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Abstract

3 Mol% yttria stabilized tetragonal zirconia polycrystalline (3Y-TZP) is well known as a transformation toughening material
with excellent mechanical properties at ambient temperature. However, the properties of 3Y-TZP drop down with increasing tem-
perature. In this study, nanocomposite techniques were applied in order to improve mechanical properties of 3Y-TZP. 3Y-TZP/SiC

nanocomposites were fabricated by hot-pressing, and effects of SiC particles on microstructure, transformation from tetragonal
zirconia (t-ZrO2) to monoclinic ZrO2 (m-ZrO2) and its mechanical properties were investigated. Fracture toughness of the nano-
composite was improved without decrease of strength. This should be due to not only crack deflection by dispersed SiC particles

with high Young’s modulus, but also the phase transformation of t-ZrO2 accelerated by the residual stresses from coefficient of
thermal expansion mismatch between 3Y-TZP and SiC.
# 2002 Published by Elsevier Science Ltd.

Keywords:Mechanical properties; Nanocomposites; SiC inclusions; Toughness; ZrO2

1. Introduction

Zirconia (ZrO2) can possess various strength/tough-
ness ratios by varying a kind of stabilizer, e.g. Y2O3,
CeO and MgO, and content of stabilizer,1�3 and the
properties also depend on microstructure of sintered
bodies.4,5 Yttria stabilized tetragonal ZrO2 (Y-TZP)
exhibits excellent mechanical properties; the maximum
strength is over 1.5 GPa for 2.5 mol% Y-TZP and the
maximum toughness about 15 MPa m1/2 for 2 mol%
Y-TZP.1 Swain et al.6,7 suggested a mechanism for the
limitation of strength in transformation toughened
ZrO2 system, and it is difficult to improve both strength
and toughness only by transformation toughening.
These excellent properties are due to the stress-induced
transformation from tetragonal (t-ZrO2) to monoclinic
(m-ZrO2) phase, which are obtained only at ambient
temperature. The properties dramatically decrease with
increasing temperature, because the t-ZrO2 to m-ZrO2
transformation toughening effect decreases at higher

temperatures with increasing of t-ZrO2 phase stability.
Additionally, annealing at low temperatures, about
200 �C, also degrades the mechanical properties.8,9

Various methods have been applied to improve the
properties, and composite technique that secondary
reinforcing phases such as whiskers, platelets, fibers or
particles are dispersed in matrix, is one of most effective
methods and widely used.10�15 Recent researches have
reported that ceramic composites incorporating nano-
size particulate within matrix grains or at the grain
boundaries (denoted by nanocomposites) possess excel-
lent mechanical properties, even at high
temperatures.16�23 This is due to crack deflection and
inhibition of grain boundary sliding at elevated tem-
peratures by dispersed phase and residual stresses based
on mismatch of coefficients of thermal expansion (CTE)
between matrix material and dispersoid. Therefore the
nanocomposite techniques were applied for 3 mol%
Y2O3 doped ZrO2 (3Y-TZP), and 3Y-TZP/SiC nano-
composites were fabricated to improve both strength
and toughness. SiC particulate was used as a second
phase in this study, because it has much lower CTE
than 3Y-TZP, high Young’s modulus and excellent
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mechanical properties at elevated temperatures. Addi-
tionally, improvements in thermal conductivity and
thermal stability, such as degradation of mechanical
properties by low and high temperatures annealing, are
also expected.
The objects of the present work are to evaluate the

mechanical properties of 3Y-TZP/SiC nanocomposite
fabricated by hot-pressing and investigate effects of SiC
particulate on microstructure, t-ZrO2 to m-ZrO2 trans-
formation and its mechanical properties. The relation-
ships between transformation toughening and grain size
and/or the residual stresses were discussed.

