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Abstract

Nanocrystalline yttria-stabilized tetragonal zirconia polycrystal (nc-Y-TZP) powders coated with silicate based glasses were cold
isostatically pressed and sintered near to the full density (98-99%). Two glasses with different compositions were used: 93 SiO,—1
Na,O-6 SrO (mol%) (designated as SNS glass) and 58 SiO,—29 Al,03;—13 SrO (designated as SAS glass). Uniaxial compression
tests of the pure (glass-free) nc-Y-TZP samples yielded strain rates as high as 2-10~* s~! under 60 MPa at 1300 °C. Comparable
strain rates were measured in the SNS glass-containing samples, with the maximum of 3-10~* s~! at 1300 °C under a stress of 80
MPa (5 vol.% SNS glass content). Compression tests under 100 MPa exhibited relatively high strain rates of 5-10~% and 10~* at
1300 °C and 1200 °C, respectively, in the 15 vol.% SAS glass samples. The strain rates measured in the SAS glass-containing
samples were achieved at temperatures lower by 100 °C compared to the similar strain rates in the glass-free and SNS glass-con-
taining samples. The microstructure of the deformed samples was similar to that of samples before deformation, within which the
ultrafine and equiaxed character of the grains was preserved. Clear evidence for cooperative grain boundary sliding was observed in

the SAS glass-containing samples.
© 2002 Published by Elsevier Science Ltd.
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1. Introduction

Superplastic deformation of ceramics is a well known
phenomena which has been mainly related to their
ultra-fine grain size.! However, as was discussed by
Dominguez et al.,*> the expected increase by several
orders of magnitude in the strain rate due to the grain size
refinement was not observed in ultra-fine glass-free cera-
mics. On the other hand, based on the microstructural
observations, there is a general agreement that grain
boundary sliding acts as the main mechanism for the
superplastic deformation in these ceramics.®® There-
fore, engineering of the grain boundary properties such
as incorporation of a grain boundary glassy phase with
controlled properties should be appropriate for pro-
moting the superplastic deformation characteristics.”~!!

* Corresponding author. Tel.: +972-4-8294589; fax: +972-4-
8321978.
E-mail address: rchaim@tx.technion.ac.il (R. Chaim).

The present work describes the superplastic deforma-
tion behavior of nanocrystalline Y-TZP ceramics that
contain varying amounts of two different glass compo-
sitions as grain boundary glassy phases.

2. Experimental procedure
2.1. Fabrication of the samples

Commercial nanocrystalline Y-TZP powders (Tiox-
ide) were coated with two different silicate-based glasses
through the sol-gel technique. Detailed description of
the coating process followed by sintering and the resul-
tant microstructural evolution has been provided else-
where.!?!3 The glass compositions were determined by
X-ray fluorescence spectroscopy to be 93 SiO>—1 Na,O—
6 SrO (mol%) (designated as SNS glass) and 58 SiO,—29
Al,O3—13 SrO (designated as SAS glass). Appropriate
amounts of the coating solution were applied in order to
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reach glass contents of 5, 10 and 15 vol.% in the final
compacts.

The nc-Y-TZP powders with and without the glass
were compacted into cylindrical pellets of 15x15 mm,
followed by cold isostatic pressing at 250 MPa. The
55% dense green compacts were sintered at 1400 °C for
1 h to near full density as summarized in Table 1.

Rectangular specimens of 3 x 3 x 4 mm?® were cut
and used for uniaxial compression tests in the constant
load regime. The compression test set-up was heated
during 3 h to the deformation temperature. Then, the
load was increased in steps at constant temperature. The
specimen contraction was recorded within the accuracy
of £2 um. Compression tests were performed using a
homemade machine and within the temperature range
1150-1300 °C. The compressive load was applied to the
samples through the alumina rods and SiC pads. The
average test duration was about 2.6 h.

