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Abstract: The Al/Si/SiC composites with medium volume fraction for electronic packaging were fabricated by gas pressure
infiltration. On the premise of keeping the machinability of the composites, the silicon carbide particles, which have the similar size
with silicon particles (average 13 um), were added to replace silicon particles of same volume fraction, and microstructure and
properties of the composites were investigated. The results show that reinforcing particles are distributed uniformly and no apparent
pores are observed in the composites. It is also observed that higher thermal conductivity (TC) and flexural strength will be obtained
with the addition of SiC particles. Meanwhile, coefficient of thermal expansion (CTE) changes smaller than TC. Models for
predicting thermal properties were also discussed. Equivalent effective conductivity (EEC) was proposed to make H—J model

suitable for hybrid particles and multimodal particle size distribution.
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1 Introduction

With the rapid development of electronic industry,
component size reduction and computing capability
increase, 30% of current chip performance was limited
by packaging materials [1]. It poses as an urgent issue to
find new materials with superior properties. However,
copper suffers from a high coefficient of thermal
expansion (CTE), while Fe—Ni alloy is very poor in
thermal conductivity (TC) [2]. The properties of
traditional materials, such as W/Cu and Mo/Cu, are
insufficiently high with respect to the predicted
exponential growth of power density in electronic
packaging [3]. In fact, these traditional materials, despite
featuring a low CTE mismatch, are heavy and difficult to
form. Many kinds of new electronic packaging materials
have appeared and composites are becoming the primary
choice.

Owning to their excellent mechanical capacity,
metal matrix composites were expected as the potential
packaging materials. Particulate-reinforced aluminum
matrix composites, which have low and designable
thermal expansion properties, excellent thermal
conductivity and low density, have been attached much
importance. Al/Si composites are attractive materials

with many outstanding properties, including higher
thermal conductivity, lower coefficient of thermal
expansion and low density [4—6]. Compared with Al/SiC
[7,8] and Al/diamond [9-11], Al/Si composites
reinforced with fine particles have lower CTE and better
machinability. However, the strength of the Al/Si
composites is lower, and thermal conductivity, especially
reinforced with fine particles, is low. The addition of SiC
was expected to enhance the thermal conductivity and
flexural strength [12,13].

There have been many models for predicting
thermal properties, including Turner [14] and Kerner [15]
models for CTE, Hasselman—Johnson (H—J) model [16]
for TC. The H-J model was widely used due to the
introduction of interfacial thermal conductivity. But just
like many other predictive schemes for composites with
single reinforcing phase or monomodal particle size,
composites reinforced with hybrid particles and bimodal
particle size become more and more extensively used in
recent years, and what we demand most now is to
develop a new predicting model for composites
reinforced with hybrid particles and bimodal particle size
distribution. An improved H-J model was used in this
work. It would apply for hybrid and bimodal particle size
distribution. In addition, Turner and Kurner models are
always reported to predict CTE of composites, like
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Al/SiC, Al/diamond or Cu/diamond composites.
However, little work has been done on Al/Si composites,
especially with hybrid irregular particles. Thus, it would
be an important work to get to know the feasibility of the
Turner and Kerner models, and H-J model for predicting
thermal properties of composites with hybrid irregular
particles.

Gas pressure infiltration is more favorable than
squeeze casting with respect to interfacial bonding and
thermal properties of the composites. The process is a
low cost and simple technology, by which dense,
uniformly distributed and continuous composites can be
fabricated [17].

The objective of this work is to investigate the
influence of SiC addition on the properties of the Al/Si
composites. It is expected that the thermal and
mechanical properties of the Al/Si composites would be
enhanced by the addition of SiC particles without
reducing the machinability of the composites. Models for
predicting thermal properties are also discussed in this

paper.
2 Experimental

2.1 Materials and methods

A356(Al-7Si—0.3Mg) aluminum alloy was used as
a matrix material, and silicon particles with an average
size of 13 um were used in this work. In order to enhance
the mechanical and thermal properties, powders were
mixed with the same total volume fraction containing 0,
4%, 8% and 12% of silicon carbide particles, which has a
similar particle size with silicon particles. Silicon
particles with different ratios of silicon carbide particles
were mixed for about 30 min in the ball mill. Oleic acid,
beewax and ceresin wax were added to mix uniformly,
and then handed in a boat with special shape. De-waxing
and fritting were carried out in a sintering furnace for
about 12 h at a special heating temperature.

