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Abstract: Al-50%SiC (volume fraction) composites containing different sizes of SiC particles (average sizes of 23, 38 and 75 pm)
were prepared by powder metallurgy. The influences of SiC particle sizes and annealing on the properties of the composites were
investigated. The results show that SiC particles are distributed uniformly in the Al matrix. The coarse SiC particles result in higher
coefficient of thermal expansion (CTE) and higher thermal conductivity (TC), while fine SiC particles decrease CTE and improve
flexural strength of the composites. The morphology and size of SiC particles in the composite are not influenced by the annealing
treatment at 400 °C for 6 h. However, the CTE and the flexural strength of annealed composites are decreased slightly, and the TC is
improved. The TC, CTE and flexural strength of the Al/SiC composite with average SiC particle size of 75 pm are 156 W/(m-K),

11.6x10 °K ™" and 229 MPa, respectively.
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1 Introduction

Electronic packaging requires effective heat
removal and dissipation during the operation of the
components to avoid the failure of semiconductor
devices [1,2]. However, it is estimated that 30% of the
current chip performances are limited by the electronic
packaging materials, especially considering the
component size reduction and the increase of computing
capability [3,4]. The traditional packaging materials,
such as W—Cu, Kovar alloys or AIN ceramics, are
difficult to meet the requirement of the advanced
electronic packaging. The ideal packaging materials
should have a coefficient of thermal expansion (CTE)
((7-17)x10"°K™") matching that of ceramic substrates or
semiconductors to avoid thermally induced stress, high
thermal conductivity (TC) (>100 W/(m-K)) to remove
heat fast, and good mechanical properties and low
density(<3 g/cm’), etc. The SiC/Al composites with high
volume fraction of SiC attract considerable interest as
potential materials for electronic packaging due to their
outstanding properties such as tailored coefficient of
thermal expansion (CTE), high thermal conductivity

(TC), and low density and excellent mechanical
properties (e.g., high specific modulus and high specific
strength) [5,6].

There are many manufacturing processes to
fabricate the AI/SiC composites, including melt
infiltration [5], squeeze casting [7] and powder
metallurgy [8,9], etc. In the infiltration and casting
process, the molten Al liquid is filled into the
pre-produced porous billet. However, the ratio of Al to
SiC is difficult to control strictly in such a process, and
some closed pores may not be filled with melt Al and
remain in the composites. Powder metallurgy is a simple
process to produce Al-matrix composite, including
blending, molding and sintering. In the powder
metallurgy process, the ratio of Al power particles to
reinforcement particles is easy to manage strictly, and
near-net shape forming is fulfilled to improve the
production efficiency. Therefore, powder metallurgy is
chosen to produce the SiC/Al composite in the present
study. During the past decades, different fabrication
methods and material properties of Al matrix composites
with SiC particles have been widely studied. SONG [10]
studied the effect of volume fraction of SiC particles
on mechanical properties of SiC/Al composites by both
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model simulation and experiment. LI et al [11] worked
on thermophysical properties of SiC/Al composites with
three-dimensional interpenetrating network structure and
it was shown that three-dimensional interpenetrating
network structure improved TC and reduced CTE of the
composite. MOLINA et al [12] investigated the effect of
monomodal and bimodal particle size distribution on
thermal conductivity of the Al-SiC composites. YAN
et al and LIN [13] and YANG et al [14] studied influence
of particle size on CTE of SiC/Al composites and the
results showed that the larger the particle size was, the
higher the CTEs of the composites were. However,
literature dealing with the effect of SiC particle size and
annealing on properties of SiC/Al composites is limited.

In the present study, Al-50%SiC composites with
different sizes of SiC particles were fabricated by powder
metallurgy, and the effects of SiC particle size and
annealing on the thermal and mechanical properties, such
as CTE, TC and flexural strength, were investigated in
order to enhance the thermal and mechanical properties
of the Al/SiC composites for electronic packaging
application.

