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Abstract: In this paper, a novel power sintering technique, named fast hot-pressing sintering (FHP),
which is able to achieve an ultrahigh heating rate similar to the spark plasma sintering (SPS) technique,
but at a much lower cost, was applied to prepare a series of Al/Si composites with different Si volume
ratios (12 vol.% to 70 vol.%) to meet the requirements of advanced packaging materials for electronic
devices. In contrast to SPS, the FHP oven possesses a safe and budget-friendly current power supply,
rather than a complex and expensive pulse power supply, for its heating power. The optimized
sintering parameters (temperature, pressure and holding time) of FHP for preparing Al/Si composites
were investigated and determined as 470 ◦C, 300 MPa and 5 min, respectively. In order to characterize
the potential of Al/Si composites as packaging materials, thermal conductivities and coefficients of
thermal expansion were studied. The thermal conductivity of the Al-40Si composite sintered by the
FHP method is higher than that of the conventional SPS method (139 to 107 W m−1 K−1). With the
increase in Si, the thermal conductivities and coefficients of thermal expansion on both decreases.
Furthermore, the thermal conductivities obey the Agari model, whereas the coefficient of thermal
expansion and Si volume ratios obey additivity. The numeric modeling would help develop required
packaging materials based on the thermal performances of the substrate materials, like Si or GaAs
semiconductor devices.

Keywords: Al/Si composites; fast hot pressing sintering; packaging material; thermal conductivity;
coefficient of thermal expansion

1. Introduction

With the development of the semiconductor and microelectronics industries, microelec-
tronic devices are developing towards miniaturization, high performance and high-power
consumption, meaning that the heat generated is multiplied, which puts forward new
requirements for thermal management materials with enhanced and comprehensive ther-
mal performances [1–5]. Electronic packaging materials play an important role in heat
dissipation of microelectronic devices, and nearly 30% of the current microelectronic per-
formances are limited by electronic packaging materials [6]. An ideal electronic packaging
material should have a high thermal conductivity (>100 W m−1 K−1) to maximize heat
dissipation [6,7]. Meanwhile, it should possess a lower coefficient of thermal expansion,
which can be tailored in a wide range (7~16 K−1) to match the substrate material, like Si
or GaAs semiconductor devices, in order to reduce the thermal stress and fatigue in the
working conditions [6,8]. In addition, low density is also a favorable property that should
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be taken into consideration for packaging materials. However, traditional packaging ma-
terials, including Al, Cu, Cu-W, C-Mo, and Kovar alloys, have difficulty satisfying the
requirements of advanced electronic applications [9,10]. For instance, pure Al possesses
favorable thermal conductivity as high as 217 W m−1 K−1, but suffers a unacceptable
coefficient of thermal expansion of 23.2 K−1, which limits the utilization of pure Al in
advanced electronic applications [11–13].

Aluminum matrix composites as packaging materials have been widely investigated
for their good economy and processability [14]. By adding high fractions of particle
additives with low coefficients of thermal expansion, the thermal expansion behavior of
the composites would be restricted significantly [4,7,9,15–18]. Meanwhile, the thermal
conductivity of the composites can also be improved, or at least remain within acceptable
values. The influences of adding diamond [19–24], TiC [17], Si3N4 [25], cBN [16], or
SiC [10,18,26–28] via different techniques on the thermal behaviors of aluminum matrix
composites were deeply studied. Recently, Si particles were suggested to be a potential
additive for aluminum matrix composites due to their low coefficients of thermal expansion,
high thermal conductivity and low density [7–9,15,29–31]. Moreover, superior to other
ceramic additives like SiC, diamond and Si3N4, Al/Si composites demonstrate a much lower
cost and good recyclability, since Al/Si composites can be recycled and processed into Al-Si
alloys, which are a series of cast Al alloys widely used in the structural parts of machines. A
variety of methods are adopted to prepare Al/Si composites, including squeeze casting [32,33],
gas-pressured infiltration [34], vacuum pressure infiltration [35–37], spray atomization and
deposition [38], spark plasma sintering (SPS) [15,16,22–24,39], hot pressing [40–42], etc.
These methods can be classified into two categories: powder metallurgy and liquid phase
methods. Generally, liquid phase methods are cheaper, but it is difficult to prepare high-
density Al/Si composites with high fractions of Si compared with powder metallurgy
represented by SPS. SPS is identified as a non-conventional powder consolidation method,
which employs electric current directly through the powders. By discharging between the
powder particles, it can produce spark plasma and high local temperatures, making some
components soften or even partially melt and then fill the spaces between other particles
and integrate together. Thus, SPS is very suitable for preparing high-density composites
composed of matrixes and reinforced phases with significantly different melting points,
including Al/Si composite systems. However, SPS ovens usually possess complex and
expensive pulse power supplies and corresponding controlling systems, which make SPS
ovens huge and expensive, and not beneficial for large-scale industrial production. New
powder metallurgy sintering techniques and new equipment are still strongly in demand.

