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Abstract

Abstract samples of yttria stabilized tetragonal zir-
conia, with different grain sizes have been synthe-
sized. Care was taken to avoid the presence of any
trace of monoclinic zirconia. The features of their
grain boundary blocking effect are compared to
those of YSZ samples of similar purity. Certain
variation laws of the blocking effects are quasi iden-
tical, especially some dependences on the grain size.
The most significant differences concern the varia-
tion of the blocking factor with temperature and the
transition to the so-called intrinsic regime. In tetra-
gonal zirconia, the blocking factor continuously
decreases in the temperature interval 150—600°C and
the onset of the intrinsic regime could occur at a
smaller grain size of about 0-9um. © 1998 Elsevier
Science Limited. All rights reserved

Keywords: TZP, grain growth, grain boundaries,
blocking effect, impedance spectroscopy.

1 Introduction

Recent results! obtained on dense cubic yttria sta-
bilized zirconia (YSZ) have shown that interesting
correlations can be established between the average
grain size of the material and parameters of the
grain boundary blocking effect. These correlations
could reveal specific features of the grain boundary
microstructure. The search for similar correlations
in materials chemically or structurally related to
YSZ is one of the motivations of this study of the
grain boundary blocking effect in yttria stabilized
tetragonal zirconia polycrystalline (Y-TZP).
Another investigation? has shown that the impe-
dance spectroscopy is a powerful tool for the phase
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change characterization in moderately conducting
materials. Its implementation to the tetragonal
zirconia destabilization, that has already been
examined>* and that will be the subject of a second
paper, requires a detailed characterization of the
blocking effect of the material before destabiliza-
tion. This is the second motivation for our
investigation.

A third motivation is technological: it is gen-
erally agreed that a drawback of tetragonal zirco-
nia for electrical applications, would be its
important grain boundary blocking effect. It cer-
tainly is related to the small grain size of this
material, but is it only due to that? Could it be a
specific property of the tetragonal zirconia grain
boundaries? This question also deserved to be
tackled.

The characterization by impedance spectroscopy
of the electrical properties of tetragonal zirconia
has already been the subject of several investiga-
tions by the groups lead by Steele>® Badwal’ !>
and by others.'2! The main conclusions are:

e Two fairly well defined semicircles can easily
be separated on the impedance diagrams. As
in the case of YSZ, they have been ascribed to
the intragrain properties (here, identified by
the indice: bulk) and to blocking effects at the
grain boundaries (indice: blocked).

The grain boundary semicircle markedly
depends on the content of insoluble impurities
in the material. Silica is a strong blocking
agent.

In the impure materials the blocking effect is
drastically reduced by quenching the material
from the sintering temperature (or from a
sufficiently high annealing temperature). In
the ‘pure’ Y-TZP, (containing less than
50 ppm of SiO,) this quenching influence is far
less pronounced.
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e The specific (bulk) resistivity was also found
to vary noticeably on quenching.

e A segregation of yttrium along the grain
boundaries has frequently been observed and
quantitatively measured. It is regarded as
being most likely responsible for the blocking
effect in nominally pure Y-TZP. This state-
ment is supported by microscopic investiga-
tions>? 26 which have shown grain boundaries
free of any second phase although they were
found partly blocking.

2 Experimental

The investigated material (TZ-3Y from TOSOH
Corp., lot no. Z30020SP) is stabilized in its tetra-
gonal phase by 2-8mol% Y,0; and contains
approximately the same contents of impurities as
the cubic zirconia to which our results will be
compared. The supplier quotes a silica content
lower than 20 ppm (in wt%). The other impurity
contents are listed in Table 1.

To avoid any contamination, the samples were
manipulated as little as possible. They were first uni-
axially pressed under 35 MPa, then isostatically pres-
sed under 250 MPa and sintered in air, in two steps
(pre-sintering and sintering steps) of 1 and 3h,
respectively, at the temperatures shown in Table 2.

The heating and cooling rates were 100°C h~!.
Some samples were cooled at 300°C h~! after
annealing at 1300°C for 1 h. After the pre-sintering
stage (at either 1350 or 1500°C), the samples were
accurately shaped with diamond tools to pellets
8 mm in diameter and 3 mm high and then further
sintered to their final sintering temperature (see
Table 2). This procedure eliminated the monoclinic
phase produced by the machining of the samples.?’
The absence of monoclinic phase in the bulk of the
samples was checked by X-ray diffraction analysis
using the low angle (111)m, (111), and (111),
reflexions, after elimination of a thin surface layer
by gentle polishing. This procedure was applied
because traces of surface monoclinic phase can
result from the interaction of the sample with
humid air at medium temperature. (These can also
be eliminated by annealing at 600°C in dry air).

