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Abstract

Electrical conductivity measurements were carried
out by impedance spectroscopy on nominally pure
and magnesia-doped zirconia in the 3-13-7 mol%
concentration range. In the partial-stabilization
field, the impedance diagrams show the characteris-
tic grain and grain boundary semicircles, as well as
an extra arc at intermediate frequencies. This extra
arc is interpreted as a characteristic of partial
blocking of electrolyte conduction by the monoclinic
grains. As usual, the resistances associated with the
blocking processes exhibit activation energies
slightly higher than the bulk resistance. All these
activation energies increase with the MgQO content.
The cubic phase decomposition can easily and accu-
rately be monitored by impedance spectroscopy.

1 Introduction

Recently, the electrical behaviour of a 13-7 mol%
MgO-fully stabilized zirconia (Mg-FSZ) ceramic
was characterized by impedance spectroscopy.'
Electrical conduction through the grains and the
blocking effect at the grain boundaries have similar
characteristics to those of yttria-fully stabilized zir-
conia (YSZ) when the microstructures are similar.
For technological applications, MgO-partially
stabilized zirconias (Mg-PSZ) are favoured
because of their better mechanical properties.>?
Mechanical and microstructural properties of
compositions in the 8-10 mol% MgQO range have
been extensively described in the literatyre. On the
other hand, relatively few investigations have dealt
with their electrical properties.** Conductivity val-
ues at 1000°C of 2:43 and 0-017 S m™' have been
reported,*® respectively, for 8-2 and 9 mol% MgO.
Below 1100°C, Mg-PSZ can be a mixture of up
to five crystallographic phases: cubic (c), tetrago-

453

nal (t), monoclinic (m), orthorhombic (o) and the
&-phase (Mg,Zr;O,,). In general, the ¢, t and m
phases are the main components. The phase dia-
gram shows an eutectoid point at ~13-5 mol% and
1400°C. The metastable cubic solid solutions
undergo a decomposition reaction with a maximum
rate at ~1200 °C.® The destabilization of hyper- as
well as hypo-eutectoid compositions has been
studied, with emphasis on its effect on the mate-
rial’s mechanical properties.”""

This study is focused on the electrical conduc-
tivity of various Mg-PSZ ceramics. For compari-
son, results' recently reported on a fully-stabilized
composition of 13-7 mol% MgO will be included
in some of the tables and figures. To obtain more
data which could support the interpretations of
the blocking effects, the conductivity and permit-
tivity of nominally pure zirconia (NPZ) have also
been evaluated with the same measurement tech-
nique. A conclusion of this work is that the pres-
ence of monoclinic zirconia can be detected and
characterized by impedance spectroscopy. The
decomposition of cubic zirconia could therefore be
monitored by this technique. Exploratory measure-
ments were carried out to confirm this conclusion.

2 Experimental Procedures

The starting materials were powders of ZrO, with
impurity contents lower than 1% (Merck and DK-2
type from Zirconia Sales) and analytical reagent
grade MgO (Merck). Mg-PSZ and Mg-FSZ pellets
of 0-92 to 0-95 cm diameters and 0-13 to 0-16 cm
thicknesses were prepared by wet mixing, pressing,
sintering at 1650°C for 2 h and machining. NPZ
pellets were prepared from both ZrO, powders by
uniaxial and isostatic pressing without any high
temperature heat treatment.

The apparent densities of the sintered specimens
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were determined by the hydrostatic method and
their phase contents by X-ray diffraction analysis.
In the PSZ, the monoclinic phase content was cal-
culated from the ratio of appropriate diffraction
peaks, following the procedure recommended by
Porter and Heuer.!? Specimens for the electron
microprobe analyses were polished to 1 um. For
electron microscopy, they were either fractured or
polished and thermally etched. Magnesium con-
tent was checked by neutron activation analysis.

For electrical measurements, platinum electrodes
(Demetron A308) were painted on the pellet bases
and baked at 800°C for 15 h. The impedance mea-
surements were performed from 5 Hz to 13 MHz
with an HP 4192A impedancemeter. The results
were analysed in impedance mode, using software
developed for the Hydro Quebec Research Center.
The Mg-PSZ diagrams were measured over the
270-700°C temperature range. Data were collected
during heating and cooling cycles.

