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Abstract

Nanocrystalline yttria tetragonal zirconia polycrystals (YTZP) with different amounts of an amorphous phase have been
deformed at moderate temperature (1150 �C) and at constant strain rates. The aim of this work was the study of the influence of
that glassy phase on the mechanical response of these nanocrystals. Transmission electron microscopy (TEM) analysis and atomic
force microscopy (AFM) pictures of the deformed and as-received samples have been carried out in order to determine the grain

size distribution and clarify the possible deformation mechanisms. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Nanoceramic materials have received considerable
interest for the last decades.1 Recently, yttria tetragonal
zirconia polycrystals (YTZP) in the nanometer range
have become a particular keystone among them. This
fact is due to the intrinsic mechanical properties, parti-
cularly the superplasticity, exhibited by submicron-sized
YTZP materials.2,3 This is a very important property,
not only from a basic point of view, but also when
applications are considered: ceramic forming and join-
ing4�6 can take advantage of superplasticity. In theory,
these two processes should be improved if grain sizes
decrease. That is the reason why YTZP nanoceramics7

have become a very attractive and challenging research
goal.

Plasticity of YTZP nanocrystals has deserved a sys-
tematic research effort only quite recently.8�10 Previous
works on this topic were limited by the fact that no
fully-dense materials were available. Gutiérrez-Mora et
al. has reported a first work on the main features of high
temperature plastic deformation11,12 on fully dense

materials. Although grain boundary sliding seems to be
the deformation mechanisms, the accomodation mech-
anism associated with the deformation is still unclear. In
addition to that, the macroscopic law for plasticity is
different from that found in submicron-scaled specimens
of the same material.

Another open question is the effect of glassy-phases
on plastic deformation. Some works are already pub-
lished13,14 for submicron YTZP samples, but it is still
the object of controversy how the deformation
mechanisms alter when glassy phases are present in a
significative amount.

This work presents some preliminary results on the
high temperature mechanical behaviour of YTZP
nanoceramics, with special attention to the influence of
glassy phases on the mechanical response.

2. Experimental procedure

Samples of YTZP ceramics with different amounts of a
glassy phase, from 5 to 15 wt.%, were supplied. Samples
were sintered at 1300 �C for 1 h, after preheating at
800 �C for 3 h. The chemical analysis of the as-received
samples revealed that the glassy-phase was composed of
80 wt.% SiO2, 15 wt.% Na2O, and 5 wt.% SrO. The
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experimental densities are all higher than 97% the
theoretical value as measured on pure specimens (6.1 g
cm�3). Samples with no glassy-phase, which will be
called ‘‘pure’’ from now on, were also available.

All samples were cut into parallelepipeds whose
dimensions were approximately 2�2�4 mm. Tests were
conducted in compression in an Instron 1185 machine
at 1150 �C at different constant strain rates, in the range
of 10�5 up to 5�10�4 s�1. Compression was performed
by means of alumina rams, at a crosshead speed ranged
from 5 mm/min up to 50 mm/min. The test temperature
is high enough to guarantee that diffusion can play a

significant role; but it is low enough to avoid dynamical
grain growth.12 The testing set-up was equipped with
alumina rams as compressing tools. SiC pads were
inserted between the rams and the tested sample in
order to avoid indentation in the rams.

Subsequent to deformation test, thin slides were cut
for TEM observation. TEM foils were prepared
according to the conventional procedure described else-
where,15 and a Philips CM200 microscope was used for
the observations.

Fig. 1. Strain rate versus the stress for the set of samples under study.

All tests were made at the same temperature; i.e. 1150 �C.

Fig. 2. Flow stress for constant strain rate test conducted at 10–5 s-1,

as a function of the volume fraction of the glassy phase. The better

empirical fit to the experimental data are superposed to them. That

corresponds to the equation �=118 exp(�0.09c), with a correlation

factor of r=0.97.

Fig. 3. TEM pictures of the microstructure after deformation for the pure (a) and the 15%-glassy phase-doped (b).
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Deformed samples were also studied using non-
contact atomic force microscopy. Olympus type canti-
levers with a resonance frecuency of 80 kHz were
employed. This technique is particularly useful to
determine the grain size distribution and the surface
roughness of the samples in nanoscaled specimens

3. Results

Fig. 1 shows the strain-rate versus flow stress plot for
the whole set samples studied in this work. In the range
of strain rates under consideration, data correlate to the
following stress dependence:

"
:
/ �2:2�0:2 ð1Þ

The plasticity of nanoceramics seems to be very sen-
sitive to the presence of glassy phases, as can be seen in
Figs. 1 and 2. In these samples, glassy phases have a

remarkable softening effect. For example, if a plot of the
flow stress versus the glassy phase concentration for a
constant value of the strain rate is made (Fig. 2), it is
posible to establish that a significant reduction of the
flow stress can be detected between a pure and a 15%-
doped specimen when compared. That is; a factor 4
exists between the corresponding flow stresses.

