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Abstract

We performed axial compression experiments on polycrystalline calcium aluminosilicate (CAS or anorthite) and on particulate and layered
composites with equal volume fractions of CAS and SiO2 (quartz) at a confining pressure of 300 MPa, temperatures of 1173–1473 K, and
strain rates of 10−5 to 10−4 s−1. The dense samples were fabricated from quartz crystalline and CAS glass powders by hot isostatic pressing
(HIP). Under the experimental conditions, triclinic CAS, regardless in monolithic aggregates or composites, deforms by dislocation creep
as indicated by TEM microstructures, intensive grain boundary migration recrystallization and strong crystallographic preferred orientation
(CPO). Dislocation creep of CAS is characterized by dominant glide on a single slip system (0 1 0)[1 0 0] while mechanical twinning,
anisotropic growth and recrystallization play an role to relieve the strain incompatibilities which would otherwise result from such limited
slip systems. Particulate and particularly layered composites are significantly stronger than monolithic CAS aggregates, indicating that quartz
is an effective reinforcement to the CAS matrix even when the material is used at high temperature and high pressure. Under layer-normal
compression, the flow strength of layered composites increases remarkably with decreasing the thickness of the layers, and the thin-layered
composites are significantly stronger than particulate counterparts with the same composition. The observed layering-induced stiffening is
due to constraint effects of rigid quartz on plastic flow of CAS.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In this paper we present our experimental results on the
mechanical properties and microstructures of monolithic
calcium aluminosilicate (CAS or anorthite: CaAl2Si3O8)
aggregates, particulate and layered composites with equal
volume fractions of quartz (SiO2) and CAS, deformed in
axial compression (σ1 > σ2 = σ3 > 0, whereσ1, σ2, σ3 are
the maximum, intermediate and least compressive princi-
pal stresses, respectively) at temperatures of 1173–1473 K,
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strain rates of 10−5 to 10−4 s−1 and a constant confining
pressure of 300 MPa. Two main considerations on the merit
of this study should be mentioned in the following:

(1) The CAS has been widely used as a matrix in fibre- or
particle-reinforced ceramic composites that are excel-
lent prospective materials for application as mechanical
components in aerospace and automobile propulsion and
power systems.1–4 For better fabrication and application
of such composites, it is essential to understand the rhe-
ological properties, microstructures and textures of the
CAS and various CAS-based ceramic composites de-
formed under various conditions (T, P, flow strength and
strain rate). Although a significant amount of work has
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been carried out on monolithic CAS and other plagio-
clase feldspars under uniaxial compression (σ1 > σ2 =
σ3 = 0) at ambient pressure,5–11 it remains uncertain if
the results from small strain creep tests are able to be ex-
trapolated to other conditions because a small amount of
strain is usually insufficient for steady-state microstruc-
ture to occur.12 Cavitation often occurs in the sam-
ples deformed at ambient pressure.5–11 Furthermore,
the application of CAS-based ceramic composites to a
high temperature and high pressure environment was
largely hindered by the relatively little knowledge of me-
chanical, microstructural and textural data of CAS and
CAS-based composites from laboratory tests.11,13–16

(2) CAS crystal is triclinic with the lowest crystallographic
symmetry. The relative activity of different slip systems
and dynamic recrystallization in dislocation creeping
CAS under varying physical and chemical conditions
are still poorly known. The investigation of CAS mi-
crostructure and texture can further our understanding
of plastic deformation mechanism and textural devel-
opment in triclinic crystalline materials. In spite of its
importance, CAS has a much smaller textural database
than other crystalline materials such as metals and min-
erals (mainly olivine, quartz and calcite). Reasons for
this are purely technical because CAS is triclinic. Full
crystallographic orientations of CAS cannot be deter-
mined using conventional X-ray due to the large number
of overlapping diffraction peaks. The texture of triclinic
albite (NaAlSi3O8) has been measured by employing
synchrotron X-ray goniometry,17 but this technique is
expensive and not widely available. Neutron diffraction
goniometry has been applied to the measurements of
plagioclase texture,18,19 however, relatively large vol-
umes of sample material (>1 cm3 which is often larger
than most of samples deformed experimentally8–11)
are needed for this type of measurements because
neutron flux densities are generally low. CAS texture
can be determined using optical U-stage method18,20,
but its grain size should be larger than 20–30�m and
the measurement is time-consuming. Recently, it was
shown that the most powerful technique for success-
fully measuring texture of triclinic crystals is electron
backscattering diffraction (EBSD) equipped in a scan-
ning electron microscope (SEM).21–23 Thus, this new
technique was used in collecting representative CAS
texture from our deformed samples.