2. Experimental procedure

3Y-TZP powder with average crystalline size of 20 nm
(Sumitomo Osaka Cement Co., Ltd.) and b-SiC powder
with average grain size of 150 nm (Mitsui touatsu
kagaku Ltd.) were used as a matrix and a second phase,
respectively. 3Y-TZP and b-SiC which was 0, 5 and 20
vol.% to 3Y-TZP content were ball-milled in C2H5OH
for 48 h with ZrO2 ball. After dry, the mixed powders
were dry ball-milled for 12 h, which were sieved under
150 mm to remove hard agglomerate particles. The
powders were hot-pressed at 1350–1850 �C for 1 h
under 30 MPa in Ar atmosphere by using carbon hea-
ter. The sintered bodies were cut and ground into rec-
tangular bar specimens (4�3�36 mm3), and polished
using diamond paste with 0.5 mm to evaluate micro-
structure and mechanical properties.
Density of specimens was determined by the Archi-

medes method using toluene, and Young’s modulus was
evaluated by the resonance method. Fracture strength
was measured by the three-point bending test (span: 30
mm, crosshead speed: 0.5 mm/min). Fracture tough-
ness was evaluated for the specimens before and after
annealing from the indentation fracture (IF) test24 with
196 N load at room temperature. Annealing was car-
ried out at 1300 �C for 10 min in Ar, in order to elim-
inate transformed phase (m-ZrO2) which was
generated by machining. X-ray diffraction (XRD)
analyses were performed on both polished and frac-
ture surfaces to identified the phases in each specimen
and assess m-ZrO2 content. The volume fraction of
the m-ZrO2, Vm, was calculated by using the following
equations,25

Vm ¼ PXm= 1þ P� 1ð ÞXmð Þ ð1Þ

where Xm is the integrated intensity ratio expressed by
Eq. (2) and P=1.311

Xm ¼ Im 111ð Þ þ Im 111
� �� �

= Im 111ð Þ þ Im 111
� �

þ It 111ð Þ
� �

ð2Þ

I is the integrated intensity, and subscripts m and t
indicate the m-ZrO2 and the t-ZrO2, respectively. The
microstructure studies were performed through scan-
ning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). The samples for SEM
observation were thermally etched at 1300–1450 �C for
10 min in Air for 3Y-TZP monolith and in Ar for the
composites, respectively. The specimens for TEM
observation were ground down to about 150 mm, which
were ion beam thinning after dimpling. Grain size and
its distribution were analyzed from SEM photographs
by using an image analysis technique (NIH image writ-
ten by Wayne Rasband at U.S. National Institutes of
Health and available from the Internet by anonymous
ftp from zippy.nimh.nih.gov or on floppy disk from
NTIS, 5285 Port Royal Rd., Springfield, VA 22161,
part number PB93–504868).

3. Results

3Y-TZP monolith, 3Y-TZP/5 and 20 vol% SiC
nanocomposites (denoted by 3Y5S and 3Y20S) were
fabricated. XRD analysis showed that all composites
consisted of mainly t-ZrO2, a little m-ZrO2 and b-SiC,
no reaction phase was detected. This result was different
from the result by Ding et al.26 Reductive atmosphere
produced by carbon heater may suppress reactions
between ZrO2 and SiC. High-resolution transmission
electron microscopic (HRTEM) image as shown in
Fig. 1 also exhibited that no reaction phase existed at
the interface between 3Y-TZP matrix grain and SiC
particle. Glassy phase due to impurities in raw powders,
however, was observed at some of triple points. Fig. 2
shows a TEM image of the 3Y5S sintered at 1700 �C
(3Y5S1700), which indicates that SiC particulate was
homogeneously dispersed within 3Y-TZP matrix grains
and/or at grain boundaries. SiC particles with sub-
micro meter in particle size were mainly located at grain
boundaries, while finer ones were within matrix grains.