2 Experimental

The commercially available SiC powders with a
purity of 99.9% and Al powders with a purity of 99.9%
as the volume fraction of 1:1 were mixed in a high-speed
planetary miller (MTI-SFM1) for 5 h at a rotation speed
of 100 r/min. The average sizes of SiC particle were 23,
38, and 75 pm, respectively. The obtained Al/SiC
mixtures were cold pressed at 200 MPa, and then
sintered in a graphite die with inner walls coated with
BN slurry. The sintering temperature, hot pressing
pressure, heating rate and holding time were 700—750 °C,
50—55 MPa, 60 °C/min and 15 min, respectively. At last,
the sintered specimens were annealed at 400 °C for 6 h.

The microstructures of Al/SiC composite specimens
were observed by POLYVAR—-MET optical microscope.
The densities of the specimens were measured by a
method based on Archimedes law and compared with the
theoretical density to obtain the relative density. The
CTEs of specimens (5 mm x 5 mm x 25 mm) were tested
on DIL 457402C thermal analyzer from 25 to 200 °C at a
heating rate of 10 °C/min. The thermal diffusion ratio of
the specimens (a gauge diameter of 12.5 mm and gauge
thickness of 2.5 mm) was measured by LFA 457Micro
Flash, and then the TC (1) was calculated according to
the following equation [3]:

A=apc, (D)
where a, p and c, are thermal diffusion ratio, the

specimen density and the specific heat capacity,
respectively. The crystal structure was examined by

X-ray diffractometer (DMAX-2500X). Three-point
flexural strength was measured on a MTS810 test
mechanic at room temperature, and the dimensions of the
specimens were 3 mm x10 mm % 60 mm with a span of
40 mm.

3 Results and discussion

3.1 Microstructure

It is well-known that the thermal and mechanical
properties of the composites with a high fraction of SiC
phase depend much less on the matrix grain sizes, but the
properties are mainly determined by the reinforced
phases. Figures 1(a), (c) and (e) show the microstructures
of the sintered specimens with different average SiC
particle sizes of 23, 38 and 75 um, respectively. It is
obvious that the SiC particles are surrounded by the Al
matrix and distribute uniformly in the composites, and
only a slight SiC particle cluster is observed in Fig. 1(e).
Good interfacial bonding between the Al matrix and SiC
particles is achieved. As the distribution of the
reinforcement particles is one of the significant factors to
enhance the properties of the composites, excellent
mechanical and thermophysical properties would be
expected. As shown in Figs. 1(a), (c) and (e), the pores
are scarcely seen in Fig. 1(a), while a few pores exist in
Fig. 1(c). Meanwhile, the number of the pores in
Fig. 1(e) is more than those in Figs. 1(a) and (c). It is
obvious that the porosity in the composites increases
with the decrease of SiC particle sizes. The reason is that
the gaps between the fine SiC particles are smaller than
those between the coarse SiC particles, which makes it
more difficult for melt Al to flow into and fill up the gaps
during the sintering process. The pores as the defect have
a bad effect on the properties of the composites, such as
TC, mechanical properties and relative density. As seen
in Table 1, the relative densities of the composites with
average SiC particle sizes of 23, 38 and 75 pum are 97.1%,
98.6% and 99.1%, respectively. It is clear that the more
the pores are, the smaller the relative density is.
Figures 1(b), (d) and (f) show the microstructures of the
annealed specimens. It is observed that compared with
those in the sintered specimens, the shape and size of SiC
particles are scarcely changed after annealing. This
means that the annealing treatment at 400 °C for 6 h
almost has no effect on the shape and size of SiC
particles.