2. Samples

Four categories of samples were prepared, using hot iso-
static pressing (HIP) techniques, for mechanical tests. They
are layered composites (LC,Fig. 1), particulate composites
(PC, Fig. 2a) of quartz (Qtz) and CAS, and the pure CAS
(Fig. 2b) and Qtz (Fig. 2c) polycrystalline aggregates. The
LC contains alternating Qtz and CAS layers with strong

Fig. 1. Photograph (a) and photomicrograph (b) of a hot isostatical pressed
layered Qtz–CAS composite.

and sharp interfaces (Fig. 1), which was created during cold
pressing and subsequently thinned during HIP. The layering
in cylindrical LC samples is characterized by the ratio of the
diameter (d) to the thickness (h) of material layers. The PC
is a homogeneous mixture of equal volume fraction of Qtz
and CAS (Fig. 2a).

Commercial powders of CAS (An98.9Or0.2Ab0.9) glass
(Schott GmbH, Germany) and quartz (Johnson-Matthey
GmbH, Germany) were used as the starting materials.
The same CAS glass powder has been used in previous
studies.16,22 The CAS glass powder with particle size less
than <60�m was first predried in an oven at a constant
temperature of 393 K for at least 100 h to drive off ad-
sorbed water. The powder was then encapsulated into a
steel jacket (φ = 15 mm, l = 25 mm) and cold-pressed
under an axial stress of about 150 MPa. Each cold-pressed
pellet was HIPed and statistically annealed at 1123 K for
1 h, 1323 K for 1 h and then 1473 K for 3 h at a confin-
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Fig. 2. Hot isostatical pressed but undeformed Qtz–CAS particulate com-
posite (a), pure CAS aggregate (b) and pure quartz (Qtz) aggregate (c).
(a and c) Optical micrograph of petrographic thin sections. (b) SEM mi-
crograph of a spherulite-free area from a polished and thermally etched
(1373 K, 30 h) sample.

ing pressure of 300 MPa to maximize the densification
and to allow the polycrystalline aggregate starting toward
microstructural equilibrium. After samples were retrieved
from the vessel, the steel jacket was dissolved in a mixture
of 50/50 vol.% HCl/HNO3 acids. Density of each specimen
was determined using Archimedes’ method with the accu-
racy of ±0.003 g/cm3. Porosity is<1% in the HIPed CAS
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Fig. 3. Grain size distribution of quartz in a hot pressed particulate com-
posite (J12-QA) consisting of 50 vol.% Qtz and 50 vol.% CAS. Measure-
ments were made from optical photomicrographs.

aggregates and Qtz–CAS particulate composites, 3–5% in
the layered composites and 5–6% in the monolithic Qtz
aggregates.

From two typical HIPed samples from each category, sev-
eral polished thin sections were made for characterizing
grain size, microstructure and water content of undeformed
materials using optical microscope, SEM, transmission elec-
tron microscope (TEM), Fourier transform infrared spec-
trometer (FTIR) and EBSD analyses.

(1) Grain sizes of Qtz and CAS in the HIPed samples
were measured using the linear intercept method24

from petrographic sections and SEM (Zeiss DSM 962,
GFZ-Potsdam, Germany) photographs of polished sec-
tions, respectively. Qtz displays a normal distribution
of grain size ranging from 15 to 80�m with a mean
size of 45�m (Fig. 3a). The distribution of Qtz grain
aspect ratios is shown inFig. 3b, yielding a mean value
of 2.0. The CAS crystals, with a mean aspect ratio of
2.2 (Fig. 4b), display a log-normal distribution of grain
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Fig. 4. Grain size distribution of CAS in hot pressed particulate com-
posite (sample J12-QA) consisting of 50 vol.% Qtz and 50 vol.% CAS).
Measurements were made from SEM photomicrographs.

size ranging from 0.4 to 9�m with a mean value of
2.1�m (Fig. 4a).

(2) Both optical and SEM observations show that Qtz grains
in the PC aggregates form almost rigid clasts dispersed
homogeneously within a relatively continuous matrix of
CAS (Fig. 2a). Spherulites with radial fibres of CAS (not
shown inFig. 2) are occasionally observed in the pure
CAS aggregates and the CAS layers of laminated com-
posites. In the spherulites, CAS fibres are generally tab-
ular on{0 1 0} with an elongation mainly along [0 0 1]
and to a lesser extent along [1 0 0]. However, no CAS
spherulites occur in particulate composites (Fig. 2a).
It is generally accepted that spherulite texture results
where the rate of crystal growth exceeds that of crystal
nucleation25–27. The spherulite is a typical texture for
crystallization of CAS glass that generally starts from a
nucleation centre where the water content is relatively
high. The volume fraction of spherulites in CAS aggre-
gates is about 10% on average.

