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Microstructure Characteristics
of SiC Particle-Reinforced Aluminum
Matrix Composites by Plasma Spraying
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Aluminum with 55 and 75 vol.% SiC powders were ball milled as plasma spray feedstock. The feedstock was
deposited onto a graphite substrate to form a freestanding composite by air plasma spraying. The micro-
structure characteristics of the sprayed composite were investigated by x-ray diffraction, scanning electron
microscopy, and transmission electron microscopy. The SiC volume fraction and porosity in the sprayed
composites depend on plasma spray conditions. The silicon phase was formed in the sprayed composites in
some plasma spray conditions, and its amount was related to the input of electrical power into the plasma
spray. The mechanism of silicon formation was studied. In the sprayed composites, no reaction products
could be observed in the Al/SiC interface. Impurity materials from ball media, stainless steel, and ZrO,
reacted with aluminum and silicon to form complex compounds during plasma spray deposition.
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Table 1 Ball-milling conditions

Conditions Al-55SiC Al-75SiC
Mill jar Stainless steel ~ Stainless steel
1. 1 . Milling media Stainless steel ~ Stainless steel, ZrO,
. Introduction Atmosphere Air Air
Weight ratio of media to powder  10:1 10:1
Aluminum matrix composites (AMCs) have been developed Mill times, h 3 7
Mill speed, rpm 90 90

extensively over a couple of decades for applications in the au-
tomobile and aerospace industries because they exhibit many
attractive properties, such as higher strength and stiffness, im-
proved wear resistance, and decreased coefficient of thermal ex-
pansion (CTE), compared with conventional aluminum alloys.
In addition, an important application of the composites is in elec-
tronic packaging (Ref 1, 2). The CTE of the composites can be
tailored to a quite low value by changing the type and volume
fraction of reinforcement so as to match that of integrated cir-
cuits and electronic components. SiC displays superior physical
and mechanical properties and low cost, and, therefore, is often
chosen as the reinforcement in AMCs.

Plasma spraying has been used to apply protective coatings
on various substrates and freestanding near-net shapes of a wide
range of materials, such as metal alloys, intermetallics, ceram-
ics, and composites (Ref 3). Recently, it has been used to pro-
duce coatings (Ref 4-8) and near-net shapes (Ref 9-11) of
AMC:s. The reinforcements used in the composites include SiC,
Al O3, and TiC particles, as well as graphite short fibers. The
reinforcement volume fraction may change widely by regulating
the level of reinforcement in the feedstock. Therefore, it is pos-
sible to obtain AMCs with high volume fraction reinforcement
by using the plasma spray process.

In the present work, air plasma spraying was used to form
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freestanding composites containing a high SiC volume fraction.
The microstructures (the phase constituent and the Al-SiC inter-
face) of the sprayed composite were characterized using an op-
tical microscope (OM), x-ray diffraction (XRD), scanning elec-
tron microscope (SEM), and transmission electron microscopy
(TEM).

2. Experimental Procedures

Pure aluminum powders (Si, 0.055 wt.%; Fe, 0.086 wt.%; Al
balance) with an average size of 45 um were used as matrix ma-
terial. The reinforcement consisted of SiC particles with an av-
erage size of 17 pm. The powder mixtures of aluminum with 55
and 75 vol.% SiC particles, that is, Al-55SiC and Al-75SiC pow-
der, were ball milled as plasma spray feedstock. Stearic acid of
1.5 wt.% was added as a process control agent. The ball-milling
process was carried out in a conventional rotating ball mill.
Stainless steel balls or ZrO, balls were used. The ball-milling
conditions are summarized in Table 1. The ball-milled powders
were dried at 150 °C for 4 h to draw off the stearic acid and
moisture. Details of the feedstock preparation and analyses have
been presented elsewhere (Ref 12).

Plasma spraying was carried out using plasma equipment
(Sulzer Metco Inc., New York, NY) with 9 MB type gun. The
plasma spray conditions are listed in Table 2. Two spray param-
eters were used for each feedstock to compare the microstructure
of the composites obtained with low- and high-input electrical
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power. The feedstock was repeatedly deposited onto a graphite
substrate and then mechanically removed to obtain freestanding
composite plates. The sprayed composite plates were 100 by 100
mm, and about 2 mm in thickness. Specimens for the OM (Epi-
phot 200, Nikon, Tokyo, Japan; attached to an IMT image ana-

