductivity of SiC/Al composites with bending strength
beyond 360 MPa and elastic modulus beyond 140 GPa varies from 146 to 118 Wm~! K~! at room temperature, and the mean linear coefficient of
thermal expansion from room temperature to 373 K varies from 10 x 107° to 7.69 x 1076 K~!, agreeing better with the Turner’s model.
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1. Introduction

SiC/Al composites with high SiC volume fraction have
low coefficient of thermal expansion (CTE) and good ther-
mal conductivity (TC). Comparing with W—Cu alloys, SiC/Al
composites not only have higher specific strength and elastic
modulus, but also have lower cost in raw materials, which made
them more suitable for applications such as space structures
and electronic heat sinks in motion vehicles [1-4]. High SiC
volume fraction makes SiC/Al composites machined very dif-
ficultly owing to the abrasive resistance nature of SiC filler, so
near-net-shape processes with little machining become the opti-
mum candidates to lower production cost. The infiltration of
liquid Aluminum alloy into SiC preforms with open pores is one
of near-net-shape process accepted by most material researchers.
Pressure infiltration routine has been successfully applied in
industry by several companies [5-7]. Pressureless infiltration
now attracts considerable attention in recently years as it avoids
expansive mould bearing heat and pressure impact in pressure
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infiltration process which usually leads crazing of brittle SiC
preforms [8—14].

Pressureless infiltration to near-net-shape routine includes
two steps: the preparation of SiC preforms and liquid metal
spontaneous penetrating into porous preforms to form SiC/Al
composites [12,15]. It has significant sense to study the porosity
and dimension change during the preparation of SiC preforms
for structure—function integrative process because the aluminum
alloy content in the composites lies on its porosity, the figuration
and tolerance of the composites are both lie on the shape and
dimension change of the preforms. Although SiC preforms for
pressure infiltration has been investigated by several researchers
[16,17], there are few reports on the preparation of SiC pre-
forms for pressureless routine as the poor wettability between
the SiC preforms and liquid aluminum alloy is the main barrier
for spontaneous penetration.

In this paper, SiC/Al composites with near-net-shape and dif-
ferent filler volume fraction were manufactured by pressureless
infiltration. SiC preforms with different porosity were manu-
factured by oxidation bonding process at low temperature in
atmosphere. Spontaneous infiltration of liquid AlSi;Mg into
the preforms were achieved by the assistance of interface reac-
tion between liquid alloy containing magnesium and solid SiO»
film in SiC preforms which leads to good wettability of the
two phases. The dimension change of the samples in the whole
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process was investigated. The effects of SiC content on the
mechanical and thermal properties of SiC/Al composites were
also studied.

2. Experimental

W28 yellow-green SiC powders in abrasive grade were used as the start-
ing material and W10 super-pure graphite powders were used as pore-forming
agents. The weight ratio of graphite and SiC powders initially taken was 0:100,
8:92 and 20:80 respectively. The powder mixtures added with 1 wt% stearic
zinc as lubricant and water solution of 20 wt% polyvinyl alcohol as adhesive
were ball-milled in tumbling box for 12h. After drying in atmosphere for
12 h respectively, the mixtures were uniaxially pressed into wafer specimens of
¢ 10mm x 5 mm and rectangular specimens of 5 mm x 5 mm x 40 mm under
100 MPa pressure using a stainless steel die. The following oxidation bonding
process for the specimens was carried out in a box furnace at 1373 K for 3 h. SiC
preforms bonded by SiO; film derived from the oxidation of SiC powders were
obtained as Graphite, lubricate and adhesive were all burned out. The pressure-
less infiltration of liquid AlSi;Mg alloy into SiC preforms using magnesium as
wetting agent was carried out in a tube resistance furnace filled constantly with
high purity nitrogen gas in the whole process. After SiC preforms soaked above
liquid Al alloy at 1173 K for 2 h, the specimens cooled down with furnace to
room temperature. Since the infiltrated SiC preforms adhered firmly to the alloy,
they had to be re-heated in crucible furnace to take the samples out by using
crucible clamp. SiC/Al composites were finally achieved after alloy remains on
its surface being filed off.

