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Microstructure and thermal shock resistance of
Al2O3 fiber/ZrO2 and SiC fiber/ZrO2 composites
fabricated by hot pressing
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Al2O3 chopped fiber/ZrO2 and SiC continuous fiber/ZrO2 composites were fabricated by hot
pressing at 1550 ◦C and 15 MPa in vacuum. The mechanical properties of thermally shocked
composites were measured at room temperature by four-point bending. The addition of
Al2O3 fibers into ZrO2 matrix degraded the fracture strength, but improved significantly the
thermal shock resistance. In addition, the mechanical properties of SiC fiber/ZrO2
composites were much lower than those of monolithic ZrO2 because of the presence of
microcracks on the surface. The SiC fiber/ZrO2 composites showed an excellent thermal
shock resistance. C© 1999 Kluwer Academic Publishers

1. Introduction
Zirconia (ZrO2) has received considerable attention pri-
marily because of its enhanced tensile strength and
fracture strength, good wear resistance, and low fric-
tion coefficient, compared with other technologically
important ceramics. However, ZrO2 is brittle so that it
fails in a brittle fashion with very little deformation to
failure. This can be a major problem when it is utilized
in weight-bearing areas of the structural applications.
The incorporation of reinforcements into ceramics is
a potential strategy to improve the mechanical proper-
ties [1–3]. The thermal stress of ZrO2 based compos-
ites is generated at the interface between the fiber and
matrix due to the difference in the thermal expansion
coefficients of the two components, when the compos-
ites are subjected to any temperature change, i.e., dur-
ing cooling from the processing temperature to room
temperature or during service. The nature and magni-
tude of thermal stress remaining at the end of process-
ing or services of the composites are of great impor-
tance.

The thermal stress in fiber-reinforced composites has
significant effects on the interface sliding stress, matrix
cracking stress [4], and ultimate strength [5], and also
has been analyzed by a number of researchers [6–9].
It is necessary that ZrO2 possess good thermal shock
resistance for high-temperature applications. Many re-
searchers have studied the thermal shock resistance of
Al2O3 based composites [10–15], but only a few at-
tempts have been made on the thermal shock resistance
of ZrO2 [16–18]. In this work, we attempted to improve
the thermal shock resistance by the incorporation of SiC

or Al2O3 fibers into ZrO2 matrix. The SiC fiber/ZrO2
and Al2O3 fiber/ZrO2 composites were fabricated by
hot pressing at 1550◦C and 15 MPa in vacuum.

2. Experimental
The materials used in this study were (1) yttria (5.35
wt %)-doped zirconia powders with an average parti-
cle size of 0.43µm (HYS-3.0; Daichi Kigenso Kagaku
Co., Japan), (2) continuous silicon carbide fibers (SCS-
6TM and SCS-9TM; Textron Specialty Materials, Low-
ell, MA, USA), and (3) alumina (α-Al2O3) chopped
fibers with a length of 40–120µm (ALMAX; Mitsui
Mining Co., New York, NY, USA). The detailed infor-
mation on the alumina and silicon carbide fibers used is
shown in Table I [19–26]. For the fabrication of Al2O3
fiber (20 and 30 vol %)/ZrO2 composites, Al2O3 fiber
agglomerates were blended with ethanol in a blender.
The ZrO2 powders were then added into the blender
and mixed with the fibers to produce a uniform mix-
ture. Also, for the fabrication of SiC fiber (2 vol %
SCS-6TM and 2 vol % SCS-9TM)/ZrO2 composites, SiC
fibers were spooled off unidirectionally to form a fiber
mat with a linear density of 40 fibers/mm. The ZrO2
powders aligned with SiC fiber mats were loaded into
a graphite die in the hot-pressing furnace. The densifi-
cation of the two composites was achieved by applying
temperature and pressure simultaneously in vacuum. It
was held at 1550◦C and 15 MPa for 30 minutes before
cooling. The Al2O3 chopped fibers exhibited a slightly
preferred orientation in planes parallel to the press-
ing direction and were randomly oriented in a plane
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TABLE I Properties of the alumina and silicon carbide fibers used
[19–26]

SCS-6TM SCS-9TM

Al2O3 fiber SiC fiber SiC fiber

Diameter (µm) 10 140 79
Density(g/cm3) 3.6 3.0 2.8
Tensile strength (MPa) 1800 3500 3450
Elastic modules (GPa) 324 430 307
Coefficient of thermal 8.8 5.2–6.5a 4.3

expansion (×10−6/◦C) 2.6–4.0b

aAxial thermal expansion coefficient.
bRadial thermal expansion coefficient.

perpendicular to the pressing direction. As a compari-
son, monolithic ZrO2 was also hot-pressed in the same
manner without fibers.