Table 2 Conditions for plasma-spraying process

Al-558iC Al-758iC

Parameters A B A B

Voltage, V 50 60 60 70
Current, A 400 450 450 500
First gas, Ar, L/min 52 52 52 52
Second gas, H,, L/min 1.2 2.5 2.5 7.5
Powder feed rate, g/min 20 20 20 20
Spray distance, mm 100 120 120 100

lyzer, IMT Co. Ltd., Daejeon, Korea) and SEM (JMS-5610,
JEOL, Tokyo, Japan; equipped with energy dispersive x-ray
spectrometer [EDS]) observation and analyses were prepared
from the cross section of the composite plates. A quantitative
evaluation of the SiC volume fraction and porosity in the com-
posites was carried out by an image analysis system with an av-
erage value of five randomly observable areas. The sprayed
composite was analyzed by XRD (Rigaku, Tokyo, Japan) using
Cu Ka radiation under conditions of 40 kV and 30 mA, and the
sprayed free surface, after a little polishing by 800-grit abrasive
paper, was used for the XRD analysis. The sprayed composite
plates were mechanically ground to 70 to ~100 um and then were
milled with argon ions with a glancing angle of 8° to prepare the
TEM samples. Transmission electron microscopy observation
and analyses were performed with a 200 kV (JEM 2000 FXII,
JEOL, Tokyo, Japan).

Fig. 1 Microstructures of the composite sprayed using milled Al-55SiC powders. (a) and (b) Low-input power of 400 A and 50 V. (c) and (d)
High-input power of 450 A and 60 V. (b) and (d) show the microstructures at higher magnification.
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Fig. 2 The microstructures of the composite sprayed from milled Al-75SiC powders. (a) and (b) Low-input power of 450 A and 60 V. (c) and (d)
High-input power of 500 A and 70 V. (b) and (d) show the microstructures at higher magnification, and arrows indicate the silicon phase.

3. Results

The microstructures of the composites sprayed using Al-
55SiC and Al-75SiC powders under two plasma spray condi-
tions are shown in Fig. 1 and 2, respectively. The SiC particles
displayed a reasonably homogenous distribution in the compos-
ite sprayed using Al-55SiC powder under two conditions. For
the composite sprayed using Al-75SiC powders, SiC particles
exhibited a slight band distribution with the low-input electrical
power. With the high-input electrical power, the uniformity of
SiC particle distribution was improved significantly, and uni-
form SiC distribution was obtained.

Figure 3 shows the SiC volume fraction and porosity of the
sprayed composites under two spray conditions. It was found
that the SiC volume fraction and porosity were dependent on the
plasma spray conditions, mainly the input electrical power. The
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composite sprayed using the Al-55SiC powder with low-input
and high-input electrical power contained about 50 and 40 vol.%
SiC particles, respectively, while the composites sprayed using
the Al-75SiC powder contained about 55 and 65 vol.% SiC par-
ticles. The porosity of the composite sprayed using the Al-55SiC
powder was low, with a similar value of about 2% under two
conditions. High porosity of about 5% existed in the composite
sprayed using the Al-75SiC powder. Figure 4 shows the XRD
patterns of the sprayed composites under the two spray condi-
tions. Besides the composite sprayed using the Al-55SiC pow-
der with low-input electrical power, the peaks from the silicon
crystal phase can be clearly observed in the patterns, and the
peaks in the composites sprayed using high-input electrical
power are stronger than those using the low-input electrical
power. Furthermore, no peaks from the Al,C; phase, which is
often formed as an undesirable reaction product in Al-SiC com-
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Fig.3 SiC volume fraction and porosity of the sprayed composites in two spray conditions. (a) Al-55SiC powder, (1) 400 A and 50 V, (2) 450 A and

60 V. (b) Al-75SiC powder, (1) 450 A and 60 V and (2) 500 A and 70 V

posites, and no peaks from oxides, such as Al,O5, could be seen.
Therefore, the reaction of aluminum and SiC to form Al,C;, and
aluminum oxidation did not occur or was very limited in the
present plasma spray experiments.

In Fig. 2(b) and (d), the arrows indicate the silicon phase. It
was found that the silicon phase exhibits a discontinuous irregu-
lar shape similar to the eutectic silicon phase in aluminum-
silicon alloys. Some large silicon crystals, such as primary sili-
con in hypereutectic aluminum-silicon alloys, also may be
observed in the composite sprayed using high-input power. It
should be noted that during image quantitative analysis for the
SiC volume fraction, a small amount of the silicon phase was
involved because the SiC and Si phases could not be clearly dis-
tinguished with the OM. Figure 5 shows a TEM image of the
silicon phase and a selected area diffraction pattern from the
composite specimen sprayed using Al-75SiC powder with high-
input electrical power. Some dislocation structure can be seen in
the silicon crystal. Figure 6 indicates the Al/SiC interface in the
composite. It was found that the Al/SiC interfaces were clear,
and no reaction products of Al,C; could be observed. Also, no
oxide could be found from TEM observation. In the composite
sprayed using the Al-55SiC powder with low-input electrical
power, it was hard to find a free silicon phase in the TEM obser-
vations. These results are consistent with those of the XRD
analysis. Figure 7 shows the aluminum grain structure in the
composite sprayed using the Al-55SiC powder. The aluminum
grain in the composite is very small, about 1 to ~3 um.