According to the high temperature deformation tests,
selected specimens were chosen for microstructural
characterization prior to and after the deformation
using scanning electron microscopy (SEM-XL30) and
transmission electron microscopy (TEM-2000FX); the
specimens were prepared by conventional techniques.

2.2. Mechanical tests

Application of constant load in uniaxial compression
results in a decrease of stress during the plastic defor-
mation. Thus, the superplastic forming (SPF) strain,
stress and strain rate are given by:

. 1n<hﬁo> (1)
h
o= O’o'<%> 2)

and
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Table 1
Characteristics of the NC-Y-TZP specimens sintered at 1400 °C for 1
h

Glass Relative Phase Mean grain
content® (vol.%) density (%) content (%)° size (nm)
t m
0 98 100 - 196
5 99 83 17 140
10 98 69 31 110
15 99 74 26 100

4 SNS glass.
> ¢ and m refer to tetragonal and monoclinic polymorphs, respectively.

where: e— true strain &, &7 and o—the time dependent
strain rate, height and stress, respectively. &y, iy and
oo—the initial strain rate, height and stress, respectively.
m—the SPF parameter equals the reciprocal of the
stress exponent—r.

The solution of this set of equations gives:

h éo —m
o= (1) @

where: t—time.
At the beginning of each load increase step, the stress
is calculated by dividing the load by the actual area, i.e.:

P h
= . 5
7= ST (5)
where: P—load, and Sy—the initial area under the
stress.
Simultaneously, the strain rate is calculated from the
slope of the plot:

)

3. Results
3.1. Deformation tests

The strain rate versus stress at different temperatures
in pure (glass-free) nc-Y-TZP samples is shown in Fig. 1a.
The strain rate increases with temperature and ranges
from 5-107¢ to above 10~*. The data points were fitted
in the logarithmic scale by lines, the slopes of which (n
values, where n = #) were determined to be about 1.7.
However, at 1300 °C and stresses below ~50 MPa the
slope was about 4.0. The significance of these slopes is
for determination of the deformation mechanisms.

The strain rate—stress diagram for the 15 vol.% SNS
glass-containing samples (Fig. 1b) revealed almost simi-
lar strain rate values (although slightly higher) with
respect to temperature and stress, compared to the pure
nc-Y-TZP (Fig. la). The slope values were 1.6 and 4.0
at high and low stress levels, respectively.

On the other hand, higher strain rates were recorded
at the respective temperatures and stress levels for the
15 vol.% SAS glass-containing samples, as shown in
Fig. 1c. Comparison of the last two diagrams (Fig. 1b
and c¢) demonstrates the effect of the glass composition
on the strain rate. In the last system, high strain rates
(~10~%) were measured at relatively lower temperatures
(1200 °C). In addition, the slopes of the linear fits were
0.6 and 1.7 at the lower and higher temperatures,
respectively.
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Fig. 1. Strain rate versus stress and temperature dependence of the (a) glass-free nc Y-TZP and alloys containing (b) 15% SNS glass and (c) 15%

SAS glass.

The effect of the glass content (vol.%) on the strain
rate at 1300 °C for the SNS glass-containing samples is
shown in Fig. 2. Samples with higher glass contents (10
and 15 vol.%) revealed similar behavior while their n
values changed from 1.6 at higher stresses to 4 at the
stresses below 50 MPa. Nevertheless, the n value of the

Compared to the 15 vol.% SAS glass samples (Fig. 1c),
decrease in the glass content was found to lower the
corresponding strain rate values, but at the same time
caused also a change in the deformation mechanism. In
this respect, the n values at 1300 and 1200 °C increased

sample with 5 vol.% SNS glass was constant (n=2.0)

over the applied stress range.

The effect of temperature on the strain rate in the 10
vol.% SAS glass-containing samples is shown in Fig. 3.
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to 3.5 and 2.0, respectively (compared to 1.7 and 0.6 in
the 15 vol.% glass sample). The overall changes in the n
values are summarized in Table 3.

