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Characterization of metal-matrix composites
fabricated by vacuum infiltration of a liquid
metal under an inert gas pressure
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Silicon carbide whisker-reinforced aluminium was fabricated by vacuum infiltration of liquid
aluminium into a porous whisker preform under an argon gas pressure, using an infiltration
temperature of 665 °C. The volume fraction of whiskers ranged from 11% to 37%. No whisker
pull-out was observed on the fracture surface for an infiltration temperature of 665 °C, but some
whisker pull-out was observed for an infiltration temperature of 720 °C. Both the tensile strength
and ductility decreased with increasing infiltration temperature above 665 °C. Tensile test results
from room temperature to 300 °C are reported. They showed that the quality of these composites
was comparable to that of composites made by powder metallurgy or squeeze casting. The
coefficient of thermal expansion at 100-150 °C was decreased by 45% by the addition of

37 vol % whiskers.

1. Introduction

Vacuum infiltration of a liquid metal under an inert
gas pressure is a method of making metal-matrix
composites {1-3]. In this method, the particulate or
fibrous preform is placed in a mould and the matrix
alloy is placed above the preform. The matrix alloy is
heated to the liquidus temperature together with the
mould and the preform under vacuum. Then an inert
gas, such as argon, is compressed on the top surface of
the matrix—alloy melt forcing the melt to infiltrate
the preform. The pressure is 1000-2500 p.s.i. (6.9—
17.2 MPa). As the melt is just at the liquidus temper-
ature, the processing temperature is much lower than
that in squeeze casting [4, 5]. Moreover, the pressure
is an order of magnitude lower than that in squeeze
casting. The low temperature lessens the interfacial
reaction between the matrix and the filler, while the
low pressure essentially eliminates preform compres-
sion. This paper provides the first study of the rela-
tionships between processing, structure and properties
of composites made by using this method. For this
purpose, this paper focuses on aluminium-reinforced
by SiC whiskers.

2. Sample preparation
The whiskers are 3-SiC (cubic) and are stoichiometric,
with impurities less than 1000 p.p.m. The whisker dia-
meter is 1-3 um; the whisker length is 30-200 pm.
The technique of liquid metal infiltration requires
a porous preform which consists of the whiskers. Two
methods were used to prepare preforms. The first
method involves dispersing the whiskers in water in
the presence of a silica colloid, which acts as a binder,
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subjecting the dispersion to filtration under air pres-
sure at about 10 p.s.i. and then drying in air at about
200°C. The silica colloid content was 3-5 wt % of
the preform. This method produces preforms with
whisker volume fractions, V;, ranging from 11% to
13%. The second method involves dry compression of
the whiskers without any binder using a hydraulic
press at up to 500 p.s.i. (3.45 MPa). The higher the
pressure, the higher the V. This method was used to
make preforms with V; above 13% used in this study.

Fig. 1 shows scanning electron micrographs of (a)
SiC whiskers from the raw material (i.e. prior to being
made into a preform) and (b) SiC whiskers from a pre-
form of V; = 12%. For the preform, the surface shown
was parallel to the direction of the pressure during
preform preparation. Fig. 1b shows that the whiskers
were quite random in orientation in the preform.
Moreover, comparison of Fig. 1a and b shows that the
whisker distribution was more uniform in the preform
than in the raw material.

Fig. 2 shows scanning electron micrographs of (a)
the surface of the circular edge of a cylindrical preform
(20 mm radius) of V; = 12%, and (b) the section of this
preform at a distance of | mm from this surface. A
much higher concentration of binder was present in
Fig. 2a than in b. The photograph of Fig. 2b is repre-
sentative of all parts of the preform other than the
surface. Thus, the binder mainly resided at the surface
of the preform, so that the interior region had a much
lower binder concentration than the nominal concen-
tration of 3—5 wt % of the preform. The origin of this
effect is believed to be related to the transport of the
binder toward the edge as the water evaporated from
the binder during drying.
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Figure ] Scanning electron micrographs of (a) SiC whiskers prior to
being made into a preform, (b) SiC whiskers in a preform of
V; = 12%.