The reversible monoclinic-tetragonal (mest)
phase transformation of the NPZ samples was
studied by thermal cycling between 800 and
1370°C. Heating and cooling rates were 8:3 and
2:8°C min’', respectively. The Mg-FSZ and Mg-
PSZ phase destabilization experiments were car-
ried out at 1100°C for different anncaling times,
up to 14 h. In this casc, the impedance diagrams
were measured at a lower temperature of 553°C.

3 Physical, Chemical and Microstructural
Characterizations

Table | shows the impurity contents of the Merck
ZrO, powder determined by spectrographic analy-
sis. The particle size was in the 1040 um range.
Results for the other powders have already been
published.! The relative density of the sintered
Mg-PSZ pellets was evaluated to be ~85%, with
pore sizes <0-5 um. The density of the pressed
NPZ samples was 60% of the theoretical value.
The MgO contents of the samples, as deter-
mined by neutron activation, are listed in Table 2.
Solid mixtures may present some degree of chemi-
cal heterogeneity.!* Such a non-homogeneous dis-
tribution of the solute is shown in the micrograph
of the Mg X-ray image of the ZMS sample (Fig.
1). The Mg-PSZ samples are also heterogeneous
in terms of grain sizes. Figure 2 is a representative
micrograph (ZM2 sample) showing two distinct

Table 1. Metallic impurity content of pure zirconia powder

from Merck
Element Fe Ti Si Ca K
Content (ppm) <50 <500 <200 <500 <50

Table 2. MgO content and monoclinic phase volume fractions
(V) in sintered specimens

Specimen MgO content Vu
(mol%) (” 0)
ZM1 316 >90
M2 5-14 62
ZM3 6-82 57
M4 8* S1
ZMS 11-89 16
ZM6 137 0

*Nominal concentration fixed by preparation.

Fig. 1. X-ray image showing Mg distribution for ZMS sample.

regions of dissimilar grain sizes. Such bimodal
distributions are found in biphasic ceramics when
the phases have different grain growth rates. The
larger grains have a higher MgO content, and the
porosity is preferentially located within them and
at the triple junctions. The small grains have a
more homogeneous size distribution, as shown in
the micrograph of the fractured surface of the
ZM1 sample (Fig. 3).

The main difference among the Mg-PSZ sam-
ples is the relative fraction of the large to small

Fig. 2. Scanning electron micrograph showing zones with
different grain sizes for ZM2 sample.
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Fig. 3. Fractured surface for ZM1 sample.

grains. Increasing the magnesium content increases
the fraction of large grains. The fully stabilized
cubic sample has an homogeneous microstructure
of rather large grains of 18 um average size. This
is consistent with a frequent observation that
cubic grains have a grain growth larger than the
other common phases. All the Mg-PSZ samples
exhibit these chemical and microstructural hetero-
geneities to various extents.

The volume fractions V,, of the monoclinic
phase shown in Table 2 were determined after the
electrical measurements, to take into account a
possible extra destabilization during the process-
ing of the electrodes. As an example of such an
alteration, Fig. 4 shows two X-ray diffractograms
obtained with a sample of a composition similar
to ZM4 but sintered only for 1 h at 1650°C. A

1 I . | T
(a)
80 | .
40 | -
“; sy
ey
- (b)
S a0 i
-
i
)
40 b v -
0 d_ 1 [
20 30 40

20 (degree)

Fig. 4. X-ray diffractograms of 8 mol% MgO zirconia, sintered
at 1650°C for 1 h: (a) as-sintered and (b) after measurements.
The arrows point to monoclinic lines.

significant increase in the intensities of the main
monoclinic phase reflections is clearly seen in the
‘after measurement’ profile (b) with respect to the
‘as fired’ profile (a). The corresponding t—m
phase transformation most likely occurred during
the electrode heat treatment. The absence of any
hysteresis effect during the measurement tempera-
ture cycling ensures that this phenomenon did not
occur during our measurements. The temperature
range was lower than that of the electrode curing.

