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Abstract: The aluminum matrix composites with 15%, 35%, 55% and 75% (volume fraction) of S-eucryptite (Euc) particles were
prepared by spark plasma sintering (SPS) process. To prevent the interfacial reaction between Euc and Al, ZnO was coated on the
surface of Euc particles. The microstructures of Euc/Al composites were studied by optical microscope (OM) and transmission
electron microscope (TEM). The phase compositions in the composite were studied by X-ray diffraction method. The thermal
physical properties of Euc/Al composites were analyzed by means of thermal dilatometer. A metastable phase of Euc was discovered
which may be produced by the high anisotropic residual stress in the composite. The metastable phase of Euc can transfer to normal
Euc when the residual stress is relaxed by stress relief annealing process and has great influence on the CTE behavior of the Euc/Al

composite.
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1 Introduction

Metal matrix composites (MMCs) with low
coefficient of thermal expansion (CTE) are of great value
because of their broad range of use in many areas, such
as electronic packaging and thermal management
application [1]. Ceramics with a negative CTE, such as
ZrW,0s and f-eucryptite (f-LiAlSiO,, denoted as Euc),
are potential excellent choices as reinforcements to
reduce the CTE of MMCs [2—4]. However, the CTE of
the ZrW,0s/Cu composite was significantly larger than
the theory prediction because of the allotropic
transformation of ZrW,0g under high mismatch stress in
the composite [5]. The CTE of pS-eucryptite is also
negative [6—7]. Interestingly, composites containing
P-eucryptite particles exhibit attractive properties. For
example, an aluminum matrix composite hybride
reinforced by both f-eucryptite and aluminum borate
whisker (denoted as (Euc+tABO)/Al) shows both lower
CTE and higher strength [8]. A copper matrix composites
reinforced by f-eucryptite particle (Euc/Cu) exhibits
both low CTE and good thermal conductivity [9].

However, because f-eucryptite can react with Al at
elevated temperature, resulting in a distinct increase of
the CTE of (Euc+ABO)/Al [10], it is difficult to produce
P-eucryptite reinforced Al composite with stable
properties. To obtain Euc/Al composite with stable
properties, the interfacial reaction must be controlled, so
some effective interfacial modification process is
necessary.

In the present work, ZnO coating on S-eucryptite
was used to prevent the interfacial reaction between
P-eucryptite and Al An interesting crystal structure
evolution was found which may be caused by the
anisotropic mismatch stress in the Euc/Al composite.
The thermal expansion behaviors of Euc/Al composites
with ZnO coating were studied, which suggests that the
thermal expansion behaviors of the composites are
closely related to the phase state.

2 Experimental
The materials used were f-eucryptite particles with

a diameter of 5—10 pm produced by a method developed
in Ref. [11] and pure aluminum powder with a diameter
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of 40 pm (Northeast Light Alloy Co., Ltd. China). ZnO
was coated on the surface of f-eucryptite using a sol—gel
coating process which was used to produce ZnO coating
on Al;gB;Os3; whisker. The mass ratio between ZnO and
P-eucryptite is 1:20, detailed coating process can be
found in Ref. [12].

The composites with f-eucryptite volume fraction
of 15%, 35%, 55% and 75% were fabricated by powder
metallurgy method. The S-eucryptite and Al composite
powders were mixed and then consolidated by spark
plasma sintering (SPS) at 600 °C for 5 min in a vacuum
level of 0.1 Pa with an applied pressure of 50 MPa. The
heating rate up to the sintering temperature was about
100 °C/min. The final size of the spark plasma sintered
composite was 20 mm in diameter and 5 mm in
thickness.

In order to investigate the coating effect on the
interface state, the samples of as-sintered composite were
heated at 500 °C for 3 h. To study the reason for the
phase evolution of [f-eucryptite, stress relief annealing
was also taken at 190 °C for 3—9 h.

Microstructures  were  investigated with an
OLYMPAS PMG3 type optical microscope (OM) and a
Philips CM—12 type transmission electron microscope
(TEM). Specimens for TEM observation were thinned by
ion milling. The phase compositions of the composites
were analyzed using X-ray diffraction (XRD) on a

Philips X Pert X-ray diffractometer with Cu K, radiation.

Thermal expansion experiments were performed on a
Netzsch DIL 402C dilatometer with a heating rate of
2 °C/min. The dimensions of the specimens for thermal
expansion measurement were d6 mmx15 mm.