The microstructural characterization was performed
by transmission electron microscopy (TEM) and scan-

Figure 1 Mechanical properties of as-fabricated (a) monolithic ZrO2,
(b) 20 vol % Al2O3 fiber/ZrO2 composite, (c) 30 vol % Al2O3 fiber/ZrO2

composite, (d) SCS-9TM SiC fiber/ZrO2 composite, and (e) SCS-6TM

SiC fiber/ZrO2 composite.

Figure 2 TEM bright field image of Al2O3 (20 vol %) fiber/ZrO2 composite. Note a strong interfacial bond between the matrix and Al2O3 fiber.

ning electron microscopy (SEM). To evaluate the ther-
mal shock resistance of the composites and mono-
lithic ZrO2, they were heated at a selected tempera-
ture (140–460◦C) in furnace for 50 minutes, and then
quenched into water at 25◦C. The heating tempera-
ture was selected on the basis of the estimated tem-
perature (452◦C) required for the development of a
crack in monolithic ZrO2. The mechanical properties of
as-fabricated and thermally shocked composites were
measured at room temperature by four-point bending
in accordance with ASTM standards D790 [27]. The
bending tests were performed using an Instron uni-
versal testing machine, and load/deflection data were
recorded at a crosshead speed of 0.5 mm/min. The sup-
port span was 40 mm and the load span was one half
of the support span. Three specimens were tested for
each thermal shock condition. For the bending tests,
the composites and monolithic ZrO2 were diamond-
machined into rectangular bars (3× 4× 55 mm). The
fibers in the SiC fiber/ZrO2 composites were parallel
to the longitudinal direction and the direction of load
application was perpendicular to the fiber laminae. The
tensile surfaces of the composites were perpendicular
to the pressing direction so that both the direction of
crack propagation and the crack plane were parallel
to the hot-pressing direction. The surfaces of test bars
were polished with 6µm diamond polishing compound
to produce a mirror finish.

3. Results and discussion
3.1. As-fabricated Al2O3 fiber/ZrO2 and SiC

fiber/ZrO2 composites
The mechanical properties of as-fabricated monolithic
ZrO2, Al2O3/ZrO2 composites, and SiC/ZrO2 compos-
ites are shown in Fig. 1. The monolithic ZrO2 shows a
linear elastic loading up to a brittle fracture. The frac-
ture strength and strain to failure of monolithic ZrO2
are 1112 MPa and 0.67%, respectively. The addition
of Al2O3 fibers into ZrO2 matrix degraded the fracture
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strength and strain to failure. This is mainly due to the
high density of residual pores within the fiber [28] as
well as the thermal stress present in the composites. The
residual pores were formed during fiber fabrication not
during composite fabrication. The pores act as stress
concentrators and cracks can be initiated at the pores
within the fibers. To improve the mechanical proper-
ties, it would be necessary to use pore-free single or
polycrystalline alumina fibers.

The thermal stress results from the difference in
the thermal expansion coefficients of the fiber and
matrix. The thermal expansion coefficients of ZrO2
and Al2O3 have been reported to be 10× 10−6/◦C and
8.8× 10−6/◦C, respectively [19]. Since the thermal ex-

Figure 3 SEM micrographs of fractured surface for as-fabricated (a) Al2O3 (30 vol %) fiber/ZrO2 composite and (b) SCS-6TM SiC fiber/ZrO2

composite. Some of Al2O3 fibers in ZrO2 matrix are marked by arrows in (a).

pansion coefficient of Al2O3 fibers is lower than that
of the matrix, upon cooling the matrix grips the fibers.
This gives rise to an increase in the strength of interfa-
cial bond, increasing the tendency toward brittleness in
the composite. Cracks initiated in the matrix can prop-
agate through the fibers without deflection around the
fibers. In addition, although the thermal stress present in
the composites is not sufficient to develop microcracks,
it superimposes on the applied stress during bending,
leading to a decrease in the flexural strength.

