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Abstract Aluminum matrix composite reinforced with
high amount of Si particle is an advanced electronic
packaging material used in thermal management. In this
work, Al/Sip composites with different Si contents were
prepared by rapid solidification and hot pressing. Fine and
homogeneous microstructures with defect-free were
achieved, and no detrimental reaction was detected. The
typical thermo-physical properties such as the thermal
conductivity and coefficient of thermal expansion (CTE) of
the Al/Sip composites were acceptable as electronic
packaging material for semiconductor devices. The CTE
increased gradually with the temperature. Additionally, the
mechanical properties of the composites were measured.
The technological performance (workability, platability,
and laser weldability) of the composites were also
evaluated.

1 Introduction

The continuous progress of microelectronic devices with
high calculating speed within a more compact size leads to
the rapid increase of power density [1, 2]. Previous data
indicated that failure rate increases dramatically as device
temperature increases, such as every 10 °C temperature
rises, the lifetime of a GaAs or Si semiconductor device is
reduced by a factor of three [3]. Therefore, development of
materials with high thermal conductivity and tailored co-
efficient of thermal expansion (CTE) is imperative for heat
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sinks and heat spreaders [4]. Compatible CTE matching
with those of semiconductor materials or ceramic sub-
strates can minimize the thermally induced stresses and
enhance the reliability of electronic components. Further-
more, superior thermal conductivity can favor heat dissi-
pation to avoid the performance degradation or device
failures.

Traditional metallic packaging materials, such as copper
and aluminum, have good thermal conduction capability.
However, their CTE are much higher than the desired ones
for the attachment of ceramic substrates and semiconduc-
tors, limiting the long-term reliability of electronic devices.
Compatible CTE and favorable thermal conductivity are
achieved by Cu/W and Cu/Mo composites, but these
composites have weight penalty and poor solderability [5].
Nowadays, great attentions have been paid to the light-
weight aluminum matrix composites (AMCs), such as Al/
SiC [6] and AI/AIN [7], attributes to the low density,
isotropic microstructure, tailorable thermo-physical prop-
erties, and good mechanical properties. However, the poor
wettability between the ceramic phase and matrix along
with unwanted reaction products at the interface could lead
to difficulty in fabrication, and hence deterioration of the
thermo-mechanical properties [8].

Recently, Al/Sip composites with high Si content have
become considerable interest as candidate advanced elec-
tronic packaging material because of their excellent prop-
erties such as low CTE, high thermal conductivity, light
weight, and improved mechanical properties (e.g., high
specific stiffness and specific modulus) [9, 10]. The Si
particles with an average size of 12.5 & 0.1 um was
achieved in Al/50 wt% Sip composite produced by spray
deposition [9]. In order to refine the Si particles, Al/Sip
composites were fabricated by spark plasma sintering
(SPS) at a temperature of 510 °C, and relative densities
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higher than 99 % were obtained [1]. Improved tensile
properties of Al/Sip composites were achieved by alloying
with copper [10]. The rapid solidification (RS) technique is
a cost-effective method to produce material with fine and
uniform microstructure [11, 12]. In the present study, Al/
Sip composites with different Si contents are fabricated by
hot pressing method using gas-atomized pre-alloyed pow-
der. The microstructure, thermo-physical, and mechanical
properties of the composites are investigated. The Al/Sip
composites are aimed at application on thermal manage-
ment; therefore, special emphasis are also placed on the
workability, platability, and laser weldability.

2 Experimental procedure
2.1 Composite preparation

Polycrystalline pure Si (99.9 wt%) with weight fraction of
27, 50, and 70 was inductively melted with pure Al
(99.9 wt%) at 950, 1250, and 1400 °C, respectively. The
molted alloy was poured into a pre-heated graphite tundish
with an inner diameter of 3.5 mm, and perform at a pres-
sure of 0.9 MPa. During atomization, a fine dispersion of
droplets was formed when molten Al-Si alloy was im-
pacted by a high energy nitrogen gas. Al-50Si pre-alloyed
powder obtained possess complicated shapes, e.g., irregular
teardrops, ellipsoid, or quasi-spherical (Fig. 1a). Figure 1b
shows the cross-sectional microstructure of the pre-alloyed
powder with particle size of about 30 pm. It can be seen
that irregular primary Si particle with block-like and nee-
dle-like eutectic Si phase with various aspect ratios dis-
tribute homogeneously in the Al matrix.