Fig. 1. High resolution transmission electron microscopy image of

3Y-TZP/5 vol.% SiC nanocomposite sintered at 1700 �C.
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Larger SiC particles suppress grain boundary movement
of matrix. For this reason, larger particles remained at
grain boundary. Dislocation can be observed around
intragranular SiC particle due to relaxation of the stress
caused by CTE mismatch. The mismatch generates high
residual tensile and/or compressive stresses in nano-
composite materials. In the case of 3Y5S1700, about 60
MPa tensile stress might be imposed on matrix and 1200
MPa compressive stress on SiC particles.27

Fig. 3 indicates the variation of relative density with
sintering temperature. The densification was suppressed
by SiC addition, however, fully densified body could be
obtained in each composition. For monolith, fully dense
sample was obtained at 1450 �C, while 1500 and 1750 �C
were required for 3Y5S and 3Y20S, respectively. The
sintering temperatures for fully densified bodies became
higher with increasing SiC content.
Fig. 4 shows the mean matrix grain size as a function

of sintering temperature. Grain growth of 3Y-TZP
matrix was suppressed by fine SiC particles as well as
densification, and grain growth became smaller with

increase in amount of SiC content. The grain size dis-
tributions for 3Y-TZP monolith, 3Y5S and 3Y20S sin-
tered at 1700 �C (3Y-TZP1700, 3Y5S1700 and
3Y20S1700) are shown in Fig. 5. Compared with the
monolith, nanocomposites had a narrow grain size dis-
tribution, especially 3Y20S. The 3Y-TZP1700 had
exaggerated grains with about 4.1 mm in grain size,
while the maximum grain size of the 3Y5S1700 and
3Y20S1700 were 2.5 and 1.9 mm, respectively. Nano-
sized SiC dispersoid inhibited not only normal grain
growth but also abnormal grain growth. Nanocompo-
site systems had fine and homogeneous microstructure.
Fig. 6 shows the variation of Young’s modulus with

sintering. Young’s moduli for all composition increased
with the density as described in Fig. 3, and with volume
fraction of SiC. These constant values after densified
coincided with theoretical values calculated by using the
rule of mixture for spherical dispersoids.28

The variations of fracture strength with sintering
temperature are shown in Fig. 7. The strength rose with
increasing density, and then, the maximum strength in
each composition was over 1.5 GPa. There were little

Fig. 2. TEM image of 3Y-TZP/5 vol.% SiC nanocomposite sintered

at 1700 �C.

Fig. 3. The variation of relative density with sintering temperature for

3Y-TZP monolith and 3Y-TZP/SiC nanocomposites.

Fig. 4. The mean grain size as a function of sintering temperature for

3Y-TZP monolith and 3Y-TZP/SiC nanocomposites.

Fig. 5. The grain size distribution of for 3Y-TZP monolith and 3Y-

TZP/SiC nanocomposites sintered at 1700 �C.
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differences between the monolith and composites. No
effect of SiC particles on strength was observed.
Fracture toughness as a function of sintering tem-

perature for 3Y-TZP monolith, 3Y5S and 3Y20S before
and after annealing at 1300 �C for 10 min in Ar flow are
shown in Fig. 8. Annealing changed m-ZrO2 on the
polished surface to t-ZrO2. The nanocomposites exhib-
ited superior toughness to the monolith both before and
after annealing. The toughness of both the monolith
and composites decreased by annealing, which is due to
the elimination of the surface imposed by residual com-
pressive stress through machining. The stress gives an
improvement in the toughness.29 It was confirmed by
XRD analysis that m-ZrO2 existed on the polished sur-
face before annealing, however, the m-ZrO2 conversely
transformed to t-ZrO2 after annealing. With increasing
sintering temperature, the toughness for the monolith
and the composites were improved, because transforma-
tion from t-ZrO2 to m-ZrO2 can occur easily with
increasing in grain size.4 Fig. 9 indicates m-ZrO2 content
in fracture surface as a function of sintering temperature.

The amount of m-ZrO2 increased with increase in the
sintering temperature and SiC content, which should
result in improvement of fracture toughness.