For the microstructure analysis (JEOL JSM
6400), the sample surfaces were polished with SiC
papers (grades 600 and 1000) and diamond pastes
down to 1 um. The microstructure was revealed by
thermal etching for 30mn at about 100°C below
the final sintering temperature. The grain size

Table 1. Impurity contents

Impurities Si0, Al,O4 Fe>O; Na,O
Contents (wt%) <0-002 <0005 0-002 0.027

Table 2. Pre-sintering and sintering temperatures

1350 1350 1350 1500 1500 1500 1500 1500

Pre-sintering
temperature (°C)
Sintering
temperature (°C)

1350 1400 1450 1500 1550 1600 1625 1650

distributions were determined with the computer
code ‘NIH Image’ (US National Institute of
Health). The diameters obtained with this code
were multiplied by 4/7 to get a better evaluation of
the real grain diameter, under the spherical grain
approximation.

For the impedance spectroscopy, silver coatings
(Demetron silver paint no. 200) baked at 650°C for
1 h, in air, were used as electrodes. The impedance
diagrams (Helwett—Packard impedancemeter HP
4192A) were recorded in the 5-1.3x10"Hz fre-
quency-range, with a 150mV signal amplitude.
Most of the diagrams were recorded at 350 and
450°C where the maximum accuracy is obtained
for the blocking effect parameters. Some measure-
ments were carried out every 50°C from 200 to
600°C. The diagram resolution was performed with
a computer code developed for HydroQuebec
(Canada). The diagrams reported here are normal-
ized to a unit geometrical factor and the electrode
loops have been subtracted. As will be seen below,
the diagrams obtained are all composed of two
component semicircles. They describe the specific
response of the intragrain material and of the
blocking effect at the grain boundaries. From each
semicircle were deduced: a conductivity o (or
resistivity p), a relaxation frequency F°, a capaci-
tive effect C and a depression angle 8. For the rea-
sons given in the reference papers,?®? the bulk
parameters opuk, Flpui, Chuix Were deduced from
the bulk component of the impedance diagrams
(this evaluation is equivalent to that which can be
made from the corresponding admittance dia-
grams, but practically it is more accurate). On the
other hand, the blocking effect parameters
Oblockeds Fﬂloaked Chlockeqd Were deduced from the cor-
responding admittance diagrams. Their values can
be noticeably different from those calculated from
the impedance diagrams and that mode of evalua-
tion is more consistent with our model.?® From
these parameters we have calculated relative para-
meters to characterize the blocking effect. They are
defined by the following equations:

0 0
R = Ublocked/abulk» g = Fblocked/Fbulk’ (1)
ac = Chiocked/ Chulk

They are called, respectively, the blocking factor
(ar), the frequency ratio (ar) and the capacitance
ratio (ag).
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The use of such normalized parameters allows us
to compare the blocking effects of various materi-
als and the comparison is fairly independent from
the model referred to. The blocking process could
be due to a continuous low conductivity ‘film’
covering the grains (film made of an impurity
phase or formed by the grain sub-layers enriched in
the matrix dopant) or to discontinuous insulating
‘inclusions’ (made of an impurity phase or simply
of voids). Our model is of the latter type. The basic
idea is that the inclusions statistically block a part
of the matrix carriers, at sufficiently low frequency.
The associated ‘blocked’ conductivity is in parallel
to the conductivity associated to the free matrix
carriers. For more detail on this diagram resolution
and on the relevant bibliography, the reader is
referred to Ref. 29.

3 Material characterization

The samples sintered above 1400°C are virtually
fully dense (relative density higher than 99%), in
agreement with results!>3%-33 already published.
That sintered at 1350°C is slightly porous (density
of 98%). The SEM micrographs (Fig. 1) of all the
samples show fairly narrow grain size distributions.
Figure 2 gives the Arrhenius diagram of the aver-
age grain sizes. The corresponding activation
energy is 1-6eV, much smaller than the 3-0eV
value recently measured’ for YSZ (8 mol% Y,O3).
This is in qualitative agreement with the common
observation that grain growth is much slower in Y-
TZP than in YSZ. The sintering in two steps that
was applied here, cannot be regarded as the cause
of this significant difference. Most certainly, it
indicates a major difference in the sintering
mechanism, either in the magnitude of a determin-
ing step or in its nature. This should be related to
differences in the grain boundary morphology.

Figure 3 shows two typical impedance diagrams.
All the diagrams which were recorded were shaped
like these and their resolution was without ambi-
guity and accurate to within 1%. Figure 3 also
compares them to those of YSZ samples of similar
grain sizes and of similar impurity levels. They are
remarkably similar. This similarity will be exam-
ined in detail below.