Arrhenius-type plots of the corresponding strain rates

(at constant stress) versus reciprocal temperature
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Fig. 2. Effect of the SNS glass content on the strain rate versus stress
at 1300 °C.
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Fig. 3. Effect of the deformation temperature on the strain rate versus
stress in the nc-YTZP alloys with 10 vol.% SAS glass.
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exhibited linear behavior in the regime where n ~1.6-2.0
as shown in Fig. 4. Activation energies of 297+ 15 kJ/mol
and 275415 kJ/mol were determined for the glass-free nc
Y-TZP and the glass-containing samples, respectively.

3.2. The microstructure

3.2.1. SEM observations

The microstructure of selected samples prior to and
after the deformation were characterized, as indicated in
Table 2. SEM observations were performed on two type
of surfaces: (a) the surfaces subjected to the compressive
stress that were in contact with the compressing pad. (b)
Free surfaces that were perpendicular to the surfaces in
(a) and subjected to the tensile and shear stresses
(Fig. 5). The following series of SEM images represent
the microstructure at these two types of surface. Low
magnification image of the 15 vol.% SAS glass-con-
taining sample surface in compression deformed at
1300 °C is shown in Fig. 6a and consists of homo-
geneous microcracks. The microcracks also originated
from existing porosities at the surface. SEM observation
at higher magnifications (Fig. 6b) revealed that these
microcracks were formed along the grain boundaries of
the grain clusters. Similar microstructure, albeit with far
less crack density, was observed in samples deformed at
1200 °C (Fig. 7a).

However, the surfaces subjected to tensile/shear stres-
ses revealed different microstructure. These surfaces at
1300 °C appeared to be homogeneously corrugated, i.e.
the surface roughness was due to many single grains as
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Fig. 4. Activation energies for the plastic deformation at the regime
where n ~1.6-1.7 were determined as 297415 and 275415 kJ/mol in
the pure and the glass-containing samples, respectively.
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<

Fig. 5. Schematic description of the loading orientation and the two
types of surface examined in SEM after the deformation.

Table 2

Uniaxial deformation test conditions and results

No. Composition Designation Deformation temperature (°C) Deformation duration (h) Total strain (%) Remarks
1 Pure nc-Y-TZP 34/5 1150 3.7 84

2 Pure nc-Y-TZP 34/6 1200 3.2 75

3 Pure nc-Y-TZP 34/3 1250 1.3 71

4 Pure nc-Y-TZP 34/4 1250 1.5 55 **
5 Pure nc-Y-TZP 34/1 1250 2.0 67

6 Pure nc-Y-TZP 34/5-2 1300 2.8 45 *
7 nc-Y-TZP-5%SNS 42/2 1300 2.4 49

8 nc-Y-TZP-10%SNS 41/1 1300 3.4 45

9 nc-Y-TZP-15%SNS 36/5 1150 3.4 89

10 nc-Y-TZP-15%SNS 36/6 1200 2.6 73

11 nc-Y-TZP-15%SNS 36/3 1250 3.1 58 *
12 nc-Y-TZP-15%SNS 36/4 1300 4.4 42 *
13 nc-Y-TZP-10%SAS 2/1 1200 >4 63

14 nc-Y-TZP-10%SAS 2/2 1250 2.7 60 **
15 nc-Y-TZP-10%SAS 2/3 1300 1.5 74

16 nc-Y-TZP-15%SAS 3/3 1150 2.1 63

17 nc-Y-TZP-15%SAS 3/2 1200 2.6 55 o
18 nc-Y-TZP-15%SAS 36/1a 1200 2.2 92

19 nc-Y-TZP-15%SAS 3/4 1250 - -

20 nc-Y-TZP-15%SAS 36/1b 1250 2.0 57

21 nc-Y-TZP-15%SAS 3/1 1300 1.5 38 o

* TEM observation; ** SEM observation.
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Table 3