In this paper, a novel powder sintering technique developed by our group, named fast
hot-pressing sintering (FHP), was employed to prepare Al/Si composites with a wide Si
volume ratio. FHP can also achieve an ultrahigh heating rate, similar to the SPS technique,
to satisfy the special requirements of Al and Si powder sintering. In the meanwhile,
compared with SPS method, no complex and expensive pulse power supply is employed
in the design of FHP, which made the cost of the FHP oven less than a quarter of that of the
SPS oven with the same processing capability. The optimized FHP sintering parameters
to prepare Al/Si composite samples via the FHP technique were determined first, and
the thermal performances of Al/Si composite samples with Si volume ratios of 12 vol.%,
27 vol.%, 40 vol.%, 50 vol.% and 70 vol.% were studied. Kinds of thermal conductivity
models are employed to investigate the relationship between Si volume ratios and thermal
performances. The results show that thermal performances of the Al/Si composite prepared
via the FHP technique are comparable with those prepared via the SPS technique. Given
its economy, FHP is believed to be a promising technique to prepare Al/Si composite
packaging material for electronic devices.
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2. Materials and Experiments
2.1. Materials

Pure Al powders with particle sizes of around 100 µm were purchased from SCM
Metal Products, Inc (Suzhou, China), and pure Si powders with particle sizes of around
10 µm were purchased from Ruiteng Alloy Materials Co. Ltd. (Nangong, China).

2.2. Synthesis of Al/Si Composites via Fast Hot-Pressing Sintering

The Al/Si composites with different component were sintered via a fast hot-pressing
sintering oven (FHP-828, Haaten Technology Co. Ltd., Suzhou, China). The FHP technique
is designed by Dr. Jianping Jia and originated from Haaten Technology Co. Ltd, Suzhou,
China. The scheme of the fast hot-pressing sintering oven is shown in Scheme 1. The
core part of the FHP oven includes a vacuum chamber, a high voltage direct current
power supply, a pair of electrode indenters, and an appropriate mold (usually made of
graphite or hard alloy). In the FHP technique, the material is directly heated up by use
of a direct current at an ultrahigh heating rate of up to 1000 ◦C min−1, under the high
pressure provided by the intender. In summary, the sintering time in the FHP technique is
much shorter than that of the traditional vacuum hot-pressing method, and comparable
with SPS. Meanwhile, the FHP oven possesses some advantages compared to the SPS
equipment, such as a low economic cost, simple design, small volume, ease of maintenance,
the simplicity of automatic production, etc., which make FHP a promising technique to
prepare advanced materials via the powder sintering route, including advanced metals or
alloys, ceramics, and complex composites.

Scheme 1. The FHP-828 oven and a scheme of the core part of the FHP oven.

