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Abstract: Two micron SiC particles with angular and spherical shape and the sub-micron Al,O; particles with spherical shape were
introduced to reinforce 6061 aluminium by squeeze casting technology. Microstructures and effect of thermal-cooling cycle treatment
(TCCT) on the thermal expansion behaviors of three composites were investigated. The results show that the composites are free of
porosity and SiC/Al,O; particles are distributed uniformly. Inflections at about 300 °C are observed in coefficient of thermal
expansion (CTE) versus temperature curves of two SiCy/Al composites, and this characteristic is not affected by TCCT. The TCCT
has significant effect on thermal expansion behavior of SiC,/Al composites and CTE of them after 3 cycles is lower than that of 1 or
5 cycles. However, no inflection is observed in Al,O3,/Al composite, while TCCT has effect on CTE of Al,O5,/Al composite. These
results should be due to different relaxation behavior of internal stress in three composites.
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1 Introduction

Particle reinforced aluminum matrix composites
have been considered as promising structural materials in
the applications of space, aerospace, precise instrument
and automotive sectors, for their high specific strength
and stiffness, improved wear resistance as well as low
density[1-2]. Especially, the coefficient of thermal
expansion (CTE) of these composites is lower than that
of aluminum alloys, while CTE could be designed via
changing reinforcing particle type and its volume
content[3—4]. This advantage makes them very attractive
to be used in precise instrument, optical devices and
electronic packing industry. The past researches on
thermal expansion behavior and mechanism of the
composites were mainly focused on the theoretical
prediction[5—8] and the effect of heat treatment was
rarely reported. It is well known that thermal-cooling
cycle treatment (TCCT) is an important method to
decrease residual stress and improve dimensional
stability[9—10], which is very sensitive to precise
instrument. However, the effect of TCCT on thermal

expansion has not been reported.

In the present work, two micron SiC particles (with
angular and spherical shape) and sub-micron Al,Os
particles (spherical shape) are introduced to reinforce
6061 aluminum by squeeze casting technology. The
effect of TCCT on microstructure and thermal expansion
behavior of three composites are tested and discussed.

2 Experimental

2.1 Material preparation

6061 Al alloy was selected as matrix alloy, whose
chemical composition is listed in Table 1. Sub-micron
Al,O5 particles (spherical shape) and two micron SiC
particles (angular and spherical shape) were introduced
to reinforce the 6061 aluminum by squeeze casting

Table 1 Chemical composition of 6061 Al alloy (mass fraction,
%)

Si Mg Cu Mn Fe Zn Ti Ni Al

126 0.75 043 022 036 <0.15 <0.05 <0.05 Bal.
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technology.

The composites were fabricated by squeeze casting
technology[11]. Firstly, the Al,O; or SiC particles were
filled and pressed into a mold to produce a preform
according to the given volume fraction. Then, the preform
was pre-heated in a die. At the same time, the 6061 Al
was melted, degassed, cleaned in a graphite crucible and
heated to 750—760 °C. When the preform was heated to
550 °C, the molten 6061 Al was poured into the die and a
vertical pressure up to 55 MPa was applied immediately
to force the molten 6061 Al to infiltrate into the preform
completely. The pressure was maintained for about 3 min
until the solidification was complete. Three kinds of
composites prepared for experiment, as shown in Table 2,
are numbered as No.1, No.2 and No.3, respectively.

Solution and aging treatment and subsequent TCCT
treatment (1, 3 and 5 cycles) were carried out using the
parameters listed in Table 3.

2.2 Experimental procedure

Microstructure of as-fabricated composites was
investigated by using Hitachi-S4700 scanning electron
microscope (SEM). Further observation was carried out
by Philips CM-12 transmission electron microscope
(TEM). After heat treatment, the thermal expansion
behavior of three composites were examined by
Dilatometer 402C (NETZSCH Corp.). The cylindrical
sample of 4 mm in diameter and 25 mm in length was
used. During measurement, the temperature was heated
from 0 °C to 500 °C with a heating rate of 5 °C/min. The
helium atmosphere was maintained at a flow rate of 50
mL/min to ensure the equilibrium of temperature and
prevent oxidation of samples. To diminish systematic
errors, the dilatometer was calibrated by measuring a
silica sample under identical condition.

3 Results and discussion
3.1 Microstructure of composites

Fig.1 reveals the SEM microstructures of as-cast
AL O;4,/6061, SiC,, /6061 and SiC,/6061 composites,

respectively. Al,O; and SiC particles distribute uniformly
in the composites, without any particle clustering. As a
result of the high pressure employed during composite
fabrication, the molten aluminum alloy infiltrates the
particle preform entirely. Consequently, the composite
material appears to be free of porosity. A dense
microstructure is favorable to properties, which leads to
the improvement in service life[12].

The interface and the existing of interface effect are
the important factors that can affect the properties of the
composites. Fig.2 illustrates the typical TEM
micrographs of the interfaces in Al,Os4,/6061Al1 and
SiC,,/6061A1 composite. A large amount of observations
indicate that the Al,Os;-Al and SiC-Al interfaces are
clean, smooth and free from interfacial reaction products
and amorphous layers, and no particles dissolved are
observed.