4. Discussion

As shown in Fig. 7, the fracture strength for 3Y-TZP
did not change by incorporating nano-sized SiC parti-
cles and about 1.5 GPa was achieved as maximum
strength in each composition when the mixed powder
was sintered at a suitable temperature. The micro-
structure greatly affects mechanical properties, in parti-
cular for fracture strength. The relationship between
strength and defect size that relates to grain size is
expressed by Griffith’s equation.30 The strength
becomes higher with decreasing defect size and is also
proportional to the toughness obviously. At the same
sintering temperature, grain growth of 3Y-TZP matrix

Fig. 7. The fracture strength for 3Y-TZP monolith and 3Y-TZP/SiC

nanocomposites as a function of sintering temperature.

Fig. 6. The variation of Young’s modulus for 3Y-TZP monolith and

3Y-TZP/SiC nanocomposites with sintering temperature. Young’s

modulus increased as SiC content increased.

Fig. 8. The fracture toughness for 3Y-TZP monolith and 3Y-TZP/SiC

nanocomposites as a function of sintering temperature. The open

symbols mean the toughness before annealing and the solid ones are

that after annealing at 1300 �C for 10 min in Ar.

Fig. 9. The m-ZrO2 content in fracture surface for 3Y-TZP monolith

and 3Y-TZP/SiC nanocomposites as a function of sintering tempera-

ture.
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was suppressed by nano-sized SiC particulate as shown
in Fig. 4, however, SiC particles caused an increase in
sintering temperature simultaneously to obtain the fully
densified body. The toughness was improved by disper-
sing SiC particles as shown in Fig. 8. The maximum
grain size in the 3Y-TZP monolith sintered at 1500 �C
(3Y-TZP1500), 3Y5S1700 and 3Y20S at 1750 �C
(3Y20S1750) which exhibited the maximum strength in
each composition were 1.51, 2.48 and 1.98 mm. The
maximum grain size for densified body is generally pro-
portional to defect size. The maximum and mean grain
size for fully densified composites, 3Y5S1700 and
3Y20S1750, were larger than those for 3Y-TZP1500.
Since the strength depends on both defect size and
fracture toughness, the large defect size should be a
main reason of no improvements in strength for this
3Y-TZP/SiC nanocomposite system in spite of the
improving the toughness.
The improvement of fracture toughness is taken up in

this section. In common ceramics, fracture toughness is
related to Young’s modulus and fracture energy which
is necessary to propagate a crack, and thus the increase
in Young’s modulus as shown in Fig. 6 should be one of
the factors to improve toughness.31 Other factors inclu-
ded in fracture energy term also affect toughness in this
system. The fracture energy depends on some irrever-
sible energy scatters and losses. For instance, crack
deflection, bridging and/or bowing are included in irre-
versible energies in composite systems.32 Furthermore,
tensile residual stress in matrix induced the intra-
granular fracture in this nanocomposite system. The
energy for intragranular facture is higher than that for
intergranular fracture, improvement of fracture tough-
ness in nanocomposites should be due to the increase in
fracture energy. Additionally, compressive residual
stress around SiC particles formed by the CTE mis-
match led to improvement of crack bridging force. In
the 3Y-TZP system, the phase transformability also
influences fracture toughness, and toughness improves
when transformation easily occurs. As shown in Fig. 8,
fracture toughness was increased by dispersing SiC par-
ticles. However, the amount of m-ZrO2 in fractural
surface for composite was smaller than that for mono-
lith at same sintering temperature as shown in Fig. 9,
which means 3Y-TZP monolith was easy to transform
into m-ZrO2 at the same sintering temperature as
nanocomposites because of large grain size. From these
results, the improvement in fracture toughness for
3Y-TZP/SiC nanocomposites should be attributed to
the crack deflection and residual stresses toughening
mechanisms that are effective in nanocomposite systems33

as well as phase transformation toughening. Adding SiC
particles may also affect phase transformability.
Next, effect of SiC dispersoid on phase transforma-

tion which is an important toughening mechanism of
3Y-TZP is discussed. The toughness for transformation