4 Electrical Conductivity and Blocking Effects of
Mg-PSZ

For the sake of clarity, the electrode characteris-
tics have been subtracted from the experimental
diagrams. This could be done without ambiguity.
As reported previously, the impedance diagrams
of fully stabilized zirconia [ZM6, Fig. 5(a)] shows
two well separated semicircles typical of the grains
(g) and grain boundaries (gb), with characteristic
parameters similar to those of cubic YSZ. The
partially stabilized zirconias give more complex
diagrams, as shown in Figs 5(b) and 5(c) (ZM5
and ZM4 samples) in which similar components
can still be detected, referring to the relaxation
frequencies. In the intermediary frequency domain
between these conventional high and low frequency

4 T
(a)
2 L +6 .
....o""o.l 4'5_’.4
0 1 M
0 2 4
6 | ' '
(»)
g gL *P 45 i
N +7 |t
i 0 i 1
0 3 8 9
20 F T T
(e)
10 | +5 +4 -
+6 +3
0 +7 \
0 10 20 30
Z’, kQ

Fig. 5. Typical impedance diagrams for: (a) ZM6; (b) ZMS;

and (c) ZM4 samples. T = 507°C. (Note that the axis scales

are different.) The figures indicate the decimal logarithm of
the measuring frequencies.
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semicircles, which can also be assigned to the
grains and grain boundaries for reasons given
below, a third arc hereafter referred to as the extra
arc (or ex) can be separated. Its contribution to
the overall (or d.c.) electrolyte resistivity markedly
increases with the decrease in MgO content. It
dominates in the ZM1 and ZM2 impedance spec-
tra. Because of this strong correlation, this extra
arc has been ascribed to the electrical effect of the
monoclinic grains, the concentration of which also
varies markedly with the MgO content (Table 2).
The pores, which have a relatively high concentra-
tion in the samples, certainly induce a blocking
effect as well, but the reported results unambigu-
ously show that their contribution is not domi-
nant. Their concentration is fairly constant and
should not induce highly variable effects. A further
quantitative argument in favour of this statement
will be given below.

For technical applications, the overall elec-
trolyte resistivity is a key parameter. For all the
investigated compositions, it was calculated from
the resistance measured at the low frequency real
axis intersection of the impedance diagrams. Fig-
ure 6 shows the Arrhenius plots of the corre-
sponding resistivities p. As expected, these overall
resistivities decrease with the increase in MgO
concentration but, surprisingly enough, there is no
sharp transition and no maximum at the phase
boundary between the pure cubic material (ZM6)
and the biphasic partially stabilized compounds.
This rather smooth evolution is illustrated in Fig.
7 which shows the variations of the overall resis-
tivities as a function of the MgO content, at
500°C. The apparent activation energies deduced
from the Arrhenius diagrams of Fig. 6 also vary
in a rather continuous manner as a function of the
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Fig. 6. Arrhenius plots of d.c. resistivities of investigated samples.
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Fig. 7. Variations of resistivities at 500°C with MgO concentration.

MgO content (Fig. 8). Similar observations have
already been made by Ioffe et al.'* and Badwal'’
on the Y,0;-ZrO, and Sc,0;-ZrO, systems. For
the Mg-PSZ compositions, in the temperature
range of this investigation, the only available liter-
ature data (59 kJ mol™') were obtained with a
9 mol% MgO sample prepared from a high-silica
content zirconia powder.> Under such conditions,
magnesium silicate could have formed at the grain
boundaries, thereby depleting the Mg inside the
grains. In addition, the measurements were carried
out at a fixed 10 kHz frequency. In zirconia-based
solid solutions, the frequency distribution of the
electrolyte relaxation processes (and of the elec-
trodes) shifts towards higher frequencies with
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Fig. 8. Variations of d.c. resistivity apparent activation ener-
gies with monoclinic phase volume fraction ¥V, The 100%
point (X) is that of pure zirconia.
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increasing temperature.'®!” Therefore, measurements
at a fixed frequency may give erroneous activation
energies, with too low values. In the 1200-1600°C
temperature range, Janke & Fischer'® determined
an activation energy of 65 kJ mol™! for the 6
mol% composition.