Summary of the n values versus composition-temperature
Composition 1150 °C 1200 °C 1250 °C 1300 °C
Pure nc-Y-TZP 1.7 1.7 1.7 4.0/1.7
5 vol.% SNS - - - 2.0

10 vol.% SNS - - - 40/1.6
15 vol.% SNS 1.6 1.6 1.6 40/1.6
10 vol.% SAS - 2.0/3.5 35 35

15 vol.% SAS 0.6 0.6 1.7 1.7

well as grain clusters (Fig. 6¢c and d). No significant
cavitation, crack growth or tearing effects were observed.
Few cavities were present and comparable in their size to
the grain diameter (Fig. 6d). In contrast, the similar sur-
faces at 1200 °C exhibited nonhomogeneous micro-
structure with significant tearing (Fig. 7b). At higher
magnifications the absence of homogeneous deforma-
tion as well as localized crack growth were clearly visi-
ble (Fig. 7c).

SEM images from the compressive and tensile surfaces
of the 10 vol.% SAS glass-containing sample deformed at
1250 °C are shown in Fig. 8a and b, respectively. The
microstructure at the as-compressed surfaces was fairly
flat and contained traces of the glassy phase that appar-

Det 100 pm

50 pm

ently detached from the contact surface by way of the
compressing pad (Fig. 8a). No pore growth or continuous
microcracks were observed. On the other hand, the ten-
sile/shear surfaces (Fig. 8b) exhibited two types of region
with different microstructures. First, pore growth and
crack opening were observed at the regions buckled
upwards from the surface (marked ““‘up” in Fig. 8b). These
regions (Fig. 8c) most possibly subjected to high tensile
component, perpendicular to the compression axis.
Second, the regions which were buckled inwards from
the surface (marked “in” in Fig. 8b) were most possibly
subjected to a high shear component, in angle to the
compression axis. The last regions exhibited a unique
microstructure of grain clusters that slipped over each
other (Fig. 8d). To our best knowledge, this micro-
structural observation is the first evidence in the pub-
lished literature that confirms the validity of the
cooperative grain boundary sliding mechanism'* in cera-
mics. High magnification image of such a region (Fig. 8e)
clearly revealed that the clusters contain nanometer-size
grains. This finding is in agreement with previous
microstructural observation of the sintered samples,'>!3
where the glass did not promote grain growth.

Comparison of the microstructures developed in the
last three samples indicates that excess glass may be
detrimental in providing ‘weak’ sites for cavity nuclea-
tion under the tensile stresses. Consequently, the volume
fraction of the glass needs to be optimized.

Fig. 6. SEM images from the surfaces (a) and (b) under compression, and (c) and (d) under tensile/shear stresses. 15% SAS glass-containing nc-Y-
TZP deformed at 1300 °C. The compression direction is along the vertical axis in (c) and (d).
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Fig. 7. SEM images from the surfaces (a) under compression, and (b) and (c) under tensile/shear stresses. 15% SAS glass-containing nc-Y-TZP
deformed at 1200 °C. The compression direction is along the vertical axis in (b) and (c).

SEM images from the surfaces under compression in
the 15 vol.% SNS glass-containing sample deformed at
1250 °C are shown in Fig. 9. The low magnification image
(Fig. 9a) revealed a microcrack pattern similar to that
found in the 15 vol.% SAS counterpart sample (Fig. 6a).
Images at higher magnifications showed that these
microcracks were developed and propagated along the
grain boundaries (Fig. 9b). Observation at the tensile/
shear surfaces (Fig. 9c) revealed a complex micro-
structure that was composed of homogeneous micro-
cracks (perpendicular to the tensile stress direction) and
shear bands (parallel to the tensile stress and perpendi-
cular to the surface). At higher magnifications (Fig. 9d)
the shear bands could be seen to consist of nanocrys-
talline grains. Nevertheless, this microstructure was not
typical for the cooperative grain boundary sliding.