The as-atomized powder was cold pressed under
300 MPa for 10 min into a compacts with relative densities

from 72 to 78 % depending on the Si content. Then the
green billets were fabricated by vacuum hot pressing per-
formed in a graphite die with its inner walls coated with
BN slurry. The maximum pressure was 45 MPa. The se-
lected sintering temperature and holding time were 565 °C
and 60 min, respectively. The heating rate was
15 °C min~'. After sintering, the hot pressed specimens
were furnace cooled to the room temperature. Hot pressed
specimens were in the form of discs with diameter and
thickness of 50 and 10 mm, respectively.

2.2 Composite characterization

Specimens used for microstructural observations were
prepared by standard metallurgical methods, i.e., grinding
on SiC abrasive papers and polishing with 1 pm diamond
paste, followed by etching with Keller’s reagent (1 vol%
HF-1.5 vol% HCI-2.5 vol% HNO3;-95 vol% H,0). The
microstructure of the composite and morphology of the Si
reinforcement phase were observed using a field-emission
scanning electron microscope (FE-SEM, FEI QUANTA-
200). Image analysis was carried out to measure the av-
erage size of the Si reinforcement. X-ray diffraction (XRD)
analysis was carried out with a Rigaku D/Max2500VB+
diffractometer using Cu Ko radiation at a scan step of 0.08
(°) s~' from 20° to 100°.

Both tensile and three point bending tests were per-
formed at room temperature with an initial strain rate of
0.5 mm min~" using an Instron testing machine. Tensile
specimen with dog bone-shape circular (a gauge diameter
of 5 mm and gauge length of 10 mm) and bending speci-
men with square shape (thickness, width, and length of 3,
10, and 50 mm, respectively) were used. The Brinell
hardness measurement was made on the matrix of

Fig. 1 SEM morphology (a) and cross-sectional microstructure (b) of the Al-50Si pre-alloy powder prepared by gas atomization
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composite away from the reinforcing phase and performed
with a load of 7.35 kN and holding time of 30 s. Each
datum was the average of three tests or more.

3 Results and discussion
3.1 Microstructural characterization

Figure 2a—c show the hot pressed Al/Sip composites with
defect-free microstructure. It can be seen that Si particles
distribute homogeneously in Al matrix as a result of using
pre-alloyed powder as raw material. No Al-Si eutectic is
found. For Al/27Sip composite, most of the Si particles are
separated randomly among the matrix. The Si particles are
more interconnected with each other as the Si content in-
creases. This phenomenon is different from the conven-
tional metal matrix composites (MMCs) reinforced with
ceramic particles, such as Al/SiCp composites [6, 8].

Regardless of the locally connected Si particle, few closed
Al regions are observed, even for Al/70Sip composite.
Generally, continuous Al matrix is needed for obtaining
high thermal and electronic conductivity owing to the good
properties of the Al matrix as compares with the Si phase.
Meanwhile, the average size of the Si particles increases
with the Si content. The size of the Si particles in Al/50Sip
composite is in the ranges of 5-18 pm, which is compa-
rable to that manufactured by spray deposition followed by
hot isostatic pressing (HIP) [9].

The average density of Al/27Sip, Al/50Sip, and Al/
70Sip composite is 2.60, 2.50, and 2.43 g cm™>, respec-
tively. By compare with the theoretical density obtained
from the rule of mixture (ROM), full dense composites are
achieved. It is worth noting that the densities are only about
82, 30, and 14 % of the Al/70 vol% SiCp composite, Kovar
alloy, and Cu/85W composite, respectively. This is desir-
able in applications which require a light weight. Such
result indicates that the current hot pressing process with

Fig. 2 SEM microstructure of the hot pressed Al/Sip composites: Al/27Sip (a), Al/50Sip (b), Al/70Sip (c), and morphology of the Si particles

extracted from the Al/50Sip composite (d)
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pre-alloyed powder is a feasible method to fabricate Al/Sip
composites.

The Al/50Sip composite is also subjected to deep-
etching using 50 vol% HCI solute to remove the Al matrix.
The morphology of Si reinforcement phase is displayed in
Fig. 2d. Silicon particles with three dimensional network
structure are observed. The shape of Si particle is quite
smooth according to the cross-sectional microstructure.
Such microstructure is favorable for achieving MMCs with
good performance because crack is predominantly initiated
by fracture of sharp reinforcement due to the thermal stress
concentration.

Figure 3a shows the XRD pattern of the Al/50Sip
composite. All diffraction peaks can be attributed to Al or
Si phase and no additional intermetallic or compound can
be observed. Therefore, no detrimental reaction is occurred
during the fabrication process. Figure 3b is a representative
TEM micrograph of the Al/50Sip composite, showing the
interface between Si and Al matrix. The interface is clean
and free from any interfacial reaction product. This result
indicates that no thermal treatment will occur during cyclic
heating/cooling, and results in excellent thermal cycle re-
sistance. The fringes are probably the Moore’s fringes.
Similar XRD patterns and interface characteristics are ob-
served in the Al/27Sip and Al/70Sip composites.