Typically, the Al/Si composite samples are disk shaped (Φ12× 2~3 mm) and prepared
with the following procedures: (1) Al powders and Si powders with different volume ratios
(the Si volume ratios are 12 vol.%, 27 vol.%, 40 vol.%, 50 vol.% and 70 vol.%, respectively,
and the corresponding samples are named Al-12Si, Al-27Si, Al-40Si, Al-50Si, Al-70Si) were
mixed thoroughly, and then added into the hard alloy mold lined with graphite paper,
followed by sufficient shaking of the mold to make the powders mix homogeneously; (2) the
mold was transferred to the press machine for pre-pressing to ensure the powders would
not spill out of the mold; and (3) the mold was, at last, transferred to the FHP oven, and
when the vacuum degree was lower than 10 Pa, the temperature and press program started.
The program was performed as follows: (1) firstly, the press program started, and the
pressure came up to the settled value within 1 min (Table 1); (2) the temperature program
started successively, and the heating rate was set to 100 ◦C min−1 until the temperature
of the mold reached 100 ◦C below the target temperature; (3) then the heating rate was
changed to 50 ◦C min−1 until the temperature of the mold reached to the target temperature;
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(4) the temperature and pressure are maintained for certain time; and (5) after cooling with
the FHP-828 oven, the Al/Si composite samples were finally prepared.

Table 1. Details of the experiments for optimization of the FHP sintering parameters.

Experiment Series Sintering
Temperature (◦C)

Sintering Pressure
(MPa) Holding Time (Min)

Series 1

440

300 5
450
460
470
475

Series 2 470

100

5
150
200
250
300

Series 3 470 300

0
5

10
15
20

In order to determine the optimized FHP sintering parameters, Al-70Si was chosen
as the representative sample, and 3 series of orthogonal experiments were carried out
to find the optimized sintering temperature, sintering pressure and holding time. These
parameters show great influence on the real density, which would surely affect the thermal
properties. The details of experiments are exhibited in Table 1.

The Al/Si composite samples need some after-treatment before further characteriza-
tions. The graphite paper stuck to the surface of the samples was removed by sandblasting.
Then, the samples were polished by polishing machine (YMPZ-2-300, Metallurgical Equip-
ment Co. Ltd., Shanghai, China) with sandpapers of 400, 800 and 1200 mesh in succession.
At last, the Al/Si composite samples were polished with a polishing cloth with a nano-
diamond suspension, and samples with a metallic luster were finally obtained. An Al/Si
composite disk sample with 70 vol.% Si is shown in Figure 1.

Figure 1. Photograph of an Al/Si composite disk sample with 70 vol.% Si.

2.3. Characterization

The real densities of samples were measured with a densitometer (PMDT AR-150PM,
Hongtuo Equipment Co. Ltd., Dongguan, China). The relative density is calculated by
dividing the real density by the theoretical density based on the densities of pure Al and Si
together with the volume ratio. The microscopic morphology was examined by scanning
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electronic microscopy (SEM, S-4800, Hitachi, Japan). The crystal structures were studied
with an X-ray diffractometer (XRD, D/MAX-2500, Rigaku, Japan).

The thermal diffusivity (α, m2 s−1) was measured with a laser flash Analyzer (LFA
467 HyperFlash, NETZSCH Analyzing & Testing, Selb, Germany). The specific heat
capacity (Cp, J kg−1 K−1) was measured with a differential scanning calorimeter (DSC
214, NETZSCH Analyzing & Testing, Selb, Germany). Thus, the thermal conductivity (k,
W m−1 K−1) could be calculated with Equation (1):

k = α × Cp × ρr (1)

where ρr is the real density of Al/Si composite sample measured by densitometer.
The coefficient of thermal expansion (CTE) was measured by a dilatometer (DIL

402C, NETZSCH Analyzing & Testing, Selb, Germany). The samples were cuboid shaped,
with a size of 4 × 4 × 25 mm, prepared with the same procedures of Section 2.2. The
testing temperature was set as room temperature, and the testing atmosphere was high
pure nitrogen.