Infiltration was carried out in a pressure infiltration
apparatus shown in Fig.1. The temperatures of the lower
and upper furnace were 800 °C and 750 °C respectively.
Vacuum was applied until a pressure of 4 kPa was
reached before heating, then the melted aluminum alloy
was pressurized into the preform. Solidification of the
aluminum alloy occurred right away.

2.2 Characterization

The microstructure of the composites was observed
by Olmpus MPG4. The fracture morphology was
observed by Tescan Vega scanning electron microsope. A
Philips X’ Pert MPD Pro X-ray diffraction (XRD) was
applied to investigating the phase composition of the
oxidized silicon and silicon carbide particles. The
flexural strength was obtained by three-point bending

using Instron 3382 electronic multi-purpose testing
machine, with a span of 30 mm in length, and a punch
velocity of 0.05 mm/min. The CTE was measured on a
DIL 402C dialmeter (NETZSCH Crop.) with a heating
rate of 5 °C/min in the temperature range of 30—100 °C
and an argon atmosphere with a flowing rate of 50
mL/min used to keep the chamber temperature constant.
The flexural and CTE samples were in rectangles with
dimensions of 40 mmx4 mmx4 mm and 25 mmx4
mmx4 mm, respectively. The thermal conductivity (TC)
was calculated from the measured thermal diffusivity
determined by LFA457 laser flash method (the method
was described in detail in Refs. [18,19]), the measured
density, and an estimated value of the specific heat of the
composites. The sample for thermal diffusivity
measuring was a disk with a diameter of 12.7 mm and a
thickness of 3 mm. The results represent the average of
three tests in most cases. The errors for all the volume
fractions are +1%.
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Fig. 1 Schematic diagram of gas pressure infiltration apparatus
3 Results and discussion

3.1 Microstructure and flexural strength

The representative morphologies of Al/Si/SiC
composites are shown in Fig. 2. The composites are all
dense and macroscopically homogeneous. Excellent
thermal and mechanical properties would be expected
due to the dense, uniform microstructure.

Figure 3 shows the fracture surface of the
composites. The main fracture mechanism of the
composites was ductile fracture of the aluminum matrix.
According to Griffith’s theory, the particle is considered
to be broken if the stress in the particle exceeds the
Griffith criterion: oP =kP?/4/d , where Kk’ is a
constant related to the fracture toughness of the particles
together with geometrical factors and o is the fracture
stress of particles with diameter of d. It can be
rationalized that large silicon particles have a lower
fracture stress and are prone to cracking. Large particles
with pre-existing microcracks will also lower the flexural
strength of the composites. Furthermore, small silicon
particles have a lower chance of defects and cracks than
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Fig. 3 SEM image showing fracture micrograph of Al/Si/SiC

large particles [20,21]. In the study of FLOM and
ARSENAULT [22], little particle fracture would be
found when the particle size was less than 20 pm. There
are a smaller amount of particles which are over 20 pm
in size. SiC has higher strength than silicon and both SiC
and Si are bonded with aluminum matrix by SiO, (Fig. 4),
which generated in the process of sintering. Thus,
extremely individual brittle fracture of Si particles, not
SiC particles was observed on the fracture surface.

Figure 5 shows the flexural strength of composites
versus SiC volume fraction. From the results given in
Fig. 5, the addition of SiC can apparently enhance the
flexural strength of Al/Si composites. SiC has higher
strength and rigidity than silicon. Silicon carbide
particles have higher elastic modulus than silicon
particles. Silicon carbide particles can lead to an
adjustment of the stress in the reinforcements compared
with the stress distribution of Al/Si. Silicon carbide
particles with higher elastic modulus will bear a higher
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Fig. 4 XRD patterns of particles: (a) Si; (b) SiC

load and lower the stress in silicon particles. Meanwhile,
silicon carbide particles have similar size with silicon
particles, and little distortion may be observed. The
above-mentioned reasons lead to the higher flexural
strength of the composites.
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Fig. 5 Flexural strength of Al/Si/SiC versus SiC volume
fraction

3.2 Coefficient of thermal expansion

Figure 6 shows the CTE of composites with
different volume fractions of silicon carbide particles and
the comparison between theoretical predictions and
experimental data. The CTE is not linearly changed with
increasing the volume fraction of silicon carbide particles.
It is shown that the CTE of the composites has a
smaller-scale increase with the addition of silicon carbide
particles. Silicon carbide has higher CTE than silicon, as
shown in Table 1. Few defects were observed as a result
of similar size for two kinds of particles. Owning to the
above reasons, a smaller-scale increase of CTE was
obtained by the addition of SiC, which would not affect
the applications of the composites.

