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ABSTRACT
Al/Ni-SiC composite was prepared via powder metallurgy technique, in which SiC particles were mixed
with 10 wt % nickel powder for 24 hrs, then mixed by three percents 5, 10 and 15 wt.% with Al powder in a
ball mill for 5 hrs. Three types of sintering techniques were used to prepare the composite. Uniaxial cold
compacted samples were sintered in a vacuum furnace at 600 oC for 1 hr. The second group was the vacuum
sintered samples which were post-processed by hot isostatic press (HIP) at 600oC for 1hr under 190 MPa
pressure. The third one was the hot pressed samples that were consolidated at 550oC under the uniaxial
pressure of 840 MPa. The results showed that the hot compacted samples have the highest densification values
(97-100%), followed by the HIP samples (94-98%), then the vacuum sintered ones (91-97%). The XRD
analysis indicated the presence of peaks correspond to Al and Ni, also Al 3Ni intermetallic and Al4Si2C5 phases
which indicated that all SiC particles were consumed with Al particles to form Al 4Si2C5. Hardness results
revealed that hot compacted samples have the highest hardness values. Also the CTE results referred the
decreasing of its value by increasing Ni/SiC percent.
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1. INTRODUCTION

With
increasing power density and
minimization of electronic components, the
need for developing efficient thermal
management materials with a high thermal
conductivity (TC) and a low coefficient of
thermal expansion (CTE) has become
urgent [1]. Particulate composites with
aluminum matrix have received much
recognition in applications requiring
electronic
packaging
and
thermal
management. Their ﬂexible fabrication
techniques and tailorable thermo-physical
properties make these composites suitable
for applications such as power module base
plates, microprocessor lids and printed
wiring board cores. due to the largely
different CTE of the ceramic particle and
the metal matrix. The overall CTE of the
composite strongly depends on the
reinforcement type and content [2]. This
opens the possibility of tailoring the
composite CTE to fit the requirements of
electronic systems. Particles with high

thermal conductivities and strength, such as
SiC, Si and diamond [3], are considered to
be the best choice to reinforce the metal
matrix. At present, many studies have been
done for these kinds of particle reinforced
metal matrix composites. Besides, MMCs
allow net-shape fabrication and easy
integration of functional components .To
meet this requirement, aluminum matrix
composites were reinforced with SiC
and/or diamond particles [4]. The SiC/Al
composite has made a ﬁrst ingress into the
thermal management market. The heat
conduction and heat spreading capacity,
however, cannot meet well with the
increasing requirement in semiconductor
industry. In addition to thermal properties,
mechanical properties of such composites,
e.g. bending strength, is also rigidly
required
for
thermal
management
applications according to their functions of
mechanically supporting protection and
heat dissipation for electronic components
[5]. Also the ductility of Al/SiC decreased
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by increasing the volume fraction of
SiC[6]. Therefore, metal modification on
the SiC surface is often utilized to restrain
interface reaction and enhances the
interface combination [7, 8]. Metal-coated
SiC powders are ordinarily produced
through
various
processes,
namely
mechanical mixing, high energy ball
milling, self propagating high temperature
synthesis, reaction, and electroless plating.
Among these methods, electroless plating is
one of the most efﬁcient in producing
metal-coated SiC powders [9,10]. Recently,
the production of Al based metal matrix
composite has been successfully carried out
using the powder metallurgy method to
obtain Al/Ni-SiC composite with good
microstructure and high densification [11].
This work aims at studying the effect of
Ni-SiC additions on Al matrix composite
prepared by different sintering techniques.
2. EXPERIMENTAL WORK
Aluminum and SiC powders with 98.9 and
99.98 % purities, 5-10 and 2-20 µm particle
sizes were used, respectively. They were
supplied by Loba Chemie Pvt.Ltd., India and
Organik Kimya San, companies, respectively.
Silicon carbide particles were mixed with 10
wt% nickel for 24 h. The nickel – SiC mix
powder was mixed by 5, 10 and 15 wt.% with
Al powder in a ball mill using 10:1 ball to
powder ratio for 5 h [12]. The mixed powders
were then consolidated using three routes. The
first group of specimens was cold compacted at
840 MPa by unixial press, then sintered in a
vacuum furnace at 600˚C for 1 hr by the
heating cycle shown in Fig. 1. There are two
holding steps in the cycle; one at 250˚C to
remove all paraffin wax from the samples, and
the other at 600˚C to complete the sintering
process. For the second group, the vacuum
sintered samples were then post-processed by
hot isostatic press at 600˚C for 1 hr under a
pressure of 190 MPa. A third group of samples
were prepared by hot pressing at 840 MPa in a
die heated up to 550˚C. These samples, are
holded for 30 min at high temperatures
then converted into high density blocks by
hot pressing.

