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bstract

nidirectional carbon fiber reinforced calcium stabilized zirconia composites (uni-Cf/ZrO2) were prepared by slurry infiltration and hot-pressing
ethod. The room temperature mechanical properties were investigated and the fracture features of composites were observed. A flexural strength

f 588.0 MPa and fracture toughness of 15.4 MPa·m1/2 parallel to the fiber direction for the composite hot-pressed at 1500 ◦C was attributed to the
ber pull-out. With increasing hot-pressing temperature from 1500 ◦C to 1650 ◦C, the relative density was augmented, but the mechanical properties
f composites degraded gradually. Especially at 1650 ◦C, the flexural strength and fracture toughness decreased significantly to 173.2 MPa and
.0 MPa·m1/2, respectively. Thermodynamic calculation and XRD, TEM investigations showed that carbon fibers reacted with ZrO2 to form ZrC

hase at 1650 ◦C, and then formed chemical bonding and led to a strong interface between fiber and matrix, which resulted in the decrease of
echanical properties of the composite hot-pressed at higher temperatures. Moreover, the mechanical properties of carbon fibers degraded by the

bove reaction had also an adverse effect on the mechanical properties of the composite.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Zirconia-based composites have demonstrated a wide range
f attributes, including high melting point (Tm ≈ 2700 ◦C)
nd stability, high strength and toughness, good heat resis-
ance, unique wear resistance, interesting electronic properties
uch as fast ionic conductivity for structural and functional
pplications.1,2 As well known, the problem of the low frac-
ure toughness of ceramics can be overcome by designing and
reparing composite materials reinforced with fibers, whiskers
nd particles. Up to now, surprisingly there are a few researches
n ZrO2–matrix composites reinforced with continuous fibers.
ujari and Jawed3 reported chopped alumina fiber–TZP matrix
omposites prepared by a conventional powder metallurgy route.

hey found that the alumina fibers did result in a twofold

ncrease in toughness with respect to the monolithic TZP but
he failure mode remained brittle. In the meantime, Bender
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t al.4 succeeded in preparing ZrO2–SiO2 and ZrO2–TiO2
atrix composites reinforced with uncoated or BN coated
iC fibers according to a liquid route (organometallic precur-
ors). Their composites exhibited brittle failure when reinforced
ith uncoated SiC fibers due to a strong fiber–matrix bonding
hereas they did behave in a non-brittle manner with BN-coated
iC fibers, the BN layer allowing the fiber pull-out to occur and
reventing the fibers reacting with the matrix. Subsequently,
inet et al.5 prepared ZrO2-based composites by CVI den-

ification from performs made of alumina and carbon fibers
onsolidated with a small amount of alumina, pyrocarbon or
ex-BN. The composites mechanical properties exhibited simi-
ar to those already reported for the related C/SiC, C/B4C, C/TiC
r C/BN materials. Compared with the CVI procedure, the tra-
itional slurry infiltration and hot-pressing method has some
dvantages such as low cost, short processing time and higher
ensification.
The aim of present work was to explore the potential
f continuous carbon fibers reinforced zirconia-based com-
osites (Cf/ZrO2) for aerospace applications. Unidirectional
arbon fibers reinforced zirconia composite was prepared by

mailto:swwang51@mail.sic.ac.cn
dx.doi.org/10.1016/j.jeurceramsoc.2007.07.005
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Table 1
The mechanical properties of ZrO2 and Cf/ZrO2 composite

Temperature (◦C) Relative density (%) Flexural strength (MPa) Elastic modulus (GPa) KIC (MPa·m1/2)

ZrO2 1500 98.8 125.8 ± 12.1 117.3 ± 4.3 3.2 ± 0.1

Cf/ZrO2 1500 95.4 588.0 ± 71.8 94.7 ± 1.5 15.4 ± 0.8
47.4
08.3
73.2
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and fracture toughness decreased sharply to 173.2 MPa and
5.0 MPa·m1/2, respectively.

The typical morphologies of Cf/ZrO2 composite specimens
are shown in Fig. 1. It can be seen that the cracks are zigzag
1550 96.6 5
1600 96.8 5
1650 98.5 1

lurry infiltration and hot-pressing sintering method. The effect
f hot-pressing temperature on the mechanical properties of
omposite was investigated. The morphologies of composite
racture surface were observed. Transmission electronic micro-
cope examined the microstructural features of fiber/matrix
nterface.