Fig. 5. Preferred orientations of triclinic CAS (0 1 0), [1 0 0] and [0 0 1]
for undeformed, hot isostatical pressed, pure CAS aggregate (sample J7).
Notice that the whole sphere, rather than a hemisphere, is necessary to
represent the distribution of the positive directions. Projections on the
lower (a) and upper (b) hemispheres. Stereonets are equal-area plots; 130
measurements are used.

(3) TEM (Philips CM200, GFZ-Potsdam, Germany) op-
erating at 200 kV shows that the grain boundaries in
the CAS aggregates are coherent and high-angle ones.
They are straight and clean, suggesting that the crystal-
lization and compaction of samples were well done.16

Very little melt (<<0.5%) were found to occur in the
triple-junctions. CAS grains in the HIPed samples are
characterized by closely spaced growth twin lamellae
with low dislocation densities (∼1011 m−2). The twins
have their composition planes parallel to (0 1 0) and are
mainly albite, Carlsbad and Carlsbad-albite types. The
large fibres in CAS spherulites are actually composed
of very small grains.22

(4) EBSD patterns of CAS and Qtz were measured and
indexed using a SEM (Philips XL30) at Liverpool
University, and the software package Channel+ from
HKL Software Company. The patterns were recorded at
30 kV acceleration voltage and nominal beam currents
of 80�A. No carbon coat was used on the thin sec-
tions, which were chemically–mechanically polished to
remove specimen surface damage, because the coat de-
teriorated the EBSD image quality. In most cases, more
than five or six bands were detected, allowing the bands
indexed unambiguously by the computer simulation.
The measurement uncertainty was given by the software
as a mean angular deviation (MAD) between detected
bands and simulated patterns. The indexing was not
accepted if the MAD value was larger than 2◦. EBSD
measurements showed a random crystallographic pre-
ferred orientation (CPO) of either CAS (Fig. 5) or Qtz in
HIPed samples, as expected for hydrostatic conditions.

(5) FTIR measurements using a Bruker IFS-66v (GFZ-
Potsdam, Germany) show that the HIPed samples have
a water content ranging from 8000 to 20,000 H/106Si
with an average value of 13,000 H/106Si (∼0.08 wt.%).
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No significant difference in water content of samples
before and after experimental deformation, indicat-
ing no detected loss of water species such as hy-
drogen through the Fe jacket during the mechanical
tests.16 If the water content were higher than 0.5 wt.%,
solution-precipitation processes might operate as a
creep mechanism in fine-grained feldspar.15

3. Mechanical data

All axial compressive tests (σ1 > σ2 = σ3 > 0) were
performed at 300 MPa confining pressure in a Paterson-type
gas-medium apparatus (GFZ-Potsdam, Germany). Temper-
ature varied from 1173 to 1473 K and axial strain rate from
10−5 to 10−4 s−1. Cylindrical specimens of 10 mm diameter
and 20 mm length, fabricated from HIP, were jacketed in iron
with 0.23 mm thick wall. The tests were carried out at con-
stant strain rates. In this case, the sample flow strength cor-
responds to a differential stress of magnitude (σ = σ1 − σ3)
which is superimposed upon a state of hydrostatic stress or
confining pressure (σ2 = σ3). In other words, a differential
stress (σ) is the difference between the maximum and min-
imum compressive principal stresses (σ1 − σ3). Thus it is
always a positive scalar quantity. The axial compression is
frequently used in laboratory experiments on the high tem-
perature, high pressure properties of materials, minerals and
rocks. Differential stresses and axial strains were derived,
respectively, from measured loads and displacements after
correcting for the load supported by the Fe jacket, rig distor-
tion and change in sample cross-sectional area and length.
The uncertainty in stress measurements is estimated within
±5 MPa. Temperature control was±3 K along the gauge
length of specimens.