Appropriate SEM images from the pure (glass-free)
nc-Y-TZP samples deformed at 1250 °C (as a reference
sample) are shown in Fig. 10. Homogeneous micro-
cracking was also observed at the compressive surfaces
of this sample (Fig. 10a). However, the tensile/shear
surfaces contained traces of parallel straight lines, typi-
cal for slip bands (Fig. 10b). At higher magnifications,
these bands were found to be composed of nanocrys-
talline grains (Fig. 10c) apparently slipped over each
other (no cooperative grain boundary sliding was
observed). This microstructure represents plastic defor-
mation by a grain boundary sliding mechanism.

3.2.2. TEM observations

Typical TEM images from the as-sintered samples
prior to the deformation showed equiaxed grains, either
with faceted grain boundaries (Fig. 11a) (in glass-free
nc-Y-TZP) or spherical grains surrounded by the glassy
layer (Fig. 11b) (in glass-containing Y-TZP’s). Increase
in the glass content caused an increase in the roundness
of the zirconia grains as has been reported previously.'?

The microstructure of the pure, glass-free nc-Y-TZP
as well as that with 15 vol.% SNS glass after more than
40% plastic deformation are shown in Fig. 12a and b,
respectively. Generally, the microstructures of the
deformed specimens were identical to those prior to the
deformation with respect to grain size and morphology.
The main difference was formation of twins which may
occur for stress relaxation or due to the martensitic
phase transformation of the tetragonal grains to the
monoclinic symmetry (during the cooling). No disloca-
tions were resolvable due to the heavily twinned nature
of the monoclinic grains. On the other hand, in the
twin-free tetragonal grains, also no dislocation activity
was found, irrespective of the sample composition. In
addition, the glass-containing samples exhibited pore
growth and the grains were rounded (Fig. 12b). These
findings do not add more information to the under-
standing of the deformation mechanism but confirm the
grain boundary sliding to be the dominant deformation
mechanism in these alloys.
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Fig. 8. SEM images from the surfaces (a) under compression, and (b) to (¢) under tensile/shear stresses. 10 vol.% SAS glass-containing nc-Y-TZP
deformed at 1250 °C. The compression direction is along the vertical axis in (b) through (e). See the text for further explanation.

4. Discussion

Superplastic deformation was reported by many
investigators for submicron grain size Y-TZP’s having
different impurity contents.!>>* Comparison of the
present data to those in the literature shows that the n
values found here are comparable to the range of the n
values (1.3-3.8) reported for the submicron grain size
Y-TZP systems.® A variety of strain-rate controlling
mechanisms such as solution-reprecipitation, interface
reaction controlled creep, grain boundary sliding
accommodated by intragranular slip and others have
been postulated to be operative. Nevertheless, it was
shown by Dominguez et al.?> that a single deformation
mechanism could be used to explain the plastic defor-
mation in submicron Y-TZP ceramics, assuming a

threshold stress. In this respect, low purity samples
exhibit n=2 whereas higher purity samples exhibit
transition from n = 2 to values higher than 3 for
decreasing stress. It should be noted that n=2 is the
‘natural’ exponent for superplastic deformation in
metals. Therefore, the n values above 1.5 in the present
research could be related to the diffusive grain boundary
sliding mechanism.?° In this respect, the Gifkins’ mantle
model?’ is the most feasible for description of the
deformation mechanism in the present samples, as ori-
ginally suggested by Okamoto et al.?® This model is in
agreement with the morphological changes that were
observed at the tensile/shear surfaces of the deformed
samples.