Table 1 Density and relative density of Al-50%SiC composites
with different sizes of SiC

Material ~ Size/um Density/(g-cm ) Relative density/%
a 75 2.90 99.1
b 8 2.89 98.6
c 23 2.84 97.1
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(c, d) 38 um; (e, f) 23 pm

The XRD patterns of the sintered and annealed
Al-50%SiC composites are shown in Fig. 2. It is
obvious that only the diffraction peaks indexed to Al and
SiC phases can be observed, which demonstrates that the
composites consist of Al phase and SiC phase without
any interaction. In addition, no detectable quantity of
impurities, such as alumina, is found in the composites,
and any interfacial reactions do not happen during the
sintering and annealing processes.

3.2 Coefficient of thermal expansion

In general, coefficient of thermal expansion (CTE)
of metal matrix composites (MMCs) is mainly attributed
to the thermal expansion behavior of the matrix and
reinforcement, but the pore and interfacial area have a
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Fig. 2 XRD patterns of sintered and annealed Al-50%SiC
composites
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crucial effect on the CTE of the MMCs [15]. In order to
study the effects of SiC particle size and annealing on the
CTE of Al/SiC composites, the average CTEs from 25 to
200 °C of Al-50%SiC composites with different average
sizes of SiC being 23, 38 and 75 um are shown in Fig. 3,
and the CTEs of the sintered composites are 11.2x10°°,
11.6x10°%, and 12.1x107° K™', respectively. It is clearly
seen that the CTEs of the composites increase with the
increase of SiC particle size. The phenomenon is
involved in several reasons. Firstly, when the composites
are heated, part of Al expands into the pores, thus
limiting the increase of the bulk volume of the
composites. In addition, the interface between the matrix
and reinforcement can restrict the thermal expansion of
the matrix. With the same SiC volume fraction, fine SiC
particles have larger total surface area than coarse SiC
particles, which results in a more effective restriction of
the thermal expansion of the Al matrix [15]. Therefore,
the CTE of the composites of fine SiC particles is lower
than that of the composites with coarse SiC particles.
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Fig. 3 CTE of sintered and annealed Al-50%SiC composites
versus SiC particle size

It is also seen in Fig. 3 that after annealing, the
CTE:s of the annealed composites are lower than those of
the sintered composites. It is known that due to the
mismatch of CTE between Al matrix and SiC particles,
the residual stress will be generated in the composites
during cooling from the fabrication temperature. The
stress in the composites plays the role of helping the
plastic strain of the matrix and promoting the thermal
expansion [16,17]. During annealing, the residual stress
is relaxed gradually, leading to decreasing the CTE of the
composites. Therefore, the CTEs of the annealed
composites are lower than those of the sintered
composites.

3.3 Thermal conductivity
The thermal conductivity (TC) is an important
parameter to evaluate the property of electronic

packaging materials. It is generally known that thermal
conductivity is actually an energy transmission process.
In the AI/SiC composites, the Al matrix mainly depends
on free electron to transfer heat, and the SiC particle as
the non-metal mainly depends on the phonon to transfer
heat. When Al and Si particles are combined into one
kind of material, phonon and free electron coact to
transfer heat [18]. In general, the TC of the composites is
mainly controlled by adjusting the volume fraction of the
matrix, but the TC is also influenced by the size of
reinforcement particles, residual stress, pore, particle
distribution, and interface area.

Figure 4 shows the relationship between TC and
SiC particle size. It is illustrated obviously that with
increase of SiC particle size, the TC of the composites
also increases. There are several reasons to explain the
phenomenon. Firstly, compared with the specimens with
coarse SiC particles, the specimens with fine SiC
particles have more pores and lower relative density. The
pores as a kind of defect have a scattering effect on
phonon and free electron motions, resulting in reducing
the TC of the composites. In addition, the fine SiC
particles have larger total surface area than the coarse
SiC particles in the Al/SiC composites, and the interface
also has a scattering effect on phonon and free electron
motions, which is regarded as the interfacial thermal
barrier resistance. Large interface area can enhance the
influence on interfacial thermal barrier resistance. At last,
it is well known that it is easy for the finer particles to
cluster. As shown in Figs. 1(e) and (f), a slight cluster
can be observed, and the discontinuous net distribution
of Al matrix is formed. The continuous net distribution
of Al matrix is helpful to reduce the interface area, and
the heat can be transferred fluently through the network.
It was confirmed that the interface area in the continuous
net structure of the Al matrix is smaller than that in the
discontinuous structure of the Al matrix [19]. In short,
the continuous net structure of Al matrix possesses a
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Fig. 4 TC of sintered and annealed Al-50%SiC composites