toughening materials, KIC
t , can be expressed as the fol-

lowing equation,34

Kt
IC ¼ Km

IC þ
�eTVtEh

1=2

1� �
ð3Þ

where KIC
m , �, eT, Vt, E, h and n are fracture toughness

for matrix, a constant, strain, volume fraction of
t-ZrO2, Young’s modulus, thickness of transformation
zone and Poisson’s ratio, respectively. From Eq. (3), it is
obvious that the thickness of transformation zone is
important factor to toughness. Transformation relates
to microstructure, i.e., grain size, stabilizer content,
impurity, temperature and defects.4,35�40 Increasing sta-
bilizer and temperature depressed the transformation,35

meanwhile increasing defects enhances martensitic
nucleation and thus the transformation is promoted.36

The phase transformation can more easily occur with
increasing grain size.4,37�40 Fig. 10 shows fracture
toughness of 3Y-TZP monolith and 3Y5S as a function
of the mean grain size after annealing that eliminates
the surface compressive stress layer. The 3Y5S exhibited
higher toughness than the 3Y-TZP monolith even at
same grain size. From Figs. 4 and 9, the m-ZrO2 content
in fracture surface as a function of the mean grain size is
shown in Fig. 11. The m-ZrO2 content increased with
the grain size and SiC content, which are spontaneous
phenomenon. These transformation behaviors and
effects of SiC dispersion on transformation will be
explained in the following parts.
First, the effect of Young’s modulus on the transfor-

mation is considered. In the ZrO2/SiC nanocomposite
case, Young’s modulus increased by adding SiC parti-
cles as shown in Fig. 6, and the composites had higher
Young’s modulus than monolith. According to Lange,38

the effect of Young’s modulus on the constraining matrix
can be explained by assuming that the transformation

Fig. 10. The fracture toughness for 3Y-TZP monolith and 3Y-TZP/5

vol.% SiC nanocomposite after annealing at 1300 �C for 10 min in Ar

as a function of the mean grain size.

N. Bamba et al. / Journal of the European Ceramic Society 23 (2003) 773–780 777



only involves an isotropic volume expansion. Under this
assumption, Eq. (4) expresses the strain energy of m-
ZrO2, USE, in the case of a spherical t-ZrO2,

USE ¼
1

6

2E1E2
1þ �1ð ÞE2 þ 2 1� 2�2ð ÞE1

�V

V

� �2
ð4Þ

where E and � are Young’s modulus and Poisson’s
ratio, and subscript 1 and 2 indicate matrix, transform-
ing particles, �V and V are the volume change and
initial volume of transformed particles/grains, respec-
tively. That is, the greater the Young’s modulus of con-
straining matrix, the greater the strain energy, thus it
becomes difficult to transform from t-ZrO2 to m-ZrO2
due to the restraint. From this theory, 3Y-TZP/SiC
nanocomposites that possess higher Young’s modulus
than monolith oppose phase transformation. From
experimental results, the increase in Young’s modulus
was about 10 GPa by incorporating 5 vol.% SiC parti-
culate. Therefore t-ZrO2 grains in the composites should
be restrained by higher strain energy than monolith, and
the transformation should be depressed. The results,
however, disagreed with this theory. Then, the effects of
residual stresses due to CTE mismatch between 3Y-TZP
and SiC have to be taken into consideration.
Generally, the phase transformation is promoted by

applied stress, and the transformation rate increases
with the stress.41 When the residual tensile stress is
imposed on t-ZrO2 grains, phase transformation can
occur easily with aid of the stress. A t-ZrO2 particle
undergoes size and shape changes by the transformation
from t-ZrO2 to m-ZrO2, which causes volume expansion
about 4.6% in monolithic case.42 Thus the material
surrounding the transformed particle will oppose trans-
formation, which is the strain energy involved in this
constraint. On the other hand, the transformation can
easily occur when residual tensile stress is imposed,
compared with the transformation without the stress,