3. Results and Discussion
3.1. Optimization of FHP Sintering Process

The parameters of the sintering process, including the sintering temperature, pressure,
holding time, etc., play crucial roles in the successful preparation of powder-sintered
products. During the sintering of Al/Si composites with different ratios, it was observed
that the size and density of the pores inside the sintered material gradually decreased with
the increase in Si content. In order to minimize the influence of porosity on the sintering
quality, the samples with the highest silicon content (70 vol.%, no pores observed) were
selected as the representative to adjust the sintering parameters of FHP method. The
orthogonal experiments were carried out to study the influences of sintering temperature,
pressure and holding time on the properties of the as-prepared Al-70Si samples.

3.1.1. Sintering Temperature

The sintering temperature is one of the most important factors to control the softening
and flowability of the powders (i.e., the plastic deformation ability), which would further
affect the final density. As can be seen in Figure 2a, the density increases with the sintering
temperature up to the temperature of 470 ◦C, and then decreases. The highest density
reaches 2.44 g cm−3 at 470 ◦C. The softening temperature of pure Al is about 300 ◦C, and
the plastic deformation ability of Al increases with the temperature. Meanwhile, Si has
a much higher melting point of 1410 ◦C, resulting in Si particles not possessing plastic
deformation abilities under the sintering temperature. Hence, it should be noted here that
Al forms the continuous phase and Si forms the dispersed phase in the Al/Si composite
prepared in this work. In the initial stage, a greater plastic deformation ability makes the
Al powders more easily to bind with the Si powders and integrate together, which would
increase the density of the Al/Si composite and ensure the thermal conductivity of the final
product. The fluidity of Al increases gradually with the sintering temperature, allowing full
contact of the Al/Si phases to reduce the sintering porosity. The decrease in porosity led
to an increase in the density of the sintered bulk with a temperature increase in the range
of 440–470 ◦C. However, the flowable Al would overflow from the gaps between molds
under high pressure, due to its excessive fluidity induced by the high temperature (475 ◦C),
which directly reduced the percentage of Al in the final sintered bulk. The loss of Al with a
higher density (ρAl = 2.7 g cm−3, ρSi = 2.33 g cm−3) makes the density decrease slightly.
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Figure 2. Influences of sintering temperature on density and relative density of Al-70Si composite
samples. (The sintering pressure: 300 MPa, holding time: 5 min).

It is necessary to know the phase composition to calculate the theoretical density.
Therefore, XRD analysis was employed (Figure 3). The XRD patterns of the Al-70Si compos-
ite samples prepared at different sintering temperatures are all composed of two groups of
peaks, one for pure Al (JCPDS No. 04-0787), and the other for pure Si (JCPDS No. 27-1402),
and no peaks related other phase in the phase diagram of Al-Si alloy can be observed,
implying that no evidential solid solution phase was left after the FHP sintering. On the
one hand, the solubilities of Al or Si in each other are both ultra-low at room temperature;
on the other hand, even a temperature of 475 ◦C is far below the eutectic point of Al-Si
system. Thus, it can be concluded that the Al-Si composites are almost composed of pure
Al and Si, and the theoretical density could be directly calculated based on the volume
ratio of Al and Si. Thus, the theoretical density of Al-70Si is calculated to be 2.441 g cm−3,
and the highest relative density of the A-70Si sample prepared at 470 ◦C is nearly 100%
(Figure 2b), implying that the densification of A-70Si can reach the limit when the sintering
temperature is 470 ◦C.

Figure 3. XRD patterns of Al-70Si composite samples prepared at sintering temperatures of 460 ◦C,
470 ◦C, 475 ◦C. (Sintering pressure: 300 MPa, holding time: 5 min).

SEM was employed to study the microscopic morphology of surfaces of the Al-70Si
composite samples prepared at different sintering temperatures, in order to further evaluate
the relationship between densification and sintering temperature (Figure 4). Cracks can
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be clearly observed in the sample prepared at 450 ◦C, and as the sintering temperature
increases, the number of cracks reduces and the size of cracks becomes small, suggesting
that the integration between Al and Si is improved with the temperature increase. As a
result, the density increases up to 470 ◦C. Therefore, a temperature of 470 ◦C should be the
optimal sintering temperature.
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Figure 4. SEM images of Al-70Si composite samples prepared at sintering temperature of (a,d) 450 ◦C,
(b,e) 460 ◦C, (c,f) 470 ◦C with different magnifications. (The sintering pressure: 300 MPa, holding
time: 5 min. Cracks are marked with red circles).