3.2 Thermo-physical properties

Figure 4 shows the CTE values vary with temperature of
the Al/Sip composites. It is clear to see that the CTE of the
composite decreases significantly as the Si content in-
creases. The good wettability between Al and Si results in
good bonding between the Al matrix and the Si rein-
forcement phase, which effectively hinders the thermal
expansion of the matrix. It can be observed that the CTEs
increase with the temperature at a decelerating rate. This
phenomenon is resulted from the combined role of the
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Fig. 4 The variation of CTE as a function of temperature for the hot
pressed Al/Sip composites

solubility of Si in Al and the change of stress on the matrix
when the temperature increases [6, 13]. According to the
Al-Si phase diagram, the concentration of Si in the Al rises
as temperature increases. In the Al matrix, increasing solid
solubility of Si has a negative effect on CTE because the
lattice parameter of Al decreases with the increase of Si
solubility, and the change in lattice parameter and macro-
scopic length is equal in the case of dilute solid [14]. Thus,
the increasing rate of CTE of the Al/Sip composites de-
creases when the temperature increases beyond a certain
point (about 250 °C).

Another reason for the change of CTE with temperature
is the change of stress within the composites. A residual
thermal stress will be generated in the composites during
cooling from the fabrication temperature due to the large
difference in CTE between the Si particle and the Al matrix
[9]. Residual stress exhibits as compressive stress on the Si
particle and tensile stress on the Al matrix. Thus, during
heating from room temperature, the tensile stress on the
matrix is relieved and the matrix is expanded, while at the
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Fig. 3 XRD pattern (a) and TEM micrograph of the interface (b) of the Al/50Sip composite
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same time it helps the expansion of the matrix. When the
tensile stress reduces to zero, a new compressive on the
matrix is induced due to the CTE mismatch, and this in turn
results in decreasing the CTE of the matrix [15]. Although
the level of stress on the Si particle is opposite to the Al
matrix, its effect on the CTE of the composites can be
ignored because of the large modulus and strength of the Si
phase. Thus, it is almost impossible for the stress to affect
the CTE.

High thermal conductivity is one of the key require-
ments for electronic packaging material in order to keep
low operating temperature and to avoid device failure
caused by over-heating. It is generally known that the
thermal conductivity of MMCs is influenced by several
factors such as volume fraction, geometric distribution,
interfacial bonding strength, and thermal conductivity of
each component [8]. Thermal conductivity can be calcu-
lated by the following formula:

A=0-Cy-p (1)

where A, o, C,, and p are thermal conductivity, thermal
diffusion coefficient, specific heat, and density of the Al/
Sip composites, respectively.

Table 1 presents the average thermo-physical properties
of the Al/Sip composites and other related materials.
The thermal properties decrease with increasing the Si
content owing to the lower thermal conductivity of Si
phase as compares with Al matrix. The Al/50Sip composite
has a thermal conductivity of 146 W m~! K~!, which is
higher than that fabricated at 520 °C for 120 min
(~130 W m~" K™') [16] due to the use of high purity Al
and Si. This value is near to that of Al/70 vol% SiCp
prepared by squeeze casting (~ 165 W m~"' K™ ") [8]. In the
present work, the high thermal conductivity is also attributed
to their high dense and uniform microstructure. The thermal
conductivity of MMCs is also influenced by the defects, such
as micro-pores. The pores in the composite will decrease the
overall thermal conductivity because the air is a poor thermal

conductor. The hot pressing of pre-alloyed powder leads to a
dense microstructure and guaranteed the thermal conduction
capability of the composites. Furthermore, the thermal
conductivity/density ratio of the Al/Sip composites
(46.9-68.5) is several times larger than the traditional ther-
mal management materials, especially the Cu/85W com-
posite (10.8) [17].