Fig. 6shows differential stress–strain curves for CAS ag-
gregates from the sequence of axial compression tests at
a constant rate of 10−5 s−1 and a confining pressure of
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Fig. 6. Stress–strain curves for pure CAS aggregates deformed under axial
compression at a confining pressure of 300 MPa, a constant strain rate of
10−5 s−1 and temperatures of 1273, 1373 and 1473 K.
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Fig. 7. Stress–strain curves for pure quartz aggregates deformed under
axial compression at a confining pressure of 300 MPa, a constant strain
rate of 10−5 s−1 and temperatures of 1373 and 1473 K. Note that the
quartz aggregate could not yield at 1373 K or lower temperatures under
the experimental conditions.

300 MPa at temperatures from 1273 to 1473 K. The shape
of the stress–strain curves is characterized by an initial rapid
strength increase followed by a slow strain hardening. At an
axial strain of 0.25, the CAS polycrystal has flow strength
of 16.6, 60.8 and 115.4 MPa at 1473, 1373 and 1273 K, re-
spectively.

The polycrystalline aggregates of quartz, in spite of its
porosity up to 5–6%, do not yield at 1273 and 1373 K at
the conditions of confining pressure 300 MPa and strain
rate 10−5 s−1 (Fig. 7). Even at a temperature as high as
1473 K, the quartz aggregate still has its strength higher than
600 MPa. Under the same conditions (1473 K, 300 MPa and
10−5 s−1), quartz is stronger than CAS by a factor of 40
(ε = 0.15) to 51 (ε = 0.05). There is thus a large rhe-
ological contrast between quartz (“hard” component) and
CAS (“soft” component). It is expected that the addition of
hard quartz into a soft matrix of CAS should produce sig-
nificant effects on improving the mechanical properties of
CAS–matrix ceramic composites.

Fig. 8 displays typical stress–strain curves for particulate
composite that is a homogeneous mixture of equal volume
fractions of Qtz and CAS. Three aspects of the mechanical
data are striking: (i) Steady-state flow is only attained only
in sample J9 which deformed at 1473 K and 10−5 s−1. (ii)
A drastic drop in stress occurs immediately after a strength
peak at a strain of approximately 0.04 for sample J26 that
deformed at 1373 K and 10−4 s−1. The abrupt decrease in
the level of stress supported from 389 MPa atε = 0.04 to
160 MPa atε = 0.29 is due to strong strain localization into a
semi-brittle shear zone aligned at about 30◦ to the maximum
compression stress (σ1). (iii) Strain softening after a strength
peak takes place in all samples deformed at 1173–1373 K
and 1.0× 10−5 to 2.5× 10−5 s−1. For example, the strength
of sample J25, deformed at 1373 K and 2.5× 10−5 s−1, is
259, 214, 183 and 154 MPa at 0.10, 0.35, 0.50 and 0.65
strain, respectively. From 0.10 to 0.65 shortening strain, the
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Fig. 8. Stress–strain curves for particulate composites containing equal
volume fractions of quartz and CAS, deformed under axial compression
at a confining pressure of 300 MPa, strain rates of 10−5, 2.5× 10−5 and
10−4 s−1, and temperatures of 1173, 1273, 1373 and 1473 K.

strength of the Qtz–CAS particle composite reduces about
40%. The coefficient of strain softening, dσ/dε, at lower
temperature or higher strain rate is larger than at higher
temperature or lower strain rate. Comparison ofFig. 8 with
Fig. 6reveals that the PC samples are much stronger than the
pure CAS aggregates. At a constant strain rate of 10−5 s−1,
the maximum flow strength of PC samples is about two,
three and six times higher than that of CAS aggregate at
1273, 1373 and 1473 K, respectively. Therefore, quartz is an
effective reinforcement to the CAS matrix particularly when
the composite material used at high temperatures.

Representative compressive stress–strain curves for LC
samples deformed by layering-normal compression at a con-
fining pressure of 300 MPa and a strain rate of 10−5 s−1 are
shown inFig. 9. Inspection of these curves reveals the fol-
lowing features: (i) Flow strength of the layered compos-
ites decreases with increasing temperature, as shown by the
comparison among samples J1 (1473 K), J2 (1373 K) and
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Fig. 9. Stress–strain curves for layered composites containing equal vol-
ume fractions of quartz and CAS, deformed under axial compression at
a confining pressure of 300 MPa, a constant strain rate of 10−5 s−1, and
temperatures of 1273, 1373 and 1473 K;d and h are the diameter and
thickness of material layer, respectively.