3.2 Thermal expansion behavior

Fig.3 shows the variation of CTE with temperature
of the three composites. It is obvious that TCCT has
significant effect on the thermal expansion behavior of
SiC particles reinforced Al composites (Fig.3(b) and (¢)).
For samples No.2 and No.3, CTE reaches minimum after
3 cycles. Moreover, inflections (pointed in Fig.3(b) and
(c)) at about 300 °C are also observed, and this
characteristic is not affected by TCCT. The inflections
were also observed by other researchers[13—14].

However, TCCT shows little effect on CTE curves
of AlLOs,,/6061. At the same temperature, CTE varies
little with cycles. Furthermore, inflections (pointed in
Fig.3(a)) at about 300 °C are not so clear as that of
samples No.2 and No.3.

The inflections observed in CTE curves should be
due to the thermal mismatch stress between SiC particles
and Al matrix, which is generated by the addition of
large particles. During the fabrication and solution
process, thermal mismatch compressive and tensile stress
would be generated on particles and matrix respectively
due to large CTE difference between them[15—16]. For
SiC,,/6061Al and SiC,,/6061Al, due to the large stress

Table 2 Composition and reinforcement’s characteristic of three composites

Sample ) . Reinforcement and its main characteristics
No. Composites Matrix Formula Shape Size/um Volume fraction/%
1 Al O3,,/6061A1 6061A1 AlLO; Spherical 0.4 30
2 SiC,,/6061A1 6061Al SiC Angular 2.0 45
3 SiC,y/6061Al1 6061A1 SiC Spherical 2.0 45
Table 3 Heat treatment parameters employed

Solution temperature/°C Aging temperature/°C Cyclic temperature/°C Cycles
525 160 —196, 160 1,3,5
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Fig.1 Microstructures of composites: (a)
AL Osg,/6061A1;  (b) SiC,,/6061Al; (c)
SiC,/6061A1

Fig.2 TEM micrographs of interfaces in composites: (a) Al,03-Al; (b) SiC-Al
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Fig.3 CTE curves of three composites: (a) Al,Os,,/6061Al; (b)
SiC,y/6061Al; (c) SiC,y/6061Al

and dislocation density at SiC/Al interface, which are
favorable for nucleation and growth of precipitation,
precipitation process of aging could be fully completed
at low temperature. As a result of precipitation of
alloying elements, lattice constant of Al matrix decreases,
which increases the lattice mismatch and following
thermal mismatch stress significantly. Therefore,
restraint of SiC particles under compressive stress on Al
matrix under tensile stress is little when heating, which
leads to fast increasing of CTE with temperature.

However, to a certain temperature (at 300 °C in the
present work), the stress of Al matrix and SiC particles
swap with each other. Then, the restraint of SiC particles
to thermal expansion of Al matrix increases with
temperature. It slows the increasing ratio of CTE with
temperature, which leads to inflections in the CTE
curves.

For spherical sub-micron Al,O; particle reinforced
Al composite (ALOs4,/6061), precipitation process is
inhibited strongly by size and surface effect[12]. Thus,
alloying elements maintain dissolving in Al matrix, and
are even larger than that at Al,O;/Al interface. Contrary
to the above discussion, it decreases the thermal
mismatch stress, which increases the restraint to thermal
expansion behavior. Therefore, although the stress would
also swap with increasing of temperature, Al,O; particles
maintain large restrain effect at interface, leading to
smooth CTE curve in Al,Os4,/6061AL

The different effect of TCCT on SiC and Al,O;
particle reinforced Al composites may be due to internal
stress relaxation during the cycling process. Thermal
mismatch stress and macro-stress would change during
temperature cycling. Superposition of the two stresses
may exceed stress for initiation and activate dislocation
in Al matrix, leading to relaxation of internal stress in
composite. Moreover, aging at a certain temperature for
long time is also contributed to stress relaxation [17—18].
Variation of internal stress leads to change of expansion
behavior.

In the SiC,,/6061Al and SiCg,/6061Al composites,
dislocations may be the most stable one with lowest
internal stress after 3 cycles. Under the condition of less
or more than 3 cycles, dislocation density, dislocation
mobility and internal stress in matrix would increase.
Thus, CTE after 3 cycles is lower than that after 1 or 5
cycles. However, TCCT has little effect on dislocation
and internal stress in Al,O3,,/6061A1 composite and
CTE curve changes little.

4 Conclusions

1) Two micron SiC particles (angular and spherical
shape) and sub-micron Al,O; particles (spherical shape)
are introduced to reinforce 6061 aluminium by squeeze
casting technology. The composites are free of porosity
and particles are distributed uniformly in composites.

2) Inflections at about 300 °C are observed in CTE
versus temperature curves of angular and spherical SiC
particles reinforced composites, and this characteristic is
not affected by TCCT. No clear inflection is observed in
spherical sub-micron ALO; particle reinforced Al
composite.

3) TCCT has significant effect on thermal expansion
behavior of SiC particle reinforced composites. CTE of
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them after 3 cycles is lower than that after 1 or 5 cycles.
TCCT shows little effect on CTE curve of Al,O5 particle
reinforced composite. It should be due to different
relaxation behavior of internal stress.
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