3.3 Mechanical properties

Mechanical properties of the composites are also critical
for thermal management applications. Figure 5 shows the
tensile curves of four Al/50Sip specimens. It can be seen
that the elastic deformation is significant. However, no
obvious yield deformation with low elongation is observed,
indicating characteristic of brittle fracture. In addition, the
curves have a similar stress—strain relation, showing the
consistency of the four specimens. The average tensile
strength, elastic modulus, and bending strength of the
specimens are listed in Table 2. It is seen that the me-
chanical properties are gradually improved with increasing
the Si content. However, obvious plastic deformation is
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Fig. 5 Tensile flow stress and strain curves of the Al/50Sip
composites

Table 1 Thermo-physical properties of the Al/Sip composites and other related materials

Materials Processing method Density Thermal diffusion Specific Thermal Note

(gecm™h coefficient heat conductivity

(x107° m? s7h Jg 'K (Wm™' K™

Al/27Sip Hot pressing 2.60 77.8 0.88 178
Al/50Sip Hot pressing 2.50 68.1 0.85 146
Al/70Sip Hot pressing 2.43 57.9 0.81 114
Al/50Sip Hot pressing 251 130 Ref. [16]
Al/45Si Liquid—solid separation 2.49 57.4 0.84 120 Ref. [18]
Al/65Sip (vol%) Infiltration + hot pressing 2.35 66.8 0.79 124 Ref. [19]
Cu/85W Pressureless sintering 16.7 7.2 0.17 180 Ref. [17]
Al/70SiC (vol%) Squeeze casting 3.04 165 Ref. [8]

@ Springer



J Mater Sci: Mater Electron (2015) 26:4234-4240

4239

Table 2 Measured mechanical properties of the Al/Sip composites

Properties Al/27Sip Al/50Sip Al/70Sip
Tensile strength (MPa) 149 172 193
Elastic modulus (GPa) 95 105 112
Bending strength (MPa) 213 288 331
Brinell hardness 69 141 167

only observed in the Al/27Sip composite. This result sug-
gests that the mechanical properties of the Al/Sip composites
are sufficient to support the semiconductor materials.
Moreover, the composites are not unduly hard (Brinell
hardness of 69-167), and thus they are amenable to standard
machining operations (such as milling and drilling).

3.4 Technological properties

Surface plating is often necessary to increase the wetta-
bility between solder and composite; hence improving the
welding capacity of the composite. Since Al/Si composite
is made up of two different phases, an electroless Ni
coating is established using procedures similar to those
used for Al alloys. Accordingly, metallized ceramic sub-
strates can be soldered to the composite. The SEM mi-
crograph of Ni coating on Al/50Sip composite is shown in
Fig. 6a. It can be seen that the Ni coating is continuous and
free of blister. The following isothermal exposure and
thermal cycling tests demonstrate that the Ni surface can
withstand after 250 °C bake for 30 min or 30 thermal cy-
cles between room temperature and 250 °C. This result
shows good adherence between the electroless Ni coating
and the composite.

Figure 6b shows the electronic packaging housing made
from Al/Sip composites fabricated by rapid solidification
and hot pressing method. The housing demonstrates that

(a)

(b) Al/27Sip

the composites could be machined successfully by carbide
tool into complex components (unlike Al/SiC composite).
The right specimen has a wall thickness of 1.0 mm. Ad-
ditionally, threaded holes with a diameter of 0.5 mm could
also be successfully machined on the specimens. There-
fore, the Al/Sip composites have received growing inter-
esting in the precision machined components due to their
good machinability.

Figure 7a shows the surface appearance of the Al/50Sip
composite readily joined by laser welding. It is observed
that the keyhole width is about 0.8 mm and the surface
appearance of weld is relatively smooth. Figure 7b shows
the cross-sectional microstructure of the welding joint
which exhibits a fine and homogeneous structure with
crack-free. It is reported that the hermetic sealing is also
possible using laser welding and diffusion bonding of 4047
or 6061 lids to the Al/Sip composites [20]. Therefore, for
the Al/Sip composite, full penetration welds with perfect
appearance are obtained by laser welding.

4 Conclusions

Aluminum matrix composites reinforced with different
amounts of Si particle were fabricated by rapid solidifica-
tion and hot pressing method. The microstructure, thermo-
mechanical, workability, platability, and laser weldability
were investigated.

1. The rapid solidification followed by hot pressing
method was feasible for fabrication of Al/Sip com-
posites with homogeneous and defect-free microstruc-
ture. The Si particle was found to be more
interconnected with each other as the Si content
increased. No interfacial reaction was detected in the
composites.

Al/50Sip

Fig. 6 SEM micrograph of electroless Ni coating (a) and electronic packaging housing made by the Al/50Sip composite (b)
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2. The measured thermo-physical and mechanical prop-
erties of the Al/Sip composites show better perfor-
mance over the traditional metallic packaging
materials, especially the thermal conductivity/density
ratio. These properties of such material is suitable for
thermal management applications.

3. An electroless Ni coating with densely and uniform
microstructure is established on the Al/50Sip compos-
ite, which is acceptable for conventional machining.
Additionally, the composites can be machined into
complex component and can be joined by laser
welding.
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