A rigorous interpretation of this phenomenom needs
some information about the microstructural evolution.
In order to proceed that way, TEM pictures for the
whole set of specimens, either deformed and as-received,
were obtained. Fig. 3a and b displays two micrographs
for a pure and a 15%-doped deformed specimen,
respectively. The main noticeable feature is the fact that
the microstructure does not seem to be altered by
deformation; that is, neither cavitation nor dislocation
activity were detected. Even more, no significative
differences can be measured between the doped and
undoped specimens.

Fig. 4. AFM pictures of the microstructure after deformation for the pure (a) and the 15%-glassy phase-doped (b). (A) and (B) correspond to the

real image in tapping mode, whereas (C) and (D) are the corresponding derivatives of (A) and (B), respectively. Notice that the grain boundaries are

very-well revealed in the second set of pictures.
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In addition to TEM, AFM pictures for the same types
of specimens were taken, and they are shown in Fig. 4.
The same results can be deduced from their analysis.
The study of the grain size distribution from both the
AFM and TEM micrographs permit us to calculate the
grain size, close to 50�20 nm in all the cases.

Although not shown in this work, creep tests are
under development to analyse the dependence with
temperature. Our preliminary results point out a high
activation energy (�6.4�0.3 eV/atom). This is slightly
higher than the values measured in micron-sized samples
(�5.5�0.5 eV/atom).2,16

4. Discussion

These results are consistent with a grain-boundary
sliding deformation mechanism. This mechanism has
been widely proposed in literature for submicron YTZP
polycrystals.16 Although it seems to correlate quite well
with the no microstructural evolution in the nanoscaled
specimens, the accommodation mechanisms for these
nanocrystals is still under debate.17,18

A particularly important feature of the plastic defor-
mation mechanism in these nanoceramics is the fact that
no threshold stress existed in the range of stresses of our
work. This is the most important difference with the
case of the submicron materials. In fact, the predicted
threshold stress for these nanoceramics at 1150 �C and
with a grain size around 50 nm is as high as 160 MPa,19

but no deviation from the stress dependence given in
Eq. (1) is detected in any of the samples. The reason for
the non-existence of a threshold stress is not known yet,
and should be studied further.

The stress exponent is around 2 in all the samples.
This fact is in very good agreement with those already
found in submicron-sized specimens when glassy phases
are present.3,16 Concerning the influence of the glassy
phase, the softening effect shown in Fig. 2 is in good
agreement with previous work and more recent studies
reported in literature for submicron-scaled specimens.
In particular, Gust et al.13 pointed out a reduction of
the flow stress by a factor of 5 for YTZP doped with
Barium Sulphure with a grain size of 400 nm at 1300 �C.
The same order of magnitude was established by the
authors for YTZP samples doped with Boron Sulphure,
at the same conditions of work.13 This result has been
confirmed by Imamura et al.14 by means of tensile
experiments in the range of temperatures from 1300 up
to 1500 �C, with the same kind of glassy phase used in
Gust’s work. This is quite similar to our results with
YTZP specimens in the nanometer range.

Finally, the preliminary results on the temperature
dependence of plasticity for YTZP nanocrystals are in
good agreement with the few data reported in literature
for samples with a mean grain size of 100 nm. There is a

discrepancy with the values found in submicron speci-
mens, as commented before. The reason for this dis-
crepancy is not known, and it must be related to the
accommodation mechanism playing the major role in
these materials. A careful research project to explain the
plastic deformation mechanisms in the nanometer range
is in progress.

5. Conclusions

The high temperature mechanical response of YTZP
nanocrystals doped with different amounts of an amor-
phous phases has been reported. Constant strain rate
tests, as well as the microstructural characterization of
the deformed and as-received by means of TEM and
AFM have been carried out. The analysis of all the
experimental ouputs have permitted to conclude that no
threshold stress exist in these materials, and the soft-
ening effect of the glassy phase has been assessed. Grain
boundary sliding seems clearly to be the deformation
mechanism for all the cases studied. Future work must
be devoted to the explanation of the high activation
energy and the non-existence of a threshold stress in this
system.
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