J15 (1273 K). (ii) The bulk flow strength of the layered com-
posites increases with increasing d/h ratio even though the
volume fractions of Qtz and CAS are constant (Fig. 9). For
example, the samples with d/h = 9 are significantly stronger
than those with d/h = 3, and the latter are also stronger
than the samples with d/h = 1. It is important to note that
the layered composites with d/h = 3 have a flow strength
similar to the particle composites deformed under the same
conditions. Furthermore, all the layered composites are con-
sistently stronger than the pure CAS aggregates although the
CAS forms continuous layers normal toσ1. The difference
in the bulk flow strength between samples J22 and J40X
is due to the following fact: J22 consists of a 10 mm thick
layer of CAS between two 5 mm thick layers of Qtz while
J40X is composed of a 10 mm thick layer of Qtz between
two 5 mm thick layers of CAS. This indicates that the con-
centration of soft material such as CAS into a single thicker
layer results in remarkable softening at higher strains.

4. Microstructures

The CAS aggregates and particularly the CAS layers in the
deformed Qtz–CAS layered composites are intensively de-
formed with well-developed foliation (Fig. 10a), the latter is
defined by preferential alignment of CAS lath-shaped crys-
tals and polycrystalline ribbons or fibers. The spherulites,
which initially had a spherical shape in HIPed CAS aggre-
gates or layers within the layered composites (Fig. 10a), be-
come oblate-ellipsoidal in the deformed specimens with their
major axes in the foliation plane and minor axes parallel to
the compressive direction (σ1). The variation in spherulite
shape displays a spatial variation of strain in each individual
CAS layer of deformed LC samples: lower strain near the
upper and lower boundaries of the layer and higher strain
in the central part of the layer (Fig. 10a). At large shorten-
ing strains (>∼20%), the spherulites were recrystallized into
very fine neograins and the recrystallization generally started
first from the center of spherulites and from the spherulite
boundaries at high angles toσ1.

The texture of CAS from a CAS layer within a lay-
ered composite (sample J22) was measured using the EBSD
technique.21–23 This CAS layer achieved an average short-
ening strain of 52%. Grid measurements with 40�m spac-
ing were made across the central part of the CAS layer
(Fig. 10a), where the accumulated strain is maximum. As
shown inFig. 11, the (0 1 0) poles display a strong concentra-
tion around theσ1 direction while the [1 0 0] directions are
preferentially aligned in the foliation plane perpendicular to
σ1. Both [0 0 1] directions and (0 0 1) poles are scattered. The
CPO pattern can be interpreted as a result of dislocation slip
on the (0 1 0)[1 0 0] system. If anisotropic growth of CAS
under the axially compressive strain field were the mecha-
nism for the CPO formation, the [0 0 1] direction should be
aligned in the foliation plane perpendicular toσ1 because
[0 0 1] is the fastest growth direction for CAS.28,29
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Fig. 10. Optical microstructures of deformed samples. Crossed polarizers with an auxiliary gypsum plate. The different colors reflect different crystallographic
orientations. (a) A CAS layer from a layered composite (sample J22) shortened axially at 300 MPa, 1373 K, 10−5 s−1 and 32% strain. (b) A particulate
composite (sample J14) containing 50 vol.% quartz (coarse clasts) and 50 vol.% CAS (fine grains), shortened axially at 300 MPa, 1273 K, 10−5 s−1 and
31% strain. The foliation (S) is perpendicular to the compression direction (σ1). The blue CAS grains align their (0 1 0) and [1 0 0] nearly parallel to the
foliation.

The PC samples are characterized by a plastically flowing
CAS matrix containing almost rigid Qtz clasts (Fig. 10b).
The CAS laths and polycrystalline fibers developed a marked
foliation that is deflected around large Qtz clasts in which
undulatory extinction is the sole feature of incipient plastic
deformation. Measurements show that Qtz has almost same
average grain size and aspect ratio in deformed (Fig. 12)
and undeformed (Fig. 3) particulate composites, confirm-
ing that Qtz grains have not deformed plastically. EBSD
measurements of Qtz grains from a PC aggregate (sample
J14) shortened 31% at 1273 K and a constant strain rate of
10−5 s−1 show no preferred orientation of poles to{1 01̄ 0},