Since the shape keeps very well during the whole procedure, the density for
porous SiC preforms was examined by a geometry method. The relative density
of SiC/Al composites was calculated according to the following formula:

PA

g=— P 100 )
Vsicpsic + Valpal

where 0 is the relative density, pa is the density of SiC/Al composites measured
by the Archimedes’ principle, psic and pa; are the theoretical densities of SiC
and aluminum alloy respectively (psic =3.2 g/cm3, pa1=2.7 g/cm3), Vsic and
Va1 are the volume fractions for SiC and aluminum alloy in the composite
respectively.

The fractographs of SiC preforms were taken using X-650 scanning elec-
tron microscopy (SEM) and the ingredient of the samples was examined by
XRD analysis. The microscopic structures of SiC/Al composites were observed
by metallography technique. The pore size distribution of SiC preforms was
determined by Poremastr GT-60 mercury porosimetry. The flexural strength and
elastic modulus of SiC/Al composites were measured by a three-point bending
at room temperature on an AG-25TA universal electron testing instrument. CTE
was measured from room temperature to 373 K on a DIL 402C Dilatometer at
5K min~!. Thermal diffusion coefficient was measured using TC-7000H laser
thermal diffusion instrument. TC can be calculated according to the following
formula:

A =418.6aCpp @

where o, C,, p and X are thermal diffusion coefficient, specific heat, density and
TC for SiC/Al composites respectively.

3. Results and discussion

The sintered SiC preforms only has SiC and SiO; in it accord-
ing to the XRD patterns shown in Fig. 1. SiO; is derived from
the oxidation of SiC particles at 1373 K. Adhesive and lubricant
were all eliminated by oxidation during the sintering process.
Fig. 2 shows the fractograph of sintered SiC preforms. It was
found that SiC particles bonded to each other by SiO, films
on their surface to form a porous skeleton which has enough
strength to maintain its shape in succeeding infiltration process.
Fig. 3 shows the pore distribution of sintered SiC preforms,
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Fig. 1. XRD patterns of sintered SiC preforms.

which indicates that pores are all connected mutually to form
an open pore-net. Two peaks existing in the curve shows that
there are two type pores among SiC particles. The first type
pore with size ranging from 0.2 to 6 pm is the clearance between
adjacent SiC particles and the second with size about 9 um is
the void left by a graphite particle after it burned out. Since
there are no remarkable difference in density and particle size
between graphite and SiC, Graphite particles distribute evenly
in the mixture, which led the second type pore distributes evenly
too.

The infiltrated samples containing liquid aluminum alloy
inside can be easily taken out from liquid metal bath in atmo-
sphere by clamp and the composite keeps its shape very well. As
liquid aluminum alloy cannot provide strength for the sample,
a conclusion can be made that SiC filler constructs a three-
dimension continuous phase, which attributes to silicon dioxide
film on the surface of SiC powder. The XRD analysis of the
infiltrated sample, as shown in Fig. 4, reveals that a few new
phases, such as MgO, MgAl,O4 and Mg, Si, appear during the

100pm

Fig. 2. Scanning electron fractograph of SiC preforms.
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Fig. 3. Pore size distribution in SiC preforms.
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Fig. 4. XRD patterns of SiC/Al composites.

infiltration process. SiC preforms not only has open pore-net for
liquid metal penetrating in, but also provides SiO» film as a good
initial interface for liquid—solid reactions listed as below [18]:

SiOa(s) + 2[Mg] = 2MgO(s) + [Si] 3

28i02(s) + Al() + (1/2)[Mg]
= (1/2)MgAl,04(s) + [Si] 4)

[Si] + 2[Mg] = Mg>Si &)

Table 1

The evolution of density and dimension for samples during the whole process

Graphite content (Wt%) 0 8% 20%

Relative density of SiC preforms 62% 52% 39%

Percent expansion of sintered SiC 2.40% 3.60% 4.20%
preforms

Apparent density measured for 2.98 2.95 2.88

SiC/Al composites (g/cm?)