because the stress required to transform reduces by the
residual tensile stress. On the contrary, transformation
may be suppressed in the case that compressive residual
stress is imposed.
In the nanocomposite cases, residual stresses are

accumulated in cooling process from sintering tempera-
ture due to CTE mismatch. Table 1 indicates the resi-
dual stresses calculated under the assumption that the
temperatures started to accumulate the stresses are 1000
and 1400 �C.43 Stress relaxation mechanisms by grain
boundary diffusion and lattice diffusion do not work
below those temperatures, and the stresses start to
accumulate, respectively. The higher those tempera-
tures, the greater the stresses become. In the case that all
nano-sized particles are located within matrix grains,
residual stresses become higher than the case that all
particles are located at grain boundaries.43 Under this
assumption, the theoretical residual tensile stress, for
example, 3Y5S, can be assumed to be between 60 and 90
MPa, because SiC particles, in fact, were located both
within matrix grains and at grain boundaries as shown
in Fig. 2. This tensile stress should enhance the trans-
formation. However, this effect might be smaller than
the effect of Young’s modulus.
In this part, compressive stress imposed in SiC parti-

cles is taken into consideration. According to Choa,43

when the CTE of matrix is higher than that of second
phase, the formation of dislocations around dispersed
particles is caused by the high compressive stress which
is imposed in second phase (i.e., SiC particulate), espe-
cially for the particles within matrix grains. Generally, it
is difficult to form dislocations in monolithic ceramics,
but dislocations can be found easily in nanocomposites.
The dislocation was observed in 3Y-TZP matrix grain
as shown in Fig. 2. As mentioned before, existence of
defects promotes the transformation,36 therefore the
transformation for composites easily occur comparing
with the monolith due to the dislocations. The tensile
stress increases and compressive stress decreases with
increasing SiC content as shown in Table 1. Although
compressive stress decreases with increasing SiC content,
the stress may be still high enough to form dislocation.
Additionally, transformation increases compressive

Fig. 11. The m-ZrO2 content in fracture surface of 3Y-TZP monolith

and 3Y-TZP/SiC nanocomposites as a function of the mean grain size.

Table 1

Theoretical residual stresses for 3Y-TZP/SiC composite

Matrix/MPa SiC/MPa

Latticea Grain boundaryb Latticea Grain boundaryb

3Y5S +90 +60 �1680 �1200

3Y20S +350 +250 �1410 �1010

+: Tensile stress; �: compressive stress.
a The relaxation by lattice diffusion creep stops at 1400 �C.
b The relaxation by lattice and grain boundary diffusion creep stops

at 1000 �C.
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stress imposed on SiC particles due to volume expan-
sion, then dislocation generated and transformation
should be enhanced. Thus, the transformation is more
promoted by increasing SiC content, in spite of increas-
ing Young’s modulus by SiC addition. The balance
between Young’s modulus and the residual stresses
should determine the transformability. From the result,
the effect of residual stresses is more effective than
increase of Young’s modulus in the 3Y-TZP/SiC nano-
composite system.

5. Conclusion

3Y-TZP/SiC nanocomposites were successfully fabri-
cated by using hot pressing. The microstructure and
mechanical properties of the nanocomposites were
evaluated, and effects of SiC particulate on the proper-
ties of 3Y-TZP were investigated. SiC particulate inhib-
ited densification and grain growth, and thus
nanocomposites have fine and homogeneous micro-
structure. Nanocomposites were more easily trans-
formed than 3Y-TZP monolith at the same grain size,
because dispersed SiC particles influence the phase
transformation from t-ZrO2 to m-ZrO2. This should be
due to not only crack deflection by dispersed SiC parti-
cle with high Young’s modulus, but also the phase
transformation of t-ZrO2 accelerated by the residual
stresses from CTE mismatch between matrix and sec-
ond phase. The residual stresses increase with increasing
of SiC particle within matrix grain, therefore the
mechanical properties of 3Y-TZP/SiC nanocomposites
can be improved by dispersing smaller SiC particles.
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