3.1.2. Sintering Pressure

The sintering pressure shows great influence on the density in the powdering tech-
nique. Typically, in the powdering sintering technique, within the pressure limit that the
mold can bear, the density will increase with the pressure. The Al-70Si composite prepared
via the FHP technique also agrees with this regulation. The density keeps increasing from
100 MPa to 300 MPa, and the relative density reaches nearly 100% when the pressure
arrives 300 MPa (Figure 5). As the sintering pressure increases, the contact between Al and
Si powders becomes closer, which would decrease the resistance of the sample, and the
current grows. Additionally, the plastic deformation ability of Al powders is also enhanced
with the sintering temperature and the sintering current. As a result, the cracks disappear
at a high sintering pressure, and the Al matrix becomes denser, which can be observed
in the SEM images (Figure 6). XRD was also employed to study the microstructures of
the samples prepared at different sintering pressures, and it is not unexpected that the
XRD patterns share the same phase compositions; all are composed of nearly pure Al and
pure Si (Figure 7). Given the security consideration, the experiment at a pressure higher
than 300 MPa was not performed; moreover, the relative density of the sample prepared at
300 MPa is already able to satisfy production requirements. Thus, a pressure of 300 MPa
should be the optimal sintering pressure.
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Figure 5. Influences of sintering pressure on density and relative density of Al-70Si composite
samples. (The sintering temperature: 470 ◦C, holding time: 5 min).

Figure 6. SEM images of Al-70Si composite samples prepared at sintering pressures of (a) 100 MPa,
(b) 150 MPa, (c) 200 MPa, (d) 250 MPa, (e) 300 MPa. (The sintering temperature: 470 ◦C, holding time:
5 min. Cracks are marked with red circles).

3.1.3. Holding Time

The plastic deformation of Al powders during FHP sintering should necessarily take a
certain time; thus, the holding time at sintering temperature would affect the densities of
the final products, while a too long holding time is unfavorable to industrial production.
Therefore, it is necessary to determine the suitable holding time. Several Al-70Si composite
samples were prepared via the FHP technique with a holding time from 0–20 min under
a sintering temperature of 470 ◦C and a sintering pressure of 300 MPa. Due to the rapid
heating rate of 100 ◦C min−1, there are less than 2 min left for the plastic deformation of
the Al particles during the heating process. As can be seen in Figure 8, the holding time of
0 min apparently does not provide enough time for the plastic deformation of Al particles.
And, with a very short holding time of 5 min, the density has already reached 2.44 g cm−3,
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and the relative density reaches nearly 100 %. It would not show obvious influence on
the density of the Ai-70Si composite samples to further extend the holding time, because
the holding treatment was designed to allow the continuous phase Al sufficient plastic
deformation to encapsulate the dispersed phase Si at a high temperature and pressure.
Under the corresponding sintering parameters (470 ◦C, 300 MPa), the process needed 5 min
to be fully realized, at which time the density of the bulk is 2.44 g cm−3 (100% relative
density, i.e., ideal density). It will not change the physical mixing state of the two phases to
continue increasing the holding time, nor will it induce a chemical reaction between the
two phases to produce a new phase. Therefore, the density will not change. However, the
microscopic morphology of the composites is affected by the holding time (Figure 9). No
apparent aggregation of Si particles (given the high melting point of Si) can be seen in the
cross-section SEM images for the sample with a holding time of 5 min. With an increase
in the holding time, the aggregation of Si particles occurs, which is not beneficial to the
overall performance of the Al/Si composite. Thus, 5 min should be the optimal holding
time for sintering the Al/Si composite.