{1 12̄ 0} and {1 12̄ 1}. Hence the observed shape preferred
orientation of Qtz (Fig. 10b) is most likely due to rigid ro-
tations of elongate grains in the axially compressive strain
field. In contrast, the CAS matrix developed a strong CPO
as indicated by the optically parallel extinction or uniform
color in cross polarized light with an auxiliary gypsum plate
(Fig. 10b), which can be also interpreted as the result of
dislocation slip on the (0 1 0)[1 0 0] system. Our optical ob-
servations qualitatively suggest that CAS in the particulate
composites containing 50 vol.% Qtz develops the same pat-
tern and strength of CPO as that in pure CAS aggregates, if
we compare samples which deformed at the same conditions
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Fig. 11. Crystallographic preferred orientation (CPO) of CAS from a CAS
layer shortened to 52%. Foliation (horizontal line) is perpendicular to
the compression direction (σ1). Notice that the whole sphere, rather than
a hemisphere, is necessary to represent the distribution of the positive
directions. Projections of [0 0 1], [0 1 0] and [1 0 0] on the upper (a) and
lower (b) hemispheres. (c) Lower hemisphere projections of poles to
(0 0 1), (0 1 0) and (1 0 0). Stereonets are equal-area plots. One hundred
and thirty measurements are used.

and have undergone the same type and magnitude of strain.
The addition of Qtz into the CAS matrix appears to have
two separate but antagonist effects on CAS texture. On the
one hand, rigid Qtz clasts cause complex flow in adjacent
CAS matrix, producing deflected foliation and local varia-
tions in the texture around the Qtz clasts and accordingly
diffusing the overall pattern of the texture and attenuating
the texture intensity of CAS. On the other hand, the CAS
has to undergo nearly twice as much strain to accomplish
the same total strain of sample because Qtz is almost un-
deformed in the particulate composites; such a strong strain
partitioning tends to increase the texture intensity of CAS.
A combination of the above effects results that the addition
of rigid Qtz grains does not cause a discernible change in
either the CPO pattern or the CPO intensity of CAS.

TEM observations show that CAS grains from the pure
CAS aggregates, particulate composites or the CAS layers of
Qtz–CAS layered composites have very similar microstruc-
tural characteristics. The CAS grains display variable dis-
location densities with very high densities (>5× 1014 m−2)
in relict grains and very low densities (5− 8 × 1011 m−2)
in recrystallized neograins (Fig. 13). Even within the grains
with very high dislocation densities, the distribution of dis-
locations is heterogeneous, with dislocations clustered along
narrow planar zones that are generally parallel to (0 1 0)
planes, forming so-called cells.13,14 The cells could be
formed by the interaction of more active glide dislocations
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Fig. 12. Grain size distribution of quartz in a particulate composite
(J24-QA) containing equal volume fractions of quartz and CAS, shortened
axially at 300 MPa, 1373 K, 10−5 s−1 and 23% strain. Measurements were
made from optical photomicrographs.

(i.e., (0 1 0)[1 0 0]) with less mobile forest dislocations (e.g.,
(0 1 0)[0 0 1], (0 0 1)[1 0 0] and (1 1 0)[0 0 1]) and by the in-
teraction between gliding dislocations and mechanical twins.
The planar zones of high dislocation densities indicate that
the (0 1 0) plane is a main slip plane under the conditions of
investigation. Furthermore, the deformed CAS developed
strongly sutured grain boundaries with neograins bulging
from regions with very high dislocation densities to areas
with low dislocation densities.30 No well-developed sub-
grain boundaries or dislocation walls have been observed.

5. Discussion

5.1. Flow strength

One of the major problems with the high temperature
structural applications of pure CAS aggregates is their rel-
atively low flow strength at high temperatures. The present
study provides one way of overcoming this problem by
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Fig. 13. TEM (bright field) micrographs showing typical substructures
of dislocations in deformed CAS grains from sample J4-QA (particulate
composite deformed by axial compression at 300 MPa, 1373 K, 10−5 s−1

and 29% strain). The distribution of dislocations is heterogeneous. (a)
Two sets of dislocations that are tangled are observed in a plane nearly
parallel to (0 1 0). (b) Grain boundary migration toward highly strained
grains with very high (tangled) dislocation density, forming recrystallized
neograins (n).

introducing quartz grains in the CAS matrix as either par-
ticulate or layered reinforcements. Ceramic composites of
these sorts can be easily prepared by hot-pressing or sinter-
ing. Quartz is inexpensive and also has the advantage that it
is chemically stable and does not react with CAS up to the
eutectic melting point. Relative to the monolithic CAS ag-
gregates, the overall compressive flow strength for the partic-
ulate composites with equal volume fractions of quartz and
CAS increases more than fourfold, and that for the layered
composites of the same composition increases substantially
with decreasing the thickness of the layers. For instance,
the layered composites with d/h = 9 have an overall flow
strength 10 times higher than that of the monolithic CAS ag-
gregates. In both particulate and layered composites, quartz
is essentially rigid in the plastic CAS matrix. The above
results are the principal mechanical findings of this study.