It is also important to note that the addition of
SiC fibers led to a significant decrease in the fracture
strength and strain to failure. This is due to the forma-
tion of microcracks in the matrix normal to the filament
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axis which could result from the mismatch in thermal
expansion behavior between the fiber and matrix. The
thermal stress developed by the addition of SiC fibers is
larger than that by the addition of Al2O3 fibers because
of the higher mismatch in thermal expansion coeffi-
cient between the matrix and SiC than that between
the matrix and Al2O3. The thermal expansion coeffi-
cients of SCS-6TM and SCS-9TM SiC fibers are given
in Table I.

A TEM bright field image showing many residual
pores within the fiber and strong interfacial bonding for
the Al2O3 fiber (20 vol %)/ZrO2 composite is shown in
Fig. 2. In Fig. 2, the interface between the fiber and
matrix seems to be strong and sharp, indicating no
chemical reaction between the two components. The
matrix had equiaxed fine grains because of relatively
low temperature (1550◦C) and short time (30 min-
utes) of hot processing. The microstructure of the ZrO2
matrix was found to consist of tetragonal precipitates
(a= 0.508 nm andc= 0.519 nm) dispersed in a cubic
matrix (a= 0.513 nm) [28]. Due to the strong interfa-
cial bonding, a fiber debonding and pullout, required
for enhanced toughness, were rarely observed on the
fractured surfaces of the composites (Fig. 3).

3.2. Thermally shocked Al2O3 fiber/ZrO2
and SiC fiber/ZrO2 composites

The monolithic ZrO2 resulted in a significant reduc-
tion in fracture strength and failure strain after thermal
shock treatment because of the thermal stress within
the material caused by a sudden temperature decrease.
As an example, the mechanical properties of the mono-
lithic ZrO2 thermally shocked from 500 to 25◦C are
shown in Fig. 4. The microcracks were found on the
surface of the monolithic ZrO2, resulting in a signifi-

Figure 4 Mechanical properties of the monolithic ZrO2 thermally
shocked from 500 to 25◦C.

cant decrease in the mechanical properties. The thermal
stressσ on the surface induced by the thermal shock
can be calcualted by the following equation [29]:

σ = αE

1− ν1T (1)

whereα is the thermal expansion coefficient,E is the
elastic modulus,ν is the Poisson’s ratio, and1T is
the temperature difference. The thermal stress of the
monolithic ZrO2 thermally shocked from 500 to 25◦C
is estimated to be 1242 MPa. This thermal stress is
above the fracture stress (∼1112 MPa), so that the ther-
mally shocked monolithic ZrO2 formed cracks under
this thermal shock condition. Also, the heating temper-
ature required for a crack formation would be estimated
when the thermal stress developed exceeds the fracture
stress. The heating temperature for a crack formation
estimated from Equation 1 is 452◦C.

On the other hand, the addition of Al2O3 fibers into
ZrO2 matrix improved significantly the thermal shock
resistance. Fig. 5a and b show the mechanical propert-
ies of the Al2O3 (20 vol %) fiber/ZrO2 composite ther-
mally shocked from 425 to 25◦C and of the Al2O3
(30 vol %) fiber/ZrO2 composite thermally shocked
from 300 to 25◦C, respectively. It is shown that the 20
and 30 vol % Al2O3 fibers/ZrO2 composites have re-
tained∼46 and∼92% of their unshocked fracture
strengths, respectively, after thermal shock treatment.
It is likely that during the thermal shock process, the
30 vol % Al2O3 fiber/ZrO2 composite did not form ma-
trix microcracks, but the 20 vol % Al2O3 fiber/ZrO2
composite formed matrix microcracks. The matrix

Figure 5 Mechanical properties of the (a) Al2O3 (20 vol %) fiber/ZrO2

composite thermally shocked from 425 to 25◦C, (b) Al2O3 (30 vol %)
fiber/ZrO2 composite thermally shocked from 300 to 25◦C, (c) SCS-9TM