As evident in the examples given in Fig. 5, reso-
lution of the diagrams of our Mg-PSZ samples
was not always straightforward. Note that when
the ratio of the relaxation frequencies of two
adjoining semicircles is of the order of 10, the over-
lapping is such that any resolution is questionable.
Conversely, a ratio of 1000 results in an unam-
biguous separation. Our diagram analysis was
restricted to the 350-570°C temperature range,
where the fitting accuracy was good (see below).
As an example of results of our resolutions, Figs
9(a) and 9(b) present the Arrhenius diagrams of
the relaxation frequencies and resistivities of the
ZM4 sample. The fitted straight lines are approxi-
mately parallel and the experimental scatter is
small. Similar parallelism observations were also
made in Mg-FSZ' and YSZ' ceramics. With this
ZM4 sample, the values for the relaxation fre-
quency ratios f,/f., and f../f,, are ~35 and 40 (f,, f.x
and f,, are, respectively, the relaxation frequencies
of the grain, the extra arc and the grain boundary
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Fig. 9. Arrhenius diagrams of relaxation frequencies (a) and
resistivities (b) of the three semicircles for ZM4 sample.

semicircles). The f/f., ratio monotonically shifts
towards lower values with increasing Mg concen-
trations, thus increasing the overlapping.

The first feature to be ascertained in the resolu-
tion was the shape of the extra arc. For better
insight concerning the possible variations in the
shape of this component, the resolution was
performed by successive individual fittings and
subtractions. In all the resolutions we performed,
the extra component did appear to be a semicircle.
To test the quality of the resolution, we referred
to the following criteria, as well as the coherence
of the results, which will be presented below:

® the absence of any significant ‘structure’ in
the differences between the experimental resuits
and the fitted curves; and

® the values of the permittivity deduced from
the semicircle fitting the grain response.

Figure 10 shows a typical difference diagram
between the experimental results and the corre-
sponding fitted curve (ZM4 sample, 507°C). No
significant ‘structure’ can in fact be detected in
such a diagram.

Figure 11 shows the average permittivities that
were calculated for the grain semicircles of all the
samples. These values are very close to the values
reported in the literature' for the fully stabilized
compositions, at temperatures similar to those of
our experiments, and under conditions for which
there was no ambiguity in the curve fitting. The
experimental scatter of these values is also low.
The values show a significant decrease as the con-
tent in the monoclinic phase increases. This is con-
sistent with the theoretical expectation, assuming
that at high temperature the permittivity of the
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Fig. 10. Example of a difference plot between experimental
(exp) and fitted (fit) values of the impedance imaginary part

for ZM4 sample. T = 507°C. (The corresponding impedance
moduli are of the order of 10 k{2.)
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Fig. 11. Average relative permittivity deduced from the high
frequency semicircle as a function of monoclinic volume
fraction V.

monoclinic phase remains smaller than that of the
other phases. At room temperature, the values are
29-3, 39-8 and 12-5, respectively, for the cubic,
tetragonal and monoclinic phases.?’ A highly
similar behaviour was observed? for Al,O;-YSZ
composites in which the relative permittivity is 12
for the alumina grains and S5 for the YSZ grains.

The other supporting features that the resolu-
tions revealed include:

® The Arrhenius diagrams of the relaxation fre-
quencies of the three semicircles are almost
parallel for each MgO composition, as men-
tioned for the ZM4 sample (see Fig. 9). This
is a general observation?? which has been
made with various ‘blockers’ in YSZ.

® The depression angles are ~13 and 16-18°,
respectively, for the grain and grain boundary
responses, which are usual values. For the
extra arc it is around 24°. This high value
indicates a rather broad distribution of the
determining blocker parameters (such as the
size of the monoclinic grains).

® The resistivites that can be deduced from the
extra arc and the grain boundary semicircle
obey Arrhenius laws. For most compositions,
the corresponding activation energies are
slightly higher than those of the grains (Table
3). This is also a general observation. The rel-
atively low precision of some of the grain
boundary parameters is mainly due to the
small size of the corresponding semicircles.
The trend reported above for the d.c. resistiv-
ities is the same here: the activation energy of
each semicircle decreases with the decrease in
MgO content.