Figure 2 Scanning electron micrographs of (a) the surface of a SiC
whisker preform of V; = 12%, and (b) a section at a distance of
1 mm from this surface.
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In order to make a metal-matrix composite, a pre-
form was placed at the bottom of a steel mould
(Fig. 3). Above the preform was placed an aluminium
ingot. The mould chamber was evacuated using
a mechanical vacuum pump (4,-4, in Fig. 4). Then
the chamber was heated to a temperature 50-100°C
above the liquidus temperature of the alloy (4,-4, in
Fig. 4). The temperature was maintained for a period
of time to ensure that the alloy melted completely and
that the temperature of any part of the chamber was
approximately equal (4,-A4, in Fig. 4). Then the tem-
perature was allowed to drop at a rate of 0.5 to 3.0°C
min~! to the liquidus temperature or near to the
liquidus temperature (45-A4, in Fig. 4). With the tem-
perature maintained at this value, called T, argon gas
pressure at 1000-2500 p.s.i. (6.9-17.2 MPa) was ap-
plied to the surface of the melt to force the melt to
penetrate the porous preform completely (4,-A5 in
Fig. 4). Once the predetermined pressure was reached,
the chamber was cooled with the help of a cooling
water jacket outside the chamber (4,—A44 in Fig. 4).
When the temperature was 300°C, the pressure
started to be released (A5—A4- in Fig. 4).

The silica binder remained amorphous after going
through the process of Fig. 4, carried out up to 760 °C
for 20 min, as shown by X-ray diffraction.
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Figure 3 Schematic illustration of the steel mould for making
metal-matrix composites by vacuum infiltration of a liquid metal
under an inert gas pressure.

—— Temperature

-=—— Pressure PR 3
50t0100°C ress 1.0to 2.5x10

above 7|

e

Temperatur

W
(=]
or
o
(2]
(=]
(e}

Pressure {p.s.i.)

below 75 [ \
i 14,7 {1 atm)

9710387107

Ay Ay Ay Az Ap As Ag A7
Time

Figure 4 Variation of (—) temperature and (——-) pressure in the
process of making a metal-matrix composite.



The infiltration temperature, T, is the most import-
ant processing parameter. Therefore, in this work, T,
was varied and its effect on the structure and proper-
ties was investigated. Unless indicated otherwise,
T, = 665 °C in this work.

The metal used was aluminium (170.1), the tensile
strength of which was 65 MPa. Its composition was
Al(99.77%), Fe(0.16%) and Si(0.07%). The melting
temperature is 660 °C.

3. Results and discussion

3.1. Structure

Fig. 5 shows scanning electron micrographs of pol-
ished and etched surfaces of Al containing 12 vol %
SiC whiskers. The surfaces were parallel to the direc-

tion of the pressure during preform preparation.
Fig. 5a shows a polished and etched (using 0.5 vol %
HF and 99.5 vol % H,0) surface, whereas Fig. 5b and
¢ show a polished and severely etched (using 45 vol %
HCL, 15 vol % HNO; and 15 vol % HF (at 48%) and
25 vol % H,0) surface at two different magnifications.
As the etchant preferentially attacked the metal, the
etched surface in Fig. 5b and c is protruded by SiC
whiskers. Fig. 5a—c are all consistent with the fact that
the whiskers are quite random in orientation.

3.2. Mechanical testing method
Tensile testing was performed using a hydraulic mech-
anical testing system (MTS). Each sample was in the
shape of a dogbone, as shown in Fig. 6. The Young’s
modulus was measured using a strain gauge at low
loads. The yield strength was the 0.2% offset yield
strength. The ductility was determined by drawing
two parallel lines marking the gauge length on the
sample and measuring the distance between the lines
before and after tensile testing using calipers.
High-temperature tensile testing was performed
using the same method, except that a resistance fur-
nace was placed around the sample. The temperature
accuracy was + 10°C. Each sample was preheated at
the test temperature for 100 h prior to testing, in order
to allow time for the interfacial reaction between the
whiskers and the matrix to take place [6].

3.3. Effect of the infiltration temperature

Composites containing 12 vol % SiC whiskers were
fabricated with different values of T »» the infiltration
temperature. Table I shows the mechanical properties
at room temperature; Table II shows the mechanical

-
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Figure 5 Scanning electron micrographs of polished and etched
surfaces of Al containing 12 vol % SiC whiskers. (a) A lightly etched
specimen; (b) and (c) A heavily etched specimen at two different
magnifications.
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Figure 6 Specimen geometry for tensile testing. (-~—) Gauge length
markings on the specimen.

