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Abstract

The mechanical properties of cubic zirconia (8YSZ)/SiC “nanocomposites” were studied. These properties were found to be
strongly dependent on the microstructure and processing conditions. For nanocomposites with SiC particles mostly inside the zir-
conia grains the bending strength, toughness and hardness were similar to that of monolithic 8YSZ. For nanocomposites with SiC
particles located mainly on the grain boundaries, an improvement of the strength and an increase of the toughness were observed.
The increase in strength is strongest at room temperature and decreases with rising temperature; the strengths of all materials are
identical at ~750°C. The higher strength cannot be completely accounted for by the observed increase in toughness, implying a
reduced critical flaw size in the stronger material. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ceramic nanocomposites are materials in which a
reinforcing ceramic phase of nanometric dimensions is
added to a ceramic matrix. The interest in such materi-
als has grown after the paper of Niihara,! where an
increase of strength from 350 MPa to 1 GPa was
achieved in Al,O3 by incorporating 5 vol.% of SiC
nanoparticles. Although the impressive increase of
strength reported by Niihara has not been replicated by
other groups, most of the subsequent studies showed
that reinforcement of Al,O3 by SiC particles improves
the strength,>™ the wear resistance®’ and creep resis-
tance.®° Since then many studies have been conducted
in this field, mainly on SiC reinforcement of Al,Os.
Some other systems have also been investigated, for
example MgO-SiC,'® Y,0;-SiC,'! ZrO,-SiC'?> and
SizN4—SiC? nanocomposites.

In Al,O5-SiC, the improvement of the fracture
strength cannot be fully accounted for by increase of the
toughness or decrease of the critical flaw sizes. Recently,
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a strong effect of machining-induced surface compres-
sive stress on the strength was found.*> However, when
the surface damage is removed by fine polishing, a
smaller increase in strength was still observed in the
Al,03-SiC with respect to monolithic alumina.* There-
fore, the strengthening effect of SiC nanoparticles on
Al,Os is not yet clearly understood.

In this study, the effect of SiC nanoparticles on the
mechanical properties of cubic zirconia stabilised by 8
mol% yttria, “8YSZ”, was studied. Cubic zirconia was
chosen in order to avoid interferences between any
effects of SiC additions and the martensitic transforma-
tion that occurs in tetragonal zirconia.

2. Experimental procedure

8YSZ/SiC nanocomposite samples containing 5
vol.% of SiC were produced from the following com-
mercial powders: 8YSZ (Dynamic Ceramic Limited,
UK) and o-SiC of mean grain size 90 nm (UF 45,
Lonza, Germany). The silicon carbide powder was
ultrasonically dispersed in distilled water for 20 min
and then added to the zirconia powder in an attritor
mill with zirconia milling balls. A dispersive agent
(Dispex A40, Allied Colloids, UK) was added. After
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milling (2 h, 500 rpm), the slurries were freeze-dried and
passed through a 150 pum sieve. The nanocomposites
were hot-pressed in BN-coated graphite dies at 1680 and
1710°C for 1 h under a pressure of 20 MPa in nitrogen.
Reference zirconia samples were produced in two differ-
ent ways: (a) by hot-pressing at 1300°C for 1 h under a
pressure of 20 MPa in nitrogen; (b) shaped by uniaxial
pressing at 40 MPa, further consolidated by cold iso-
static pressing (CIP) at 200 MPa and then pressureless
sintered at 1400°C for 2 h in air. Final sample dimen-
sions were discs ~40 mm diameter, 3.5-4 mm thick.

The density of the samples was measured by Archi-
medes’ method in distilled water. The elastic modulus of
the materials was determined using a resonance fre-
quency technique (Grindosonic, Leuven, Belgium).

Microstructural investigations were performed using
both scanning electron microscopy (SEM, Hitachi S520)
and transmission electron microscopy (TEM, Jeol
200CX). For grain size determination, the samples were
polished and then thermally etched for 30 min in air at
1200°C for monolithic zirconias and under vacuum at
1400°C for composite materials. Grain sizes were mea-
sured by the linear intercept method. The TEM samples
were mechanically ground down to 200 um thickness,
dimpled to 30 pm and then thinned to perforation by an
Ar ion beam.

Vickers indentations were made on polished samples
(3 pum finish) with a maximum load of 100 N held for
15 s. Ten tests were conducted for each material. The
hardness was deduced from the diagonal width (2a) of
the indentation and the contact load (P) by the fol-
lowing equation:
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The toughness (K.) was calculated from the crack

length (¢), measured from the indentation centre, using
the Anstis formula (half-penny crack):'3
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where E is the elastic modulus.