Fig . 1 Heating cycle for sintering process.
2.1. Composite characterization
The densities of sintered samples were
measured according to Archimedes principle
using water as a floating liquid according to
MPIF standard 42, 1998, in which sintered
specimens were weighed in air and in distilled
water. The microstructure was investigated by
scanning
electron
microscope
(SEM;
QUANTAFEG250, Holland) equipped with
energy dispersive X-ray (EDX) unit, electron
and backscattered electron detectors for the
determination of particle size, morphology and
chemical composition. The sintered samples
were mounted and ground with 220,400, 800,
and 1000 grid SiC papers, then polished with 3
µm alumina paste. X-ray diffraction (XRD)
(model x, pert PRO PANalytical) with Cu kα
radiation (λ=0.15406 nm) was used to
investigate the phase structure of the sample
constituents and to detect any new phases
formed during the sintering process. Vickers
macro hardness was measured as the average of
5 readings along polished cross section surface
of the specimens by applying 3 Kg load and
loading time of 15 sec. The coefficient of
thermal expansion (CTE) was estimated at
different
temperatures
from
room
temperature u p to 350 °C for 30 min.
3. RESULTS AND DISCUSSION
3.1. Microstructure investigation
Figure. 2 shows the microstructure of Al,
SiC and Ni powders. It shows that the Al
particles have irregular shape like potato with
particle size ranges from 5 – 10 µm. SiC has
irregular shape with particle size of 2-20 μm
while Ni has an irregular shape with 446 nm1.5 μm particle size.
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Fig. 2 SEM micrograph of (a) pure Aluminum, (b) pure SiC and (c) pure Nickel.

Fig. 3. SEM micrographs of (a) pure, (b) 5%, (C) 10% and (d) 15 Al/Ni-SiC for hot compacted mixed samples.

Fig. 4. SEM micrographs of (a) pure , (b) 5% , (C) 10% and (d) 15 Al/Ni-SiC for HIP mixed samples

Fig. 5. SEM micrographs of (a) pure , (b) 5% , (c) 10% and (d) 15 Al/Ni-SiC for vacuum mixed samples.
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Scanning Electron microscope (SEM)
micrographs of pure Al and Al/Ni-SiC
composite are shown in Figs. 3, 4 and 5. The
EDAX analysis for the three sintering
techniques are shown in Fig. 6(a,b,c). All
figures show that Ni/SiC particles are
homogenously distributed all over the Almatrix. This may be due to the good mixing
process and suitable mixing time of SiC with
Ni which enhances the wettability between SiC
and aluminum. The micrographs show four
phases; one of them is the gray phase which is
the Al matrix, the white spots represnt the
dispersed Ni phase, and the dark gray area is
SiC particles. The black spots represent the
pores, that increased by increasing Ni/SiC
percent. The distribution generally appeared to
be fairly homogenous throughout the aluminum

matrix[13]. This can be explained by the fact
that,the mixed Ni/SiC particles were more
easily separated from the Al matrix. By
increasing Ni/ SiC content, the samples have
tendency to form clusters[14] and some voids
are observed due to the gaps between SiC and
Al particles On the other hand, there are clear
difference in the microstructure between the
three consolidation techniques. In hot
compacted samples all various wt% of Al/NiSiC nearly have the same particle size; because
of fair time for grain growth. Samples in
vacuum and HIP sintering, there is a good
distribution for all samples containing Ni-SiC
in Al matrix. There is considerable grain
growth for Ni or SiC particles, are obviously
visible in high wt % . It is obvious that the
porosity in the composites increases with the

Fig. 6a. EDAX for 5% Al/Ni-SiC mixed sample by hot compacted process.