TABLE I Mechanical properties at room temperature of com-
posites (containing 12 vol % SiC whiskers) prepared at different
infiltration temperature T,

T, Tensile Yield Young’s Ductility

(°0) strength strength modulus (%)
(MPa) (MPa) (GPa)

665 181 100 89 6.9

690 140 81 80 4.3

720 130 - - -
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TABLE II Mechanical properties at 300 °C of composites (con-
taining 12 vol % SiC whiskers) prepared at different infiltration
temperatures, 7,

T, Tensile strength Ductility
(°0) (MPa) (%)
665 137 124
690 118 9.1
720 86 1.7

properties at 300 °C. For both room temperature and
300°C, the lower the value of T, (but still above the
melting temperature 660 °C), the higher were the ten-
sile strength and the ductility. This is attributed to the
increasing severity of the interfacial reaction [6] with
increasing T,,. Thus, T, = 665 °C was chosen for invest-
igating the dependence of the mechanical properties
on the volume fraction of SiC whiskers. -

Fig. 7 shows the fracture surfaces for 7, of 720 and
665°C, as revealed by SEM. Some whisker pull-out
was observed for T, = 720 °C, but no whisker pull-out
was observed for T, = 665°C. This indicates that the
bonding between the whiskers and the matrix was
better at T, = 665 °C. This is attributed to the more
severe interfacial reaction for 7, = 720°C. The reac-
tion between SiC and Al results in aluminium carbide
[6], which is deleterious to the bonding strength.

3.4. Mechanical properties at room
temperature

Fig. 8 shows the tensile stress—strain curves at room

temperature for composites containing 0-37 vol %

SiC whiskers. The greater was the volume fraction of

Figure 7 Scanning electron micrographs of the fracture surfaces of

composites containing 12 vol % SiC whiskers, fabricated with the
infiltration temperature 7, of (a) 720 and (b) 665 °C.
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Figure 8 Tensile stress—strain curves at room temperature for com-
posites containing 0-37 vol % SiC whiskers.

whiskers, the higher were the tensile strength and the
tensile modulus and the lower was the ductility.

Figs 9 and 10 show the variation of the tensile
strength and 0.2% yield strength with the volume
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Figure 9 Variation of the tensile strength with the volume fraction
of SiC whiskers.
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Figure 10 Variation of the 0.2% yield strength with the volume
fraction of SiC whiskers.



fraction of whiskers, respectively. Figs 11 and 12 show
the variation of the modulus and ductility with the
volume fraction, respectively. In particular, for a vol-
ume fraction of 37%, the tensile strength was in-
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Figure 11 Variation of the tensile modulus with the volume fraction
of SiC whiskers.
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Figure 12 Variation of the tensile ductility with the volume fraction
of SiC whiskers.
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Figure 13 Comparison of the tensile strength of composites of (@)
this work, (O) Nieh and Chellman [7] and ( x ) Kobayashi et al. [4].

creased by 474% and the modulus was increased by
108%, compared to the corresponding values for 0%
whiskers.

Fig. 13 shows the comparison of the tensile strengths
of composites of this work with those of composites
prepared by powder metallurgy [7] and squeeze cast-
ing (at 13000 p.s.i. = 92 MPa) [4], which are the two
most established methods for making such com-
posites. The similarity between the three sets of data
shows that the composites prepared by vacuum infilt-
ration of a liquid metal under an inert gas pressure
(this work) is comparable in quality to those prepared
by powder metallurgy and squeeze casting, which are
more expensive methods. The composites of this work
used 99.77% Al as the matrix whereas those of [7]
used 99.00% Al as the matrix, and those of [4] used
99.9% Al as the matrix.

Fig. 14 shows the fracture surfaces of composites
(this work) containing 12, 25 and 37 vol% SiC
whiskers. No whisker pull-out was observed in any of
those composites. Dimples were observed most clearly

Figure 14 Scanning electron micrographs of the room-temperature
fracture surfaces of composites containing (a) 12, (b) 25 and (c)
37 vol % SiC whiskers.
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for a volume fraction of 12%, indicating localized
ductility for this composite.