Hertzian indentations were made on the fine polished
materials with a zirconia ball of radius 1 mm using a
CK 10 testing machine (Engineering Systems, UK)
equipped with an acoustic transducer to detect the
initiation of the Hertzian ring crack. It can be shown
that there is a minimum indentation load for cracking
Poin, below which none of the surface flaws in the
Hertzian stress field have a stress intensity greater than
K..'* If the sample’s surface is stress free, Ppi, is a
function of the sample’s toughness and of the Young’s
modulus and Poisson’s ratio of both the sample and the

indenter. If there are compressive residual stresses on
the sample’s surface, then P, shifts to a value higher
than that for a stress free sample.!> Experimentally Py,
is determined as the lowest fracture load observed in a
set of tests statistically large enough (typically 30).

Strength was measured by four-point bending, using
beams of size 25.0%x2.5%2.0 mm or 15.0x2.5%2.0 mm.
The tensile face and the two sides of the specimens were
polished down to a finish of 3 um. The tensile edges
were bevelled to prevent edge cracks. The measurements
were carried out using an Instron 1362 machine using
an adapted Severn Science HTTF-1 furnace for testing
up to 1000°C. The outer and inner spans were either 10
and 6 mm, or 22 and 12 mm. The cross-head displace-
ment was 0.5 mm/min. For each material between three
and six beams were tested. The nanocomposite beams
were tested under Ar in order to avoid oxidation. After
the strength tests, the fracture surfaces were observed by
SEM.

3. Results
3.1. Microstructure

SEM observation of the polished thermally etched
surfaces of fully densified 8YSZ and 8YSZ-5 vol.% SiC
samples showed that in all materials the grains are
equiaxed. The average grain sizes, d, are given in
Table 1. The presence of SiC particles inhibited grain
growth and densification. As a result, a much higher
temperature is needed to densify the nanocomposites
fully, and even at these higher temperatures a fine
microstructure is obtained.

In the nanocomposites, TEM observations show that
the SiC particles can be found both inside the grains and
on the grain boundaries (Fig. 1a and b). There is a clear
difference between the microstructures of the two
nanocomposite materials studied. In the material hot
pressed at 1710°C most grains had internal SiC parti-
cles. Some particles and clusters of particles can, how-
ever, be found at the boundaries. In contrast, in the
sample hot pressed at 1680°C, many grains (more than
50%) are free of internal SiC particles. In this material,
the grain growth was too limited to entrap SiC particles
in the grains, and most SiC particles are found at the
grain boundaries. According to the Niihara classifica-
tion,! the 1710°C material is an “intra/inter” composite
and the 1680°C material an “inter”” composite.

At some of the grain boundaries and multiple grain
junctions an intergranular phase is observed (Fig. 2).
This occurs in both nanocomposites. The origin of this
phase is not known but could be from powder impu-
rities and/or oxidation of the SiC particles; further
detailed compositional studies would be needed to clar-
ify this.
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Table 1
Microstructural characteristics and room temperature mechanical properties of the materials tested

8YSZ-SiC 8YSZ-SiC 8YSZ 8YSZ

HP 1710°C HP 1680°C HP 1300°C PS 1400°C
Density (g/cm?) 5.85(99.8%) 5.84 (99.7%) 5.98 (99.7%) 5.94 (99.0%)
Grain size (um) 1.40+0.08 0.61£0.03 1.28+0.26 5.0440.62
Young modulus (GPa) 227+3 224+3 218+3 20942
Hardness (GPa) 13.8140.26 14.984+0.32 15.0240.45 13.80£0.31
Toughness (MPa/m)vickers 1.27+0.08 1.954+0.14 1.47+0.21 1.47+0.11
Toughness (MPay/m)yert, Not measured 2.1 2.2 Not measured
Strength (MPa) 282459 555465 292463 276+49

(b)

Fig. 1. TEM micrograph of (a) 8YSZ-5 vol% SiC HP 1710°C and (b) 8YSZ-5 vol.% SiC HP 1680°C. Note the different partition of the SiC
particles. Isolated SiC particles are indicated by arrows; clusters of SiC particles are indicated by the letter c.

3.2. Room temperature mechanical behaviour

The room temperature results of the mechanical tests
are reported in Table 1. The values of hardness, tough-
ness and strength obtained in this work for 8YSZ
(Table 1) are similar to those reported by others for
cubic zirconia.!®!7 The properties of the nanocomposite
processed at 1710°C are similar to those of the mono-
lithic materials. Higher toughness and strength are
observed for the nanocomposite hot pressed at 1680°C.

SEM observations showed that at room temperature
the fracture mode in all materials was mainly transgra-
nular (Fig. 3a and b). This was confirmed by the obser-
vation of cracks created by Vickers indentations (Fig.
4a—). Earlier studies have also found transgranular
fracture in cubic zirconia.'®!7

Fig. 5 shows the results of Hertzian testing. The
minimum fracture loads were used to calculate tough-
ness values; these are reported in Table 1. Results are
close to those for Vickers indentation, implying an
absence of significant surface residual stresses.