Fig.6b. EDAX for 5% Al/Ni-SiC mixed sample by HIP process.

Fig. 6c. EDAX for 5% Al/Ni-SiC mixed sample by vacuum sintering process.
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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 Al
diffusion into the matrix 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. It is clear that the more
the pores are, the smaller the relative density
is [15].
3.2. XRD study

Fig. 7 XRD analysis for HIP sintering mixed
samples.

Fig. 8 XRD analysis for Hot compacted sintering
mixed samples
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The XRD patterns of Al/Ni-SiC
composites which were consolidated by HIP,
hot compaction and vacuum sintering
techniques are shown in Figs. (7-9)
respectively. It was found that there are main
and sharp peaks corresponding to Al at 2Ɵ of
38, 45, 65, 79 and 83˚ as the major phase,
traces of hexagonal SiC phase at 2Ɵ of 35˚ and
strong peaks for Al3Ni inter-metallic at 2Ɵ of
58˚ where observed, which indicates the
occurrence of chemical diffusion between
aluminum and nickel. The XRD diffraction of
the mixed samples are shown in Figs 7 , 8 and
9. It was found the presence of four phases in
case of mixed samples. Aluminum as a major
phase, a clear hexagonal SiC , and both Al3Ni
and
AlNi5Si2.
Ni–Al
intermetallic
compounds (IMCs) have shown excellent
properties
including
high
melting
temperature, low
density, excellent
corrosion
resistance,
and
oxidation
resistance. In the mixed samples strong peaks
of Al and SiC were appeared because the
particles of Al , SiC and Ni are free and only
mixed with each other with no any bonding
between them[16]. So direct reaction between
Al, Ni and SiC can occur during the sintering
process resulting in the formation of
intermetallics such as Al3Ni and ternary phase
AlNi5Si2 according to a phase diagram reported
in [17]. it can be seen that in case of hot
compacted samples there were no sufficient
time for the formation of AlNi5Si2 phase
because the process occur in few minutes but in
case of vacuum and hot isostatic synthesized
samples there is sufficient time for the
formation of this phase.
3.3. Density measurement

Fig. 9 XRD analysis for vacuum sintering mixed
samples

It can be seen from Fig. 11 that, there is
gradually decreasing in the density value by
increasing Ni/SiC percent for all samples. This
can be attributed to increasing the hard SiC
phase in the samples, which restricts the
densification as it acts as a barrier that limits
the connection between the particles leading to
some agglomerations of SiC particles during
the sintering process. Therefore, the capacity
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for densification of the metal matrix composite
decreases with increasing reinforcement
content. In additions, decreasing the percentage
of the deformable phase in the composite
mixture results in low densification of the
composite. Good densification obtained for all
compositions confirm that the selected
temperatures for the consolidation process were
suitable for allowing the plastic flow of nickel
in the Al matrix under pressure. Pure Al
sintered samples are nearly fully densified.
Since the compressibility of pure Al is higher
than that of its composite, the densification will
be higher.
Another phenomenon was observed, that
the density of samples consolidated by hot

compaction is higher than that consolidated by
HIP furnace which in turn, is more than the
vacuum samples. It is well known that at
temperatures lower than 1000 ◦ C the wettability
between SiC /Al composites is poor. This may
result in the presence of some pores remaining at
the interface between the three phases which are
adversary to samples’ properties. But for the
hot compacted samples, the three phases
connected tightly, in the sense that nearly no
pores appeared. This may be due to that
fabrication of hot compaction process in which
Al exists in semi liquid state when heated to some
temperature and had the ability to flow freely.
Meanwhile, the high pressure acts efficiently
with the high temperature. The two factors

Fig. 1 0 Partial isothermal section of the Al–Ni–Si system at 550°C . Large triangles: nominal compositions of
samples investigated by EPMA; small circles: measured phase compositions.