The layering-induced hardening of Qtz–CAS multilayers
can be interpreted by taking into account the following me-
chanical processes:

(i) In a composite, the softer phase deforms at a greater
strain rate (̇εis) than the bulk strain rate of the composite,
ε̇c. Then the in situ softer phase in the composite has
a higher resistance to plastic flow (σ is) than the same
material in bulk form (σ0). This effect can be evaluated
by taking account of relative strain amounts partitioned
between the Qtz and CAS layers using

σis = σ0

(
ε̇is

ε̇c

)1/n

(1)

wheren is the stress exponent. The hardening effect is
more pronounced whenn has a smaller value than a
larger value.

(ii) Flow of the soft phase in a composite is constrained
by the hard phase. As a result, the in situ response of
the soft phase is hardened relative to its single phase
aggregate.31 The compressive flow strength of the con-
strained weak layer (σw) is higher than the compressive
flow strength without constraint or in the monolithic ag-
gregate (σ0) at a given plastic strain,32

σw = 2σ0

(
µ

d

h

)−2 [
exp

(
µ

d

h

)
− µ

d

h
− 1

]
(2)

whereµ is the friction coefficient of the interface be-
tween the strong and weak layers,d and h are the di-
ameter and thickness of the weak layer. For a given
µ, even though it is as small as 0.25, increasing the
diameter-to-thickness ratio (d/h) of the layer easily leads
to a significant increase in its resistance to compressive
plastic deformation. Taking into account the above two
effects described byEqs. (1)–(2), we can readily explain
the hardening of the Qtz–CAS layered composites with
respect to the bulk strength of monolithic CAS.

5.2. Constant load creep tests under uniaxial compression
versus constant strain-rate deformation tests under axial
compression

Most of the previous uniaxial creep tests5,8–11 were per-
formed under constant load and at ambient pressure, where
the CAS samples have a significant increase in porosity be-
cause there is no sufficient confining pressure to hinder the
creep-induced cavitation. For example, Nair et al.11 showed
8% axial strain resulted in an increase in porosity to 24% in
their CAS-II specimens. Furthermore, their microstructural
analysis suggested no significant difference in grain mor-
phology between deformed and undeformed samples. The
cavitation at the grain boundaries could be the dominant de-
formation mechanism for the previous creep tests conducted
at ambient pressure. However, our experiments on the de-
formation of the CAS aggregates and CAS–Qtz composites
were carried out at a confining pressure of 300 MPa, where
cavitation could not occur. TEM observations and textu-
ral analysis strongly suggest that the plastic deformation of
CAS under the experimental conditions is dominated by dis-
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location creep accommodated by grain boundary migration
recrystallization.

There is also doubt that steady-state creep has truly
achieved at each step of stress change after a strain as small
as only 1–3% during the previous uniaxial creep tests.
Our constant strain-rate tests under axial compression at a
confining pressure of 300 MPa (e.g., samples J4, J13, J14
and J25) show a continuous variation of flow stress with
increasing strain up to 65%, indicating that no steady-state
creep has reached because the microstructure of the ma-
terial evolves continuously toward large strain. Torsion
experiments12,22 also display that the sample strength varies
continuously with the microstructural evolution toward large
strains. It is possible that during a traditional load-constant
creep test the strain rate, when the time–strain curve first
flattens out, is inappropriately taken as the steady-state
strain rate. Thus, there could be substantial discrepancies
between experimental results from load-constant creep and
constant strain-rate deformation tests. We believe that a
better understanding of the discrepancies and their cause(s)
is an important prerequisite to the correct interpretation of
the mechanical data of material deformation tests. Thus this
should be motivation of our further study.

5.3. Dominant slip system of CAS

CAS grains show a random CPO in undeformed, HIPed
aggregates. In both monolithic and composite aggregates de-
formed by axial compression, however, CAS grains develop
strong CPO with the poles to (0 1 0) at the maximum com-
pression axis (σ1) and a girdle of [1 0 0] normal toσ1. The
numerical models of axial compression,33,34 in which only
one slip system is available to each grain, predicts that the
slip plane tends to align parallel to the flattened foliation
plane that is perpendicular to the maximum compression di-
rection while the slip direction tends to align in the foliation
plane with increasing compressive strain. Thus, (0 1 0)[1 0 0]
provides an “easy slip” system for CAS under our experi-
mental conditions.