. Experimental procedures

ZrO2 powder (containing 6.6 wt.% CaO, ZrO2 > 93 wt.% and
verage particle size around 2 �m), and PAN-based carbon fibers
4800 MPa average tensile strength, and 5 �m in diameter), were
sed as starting materials. The powders were mixed in deionized
ater with carboxymethyl cellulose (CMC) as a binder and iso-
ropyl alcohol as a dispersant, and then ball-milled with agate
alls. The prepreg was prepared by infiltrating the continuous
arbon fibers into the slurry and then dried, stacked in a graphite
ie and hot-pressed between 1500 and 1650 ◦C and 25 MPa in a
r atmosphere. The content of carbon fiber was approximately
0 vol.% in the composites. For comparison, hot-pressed ZrO2
pecimen without reinforcement was also prepared.

Density measurements were performed based on Archimedes
rinciple. The specimens were machined into bars of
6 mm × 4 mm × 3 mm parallel to the fiber direction to mea-
ure the flexural strength by the three-point bending method
ith a span of 30 mm and a cross-head speed of 0.5 mm/min,

t room temperature in air. Single-edge notched-beam (SENB)
amples were fabricated by notching the segments of tested flex-
re specimens with a 0.20 mm thick diamond wafering saw. The
0 mm × 6 mm × 3 mm SENB samples were tested in three-
oint loading with a span of 24 mm and a cross-head speed
f 0.05 mm/min. Fracture toughness KIC was calculated by
he ASTME 399-74 formula.6 The flexural strength and the
racture toughness measurements were conducted by Instron-
566 testing machine. Five specimens were tested for each
ample.

Flexural strength was calculated by the following equation7:

f = 3PL

2bd2 (1)

here σf is the flexural strength (maximum stress at mid-span),
the applied load that leads the specimen to fail, L the sup-
ort span, b the specimen width and, finally d is the specimen
hickness.

Effective engineering modulus was obtained from the slope
f the initial straight-line of the load–displacement curve by

F
t

± 38.8 90.3 ± 2.5 14.2 ± 1.1
± 18.4 86.7 ± 3.2 12.3 ± 1.6
± 2.0 75.0 ± 3.5 5.0 ± 0.3

eans of this equation8:

= L3

48I

F

δ
(2)

here F/δ represents the slope of the load–displacement curve
nd I is the cross-sectional inertia of the specimen.

The phase compositions of the samples were examined by
-ray diffractometer (D/max 2550 V). The fracture surfaces of

he specimens were observed by scanning electronic micro-
cope (SEM, Model JXA-8100, Jeol Co., Tokyo, Japan). The
icrostructural features of fiber/matrix interface were charac-

erized using transmission electronic microscope (TEM, Model
00CX, Jeol, Japan).

. Results and discussion

Table 1 lists the mechanical properties of ZrO2 and Cf/ZrO2
omposite. When hot pressed at 1500 ◦C, it can be seen that
exural strength and fracture toughness are 125.8 MPa and
.2 MPa·m1/2, respectively, for ZrO2 without the reinforcement
f carbon fiber. While, flexural strength and fracture toughness
f the composites were 588.0 MPa and 15.4 MPa·m1/2, respec-
ively, which were the five-fold that of ZrO2. On the other
and, with the increase of the hot-pressing temperature from
500 ◦C to 1650 ◦C, the mechanical properties decreased grad-
ally though the relative density of the composite increased.
or the composite hot-pressed at 1650 ◦C, the flexural strength
ig. 1. Typical morphologies of Cf/ZrO2 composite specimens after flexural
est.
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Fig. 2. Load–displacement curves of ZrO2 and Cf/ZrO2 composite.

nd tend to propagate parallel to the direction of carbon fiber
hen the samples were hot-pressed at 1500 ◦C, 1550 ◦C and
600 ◦C. Because of the debonding at the fiber/matrix inter-
ace, the matrix crack did not penetrate the fibers, which then
emained to bridge the matrix crack and restrained the crack
pening. But at 1650 ◦C, the matrix crack penetrated into the
bers and the fibers were broken, thus the specimen shows brittle
racture behavior.
Fig. 2 shows the typical load–displacement curves of ZrO2
nd Cf/ZrO2 composites. From Fig. 2, ZrO2 sample showed
lastic loading up to the onset of brittle failure, which is
ypical fracture mode of most ceramics materials. In con-

f
t
t
l

Fig. 3. The morphologies of fracture surface: (a) 1500
Ceramic Society 28 (2008) 787–792 789

rast, Cf/ZrO2 composites hot-pressed at 1500 ◦C, 1550 ◦C and
600 ◦C showed the first elastic response in the initial stages, and
hen a deviation happened at some load, indicating occurrence of

icrocracking in the ZrO2 matrix. After that, the second elastic
esponse appeared up to the maximum load where a significant
rop in load occurred, which was attributed to fiber bundle fail-
re near the tensile surface in the three-point bending test. Where
fter, the final stage was a non-linear region—the tail of curve,
evealing fiber pull-out, bridging, and sliding.9,10 But in the case
f the composite hot-pressed at 1650 ◦C, the load–displacement
urve is the same as that of ZrO2.