SiC fiber/ZrO2 composite thermally shocked from 225 to 25◦C, and
(d) SCS-6TM SiC fiber/ZrO2 composite thermally shocked from 170 to
25◦C.
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Figure 6 SEM micrograph of fractured surface for the SCS-9TM SiC fiber/ZrO2 composite thermally shocked from 225 to 25◦C.

microcracks interact with the Al2O3 fibers and thus
lead to a crack pinning or bridging. The crack inter-
action contributes to an increase in the thermal shock
resistance. In addition, the thermal stress in the com-
posites developed during composite fabrication could
be relaxed during thermal shock process. Therefore,
the thermal shock resistance of the Al2O3 fiber/ZrO2
composites was enhanced.

In particular, the fracture strength and failure strain
of SiC fibers-reinforced ZrO2 composites were greatly
improved after thermal shock process. Fig. 5c and d
show the mechanical properties of the SCS-9TM SiC
fiber/ZrO2 composite thermally shocked from 225 to
25◦C and of the SCS-6TM SiC fiber/ZrO2 composite
thermally shocked from 170 to 25◦C, respectively. The
mechanical properties of the thermally shocked SiC fi-
bers/ZrO2 composites were superior to those of as-fab-
ricated ones. As an example, the fracture strength and
failure strain of as-fabricated SCS-9TM SiC fiber/ZrO2
composite are 463 MPa and 0.32%, respectively,
while those of the SCS-9TM SiC fiber/ZrO2 compos-
ite thermally shocked from 225 to 25◦C are 803 MPa
and 0.44%, respectively. This represents that the frac-
ture strength of SCS-9TM SiC fiber/ZrO2 composite, af-
ter thermal shock quench from 225 to 25◦C, is∼73%
higher than that of the unshocked composite. This im-
provement seems to be due to the closure of matrix
microcracks, which were formed during composite
fabrication, due to the tetragonal-to-monoclinic phase
transformation in the matrix [30, 31]. The transforma-
tion is induced by the external stress associated with the
propagation of microcracks which is caused by the ther-
mal shock treatment and causes a volume expansion
(∼4%) and shear strain (∼6%) [32]. The transforma-
tion at the microcrack tip tends to close the crack, and
thus a portion of the energy required for fracture is spent
in the stress-induced transformation. Also, the dilation

in the transformed zone around a microcrack is opposed
by the surrounding untransformed matrix, resulting in
compressive stresses which tend to close the crack. It
is therefore difficult for the microcrack to propagate,
increasing the stength and toughness. Another possible
explanation for the improvement in thermal shock re-
sistance is due to the fact that during the thermal shock
process, the thermal stress in the composites was re-
laxed, and also the matrix microcrack pinning or bridg-
ing occurred at the interface. The cracks formed at the
matrix and within the SCS-9TM SiC fiber by means of
a thermal shock process are shown in Fig. 6.

4. Conclusion
The fracture strength of Al2O3 fibers/ZrO2 composites
was lower than that of monolithic ZrO2. This is due to
the high density of residual pores within the fibers and
the themal stress caused by the difference in thermal ex-
pansion coefficients of the matrix and fiber. The resid-
ual pores, which were formed during fiber fabrication,
acted as stress concentrators. For enhanced mechani-
cal properties, it would be necessary to use pore-free
alumina fibers. However, the addition of Al2O3 fibers
into ZrO2 matrix improved significantly the thermal
shock resistance. This improvement may result from
the pinning or bridging of matrix microcracks at the ma-
trix/fiber interface and the relaxation of thermal stress
in the composites during thermal shock process.

The addition of SiC fibers led to a significant de-
crease in the mechanical properties because of the for-
mation of matrix microcracks caused by the thermal
stress, but led to a significant improvement in thermal
shock resistance. This improvement results from, dur-
ing thermal shock process, (1) the closure of microcrack
tip caused by the tetragonal-to-monoclinic phase trans-
formation in the matrix, (2) the pinning or bridging of
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matrix microcrack at the matrix/fiber interface due to
the interaction between the matrix microcrack and SiC
fiber, and (3) the stress relaxation in the composites.
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