3.5. Mechanical properties at elevated
temperatures

Fig. 15 shows the tensile strength as a function of
whisker volume fraction at 20 and 300°C, while
Fig. 16 shows the ductility as a function of whisker
volume fraction at these two temperatures. The
increase in temperature decreases the strength but
increases the ductility. This is attributed to the in-
creasing plasticity of the matrix with increasing tem-
perature and the more significant role of the matrix at
lower whisker volume fractions.

Fig. 17 shows the variation of the tensile strength
with temperature for 11.4 vol % whiskers.

Fig. 18 shows the fracture surfaces of composites (0,
12, 25 and 37 vol % SiC whiskers) after tensile testing
at 300°C. All four photographs in Fig. 18 are at the
same magnification. Dimples were clearly observed
for all four compositions, although the dimple size
decreased markedly with increasing whisker volume
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Figure 15 Tensile strength versus SiC whisker volume fraction at
(O) 20 and (x) 300°C.
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Figure 16 Ductility versus SiC whisker volume fraction at (O) 20
and (x) 300°C.
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Figure 17 Variation of the tensile strength with temperature for
composites containing (*) 11.4vol% SiC whiskers and (+)
12.4 vol % SiC whiskers. (O) Values obtained by extrapolating the
strength from a whisker volume fraction of 12.4 to 11.4%, using
Fig. 15.

fraction. Whisker pull-out was observed in all three
composites.

3.6. Thermal expansion

The coefficient of thermal expansion (CTE) was meas-
ured by using a Mettler TMA40 thermal mechanical
analyser operated at a heating rate of 10°C min~'.
The temperature was scanned from 30-510°C. Prior
to the measurement, the specimens were annealed in
vacuum at 500°C for 3h and then furnace cooled.
Table I shows the CTE values at 100 and 150°C
for composites containing from 0 to 37 vol % SiC
whiskers. The CTE value decreased markedly with
increasing whisker content.

Low thermal expansion aluminium-matrix com-
posites are technologically used for electronic pack-
aging, especially the packaging of microwave devices.
One such composite in the market is aluminium
containing 40 wt % Si particles. Its CTE value is
13.5 x 107K ! at temperatures from room temper-
ature to about 100°C [8]. This value is about equal
to the value of the composite containing 25 vol % SiC
whiskers at 100 °C in this work. On the other hand,
the Al/Si composite is brittle, with a ductility of only
1.2% [8], compared to a ductility of 4.0% for our
Al/SiC composite containing 25 vol % SiC whiskers.
Furthermore, the tensile strength of the Al/Si com-
posite is 255 MPa [8], compared to a tensile strength
of 288 MPa for our Al/SiC composite containing
25vol % SiC whiskers: the tensile modulus of the
Al/Si composite is 101 GPa [8], compared to a tensile
modulus of 112 GPa for our Al/SiC composite con-
taining 25 vol % SiC whiskers.

4. Conclusion

The method of vacuum infiltration of liquid alumi-
nium under an argon gas pressure produced SiC
whisker-reinforced aluminium which was comparable
in quality to those produced by powder metallurgy or



Figure 18 Scanning electron micrographs of the 300 °C fracture surfaces of composites containing (a) 0, (b) 12, (¢) 25 and (d) 37 vol % SiC

whiskers.

TABLE III Coefficient of thermal expansion (CTE)

SiC CTE(107¢K™1)
(vol %)
100°C* 150°C*

0 21.3 (0.31) 23.6 (0.33)
12 18.8 (0.17) 20.8 (0.46)
25 14.4 (0.29) 16.2 (0.05)
37 11.8 (0.34) 13.1 (0.25)

#Standard deviation is shown in parentheses.

squeeze casting, as shown by tensile testing. The infil-
tration temperature used was 665°C — just a little
above the melting temperature (660 °C) of aluminium.
Whisker pull-out was not observed on the room-
temperature fracture surfaces for composites made at
this infiltration temperature, though whisker pull-out
was observed on the 300°C fracture surfaces. The
coefficient of thermal expansion was decreased by the
whiskers to a level which makes the composites con-
taining 25 or 37 vol% SiC whiskers particularly
suitable for applications in electronic packaging, in
addition to structural applications.
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