Figure 7. XRD patterns of Al-70Si composite samples prepared at different sintering pressure of
460 ◦C, 470 ◦C, 475 ◦C. (The sintering pressure: 300 MPa, holding time: 5 min).

Figure 8. Influences of holding time on density and relative density of Al-70Si composite samples.
(The sintering temperature: 470 ◦C, sintering pressure: 300 MPa).
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Figure 9. SEM images of Al-70Si composite samples prepared with holding time of (a) 5 min,
(b) 10 min, (c) 20 min. (The sintering temperature: 470 ◦C, sintering pressure: 300 MPa).

To sum up, the optimized FHP sintering parameters for preparing the Al/Si composite
are determined to be a sintering temperature of 470 ◦C, a sintering pressure of 300 MPa and
holding time of 5 min. Hence, the rapid heating rate and short holding time ensure that
the FHP sintering technique can be applied in large-scale industrial production of Al/Si
composites for packaging materials. The samples for the following thermal analyses are all
prepared under the above conditions.

3.2. Thermal Properties

The Al/Si composite is intended to be utilized as an electronic package material. Thus,
the question of what proportion of Al and Si the thermal conductivity and coefficients of
thermal expansion are acceptable should be answered. The Si volume ratios of Al/Si com-
posite are controlled to be 12 vol.%, 27 vol.%, 40 vol.%, 50 vol.% and 70 vol.%, respectively,
and the corresponding samples are named Al-12Si, Al-27Si, Al-40Si, Al-50Si and Al-70Si.
These samples are all composed of two phases of Al and Si, as shown in the XRD patterns,
and the differences in composition are reflected in the intensity of the peaks (Figure 10).
As Al and Si form the continuous phase and dispersed phase, respectively, the higher the
volume ratio of Al, the smoother the surface of the Al/Si composite samples becomes,
as shown in the SEM images (Figure 11). Additionally, if the volume ratio of Si exceeds
50%, an obvious aggregation of Si particles can be observed (Figure 11d,e), which would
also influence thermal properties. Thus, the differences in thermal properties are mainly
affected by the ratio of Si and Al, rather than phase differences.

Figure 10. XRD patterns of Al-12Si, Al-27Si, Al-40Si, Al-50Si, Al-70Si.
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Figure 11. SEM images of (a) Al-12Si, (b) Al-27Si, (c) Al-40Si, (d) Al-50Si, (e) Al-70Si.

In order to satisfy the heat dissipation requirements for future high-performance
processors, thermal conductivity is the primary consideration. The thermal conductivities
of different Al/Si composite samples decrease as the volume ratio of Si increases (Figure 12).
It should be pointed out that the theoretical thermal conductivities of pure Al and Si are
217 W m−1 K−1 and 148 W m−1 K−1, respectively. When the volume ratio of Si exceeds
27 %, the thermal conductivities of the composites are already lower than that of pure Si,
which is in the dispersed phase in the Al/Si composite. And the Al-70Si possesses the lowest
thermal conductivity of 98.2 W m−1 K−1, less than half that of the thermal conductivity
of pure Al. Two main reasons should contribute for the phenomenon: on the one hand,
the increase in the volume ratio of Si, with a lower thermal conductivity and coefficient
of thermal expansion, would inevitably lead to a decrease in thermal conductivity; on
the other hand, the interface between the Al matrix and the Si particles is just formed
through the plastic deformation of Al, and the tightly bonded alloy phase should not form
at the boundary as described above, which goes against the interfacial thermal transfer and
results in a higher interface thermal resistance.