=—Experimental
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+—Kerner method [15]

SiC volume fraction/%

Fig. 6 CTEs of Al/Si/SiC composites and comparison between
theoretical predictions and experimental data versus SiC
volume fraction

TURNER [14] and KERNER [15] models were
used to calculate theoretical CTE of the composites. CTE
of the composites can be derived from Eq. (1) and Eq. (2)
by Turner and Kerner methods relatively.

ke
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where K, a, ¢ and i are the bulk modulus, CTE, volume
fraction, and different phase, respectively.
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where G, is the shear modulus of the matrix; K, is the
bulk modulus of the composites; a. is the CTE of
composites.

The parameters used for predictions are shown in
Table 1. It could be seen in Fig. 6 that both models are
not in good agreement with the experimental data. The
predicted data by Turner model are far lower than
experiment data. Turner model only contains material
under isopressing, while the internal stress in real
material is far more complicated, and furthermore,
Turner model also neglects the internal stress generated
in the cooling process. Kerner model considers both
normal and shearing stresses, but the calculated CTE is
much higher than experimental ones. This may be
attributed to the fact that the particle shape and residual
stress in the composites were not considered in Kerner
model. A spherical assumption for reinforcing particles
was made in Kerner model. However, both silicon and
SiC particles have irregular shapes which would
introduce more complicated stress in composites
compared with spherical particles. Residual stress in the
composites introduced by the CTE mismatch between
the matrix phase and reinforcing phase was another
stress which prevents the expansion of the metal matrix.
The effect of particle size has been out of consideration
in both models. Meanwhile, both two models predict that
CTEs of the composites increased slower with the
volume fraction of silicon carbide particles than the
experimental ones. Thus, the general range of CTE can
be determined by the two models, but it is not credible to
use the two models to predict accurately the CTE of the
Al/Si/SiC composites.

Table 1 Parameters of Al, Si and SiC

Material a/10°K! K/GPa G/GPa
Al 22.1 68.55 26.6
Si 4.2 235 -
SiC 4.6 227.3 -

3.3 Thermal conductivity
The thermal conductivity of composites is mainly
governed by the thermal conductivity of each component,
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their volume fraction, shape and size of the inclusion
phase, as well as their interfacial condition. The thermal
diffusivity of the composites was investigated by laser
flash method and the density of the composites was
examined by the Archimedes method. The density and
specific heat capacity of the composite material can be
calculated from Egs. (3) and (4) respectively.

Piheot = PsiPsi T PsicPsic T PaPal (3)

Ciheor = (CsiPsi Psi + CsicPsic Psic T CaiPa1PA/ Pineor  (4)

where pg=2.33 glem’, pgic=3.21 g/em® and pa=2.68
g/cm3, are the densities of silicon, silicon carbide and
AlSi7 alloy respectively; ¢g; is the volume fraction of
silicon; ¢5=0.7 J/(g'K), ¢sic=0.66 J/(g'K) and c5=0.88
J/(g'K), are the specific heat capacities of silicon, silicon
carbide and AISi7 alloy, respectively. The thermal
conductivity could be calculated according to the
following formula:

k= ACheor P (%)

where a, cpeor, p and k are the coefficients of thermal
diffusion, calculated specific heat capacity, density and
thermal conductivity for Al/Si/SiC  composites,
respectively.

The improved H—J model was used to account for
composites with two different phase distributions. The
equations of H—J model are as follows:

K

Keff — P 6
P T12K, (hd) ©

where K, is the intrinsic thermal conductivity of the
disperse (inclusion) particles; d is the average diameter
of particles; & is the intrinsic interfacial thermal
conductivity. As mentioned previously, the H-J model
can be implemented to calculate the thermal conductivity
of PMCs with interfacial thermal resistance, according to
the following equation:

« Ko[2K, + KT+ 2K - K D)o, ]
C 2K, KT (KT K)o,

(N

where K is the thermal conductivity; ¢ is the volume
fraction of inclusions, and the subscripts ¢, m and p refer
to composite, matrix and reinforcement particles,
respectively. H-J model has been proved to be a simple
and powerful approach in describing the conductive
properties of composites with an imperfect interface
when particles and matrix exhibit a low ratio of
conductivities. However, the model can only been
applied to composites with single reinforcing phase and a
monomodal particle size distribution, not been used for
hybrid particles and multimodal particle size distribution.