To further ensure that all the investigated sam-
ples are composed solely of tetragonal zirconia and
that no monoclinic precipitates interfere with the
measurements, we referred to the following results.

o The resistivities deduced from the bulk semi-
circles are virtually independent of the sinter-
ing temperature. Figure 4 shows the variations
of this parameter relative to the average value

(b)

Fig. 1. Scanning electron micrographs of samples sintered at
(a) 1500°C and (b) 1650°C.
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Fig. 2. Arrhenius diagram of the average grain size.

obtained in the sintering temperature range
1500-1650°C. The variations remain small
and of the order of the experimental uncer-
tainty except for sintering temperatures lower
than 1450°C. In these materials, the risk of the
presence of monoclinic phase is quasi nill
because of the small grain size (about 0-3 m).
The observed increase in the resistivity, of the
order of 10%, could be partially due to the
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Fig. 3. Impedance diagrams of TZP with different grain sizes:
1-4 and 0-62 um. Comparison with diagrams! of YSZ of simi-
lar grain sizes (1-5 and 0-74 yum).
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Fig. 4. Relative variations of the bulk resistivity as a function
of the sintering temperature. (Measurement temperature:
350°C.)

influence of the porosity. In a previous study'
of the influence of the porosity on the bulk
conductivity/resistivity, the following equa-
tion was established:

Obutk = Tpgy (1 — P)*7* (2)

where opy is the conductivity measured for the
sample of porosity P and agulk that of a fully dense
material. The application of this equation gives a
variation of only 6% for opyx which is slightly
smaller than observed.

e The depression angles (Fig. 5) which are
parameters sensitive to the heterogeneity of
the material are small compared to the usual

values (especially the blocking effect angle)
and virtually constant.

o The bulk relaxation frequency (Fig. 6), at a
given temperature, is also virtually indepen-
dent of the sintering temperatures.

The presence of monoclinic zirconia would have
resulted in an additional semicircle as previously
demonstrated? in the case of ZrO,-MgO. This
semicircle could either be directly visible, which is
not the case in our results, or masked by inter-
ference with either the bulk or the grain-boundary
semicircle. This would have been revealed by an
abnormal variation of the semicircle parameters.
The small value of the blocking effect depression
angle shows that there is no overlapping with the
grain boundary semicircle. The small (and regular)
relative variations of the bulk relaxation frequency
indicates that neither is the case for the bulk
semicircle.

Figure 7 shows the Arrhenius diagram of the
bulk conductivity and those of the blocked con-
ductivities of two samples of different grain sizes
(1.3 and 0-28 um). The corresponding activation
energies are 0-84 eV for the bulk conductivity and
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Fig. 5. Variations of the depression angles as functions of the
sintering temperature.
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Fig. 6. Relative variations of the bulk relaxation frequency as
a function of the sintering temperature.
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Fig. 7. Arrhenius diagram of the bulk conductivity and of the
blocked conductivities of samples sintered at 1350 and 1625°C.

0-68 and 0-71 ¢V for the blocked conductivity, over
the investigated temperature domain. To give an
estimate of the current scattering in the bulk prop-
erties, Table 3 compares the literature data on the
activation energy and the value at 350°C of the
bulk conductivity.

As frequently noted for other materials, the
activation energies obtained for the blocked con-
ductivities (deduced from the corresponding
admittance diagrams) are smaller than the bulk
property. The results cannot easily be compared to
the literature data because the reference models
and the calculation mode are different. (A few cal-
culations made according to the more conventional
‘series’ model gave results similar to the published
data.)

Figure 8 compares the bulk conductivity of the
investigated tetragonal zirconia to that! of the YSZ
stabilized with 8 mol% Y,0;. Both conductivities
are equal at 390°C. Badwal®!? noted that at 400°C
the conductivities of these two materials are very
close.

The bulk dielectric constant calculated from the
bulk semicircle, over the investigated sintering
temperature interval, is shown in Fig. 9. It is con-
stant and the average value is 60. This value was
found independent of the measurement tempera-
ture. It is very similar to the YSZ dielectric con-
stant determined under the same conditions.!
(Note that at room temperature, where the electric
conductivity is virtually nil, the dielectric constant
was found! different for YSZ.)
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Fig. 8. Comparison of the bulk conductivity Arrhenius dia-
grams of Y-TZI and YSZ.