3 Results

3.1 Microstructure of composites

The OM micrograph of 35% Euc/Al composite is
shown in Fig. 1. It can be found that the distribution of
[-eucryptite particles in the composite is homogeneous.
No cracks or pores can be seen in the OM micrograph.

Fig. 1 OM micrograph of 35% Euc/Al composite

TEM images of the Euc/Al composite as-sintered
and heat-treated at 500 °C for 3 h are shown in Fig. 2. It
can be found that a layer of coating exists on the surface
of f-eucryptite particles. Comparing the two images in
Fig. 2, it is obvious that the thickness and the state of
coating do not change after heat treatment, which
indicates that the coating can effectively prevent the
interfacial reaction between f-eucryptite and Al at
elevated temperature, which also suggests that the
properties concerning to the state of interface may be
steady with the introduction of the coating.

Fig. 2 TEM images of Euc/Al composites: (a) As-sintered
composite; (b) Composite heated at 500 °C for 3 h

3.2 Phase compositions of composites

Figure 3 depicts the XRD patterns of the as-sintered
composites. The main phases in the composite are Al and
f-eucryptite. However, according to PDF card
No.732328, the intensity of the peak at 19.5° should be
two times higher than those of the peaks at 34.0° and
39.6°. Therefore, it is surprising to see that the peak of
(200) plane for S-eucryptite at 19.5° is not visible for
composites with 15%, 35% and 55% pf-eucryptite, except
for 75% Euc/Al

The XRD patterns of the 55% Euc/Al composites
with different stress relief annealing time at 190 °C are
shown in Fig. 4. It can be found that the intensities of the
peaks at 19.5° for specimens annealed for 0 and 3 h are
near zero, but they are clear for specimens annealed for
6 and 9 h, and the longer the annealing time is, the
stronger the intensities of the peaks are.
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Fig. 3 XRD patterns of Euc/Al composites with different
volume fractions of f-eucyrptite: (a) 15% Euc/Al; (b) 35%
Euc/Al; (c) 55% Euc/Al; (d) 75% Euc/Al
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Fig. 4 XRD patterns of 55% Euc/Al composites with different
stress relief annealing time at 190 °C: (a) 0 h; (b) 3 h; (c) 6 h;
(d9h

3.3 CTE behaviors of composites

Figure 5 shows the CTE curves of the 55% Euc/Al
composite with different stress relief annealing time at
190 °C. Great difference appears for specimens with
different annealing time. Firstly, it can be found that, at
the initial stage, for each curve the CTE increases with
the temperature rising, but the initial CTE values are
different. The longer the annealing time is, the lower the
initial CTEs are, from 60 to 80 °C. The CTE of the
specimen annealed for 9 h is the lowest and lower than
the line calculated by the mixture rule. Secondly, each
CTE curve shows a decreasing trend after the initial
increasing step, but the decreasing amounts are different
for the specimens with different annealing time. The
decreasing amount for the specimen annealed for 9 h is
far less than those of the other two specimens.
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Fig. 5 CTE curves of 55% Euc/Al composites with different
stress relief annealing time at 190 °C

4 Discussion

It has been reported that phase transition of
f-eucryptite could be induced by hydrostatic pressure
[13]. However, the reflections in Figs. 3(a)—(c) are
different with the reflections of the high pressure phase
in Ref. [13], which reveals that for high pressure phase
the main reflections belong to the planes of 4, k = 3n and
[=2n; while the results in the present work show that the
main reflections belong to the planes 4, k, [=2n, but just
without the reflection of (200) plane. These facts suggest
two points: firstly, the present result is a new
phenomenon; secondly, the new phenomenon indicates a
new phase of f-eucryptite which may be a metastable
phase of f-eucryptite since the reflections are different
from both the normal and the high pressure phase of
[S-eucryptite.

The reason for the new phenomenon may be
connected with the anisotropic residual stress in the
f-eucryptite particles. As f-eucryptite is a highly
anisotropic material with CTE values along the
crystallographic a- and c-axes of 7.8x107° °C™' and
—17.5x107°°C™" [7], respectively. Furthermore, a great
difference of the CTE between p-eucryptite and Al
exists. As a result, for Euc/Al composite, when the
composite is cooled from higher temperature to room
temperature in the fabricating process, large and
anisotropic residual compressive stress can be generated
in the S-eucryptite particles at room temperature, at the
same time tensile stress exists in the Al matrix [14]. The
anisotropic residual stress is unlike the hydrostatic
pressure in Ref. [13], which may cause the special
metastable phase of f-eucryptite.