In CAS, the strongest bonds are the Al–O and Si–O tetra-
hedral or T–O bonds. To a first approximation, the easiest
glide planes will be those intersecting the smallest number
of T–O bonds per unit area. Using this criterion, the easiest
glide planes in CAS should be (0 1 0) with two T–O bonds
per unit cell, followed by (0 0 1), (1 1 0), (1̄ 1̄ 0) and (1 0̄1)
with four each, and then (1 0 0) and (1 1 1) with six. The eas-
iest slip direction will be the shortest Burgers vector because
dislocations with the shortest Burgers vector have the lowest
energy and in turn the most stable. If we restrict ourselves
to possible Burgers vectors in the easiest glide plane (0 1 0),
then we would expect 1/2[0 0 1] with
b = 0.7 nm which is
dissociated and [1 0 0] with
b = 0.8 nm. Thus it is likely that
a transition from dominant c-slip to a-slip on (0 1 0) planes
occurs as a function of deformation conditions. It is expected
that c-slip prevails at moderate temperature (550–900◦C),
high pressure (>800 MPa), low strain-rate (<10−12 s−1) and

relatively low H2O content20,30,35–37 while a-slip is dom-
inant at high temperature (>1000◦C), low–moderate pres-
sure (<600 MPa), high strain-rate (>10−9 s−1) and relatively
high H2O content.22

In triclinic CAS, there are certainly no enough indepen-
dent slip systems to produce either homogeneous or arbi-
trary deformation in its polycrystal. Many features in our
deformed samples such as inhomogeneous dislocation den-
sity and grain boundary migration recrystallization all in-
dicate heterogeneous strain. High densities of dislocations
result from interaction between dominant (0 1 0)[1 0 0] sys-
tem and other secondary slip systems such as (0 1 0)[0 0 1],
(0 1 0)[1 0 1] and (0 0 1)[1 0 0]. As just one dominant slip
system and a few secondary slip systems can be activated,
strain will lead to lattice rotation and rapid formation of
strong CPO. The texture analysis suggests that CAS deform
largely by slip on just one dominant system, (0 1 0)[1 0 0],
while mechanical twinning, anisotropic growth and particu-
larly grain boundary migration recrystallization play an role
to relieve the incompatibilities which would otherwise result
from such limited slip systems.

6. Conclusions

The mechanical behavior of layered and particulate com-
posites of calcium aluminosilicate and SiO2 (quartz) with
equal volume fractions and that of the end-member materi-
als have been investigated by axial compression (σ1 > σ2 =
σ3 > 0) at a confining pressure (σ2 = σ3) of 300 MPa, strain
rates of 10−5 to 10−4 s−1 and temperatures from 1173 to
1473 K. All the samples were made by hot isostatical press-
ing of quartz crystalline and CAS glass powders into dense
crystalline aggregates. Under the experimental conditions,
the CAS, whenever occurs in the monolithic aggregates or
in the composites, exhibit consistently TEM microstructures
indicative of dislocation creep accommodated by dynamic
recrystallization. The latter occurs by bulging and migration
of grain boundaries through the highly strained mantle, giv-
ing rise to a mosaic of strain-free new grains. The HIPed
samples exhibit no discernible CPO for CAS whereas the
axially shortened CAS aggregates or layers develop a strong
CPO with the normal to (0 1 0) parallel or subparallel to the
maximum compression axis (σ1) while the [1 0 0] direction
aligned in theσ1-normal flattening foliation. Clearly, the
texture formed during the experimental deformation rather
inherited from the HIP. Since there is no reason for diffusion
creep to induce any CPO,38 the texture should be formed by
dislocation glide. The CPO pattern indicates that in CAS,
[1 0 0] slip is significantly easier than [0 0 1] slip on the
easiest slip plane (0 1 0) under the experimental conditions.
Quartz is almost rigid under the experimental conditions.

The flow strengths of both monolithic CAS and SiO2/CAS
composites are strongly influenced by strain rate and tem-
perature, increasing with an increase in strain rate and a de-
crease in temperature. Particulate and particularly layered
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composites are significantly stronger than monolithic CAS
aggregates, indicating that quartz is an effective reinforce-
ment to the CAS matrix even when the material is used
at high temperatures. Under layer-normal compression, the
flow strength of layered composites increases remarkably
with decreasing the thickness of the compositional layers.
Under the same conditions, the thin-layered composites are
significantly stronger than particulate counterparts with the
same composition. The observed layering-induced harden-
ing of two-phase composites is due to constraint effects of
rigid quartz on plastic flow of CAS.
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