Fig. 11 Comparison between relative densities for mixed samples by three consolidation sintering
techniques for pure, 5, 10 and 15 wt.% Al/ Ni-SiC.
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extruded half-molten Al into the gaps of the SiC
particles. Furthermore, the homogenous mixing
of the raw powder in the procedure, Al in every
part of the sample achieved the half liquid and
half solid state nearly at the same time, and
adhered SiC particles simultaneously[18].
The incomplete densification is associated
with the limitation of the diffusion approach. If
the particle size is smaller, the surface area
increases and the diffusion is improved, and
consequently the final density is closer to the
theoretical one [19].
3.4. Hardness measurement
The macro hardness is a very
important property that reﬂects the
strength of the
material. Generally,
several factors would affect the macro
hardness of the composites such as particle
size, volume percent, distribution of
reinforcement
phase,
method
of
preparation
and
density
of
the
reinforcement [20]. The average macro
hardness values of pure Al and Al/Ni-SiC
composite for the three consolidation
techniques are presented in Fig 12. The
presence of hard SiC particles increases the
macro hardness of the composites as
explained by the rule of mixtures [21].
Hc=HmFm+HrFr

(1)
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where, Hc, Hm and Hr are the hardness
of
the
composite,
matrix,
and
reinforcement, and Fm and Fr are the
volume
fraction
of
matrix
and
reinforcement, respectively. It can be seen
from the figure that the hardness increases
by increasing Ni-SiC wt% by nearly 15 Hv for
pure sample. The increase in hardness of
Al/Ni-SiC composites when compared to
pure Al can also be attributed to a good
interface between the soft Al phase and
hard SiC phase formed during milling
process and a homogenous distribution of
the SiC particles in the Al matrix occurred.
As the volume fraction of silicon carbide
increases, the hardness value increases, by
which a value of over 46 Hv was achieved
for the Al-15 wt % Ni-SiC composite, [22].
This can be attributed to over helming of
hard SiC particles and its constraint towards
localized plastic deformation coupled with
good
matrix-reinforcement
interfacial
integrity.
3.5. Thermal Expansion Coefficient
The CTE is expressed as the change in
the dimensions of the material as a
function of temperature. In general,
thermal expansion coefficient (CTE) of metal
matrix composites (MMCs) is mainly attributed
to the thermal expansion behavior of the matrix

Fig. 12. Comparison between Vickers hardness for mixed samples by three consolidation sintering
process for pure, 5, 10 and 15 wt.% Ni-SiC.
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and reinforcement, but the pore and
interfacial area have a crucial effect on the
CTE of the MMCs. The thermal expansion
behavior is determined by several
factors, including type, morphology and
volume fraction of the reinforcements,
microstructure of the matrix, thermal
history as well as the presence and
amount of porosity. In addition, the
internal stress between the matrix and
the reinforcement also has a strong
inﬂuence on the thermal expansion
behavior[23].

vacuum furnace. This phenomenon may
be due to the low density of these
samples compared with the others.
Increase in the pores due to the lower
density value that has an effect in
improving thermal expansion coefficient
for these samples. 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. Therefore, the CTE of the
composites of fine SiC particles is lower than
that of the composites with coarse SiC
particles[15].

It can be seen from Fig. 13. that the
thermal expansion coefficient decreases
by increasing SiC wt% in the three
consolidation techniques, but a decline
was noticed to be more than the other
consolidation
techniques
samples
observed in the samples sintered in the
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Fig. 13. Thermal expansion Coefficient for mixed samples by three consolidation sintering process
for pure, 5, 10 and 15wt.% Al/ Ni-SiC.
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4. CONCLUSION
1- SEM micrographs show that Ni-SiC
particles are homogenously distributed over Al
matrix composite.
2- All nano- Ni/SiC composites can be
successfully prepared by powder metallurgy
route.
3- The XRD analysis indicated the
presence of Al, SiC, Ni3Al and Ni, AlNi5Si2 for
the mixed samples for the three groups.
4- The density values decrease by
increasing the Ni/SiC percent for all three
consolidation techniques. Samples prepared by
hot compaction have the highest values than
those prepared by HIP and vacuum furnace.
5- For all consolidation techniques, the
hardness increased by increasing Ni/SiC
percent but its value is higher in hot
compaction than the other techniques.
6- Thermal
expansion
coefficient
decreased by increasing Ni-SiC percent for all
three consolidation techniques, but its value in
samples sintered in vacuum furnace was more
improved than other values.
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