The stress relief annealing experiment can act as a
confirmatory experiment to prove the speculation
regarding the relationship between the compressive
residual stress and the metastable phase of fS-eucryptite.
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The experiment is based on the fact that the residual
stress in MMCs can be relieved by annealing. If the
metastable phase of f-eucryptite is caused by a higher
residual stress on f-eucryptite and assuming that the
metastable phase could recover to f-eucryptite when the
residual stress is relaxed to be low enough, then the
disappeared peak of (200) plane of f-eucryptite would
reappear.

The results in Fig. 4 prove that the speculation
above-mentioned is correct. Since during stress relief
annealing process, the stress in the composite will be
relaxed gradually with the annealing time increasing. The
longer the annealing time, the lower the stress between
f-eucryptite and Al matrix. Consequently, the appearance
of the peaks at 19.5° for specimens annealed for 6 h and
9 h obviously indicates that the residual stress is the main
reason for the emergence of the metastable phase of
[-eucryptite in the Euc/Al composite. It suggests that
when the residual stress is high enough, S-eucryptite
transfers to a new phase, which is not found in other high
pressure tests and may be a metastable phase having
structure close to p-eucryptite and can recover to
[S-eucryptite when the stress is relaxed.

The relationship between CTE behavior and
residual stress in MMCs composite has been studied and
established in Refs. [14—15]. From the conclusions in
Refs. [14—15], for MMCs composite, compressive stress
exists in the ceramic reinforcements and tensile stress
exists in the metal matrix at room temperature. When the
temperature is increased from room temperature, the
relaxation of compressive stress in  ceramic
reinforcements makes the CTE of the composite lower
than the value calculated by mixture rule. The higher the
relaxation rate, the lower the CTE of the composite.

If the metastable phase of S-eucryptite is produced
by a higher residual stress in the composite, specimens of
the 55% Euc/Al composite with different stress relief
annealing time would exhibit different CTE behaviors. In
other words, the CTE behavior can act as another
evidence for the existence of the metastable phase of
[S-eucryptite. Figure 5 evidently shows the different CTE
behaviors for the same composite with different stress
relief annealing time. These phenomena can be explained
as follows.

Firstly, with the annealing time prolonging, the
stress in the metastable phase of S-eucryptite decreases,
and more metastable phases can transfer to normal
[-eucryptite. As a result, the volume fraction of
f-eucryptite in the composite increases. Because of the
negative expansion of f-eucryptite, the higher volume
fraction of f-eucryptite can cause a lower CTE of the
composite according to the mixture rule. Therefore, at
the intial stage, the longer the annealing time is, the
lower the initial CTEs are, and for the specimen annealed

for 9 h with the least stress and the highest volume
fraction of recovered S-eucryptite, the CTE is the lowest
and lower than the value calculated by the mixture rule.

Secondly, for the specimens annealed for 0 and 3 h,
more metastable phases of f-eucryptite exist in the
composite caused by the larger residual stress. During
the temperature increasing, the compressive stress in
particles decreases because of the expansion of Al matrix.
When the compressive stress is low enough, the
metastable phase of S-eucryptite will transfer to normal
negative expansion f-eucryptite. Therefore, the volume
fraction of p-eucryptite increases, which causes the
decrease of CTE of the composite after 80 °C, and the
higher the temperature is, the less the stress is, and the
more the f-eucryptite emerges, which causes the lower
CTE of the composite. For the specimen annealed for 9 h,
most of the metastable phases has been transferred to
S-eucryptite, so the decrease of CTE is very small at the
temperature range.

Since these phenomena are well explained by the
existence of the metastable phase of S-eucryptite, it is no
doubt that the CTE behaviors of composite with different
stress relief annealing time offer another evidence for the
existence of the metastable phase of S-eucryptite.

5 Conclusions

1) A metastable phase of f-eucryptite is discovered,
which shows the reflections different from both the
normal and the high pressure phase of f-eucryptite. The
high anisotropic residual stress in the composite may be
the main reason for the emergence of the metastable
phase.

2) The metastable phase of f-eucryptite can transfer
to normal S-eucryptite when the residual stress is relaxed
by stress relief annealing process.

3) The transformation of the metastable phase has
great influence on the CTE behavior of the Euc/Al
composite.
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