Table 3. Resistivity activation energies of the grain (E,), extra
arc (E,,) and grain boundary (£,,) semicircles (numbers given
in parentheses are the corresponding regression coefficients)

Specimen E, E,. E,

(kJ mot ') (kJ mol ) (kJ mot')
ZM1 43-5 (0-999) 65 (0-999) 45-3 (0.982)
ZM2 781 (0-999) 73-3 (0-998) 57 (0-997)
M3 78-1 (0-999) 86 (0-999) 78-1 (0-999)
ZM4 83 (0-999) 89 (0-999) 94-5 (0-999)
ZMS 105 (0-999) 112 (0-999) 116 (0-999)
ZMé6 126 (0-999) — 141 (0-999)

A curious result must be stressed here. The varia-
tions of the grain resistivity are relatively small
despite the important variations in concentration in
the conducting phases (refer to the variations in the
fraction V,, of the monoclinic phase in Table 2).
Figure 12(a) shows that in the intermediate range
of MgO compositions the grain resistivity is even
approximately independent of the MgO concentra-
tion. For the extreme concentrations (ZM1 on one
side and ZMS on the other), the activation energies
vary significantly [Fig. 12(b)], but the orders of
magnitude of the resistivities do not differ greatly.
The relatively large variations of the d.c. resistivities
reported above (Fig. 6) are in fact mostly due to the
important changes in the extra arc magnitude.
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Fig. 12. Arrhenius diagrams of grain resistivities: (a) intermediate
M¢gO contents; (b) extreme MgO contents.
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Fig. 13. Basic diagram of blocking process.

Most of our results show a strong analogy in
electrical behaviour between the investigated Mg-
PSZ and Al,0;-YSZ composites previously inves-
tigated.” This could indicate that the monoclinic
grains in the Mg-PSZ materials mostly act as insu-
lator grains. For the blocking process in the Al,O;
composites, a simple model summarized in Fig. 13
has been put forward.® In accordance with this
model, the extra arc will be viewed as the response
of a blocked RC circuit in which the capacitance
C is associated with an ‘average’ isolating grain
of monoclinic zirconia of area S and thickness ¢.
Accordingly,

C=¢St!

where € and e are, respectively, the vacuum per-
mittivity and the relative permittivity of mono-
clinic zirconia. The resistance R stands for the
part of the conducting matrix blocked by the
‘capacitance (in a sort of space charge). Its volume
is assumed to be approximately proportional to the
blocker surface area S and its thickness approxi-
mately constant at a given temperature. It can be
written as:

R x pS

where p is the conducting matrix resistivity.
According to the above equations, the relaxation
frequency of the extra arc obeys the equation:

Jo= Q@R CO)!
or
Jo < (€€ p ')

The fact that the resistance and relaxation fre-
quency associated with the blocking process usu-
ally exhibit activation energies very close to that
of the matrix resistivity p, in agreement with the
above equations, strongly supports the assump-
tions.

For verification and application of this simple
model, two specific parameters have been
defined:* the blocking factor oz which measures
the fraction of electric carriers being blocked by
the blockers, and the frequency factor ag. The
blocking factor should be proportional to the
overall area of the blocker cross-sections perpen-
dicular to the electric field. The frequency factor
should be proportional to the average blocker
thickness and to the material permittivity. These
correlations have been verified”® with pores and
voids in YSZ. The equation correlating a to the
blocker thickness has even been numerically stan-
dardized. Steil e al.? give the following formula:

o = 7-8 X 107%t

where ¢ is the average blocker thickness, in um.
According to the model, the above specific
parameters az and ap should be calculated from

the admittance diagrams of the results. Because of

high overlapping in our diagrams and more diffi-
cult resolution in the admittance representation,
we used impedance diagrams to determine ay and
ag. This may have introduced some errors in the
calculated values.

The first feature to be verified to ascertain the
validity of this simple model is the independence
of az and ap with respect to the measurement
conditions. Figures 14 and 15 show typical varia-
tions of these parameters with the measurement
temperature for an intermediate composition
(ZM4 sample). The measured parameters are not
fully independent with respect to T, but the varia-
tions remain small. This corresponds to the close
parallelism mentioned above between the grain
and blocking processes relaxation frequency and
resistivity Arrhenius diagrams.

1.0 T T T T

09 | ]

0.8 -

0.6 r N

0.5 1 1 1 1
800 650 700 750 800 850

T, K

Fig. 14. Variation of blocking factorraR with temperature for
ZM4 sample.
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Fig. 15. Variation of frequency factor ey with temperature
for ZM4 sample.