Fig. 3 shows fracture surface morphologies of Cf/ZrO2 com-
osite hot-pressed at different temperatures. For the composites
ot-pressed at 1500 ◦C and 1550 ◦C, large fiber pull-out was
bserved on the fracture surface (Fig. 3a and b). It indicated
hat the reinforcing effect of Cf was significant and the contin-
ous fiber played an important role in carrying the load. Fiber
ull-out was also found on the fracture surface of the compos-
te hot-pressed at 1600 ◦C, however, the pull-out length was
ar shorter than that of the two specimens mentioned above
Fig. 3c). For 1650 ◦C, the fracture surface was very flat and no
ber pull-out could be observed (Fig. 3d). These were consis-

ent with the load–displacement curves of Cf/ZrO2 composites
n Fig. 2.

Curtin,11 Curtin and Zhou12 and Hui et al.13 had devel-
ped a theory that explained the load–displacement behavior

or the ceramic matrix composites (CMCs) as a function of
he characteristic matrix strength parameter σR. Lower σR led
o increased matrix cracking and non-linear deformation, and
arger failure strains, with both failure stress and failure strain

◦C, (b) 1550 ◦C, (c) 1600 ◦C and (d) 1650 ◦C.
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Table 2
The reactions and standard Gibbs free energy

Reaction Standard Gibbs free energy (J·mol−1)

(1) C(s) + 0.5O2(g) = CO(g) �G◦ = −114400 − 85.77T
(2) Zr(s) + C(s) = ZrC(s) �G◦ = −196650 + 9.2T
(3) Zr(s) + O2(g) = ZrO2(s) �G◦ = −1092000 + 183.7T
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Fig. 4. The first elastic response of the load–displacement curves.

ontrolled by the fibers, which was referred as “tough” behav-
or; larger σR led to nearly linear deformation and low failure
trains controlled by the matrix (brittle), which was referred as
brittle” behavior. Presently, similar cases could be seen from
he load–displacement curves given in Fig. 2. Hot-pressed at
500 ◦C, 1550 ◦C and 1600 ◦C, the Cf/ZrO2 composite exhib-
ted “tough” behavior, while it was “brittle” behavior when
ot-pressed at 1650 ◦C. Fig. 4 gives the first elastic response
f the load–displacement curves. It can be seen that if a beeline
s drawn which matches the end of the first elastic response, the
eviation point indicating the occurrence of the matrix crack-
ng can be clearly discerned. For the increasing hot-pressing
emperature 1500 ◦C, 1550 ◦C, 1600 ◦C and 1650 ◦C, the devi-
tion point occurs for 125.3 MPa, 139.8 MPa, 149.9 MPa and
59.5 MPa, respectively. That is, the higher hot-pressing temper-
ture, the higher matrix cracking stress, which may be attributed
o the improved relative density at higher hot-pressing tempera-
ures. Thus, at 1500 ◦C, 1550 ◦C and 1600 ◦C it belonged to the
ase of lower σR, whereas, at 1650 ◦C it belonged to the case of
arger σR.
Fig. 5 shows magnified micrographs of fracture surface of
he composite hot-pressed at 1500 ◦C and 1650 ◦C. At 1500 ◦C,
t can be seen much matrix cracking at the ZrO2 grain bound-
ry after the composite failed at the flexural load (Fig. 5a, white

b
w
p
o

Fig. 5. The magnified micrographs of fractur
Fig. 6. XRD patterns of the composite at 1500 ◦C and 1650 ◦C.

rrow). When the matrix cracks propagated and encountered
he carbon fiber, they were deflected, so around the carbon
bers cracking also could be seen, which led to debonding at

he fiber/matrix interface and fibers easily pulled out from the
atrix. But at 1650 ◦C, little matrix cracking could be seen at the

racture surface (Fig. 5b). It was attributed to the larger matrix
trength parameter mentioned above. When the matrix cracking
nitiated at a higher load, it penetrated into the fiber to propagate
nd then fibers were broken. It was consistent with the compos-
te failing strength around only a single matrix crack, which was
rstly studied by Thouless and Evans.14,15