Figure 12. Thermal conductivities of different Al/Si composites.
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In order to evaluate and predict the thermal conductivities of the Al/Si composites
with different compositions for developing package materials with practical value, it is
necessary to fit an empirical function between the volume ratio of Si and the thermal
conductivity. Generally speaking, the thermal conductivity (k) of a solid–solid binary
composite is a function of the thermal conductivity of the continuous phase (kc), the thermal
conductivity of the dispersed phase (kd), the volume ratio of the dispersed phase (φ), the
shape and arrangement of the dispersed phase (a), etc. Thus, the thermal conductivity
generally has the following form:

k = k(kc, kd, φ, a) (2)

As the thermal conductivity is affected by numerous factors, much effort has been paid
by many researchers to develop thermal conductivity models suitable for different systems,
and to obtain a favorable function for a certain occasion is a complicated process indeed.
The Al/Si composite in this work is also a kind of solid–solid binary composite system,
and several widely applied theoretical and empirical models are discussed, including
the Maxwell model [43,44], the EMT model [44], Chiew–Glandt model [45], the Topper
model [46,47] and the Agari model [48,49]. The calculation formulae of the models are
summarized in Table 2. As can be seen in Figure 12 and Table 3, the predictions of the
Maxwell model, EMT model, the Chiew–Glandt model, and the Topper model are quite
close, because the ratio of kd and kc (κ) is calculated to be 0.682, relatively close to 1. But
these predictions all deviate from the tested value greatly, suggesting that these four models
are not suitable for predicting the thermal conductivities of Al/Si composites prepared via
FHP sintering. The predictions of these four models are between the thermal conductivities
of Al and Si. However, because of the widely distributed interfacial thermal resistance,
when the volume ratio of Si exceeds 27%, the thermal conductivities of the composites
are already lower than that of pure Si. Thus, the Maxwell model, the EMT model, the
Chiew–Glandt model, and the Topper model failed to fit a matched curve based on the
tested values. In contrast, the Agari model, with two adjustable parameters, can fit the
tested values much better than other models, although the Agari model is generally applied
to the systems of polymer–matrix composites. The parameters of C1 and C2 are fitted to
be 0.995 and 0.829 by least squares method. Thus, the Agari model can be used to predict
the thermal conductivities of Al/Si composite samples in a wide φ to find the optimized
package material.

Table 2. Calculation formulae of models applied in this work.

Calculation Model Calculation Formula Notes

Maxwell Model k = kc· κ+2+2(κ−1)φ
κ+2−(κ−1)φ κ is the ratio of kd and kc, κ = kd

kc

EMT Model k = kc·(κA +
√

κ2 A2 + κ/2) A is an empirical parameter, A = 1
4 (3φ− 1 + 2−3φ

κ )

Chiew-Glandt Model k = kc·
1+2βφ+(2β3−0.1β)φ2+0.05e4.5βφ3

1−βφ

β is the reduced thermal polarizability, defined as
β = κ−1

κ+2
Topper Model 1

k =
1−φ1/3

kc
+

φ1/3

kdφ2/3+kc(1−φ2/3)
-

Agari Model ln(k) = (1− φ)ln(C1kc) + φC2ln(kd)
C1 and C2 are parameters fitted according to the tested
values. In this paper, C1 is fitted to be 0.995 and C2 is

fitted to be 0.829

The coefficient of thermal expansion (CTE) is another important thermal parameter
for packaging materials. If the CTEs of packaging materials and substrate materials are not
matched, the connection between them might be tortured during repeated thermal cycles,
leading to a decline in the heat dissipation capabilities of the processor in its long-term life.
The CTE of pure Al is 23.2 × 10−6 K−1, which is too large to be an appropriate packaging
material alone. On the contrary, Si possesses a much smaller CTE of 3.5 × 10−6 K−1. Thus,
since no alloy phase is generated during the FHP sintering process, the CTE is bound to
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decline by adding a certain amount of Si, as shown in Figure 13. Additionally, the CTE of
the Al/Si composite obeys the additivity simply, as shown in Equation (3).

CTE = (1 − φ)CTEAl + φCTESi (3)

Table 3. Thermal conductivities of different Al/Si composites: tested values and calculated values
based on different models.