From the average value of ay calculated from
the data in Fig. 15, and applying the previous
equation, we calculated an average diameter of
4 yum for the monoclinic grains. This is in fairly
good agreement with the micrographic observa-
tions. A similar calculation applied to the pores of
0-5 pm indicates that the corresponding relaxation
frequency is about 100 times smaller than f;,. This
is a further argument supporting the assumption
that the extra semicircle is mostly associated with
the monoclinic grains.

Figure 16 shows the variations of the blocking
factor with the monoclinic zirconia content V,, in
our Mg-PSZ samples. As expected, ag markedly
increases with V. Despite large heterogeneities in the
samples and significant uncertainties in the diagram
resolutions, the scatter in the experimental results
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Fig. 16. Variation of blocking factor with monoclinic volume
fraction V,,. T = 500°C.

remained small and the agreement with the matrix-
conduction-blocking model is reasonably good.

5 Electrical Properties of Nominally Pure Zirconia

Another straightforward interpretation can be
envisaged for the extra arc. It is sketched in Fig. 17.
It assumes that the complex network of the con-
ducting and monoclinic grains are electrically
equivalent to two circuits in series describing,
respectively, the electrical behaviours of the con-
ducting grains (cubic and tetragonal) and the
monoclinic grains. Interpretations of this type are
frequently adopted to explain the grain boundary
effects.?*

Before entering into the details of our experi-
mental results, let us recall an essential feature
which is useful in solid state impedance spectro-
scopy. With a sufficiently ‘simple’ sample
geometry and at a frequency sufficiently low for
the skin effect to remain negligible, the sample
resistance can be written as:

R=pk

where k is its geometrical factor; and its capaci-
tance as:

C=eé k!

Accordingly, the specific relaxation that we will
determine by impedance measurements on the
sample, is given by the equation:

fra = 2 €€’)!

It is a specific property of the material, indepen-
dent of the geometrical factor of the sample, and
should be the same for a cubic sample and a grain

tetragonal / cubic
grain

monoclinic
l grain

Fig. 17. Series model.
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in a sintered material. It may be thought of as the
signature of the material. Relaxation frequency
measurements are therefore an easy test to iden-
tify a semicircle. In composite materials the elec-
trical behaviours are slightly more complicated®
because of interference between the components,
especially related to the contribution of both com-
ponents to the relative permittivity which deter-
mines the conducting grain relaxation.”® However,
this identification technique can still be used with
appropriate adjustments.

To check the above assumption, impedance
measurements were carried out on the NPZ sam-
ples prepared with the two pure zirconia powders
(see Experimental Procedures section). They gave
very similar results. All the recorded diagrams are
essentially composed of a dominant bulk semicir-
cle (Fig. 18) and a small low frequency arc which
will not be examined in the following. The Arrhe-
nius diagrams of the corresponding resistivity and
relaxation frequency are shown in Figs 19(a) and
19(b), respectively. These experimental values
should be regarded as approximate, because of the
high porosity of the samples. For our purposes,
only the orders of magnitude of these parameters
are important (referring to a recent investigation
of porous YSZ,< alteration factors of about
0-5 and 50 can be anticipated, respectively, for the
permittivity and resistivity but with no major changes
in the corresponding variations with temperature,
especially in the resistivity activation energy).

The relaxation frequencies of monoclinic zirco-
nia measured here are far lower than the values
measured for the extra semicircles. For example,
at 500°C, the monoclinic phase value is 51 Hz and
those of the extra arc are in the 6-3-61 kHz range.
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Fig. 18. Typical impedance diagram of monoclinic zirconia
for NPZ sample.
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Fig. 19. Arrhenius diagram of resistivity (a) and relaxation
frequency (b) of monoclinic zirconia in the 600-950°C
temperature range for NPZ sample.

The resistivity activation energies also point to
marked differences. The calculated value for the
monoclinic phase is 118 kJ mol™ in the 600-950
°C temperature range. For the extra arc, the calcu-
lated activation energies are all significantly
smaller (see Table 3). Furthermore, the extra arc
activation energy is variable and markedly depends
on the MgO content. The assumption of the extra
arc describing the specific electrical properties of
the monoclinic grains can clearly be rejected.

6 Electrical Observation of the m < t Phase
Transformation of Nominally Pure Zirconia

We took advantage of the availability of these
monoclinic samples to observe the reversible mést
phase transformation also. Impedance measure-
ments were carried out at various temperatures
between 800 and 1370°C.