On the other hand, at high hot-pressing temperature the car-
on fiber and oxide matrix may happen to react together, which
ill play a negative role in the mechanical properties of com-

osite. On the basis of the various standard Gibbs free energies
f formation listed in Table 2,16 it can be deduced the Gibbs free

e surface: (a) 1500 ◦C and (b) 1650 ◦C.
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Fig. 7. High-resolution transmission electron micrograph of the composit

nergy of the following reaction:

ZrO2(s) + 3C(s) = ZrC(s) + 2CO(g),

�G◦ = 666550 − 346.04T (3)

If neglect the equilibrium partial pressure of CO(g), reaction
3) could occur on the condition of �G◦ becomes less than zero
nd correspondingly the T is more than 1653 ◦C. So in the case
f present work, carbon fiber may react with ZrO2 matrix to form
rC phase. Fig. 6 gives the XRD patterns of Cf/ZrO2 composite
t 1500 ◦C and 1650 ◦C. Hot-pressed at 1500 ◦C, besides little
onoclinic zirconia (m-ZrO2) and graphite phase, calcium sta-

ilized cubic zirconia (Ca0.15Zr0.85O1.85, c-ZrO2, JCPDS PDF
o.: 26-0341) is the primary phase in the specimen. But when
ot-pressed at 1650 ◦C, the peak intensity of monoclinic ZrO2
as weakened and that of Ca0.15Zr0.85O1.85 phase was enhanced.

t indicated that high hot-pressing temperature was helpful for
he conversion of m-ZrO2 to c-ZrO2. However, little amount of
rC phase appeared simultaneously in the products at 1650 ◦C.
ll these testified the above speculation and indicated that at
igher hot-pressing temperature carbon fiber reacted with ZrO2
atrix into ZrC phase.
Fig. 7a and b shows high-resolution transmission electron

icrograph of Cf/ZrO2 at 1500 ◦C and 1650 ◦C, respectively.
rom Fig. 7a, it can be seen a clear interface between car-
on fiber and matrix at 1500 ◦C. The selected area electron
iffraction pattern indicated cubic zirconia and amorphous car-
on. But at 1650 ◦C, there was an indistinct interlayer at the
ber/matrix interface. Cubic zirconia and carbon fiber can also
e distinguished by selected area electron diffraction. However,
t failed to explore the ZrC phase at the fiber/matrix interface. In
he light of above analysis, when Cf/ZrO2 composite was hot-
ressed at 1650 ◦C, carbon fiber reacted with ZrO2 matrix to
orm ZrC phase, and then chemical bonding formed, which led
o a strong interface between fiber and matrix. First, the reac-
ion would degrade the mechanical properties of carbon fiber.

his was responsible for the decreased mechanical properties of
omposite. Secondly, in the light of interface theory of ceramic
atrix composites (CMCs), strong fiber/matrix interfacial bond-

ng results in the matrix microcrackings propagating through
1500 ◦C and (b) 1650 ◦C. Inset: selected area electron diffraction pattern.

he fiber with the increase of load. So, with increasing hot-
ressing temperature the fiber pull-out length became shorter,
specially at 1650 ◦C where no fiber pull-out was observed and
he composite revealed brittle failure behavior.

. Conclusions

. Uni-Cf/ZrO2 composite was prepared by slurry infiltration
and hot-pressing. A flexural strength of 588.0 MPa and frac-
ture toughness of 15.4 MPa·m1/2 parallel to the fiber direction
for the uni-Cf/ZrO2 composite hot-pressed at 1500 ◦C was
attributed to the fiber pull-out.

. Different densification of the composite hot-pressed at
between 1500 ◦C and 1650 ◦C resulted in the different matrix
strength parameter. At lower hot-pressing temperature, the
lower matrix strength parameter led to increased matrix
cracking and non-linear deformation, and larger failure
strains, with both failure stress and failure strain controlled
by the fibers, so the composite exhibited “toughness” behav-
ior. But for the composite hot-pressed at 1650 ◦C, the larger
matrix strength parameter resulted in the matrix cracking
initiated at higher load and nearly linear deformation and
low failure strains controlled by the matrix, so the composite
showed “brittle” behavior.

. Thermodynamic calculations and XRD, TEM results showed
that carbon fiber reacted with ZrO2 into ZrC phase at 1650 ◦C,
and then formed chemical bonding and led to a strong
interface between fiber and matrix. Moreover, the reaction
degraded the mechanical properties of carbon fiber. These
were responsible for the decreased mechanical properties of
uni-Cf/ZrO2 composite hot-pressed at higher temperatures.
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