Volume
Ratio of Si

Thermal Conductivity (W m−1 K−1)

Tested
Value

Maxwell
Model

EMT
Model

Chiew-
Glandt
Model

Topper
Model

Agari
Model

12% 188.3 207.87 207.84 207.91 208.38 186.01
27% 144 196.81 196.69 197.06 197.45 154.39
40% 139 187.53 187.32 188.20 188.09 131.37
50% 110 180.57 180.31 181.76 181.01 116.02
70% 98.2 167.11 166.81 169.97 167.30 90.50

Figure 13. Coefficient of thermal expansion of different Al/Si composites.

To study the feasibility, reliability and advancement of the FHP technique, a compari-
son with other researchers’ work on Al/Si composites prepared via the SPS technique is
shown in Table 4. The thermal conductivities of Al/Si composites prepared via the FHP
technique are comparable with these prepared via the SPS technique with a similar compo-
sition, and even higher than some reported values in others’ studies. In the meanwhile, the
coefficients of thermal expansion of the samples prepared via the FHP technique and the
SPS technique with the same composition are quite close. The phenomena can be attributed
to the fact that the reported samples of Al and Si composite system share the same phase
constitution with the Al/Si composite in this paper.

To sum up, the thermal conductivity and the coefficient of thermal expansion of the
Al/Si composite prepared via the FHP technique are investigated and fitted with the
appropriate model, which makes it possible to develop suitable packaging materials of
Al/Si composites based on the thermal properties of the substrate materials. A comparison
of Al/Si composite systems prepared via SPS and FHP, respectively, shows that FHP is a
novel sintering technique which can be compared to SPS. Given its remarkable economy,
the FHP technique is bound to be a promising route for preparing Al/Si composites.
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Table 4. Comparison of thermal properties of Al/Si composites in this paper and other Al-Si materials
at room temperature.

No. Material Processing Method k (W m−1 K−1) CTE (× 10−6 K−1) Note

1 Al-45%Si SPS 113 12.7 Ref [50]
2 Al-30%Si SPS 114.4 14.57 Ref [6]
3 Al-40%Si SPS 107.7 13.36 Ref [7]
4 Si(60%)/Al SPS 116.5 9.8 Ref [8]
5 Al-27Si FHP 144 17.6 This work
6 Al-40Si FHP 139 14 This work
7 Al-50Si FHP 110 11.5 This work

4. Conclusions

In this paper, a novel powder sintering technique, FHP, was employed to prepare
Al/Si composites with a wide range of Si volume ratios. The technique shows advantages of
low costs, ultrahigh heating rates, good reliability and wide usability compared to the SPS
technique. Additionally, the FHP oven is self-developed and self-produced. The sintering
parameters were determined to be a sintering temperature of 470 ◦C, a sintering pressure of
300 MPa and a holding time of 5 min, after a series of orthogonal experiments. The relative
density of the Al/Si composites can reach nearly 100%, suggesting the advantages of FHP
sintering. The thermal performances of the Al/Si composite samples with Si volume ratios
of 12 vol.%, 27 vol.%, 40 vol.%, 50 vol.% and 70 vol.% were studied. With an increase in
the Si volume ratio, the thermal conductivities and the coefficients of thermal expansion
both decrease, due to Si particles’ thermal properties. Furthermore, different thermal
conductivity models for solid–solid binary composites were employed to study the heat
transfer behavior of Al/Si composites, and the Agari model is matched with the Al/Si
system in this paper. The CTE of the Al/Si composites obey additivity simply. Numeric
modeling would help develop the required packaging materials based on the thermal
performances of the substrate materials, like Si or GaAs semiconductor devices. A side-
by-side comparison between the FHP sintering method and the conventional SPS method
was performed for verification of the higher thermal conductivity and thermal expansion
coefficient of the samples prepared by the FHP sintering method. For example, the thermal
conductivity of the Al-40Si composites sintered by the FHP method is higher than that of
the conventional SPS method (139 to 107 W m−1 K−1). These thermal performances of
Al/Si composites are comparable with other Al/Si composites prepared by SPS methods.
Given the economy of the FHP technique, it shows great potential for developing and
producing Al matrix packaging materials via powder metallurgy sintering in the future.
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