3.3. High temperature strength

Fig. 6 shows four-point bending strength as a func-
tion of temperature for hot-pressed and pressureless
sintered 8YSZ and for the high strength composite.
Fracture strength decreases with increasing temperature
in all three materials. At the highest temperature plastic
deformation occurred for the pressureless sintered
8YSZ. The strength decrease is more rapid for the high-
strength nanocomposite than for the monolithic mate-
rials. The fracture mode was mixed at 750°C and mainly
intergranular at 1000°C for all materials.

4. Discussion

The results show that the mechanical properties of the
8YSZ/SiC nanocomposites depend strongly on the pro-
cessing conditions and microstructure. Such an effect
was also observed by Bamba et al.# In their fully densi-
fied materials, the improvement of the strength becomes
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Fig. 2. TEM micrograph showing the intergranular phase found at
multiple grain junctions and between grain boundaries (8YSZ-5 vol.%
SiC HP 1680°C).

smaller or even disappears with increasing processing
temperature. The TEM observations (Fig. 1) show that
high strength in the materials tested here is associated
with a microstructure consisting of very fine grains with
most of the SiC particles located on the grain bound-
aries, most easily produced at lower temperatures. The
improvement in fracture toughness in the nanocompo-
site material hot pressed at 1680°C in the low tempera-
ture regime is not directly related to the fracture mode
(transgranular or intergranular) as all materials frac-
tured by transgranular paths at <500°C.

The Hertzian indentation results (Fig. 5) imply that
there are no significant surface residual stresses (e.g.
from surface grinding and polishing) in any of the
materials tested. In the absence of residual stresses or R-
curve effects, the fracture strength o of a ceramic is
given by

Kic
= 3
oF == (3)

where c is the critical (biggest) flaw size, and a is a geo-
metrical factor of about 1. The increase of fracture
toughness from 1.47 to 1.95 MPa,/m would be expected
to increase strength from ~285 to ~380 MPa. If ¢ scales
with grain size, a change in grain size from 1.3 to 0.6 um
is consistent with the observed strength of 555 MPa.

The increase of toughness must be related to the pre-
sence of SiC particles at the grain boundaries. It is
probably a “crack wake” effect, as it is found for cracks
of the lengths associated with Vickers indentations
(~200 um), but not those detected by Hertzian inden-
tation (~4 um). However, it seems not to be due to
crack deviation at SiC particles (e.g. by local residual
stresses from thermal expansion mismatch), as the SEM
observations of Vickers cracks show straight cracks in
the high toughness material (Fig. 4c), as for all the other
materials. Further, such a mechanism would be expec-
ted to be equally effective for intragranular SiC parti-
cles, as are found in the nanocomposite hot-pressed at
1700°C — where there is no strength improvement. The
strength increase is not related to grain boundary
strengthening as fracture is transgranular in monolithic
8YSZ and in the two grades of nanocomposites.
Another possible toughening mechanism might be via
crack tip shielding by microcracking;'® however, this is
unlikely as this mechanism should scale with the
Young’s modulus, and hence would not be expected to
drop so rapidly with increasing temperature.

The improvement of the strength of the nanocompo-
site diminishes rapidly and disappears at 750°C (Fig. 5).
This also seems to rule out strengthening related to local
residual stresses due to thermal expansion coefficient
mismatch between the SiC particles and the ZrO,, as
those should not vanish at so low a temperature. For
the same reason softening of the intergranular phase
cannot be the origin of the strength decrease. It is
interesting to note that this behaviour is different to
what is observed in other nanocomposites such as
Al,05/SiC, MgO/SiC and Si3Ny4/SiC.! In those materi-

Fig. 3. SEM micrograph of bend specimen fracture surfaces: (a) HP-8YSZ; (b) 8YSZ-5 vol.% SiC HP 1710°C.
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Fig. 4. SEM micrographs of Vickers indentation cracks: (a) PS-8YSZ; (b) 8YSZ-5 vol.% SiC HP 1710°C; (c) 8YSZ-5 vol.% SiC HP 1680°C.
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als the strength improvement is retained up to 1000°C
or even above.

5. Conclusions

A high strength 8YSZ/SiC nanocomposite was pro-
duced. This improvement in strength could be accoun-
ted for by a combination of increased toughness and
reduced critical flaw size. The origin of the toughening is
not clear, nor is the reason why the improvement in
strength decreases so rapidly as a function of the
temperature. The present study showed that the micro-
structure is a critical factor for 8Y'SZ/SiC nanocomposites.
In order to have better mechanical properties than for
monolithic 8YSZ, the processing conditions should be
such as to lead to limited grain growth with SiC parti-
cles located on the grain boundaries rather than in the
grains.
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