Relative density of SiC/Al 99.0% 99.6% 99.5%
composites

Dimension change for SiC preforms 0.5) 0.5) (0.5)
infiltrated

These reactions remarkably decrease the liquid—solid inter-
face energy, which is beneficial to improve wettability of the
two phases and the spontaneous infiltration of liquid metal into
porous SiC skeleton [19].

Fig. 5 shows the metallographic photographs for SiC/Al com-
posites with different SiC volume fractions. Fig. 4(a)—(c) shows
the microstructures for 62 vol.% SiC/Al, 52 vol.% SiC/Al and
39 vol.% SiC/Al composites respectively. It was found that SiC
particles (bright grains) with clear edges and corners which
shows that they keep their original shape very well due to the
protection of SiO; film on its surface. As the abrasive resistance
of SiC filler surpasses decisively that of Al alloy, SiC powders
stick up gradually from Al alloy matrix during the whetting and
polishing process to form a new and slick friction surface with
stronger glistening than that of Al alloy matrix below it. As liquid
Al alloy infiltrated into the preforms was divided by SiC skele-
ton into trivial branches, the growth of crystal of metal matrix
was restrained seriously resulting in a fine crystal grain of metal
matrix. The fining of crystal grains is beneficial to the strength
of SiC/Al composites.

Variations of density and dimension for samples during the
fabrication process were summarized in Table 1. Both SiC pre-
forms with different relative density and SiC/Al composites
with different SiC volume fraction ranging from 62% to 39%
were obtained by modulating graphite fraction in initial mixture
of powders ranging from 0 to 20 wt%. The relative densities
of three groups of SiC/Al composites were all above 99.0%
which indicates that near completely dense SiC/Al compos-
ites were achieved by the spontaneous infiltration of liquid Al

Fig. 5. Microstructure of SiC/Al composites: (a) 62 vol.% SiC/Al; (b) 52 vol.% SiC/Al; (c) 39 vol% SiC/A.
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Table 2
Mechanical and thermal properties of SiC/Al composites

Bending strength (MPa) Elastic modulus (GPa) TC Wm~!' K1) CTE (x107°K~1)
39% SiC/Al 374 147 146 10.5
52% SiC/Al 381 151 136 9.24
62% SiC/Al 366 158 118 8.45

alloy into porous SiC preforms enhanced by adding magne-
sium.

The dimension change of samples during the fabrication pro-
cess could have significant effect on near-net-shape routine for
SiC/Al composites. It was found from Table 1 that the dimension
change mainly happened in the process of preparation of SiC
preforms. There was no change in shape and dimension for SiC
preforms during the pressureless infiltration process. The mea-
surement value error for infiltrated samples is mainly ascribed
to the oxidation of liquid metal on the surface of sample as it
remelted in air. Formation of SiO; film on SiC surface during
oxidation bonding could lead to a little expansion for the pre-
forms. The percent expansion of SiC preforms increased from
2.4% to 4.4% with the increase of graphite fraction from 0% to
20%. Nevertheless, the expansion would not cause the preforms
to deform, the tolerance for products of SiC/Al composite could
be controlled accurately to achieve near-net-shape by careful
mould designing to fit the sintering process of SiC preforms.

The mechanical and thermal properties of SiC/Al composites
were summarized in Table 2. The flexure strengths of compos-
ites are all above 360 MPa, comparing to 280 MPa for casting
AlSi7Mg shows a significant reinforcement of SiC filler on the
strength of metal matrix, which is ascribed to the good wetta-
bility of interface and the formation of ceramic—metal interface
bonding. The increase of strength does not have a linear rela-
tionship with the increasing SiC volume fraction. Exorbitant SiC
content makes the composites brittle, resulting in the decrease
of strength. In contrast, the improvement of elastic modulus for
SiC/Al composites with increasing SiC content is more signifi-
cant which are all above 140 GPa. The elastic modulus increases
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Fig. 6. CTEs of SiC/Al via SiC volume fraction.

linearly with increasing SiC volume fraction. Having a low den-
sity, only about 3 g/cm?, the SiC/Al composite is a new material
with high specific strength and elastic modulus.