To solve this problem, an equivalent effective

conductivity(EEC) is proposed in this contribution,
according to the following equation:

_ Ko .

i Z pi Ppi

R ®
pt

where ¢,; is the volume fraction of different reinforcing
particles or the particles with different sizes

(X Ppi = 7p)-

Then adding K, ;ff to Eq. (7), the predicted thermal
conductivity would be obtained. With the help of the
equivalent effective conductivity (EEC), thermal
conductivity of the composites with hybrid particles or
multimodal particle size distribution would be predicted
by the H-J model.

It is assumed that the thermal conductivities of the
AISi7 matrix, the SiC and the silicon particles are 170
W/(m'K) [23], 203 W/(m'K) [24] and 150 W/(m'K) [6]
respectively, in order to obtain the uncertain parameters.
The interfacial thermal conductivities, 4, may be
estimated with various models and the simplest one is the
acoustic mismatch model [25]. This model treats the
interface heat transfer in terms of continuum mechanics
by calculating the probability of an incident phonon to
pass the interface, and / is calculated to be:

1 A pipraicy
hzpie, PPN ©)

2 ey (piey+ prcy)
where ¢, is the specific heat capacity of metal; p is the
density; c is the phonon velocity; subscripts 1 and 2 refer
to metal and reinforcement, respectively.

Taking p,=2700 kg/m’, ¢,=895 J/(kg’K), and
c1=3595 m/s [25] for the metal (considered here pure
aluminum, given the lack of data for Al-Si alloys), and
p:=3210 kg/m®, 2330 kg/m’ for SiC and silicon,
respectively, c,=11600 m/s, 8970 m/s for SiC and silicon
particles [25], respectively, we obtain A=6.7x10’
W(m*K) and 9.1x107 W(m*K) for SiC and silicon,
respectively. Figure 7 shows the results of the thermal
conductivities of the composites as the function of SiC
addition fraction according to both experiment and
prediction by H-J model. On the premise of the same
volume fraction of reinforcing particles, composites with
the addition of SiC particles have higher thermal
conductivity than the composites with pure silicon
particles. Thermal conductivity increases with the
addition of SiC particles. Its thermal conductivity was
increased by about 10% while the volume fraction of SiC
particles was 12%. Silicon carbides have higher thermal
conductivity than silicon particles, and silicon carbide
particles have similar size with silicon particles, and little
distortion, which would offer resistance to the lattice
vibrations and motions of free electrons. Meanwhile,
there were few pores in the composites, which is another
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influencing factor to the thermal conductivity. The above
mentioned reasons lead to the increase of thermal
conductivity with the addition of silicon carbide
particles.
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Fig. 7 Experimental data of thermal conductivity and ones
predicted by H-J model as function of volume fraction of SiC

The predicted result by the H—-J model is also
shown in Fig. 7. The predicted results are in good
agreement with the experimental data. Size, volume
fraction, mismatch between matrix and reinforcement
and interfacial thermal resistance etc. were all in
consideration in H—J model. It was proved to be in good
agreement with the experimental data for predicting
thermal conductivity of the composites with single
reinforcing phase and monomodal particle size
distribution. With the help of EEC, thermal conductivity
of the composites with hybrid reinforcing particles or
multimodal particle size distribution could be obtained
by the H-J model. Meanwhile, there is a little difference
between experimental and predicted result. This may be
related to the influence of SiO, generated in the process
of sintering and on the assumption of spherical particles.

4 Conclusions

1) The Al/Si/SiC composites with medium volume
fraction and fine particle size were fabricated by gas
pressure infiltration. The composites were all dense and
macroscopically homogeneous. The main fracture
mechanism of the composite is matrix ductile fracture,
extremely individual brittle fracture of silicon particles
was observed on the fracture surface. Both SiC and
silicon are bonded with aluminum matrix by SiO,, which
generates in the process of sintering. The SiO, would
improve the interfacial bonding strength.

2) With the addition of fine SiC particles, thermal
and mechanical properties are highly improved. On the
premise of keeping the machinability of the composites,
flexural strength and thermal conductivity of the

composites are increased with increasing SiC particles.
Meanwhile, the coefficient of thermal expansion changes
relatively small. The general range of CTE can be
determined by Turner and Kerner models, but it is not
credible to use these two models to predict accurately the
CTE of the Al/Si/SiC composites.

3) The predicted results by H-J models are in good
agreement with the experimental data. With the help of
proposed EEC, thermal conductivity of the composites
with hybrid particles or multimodal particle size
distribution can be predicted by the H-J model.
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