The value of the exponent n was found to increase to
high values (between 3 and 4) at the transition stress on
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Fig. 9. SEM images from the surfaces (a) and (b) under compression, and (c) and (d) under tensile/shear stresses. 15% SNS glass-containing
nc-Y-TZP deformed at 1250 °C. The compression direction is along the vertical axis in (c) and (d).
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Fig. 10. SEM images from the surfaces (a) under compression, and (b) and (c) under tensile/shear stresses. Glass-free nc-Y-TZP deformed at
1250 °C. The compression direction is along the vertical axis in (b) and (c).
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Fig. 11. TEM images from the as-sintered samples prior to the high temperature plastic deformation. (a) Faceted equiaxed grains in the glass-free
nc-Y-TZP. (b) Rounded grains in the 15 vol.% SNS glass-containing sample.

lowering the stress. Nevertheless, this transition occured
in the pure as well as in the SNS glass-containing nc-Y-
TZP samples only at 1300 °C at stresses of about 50
MPa. In the SAS glass-containing samples, this transi-
tion occured already at 1200 °C.

On the other hand, as the n values tend to decrease
towards 1.0, one can expect a linear dependence of the
strain rate with stress. This type of behavior is consistent

with grain boundary sliding aided by either Newtonian
viscous flow in the glass-containing samples or by dif-
fusional creep?® in the pure submicron size Y-TZP.

The lowest n value of 0.6 which was observed in the
15 vol.% SAS glass-containing samples deformed at
lower temperatures may be explained by the non-New-
tonian viscous flow of the sample, by which the viscosity
dependence on the shear stress is parabolic. However,

Fig. 12. TEM images from the samples after more than 40% plastic deformation. (a) glass-free nc-Y-TZP. (b) 15% SNS glass-containing sample.
The microstructures are similar to those prior to the deformation as in Fig. 11.
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verification of this postulate necessitates characteriza-
tion of the viscosity of the grain boundary glassy phase.

The published activation energies for superplastic
deformation in Y-TZP ceramics span a wide range of
values, i.e. from 360 to 720 kJ/mol.®?° Activation
energy of ~500 kJ/mol is often reported for creep
experiments of coarse-grained Y-TZP.!> The activation
energy in the glass-free and the SNS glass-containing
samples is very close to that for the grain boundary dif-
fusion of cations (290 kJ/mol for Y3* and 310 kJ/mol
for Zr**).3%-31 The corresponding activation energies for
the bulk diffusion of the same cations were measured,
by way of diffusion experiments as 460 kJ/mol and 510
kJ/mol for Y3" and Zr* ", respectively.??3? In addition,
the activation energy for viscous flow in the silica-based
glasses (i.e. diffusion in viscous silica) is about ~190 kJ/
mol. Comparison of the measured activation energy
(297415 and 275+ 15 kJ/mol) to the data from the lit-
erature indicates that the plastic deformation mechan-
isms are controlled primarily by the grain boundary
diffusion processes. Nevertheless, in pure glass-free nc-
Y-TZP samples the deformation rate is controlled by
diffusion of either Y ™3 or Zr™# cations along the grain
boundaries. On the other hand, appropriate calculations
for the impure nc-Y-TZP ceramics have shown the
interface reaction controlled processes (at the glass/
crystal interfaces) to be rate controlling rather than the
diffusion processes within the glass.!! Addition of
appropriate glass, i.e. SAS glass in the present investi-
gation, has led to the change in the deformation
mechanism as was evidenced at lower deformation
temperatures.

In this respect, the mutual solubility between the
glassy phase and the Y-TZP grains may change sig-
nificantly at high temperatures.>* Apparently, the SAS
glass has lower solubility (due to the Al,O; content)
than the SNS glass in the zirconia grains. Therefore, one
may expect the superplastic strain rate to depend on the
solubility of the glass at the deformation temperature.
This effect may change, in turn, the superplastic defor-
mation mechanism as was observed here.

5. Summary and conclusions

Nanocrystalline Y-TZP ceramics containing 5-15
vol.% of two different glass compositions were uni-
axially deformed at different temperature-stress condi-
tions. The dependence of the strain rate on temperature,
stress, glass content and its composition were deter-
mined. The highest strain rates were observed for the
SAS glass-containing samples. The deformed micro-
structures clearly confirmed cooperative grain boundary
sliding as well as grain boundary sliding mechanisms to
be operative in the glass-containing and the glass-free
nc-Y-TZP samples, respectively.
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