The mean CTEs ranging from room temperature to 373 K of
three kinds of SiC/Al composites with different SiC contents are
10.5x 107°K™! (39vol.% SiC), 9.24 x 107 °K~! (52vol.%
SiC) and 8.45 x 1079 K~ (62 vol% SiC) respectively, matching
well to that of semiconductor materials including GaAs and Si,
which enable them to be used as electronic package materials.
As a result of interaction of the two co-continuous phases, the
expansion behavior of SiC/Al composites trends complex. Since
CTE of SiC is much lower than that of metal, the enormous
difference of CTEs between two phases induces strong ther-
mal stresses when temperature changes. On the assumption of
only stresses existing in the interface, thermal expansion model
for composites advanced by Turner [20] could be expressed as
following:

o — A Km Vi + opKpVp
T KnVat KV

(6

where «, K and Vare CTE, bulk elastic modulus and volume frac-
tion respectively. C, m and p subscripts represent composites,
metal matrix and SiC reinforcement respectively.

Considering stress and shear stress both exist in the inter-
face, a mended model represented by Kerner [21] is shown as
following:

ac = amVm +opVp + VpVin(ap — am)
" Ky — Km
KV + KpVp + 3Kp K /4G

@)

where Gy, is the shear modulus for metal matrix.

Comparison of the CTEs experiment data with the two mod-
els above was shown in Fig. 6. It was found that the experiment
data agreed better with Turner’s model. As Al alloy was divided
by three dimensional co-continuous SiC skeleton into exiguous
branches without pores existing in the interface, free shearing
deformation of metal matrix was inhibited severely by rigid SiC
skeleton, which led to harmonious deformation of metal matrix
with SiC filler.

Because Al alloy has much higher TC than SiC, which has
many impurities in it, the TC of metal matrix decreased with
increasing SiC filler added in, and TC depressed further more
when plenty of metal-ceramic interface bonding formed in the
composites. TCs at room temperature for SiC/Al composites
with different SiC contents were shown in Table 2. It was found
that TC decreased monotonously with increasing SiC content,
ranging from 118 to 146 Wm™' K~!, much higher than that
of Kovar alloy (17 Wm~! K~!) and slightly lower than that of
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W-15Cu alloy (ranging from 160 to 190 Wm~! K~1) [22]. As
its density is less than one fifth of that of W—15Cu alloy, Al/SiC
composite has tremendous potential to substitute W—Cu alloys
used in the electronic heat package.

4. Summary and conclusion

SiC preforms with different Porosity were obtained by the
oxidation process, which used W28 yellow-green SiC powders
in abrasive grade as the starting material and W10 super-pure
graphite powders as the pore-forming agents. There are two
types of pores in SiC preforms. The first type is the clearance
between adjacent SiC particles; the second is the voids left by
burned out graphite particles. Pores were all connected mutu-
ally to form an open pore-net for liquid AlSi;Mg infiltrating
in. Liquid Al alloy spontaneously infiltrated into porous SiC
preforms enhanced by interface reaction between solid SiO»
film derived from the oxidation of SiC and magnesium in liquid
Al alloy. The mean thermal expansion coefficient of sintered
SiC preforms increased from 2.4% to 4.4% with the increase
of graphite volume fraction from 0% to 20%. Nevertheless, the
expansion did not cause the preforms to deform. There was no
change in shape and dimension for SiC preforms during the
pressureless infiltration process. The tolerance for products of
SiC/Al composites could be accurately controlled by careful
mould designing to achieve near-net-shape after sintering. As
SiC volume fraction increased from 39% to 62% with decreas-
ing graphite content from 20% to 0% in initial mixed powders,
the thermal conductivity of SiC/Al composites with bending
strength beyond 360 MPa and elastic modulus beyond 140 GPa
decreased from 146 to 118 Wm™! K~! at room temperature. In
corresponding, the mean linear coefficient of thermal expansion
from room temperature to 373 K decreased from 10 x 107° to
7.69 x 1076 K~!, agreeing better with Turner’s model.
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