4 Impedance diagram analysis

According to our usual presentation!>3* of the
blocking features, Figs 10 and 11. first show the
variations of the blocking factor and of the fre-
quency factor over the measurement temperature.
In marked contrast with the corresponding results
reported for YSZ (and with most of the other
reported relevant features), the curves do not show
any plateau where the parameters can be
determined independently of the measurement
temperature. The blocking factor of the YSZ has
also been observed to significantly decrease with
temperature, but only above a certain critical tem-
perature (of the order of 550°C). This decrease has
been interpreted®® as a consequence of increase in
the matrix conductivity with temperature: the
higher the matrix conductivity, the closer the cur-
rent lines run around the blockers and therefore
the smaller the fraction of the electric carrier
blocked by the blockers. To be consistent with this
interpretation, the blocking factor variations are
represented in Fig. 12 as a function of the matrix
conductivity. The variation law is linear. Accord-
ing to this figure, the blocking effect would vanish
when the matrix conductivity reaches about
3x1072Q. This is consistent with the observations
on YSZ.%°

Figure 13 shows the vanations with the average
grain size of the blocking factor for two measure-
ment temperatures (350 and 450°C) and compares
it with the corresponding YSZ data. The Y-TZP

Table 3. Activation energies and values at 350°C of the bulk conductivity

Eo(eV) 0-92 0-92 0917, 087,11, 092  0.93 0-92 0-84
and 0-98 0'80(1.]7“) 0- 70([17‘) 0'75([.[7')
c350°C 09 3-6 29 — 2.5 29 3to4 3.0
(x10%)
Ref. 5 6 7 20 13 21 15 This
work

(HT), High temperature; (LT), Low temperature.
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Fig. 9. Dielectric constant deduced from the bulk semicircle as
a function of the sintering temperature.
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Fig. 10. Variations of the blocking factor as functions of the
measurement temperature. (Samples sintered at 1350 and
1625°C.)

and YSZ values measured at 350°C are very
similar. The Y-TZP slope does not depend on the
measurement temperature and is slightly different
from that of YSZ. The variation law is:

ar ~ (dsp) 7

The YSZ slopes previously reported! were —0-5
and —1.

Figure 14 compares the frequency factors. Here
again, it can be noted that the variation law does
not depend on the measurement temperature.

Figure 15 presents a more global comparison of
the Y-TZP and YSZ data on an ‘ag versus «a¢ dia-
gram’. This type of diagram has been found!-3*
useful to reveal transitions between different
regimes where different families of blockers may
dominate the blocking effect. Note that because of
the variations of ¢r and af with temperature, the
comparison shown in this figure is strictly valid at
the measurement temperature of 350°C only.

C grain size ({m)
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Fig. 11. Variations of the frequency ratio as functions of the
measurement temperature. (Samples sintered at 1350 and
1625°C.)
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Fig. 12. Variations of the blocking factor as functions of the
bulk conductivity (samples sintered at 1350 and 1625°C).

Two regimes can be distinguished: that of fairly
constant ¢c and that represented by the oblique
lines. In a previous study,! the first one was identi-
fied as an intermediate regime where relatively flat
voids, not fully ‘resorbed’ by the densification process,
would still be present along the grain boundaries and

-0.2
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—e—450 °C
----- YSZ (350°C)
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log (o)
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LN B B e

'
—_
LI S R
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log (dsq / pm)

Fig. 13. Variations of the blocking factor with the average
grain size. (Measurement temperatures: 350 and 450°C.)
Comparison with results! obtained with YSZ at 350°C.
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Fig. 14. Variations of 'the frequency ratio with the average
grain size. (Measurement temperatures: 350 and 450°C.)
Comparison with results! obtained with YSZ at 350°C.
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Fig. 15. agr versus ac diagram of the results. Comparison with
YSZ'. (Measurement temperature: 350°C.)

would be the dominant blockers (in nominally pure
materials). In this regime, the Y-TZP and YSZ
examined here are very similar.

As the grains grow, the blocking effect would
shift to a different regime,! called the intrinsic
regime, represented by the oblique lines on the
diagram. This intrinsic regime could be a sort of
‘equilibrium state’ for the grain boundaries.
According to the results reported in the diagram,
the transition to the intrinsic regime would occur at
smaller grain sizes in Y-TZP. However, the number
of experimental points which define the Y-TZP
intrinsic regime in the diagram is unfortunately
insufficient to fully support this conclusion.

5 Conclusions
For similar grain sizes (and similar impurity levels):
1. In many respects, the blocking effects in Y-

TZP and YSZ appear surprisingly similar.
This contrasts somewhat with the major

difference between the grain growth activation
energies.

2. In contrast to the behavior observed with
YSZ, the blocking factor of Y-TZP (and cor-
relatively its frequency factor) was found to
decrease more rapidly with temperature from
as low as 150°C.

3. The transition between the so-called inter-
mediate regime, where micro-voids present
along the grain boundaries would dominantly
determine the blocking effect, and the intrinsic
regime was observed to occur at smaller grain
sizes in Y-TZP than in YSZ.

The analogies reported above suggest that, under
conditions where the grain boundaries may play a
significant role, especially under low loads,>* the
two materials could exhibit fairly similar mechan-
ical properties. This should prompt a re-examina-
tion of the influence of the grain size on the
mechanical properties of YSZ.
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