versus SiC particle size
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small interface area, which decreases the heat scattering
probability to obtain a high TC.

It is found in Fig. 4 that the annealing has a good
effect on the TC of the composites. It is observed
obviously that the TC of the annealed composites is
improved, and the TC of annealed specimens with SiC
particles of average size 75 pm is 156 W/(m-K) and
increases by 8% compared with that of sintered
specimens with the same size of SiC particles. This is
because residual stress as thermal barrier resistance is
generated in the sintered composites in air-cooling
process. After annealing, the residual stress is relaxed,
which eliminates the thermal barrier resistance. Thus, the
annealing can improve the TC of the composites.

3.4 Flexural strength

Apart from fine thermophysical properties, good
mechanical properties are also critical to support and
protect the chips for thermal management application.
The relationship between flexural strength and SiC
particle size is shown in Fig. 5. It is seen that with the
increase of SiC particle size, the flexural strength of the
Al/SiC composites decreases. In general, the flexural
strength is connected with the reinforcement particle
distribution, particle size, volume fraction and porosity.
The fine SiC particles uniformly distributing in the Al
matrix can make the movement of dislocation difficult,
thus the Al matrix is reinforced. In addition, SiC particle
size can affect the distribution of inner stress in the
composites. The larger the SiC particle size is, the more
serious the stress concentration is. Thus, the cleavage
fracture occurs preferentially in coarse SiC particles. In
addition, coarse SiC particles have larger surface area
than a fine SiC particles. The larger the particle surface
area is, the more the pre-set defects on the surface or
inner of SiC particle are, which are suitable sites for the
microcrack formation and propagation, leading to the
decrease of the flexural strength of the composites.
Lastly, the gap between the fine particles is smaller than
that of the coarse particles, which can improve the force
to wind second-phase particles for the dislocation.
Therefore, the composites with fine SiC particles possess
higher flexural strength than those with coarse SiC
particles.

Figure 5 shows that after annealing, the flexural
strength of the sintered specimens declines. The reason
for the phenomenon is that due to the large difference in
CTE between SiC particles and Al matrix, the residual
tensile stress is generated in air-cooling process, which
makes the Al matrix reinforced and improves the flexural
strength of the composites. However, annealing
treatment can make the residual tensile stress relaxed
effectively, thus reducing the flexural strength of the
materials.
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Fig. 5 Flexural strength of sintered and annealed Al-50%SiC

composites versus SiC particle size
4 Conclusions

1) In the Al-50%SiC composites with different
sizes of SiC particles (average sizes of 23, 38 and 75 pum)
were prepared by the powder metallurgy. The SiC
particles distribute uniformly in the Al matrix, and
relative densities are 97.1%, 98.6% and 99.1%,
respectively.

2) Al/SiC composites with coarse SiC particles can
obtain higher thermal conductivity, higher coefficient of
thermal expansion and higher relative density than the
composites with fine SiC particles. On the contrary, fine
SiC particles can lower the coefficient of thermal
expansion and enhance the flexural strength of the
Al/SiC composites effectively.

3) The annealing treatment has certain influences on
the coefficient of thermal thermal
conductivity and flexural strength of the Al/SiC
composites. Because of the relaxation of residual tensile
stress, annealed Al/SiC composites possess higher
thermal conductivity, lower coefficient of thermal
expansion and lower flexural strength than the sintered
Al/SiC composites.

expansion,
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