Silicon is a typical alloying element in aluminum alloys. Its
existence would not degrade considerably the physical and me-
chanical properties of the present sprayed composites, such as
CTE, thermal conductivity, and stiffness. These properties are
very important to the composites for their application in elec-
tronic packaging. The comparisons for some properties of sili-
con and SiC are listed in Table 3.

In the ball-milling process, ball media materials may con-
taminate the Al-SiC powders. After plasma spraying, the mul-
tielement phases containing iron (feedstock was milled by stain-
less steel balls) or zirconium (feedstock was milled by ZrO,
balls) were found in the sprayed composites. Figures 8 and 9
show SEM micrographs and EDS patterns of these phases in the
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composite sprayed using the Al-75SiC powder with high-input
electrical power.

4. Discussion

4.1 Microstructure

It has been found that SiC volume fractions in the sprayed
composites were less than those in original powders. This phe-
nomenon is probably related to the large difference in melting
temperature between SiC and aluminum and to the poor wetta-
bility of SiC by aluminum. In the present process, aluminum
particles in the feedstock should be melted with a plasma torch
because they have a low melting temperature, whereas SiC par-
ticles with a high melting temperature will not be melted. The
deposition process of liquid aluminum and solid SiC particles is
certainly different. The solid SiC particle may be entrapped in
the sprayed material or rebounded away when it impacts the sur-
face of the deposit. The possibility of SiC deposition depends on
the plasma spray parameters, the aluminum content in the feed-
stock, and the SiC status in the feedstock. Liquid aluminum is
more easily deposited by the solidification process when it meets
arelatively cold surface. So, solid SiC particles would appear to
be preferentially lost compared with metallic aluminum during
plasma spray deposition.

The input of electrical power can change the thermal and dy-
namic state (temperature and velocity) of the in-flight SiC par-
ticle in the plasma flame and can affect the impact of the particle
on the substrate. Thus, different SiC volume fractions and po-
rosity were obtained in the composites sprayed using low-input
and high-input electrical power. The pores in the sprayed com-
posites may be located inside of one spray layer (the inner-layer
pore) or at the boundary of two spray layers (the interlayer pore).
The inner-layer pore is smaller, while the interlayer is larger.
The pore often appears near SiC particles or is surrounded by
SiC particles. More interlayer pores can be formed in the com-
posite sprayed using the Al-75SiSiC powder, resulting in high
porosity. Plasma spraying is a rapid-solidification processing
technique. It has been reported that the cooling rate of plasma-
melted particles can reach 10° °C/s (Ref 13), thereby yielding a
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Fig. 4 XRD patterns of the sprayed composites. (a) From Al-55SiC
powder. (b) From Al-75SiC powder. The top pattern is a result of the
high-input electrical power of experiment B conditions, and the bottom
pattern is a result of the low-input electrical power of experiment A
conditions in Table 2.

very fine aluminum grain structure in the deposited composites
(Fig. 7).

4.2 Reaction Mechanism

From XRD and TEM analyses, the silicon phase was found in
the sprayed composites. When using high-input electrical
power, the amount of the silicon phase is higher than that when
using low-input electrical power, and some large silicon crystals
can be seen in the microstructure of the composite sprayed using
the Al-75SiC powder. The source of silicon should be from the
reaction of the SiC particles. In the present feedstock, SiC and
aluminum are the main components, and the possible reactions
from SiC are:

(Eq 1)
(Eq2)

3SiC + 4Al > ALC, +3Si

SiC—-Si+C
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Fig. 5 TEM image of the silicon phase and selected area diffraction
pattern at a zone axis of [011] in the composite sprayed using Al-75SiC
powder with high-input electrical power of 500 A and 70 V

Fig. 6 The Al/SiC interface in the composite sprayed using Al-75SiC
powder

Reaction 1 often occurs at the Al/SiC interface in the Al/SiC
composites system, with reaction products Al,C; and silicon. In
reaction 2, SiC decomposes to solid carbon and liquid silicon. In
the present sprayed composites, no Al,C; could be detected by
XRD and TEM. Therefore, silicon should have originated from
the decomposition of SiC. A significant characteristic of SiC is
that it can withstand temperature to its decomposition point. The
temperature of SiC decomposition depends on the crystalline
grain structure and purity, so different values can be found. Tem-
peratures of 3076 and 4175 °C, the temperature at which solid SiC
decomposes, have been reported in different studies (Ref 14, 15).

Plasma spraying is a technique of high-temperature materials
processing and formation. A particle absorbs energy from the
plasma flame through heat transfer between the particle and the
plasma gas atmosphere to increase its temperature. Joshi and
Sivakumar (Ref 16) have reported a theoretical predication
model to estimate the temperature of a ceramic particle flying
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Fig. 7 The aluminum grain structure in the composite sprayed using
Al-55SiC powder with low-input electrical power of 400 A and 50V

Table 3 Comparison of some properties of Si and SiC

Thermal Elastic
Density, CTE, conductivity, modulus,
Material g/em?® 109K W/m - K GPa
Si 2.3 4.1 150 112
SiC 3.21 4.5 80-200(a) 414

CTE, coefficient of thermal expansion. (a) Depending on its purity

through a plasma flame. For a spherical particle, a transient heat
conduction equation can be used to describe the heating of the
particle in a plasma torch:

ofr 1 9 2 T Ea3
ppcpat_rzar r P 9y (Eq 3)

where T is temperature (K), k, is thermal conductivity
(W/m - K), 7 is radial position within particle (m), ¢, is specific
heat capacity of a particle (J/kg - K), p,, is density of solid par-
ticle (kg/m?), and ¢ is time (s).

Based on Eq 3, numerical simulation investigations (Ref 16,
17) have demonstrated that a smaller particle would increase its
temperature more quickly and reach a higher temperature than a
larger one. The surface part of a particle can achieve higher tem-
peratures than the center of a particle. Therefore, partial melting
and vapor in the surface of a particle would probably occur. In
addition, higher-input electrical power can create a higher tem-
perature of plasma flame resulting in a higher temperature of the
feedstock.

The feedstock in the present work, the Al-55SiC or the Al-
758SiC powder, was prepared by ball milling. The microstructure
observation in the sprayed composites indicated that SiC par-
ticles became blunt from a sharp facet in the original shape, es-
pecially in the composite sprayed using the Al-75SiC powder.
Undoubtedly, some SiC particles would be damaged and made
into fine particles during ball milling, but this depends on the
milling time. Although the feedstock underwent a very short
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Fig.8 A multielement phase containing iron in the composite sprayed
using Al-75Si powder that was milled by a stainless steel ball. (a) SEM
micrograph. (b) EDS pattern

time in the plasma flame, these fine SiC powders may reach a
high temperature, at which SiC decomposes. Similarly, this phe-
nomenon can also occur at the surface of some larger SiC par-
ticles. In the case of the composite sprayed using the Al-55SiC
powder with low-input electrical power, limited damage to SiC
particles in the feedstock (due to a relatively short milling time)
and a lower temperature of the plasma gas can avoid the decom-
position of SiC, and hence the formation of the silicon phase. In
the microstructure of the composite sprayed using the Al-75SiC
powder with high-input electrical power, a few small SiC par-
ticles could be seen. This indicated that more small SiC particles
had decomposed, since they can achieve higher temperatures.
Liquid silicon, as one of the decomposed products, would
solidify into the silicon phase or take part in the reaction with
other elements in the feedstock to form compounds after the im-
pact with the substrate. On the other hand, a carbon particle de-
rived from the decomposition of SiC is in a much different situ-
ation. Due to the poor wettability of carbon and aluminum, plus
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Fig. 9 A multielement phase containing zirconium in the composite
sprayed using Al-75Si powder that was milled by a ZrO, ball. (a) SEM
micrograph. (b) EDS pattern

the light mass, the small carbon particle is very difficult to de-
posit on composites. So, most carbon may be lost with the flame
flow or may become a gas by a reaction in a plasma atmosphere
(such as the reaction with hydrogen and oxygen). However, the
carbon particle may still have been deposited, although the amount
would be very limited so that it would barely be detected by XRD.

The impurity substances from ball media, ZrO,, and stainless
steel have reacted with aluminum and silicon to form complex
compounds at high temperatures. Generally, these impurity
phases are detrimental to the properties of the composites, espe-
cially for thermal conductivity. For application of the composite
as a packaging material, these phases should be effectively con-
trolled at a low level.

5. Conclusions

*  Plasma spraying was used to produce SiC particle-rein-
forced AMCs with high volume fraction reinforcement.

Journal of Thermal Spray Technology

The SiC volume fraction and porosity in the sprayed com-
posites depended on the plasma spray conditions, mainly
the input of electrical power. No chemical reaction occurred
at the Al/SiC interface, and no oxides were found in the
sprayed composites.

*  Fine SiC particles in the ball-milled powders decomposed
to liquid silicon and solid carbon particles at the high tem-
peratures found in the plasma flame, and the silicon phase
was formed in the sprayed composite. The amount and
shape of the silicon phase were related to the input of elec-
trical power used in the plasma spraying.

+  The impurity substances obtained from ball media, ZrO,,
and stainless steel can react with aluminum and silicon to
form complex compounds in a high-temperature plasma
flame.
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