In the high-temperature range (>1000°C), the
NPZ diagram looks like a regular zirconia con-
ducting phase diagram (Fig. 20). As above, only
the high-frequency semicircle, which describes the
specific properties of the grains, is taken into con-
sideration here. Figure 21 shows the correspond-
ing resistivities measured during the cooling cycle.
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Fig. 20. Impedance diagram of tetragonal zirconia for NPZ
sample.

As expected, the plot exhibits two straight lines
describing the variations of the tetragonal phase
conductivity, at high temperature, and those of
the monoclinic phase conductivity at low tempera-
ture. The activation energies calculated from these
lines are 91 and 118 kJ mol™, respectively, for the
tetragonal and monoclinic phases.

The width of the temperature range over which
the transition occurs is ~170 °C, in fair agreement
with earlier d.c. measurements.”® The points
obtained in this temperature range of ‘athermal’
transition correspond to steady-state conditions. As
a check, measurements were also performed after
15 h of annealing. The results marked by filled circles
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Fig. 21. Effect of t —» m transformation on specific resistivity
of pure zirconia for NPZ sample.
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Fig. 22. Capacitance variations of pure zirconia sample
(NPZ).

on the plot (Fig. 21) are perfectly aligned with the
others which were more rapidly obtained.

From the impedance semicircles, the sample
capacitances have also been determined. Since the
effect of the sample porosity is likely to be con-
stant and the permittivity to remain proportional
to the measured capacitances, the curve shown in
Fig. 22 indicates that the tetragonal <> monoclinic
phase change does not alter much the permittivity
of pure zirconia. The absence of any significant
strong variation in the transition range is another
interesting result.

7 Phase Decomposition of Mg-FSZ and Mg-PSZ

On the basis of the reported observations, it was
concluded that impedance spectroscopy can easily
measure the blocking effect due to the presence of
a monoclinic phase. Therefore, it should be an
appropriate technique to quantitatively follow the
destabilization of a conducting zirconia matrix.
Destabilization annealings of Mg-FSZ and
Mg-PSZ samples were carried out to confirm this
assumption.

From several previous micrographic stud-
ies®>!12 on Mg-FSZ, it has been well established
that during destabilization, the monoclinic phase
is generated at grain boundaries. The cubic phase
may crack because of a large difference in the
thermal expansion coefficients of the ¢ and m
phases. After reaction completion, the observed
microstructure usually consists of a fine-grained
(1-5 pm) monoclinic phase containing thoroughly
dispersed magnesia-rich pipes.
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The compositions of the samples we investigated
were 13-7 mol% (ZM6) and 8 mol% MgO (ZM4).
The annealing temperature was 1100 °C and the
annealing times 1, 2, 3, 4, 6, 8 and 14 h. At this
temperature, a rather high decomposition rate is
expected. In fact, no cubic phase reflections were
observed by X-ray diffraction after 14 h annealing.

The destabilization of the material results in sig-
nificant changes of the impedance diagram which
affect all the semicircles. The diagrams were more
easily analysed for the Mg-FSZ sample for which
the initial diagram is simpler [see Fig. 5(a)]. The
details below are given for this sample. After 1 h
annealing, the impedance spectra is similar in
shape to the original diagram. However, a more
careful analysis shows that the grain boundary
semicircle has more markedly changed. Besides
the expected increase in the corresponding resistiv-
ity, the relaxation frequency has also increased.
According to the model cited above, this can be
interpreted in terms of simultaneous increases in
the surface areas and the thicknesses of the grow-
ing monoclinic phase which still behaves as a
grain boundary blocker. The depression angle also
increases, indicating an increase in the heterogene-
ity of this grain boundary blocking effect. After
2 h annealing, the impedance diagram no longer
exhibits the original shape, as shown in Fig. 23.
Most likely, the monoclinic grains are already
large enough to result in an extra arc with a rela-
tively high relaxation frequency. The very large
depression angle (38°) of the blocking semicircle
and the relative increase in its relaxation fre-
quency suggest the growth of another semicircle
which overlaps with the true grain boundary arc.
After this ‘first stage’, the overlaps become so
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Fig. 23. Impedance diagram of ZM6 after 2 h annealing at
1100°C. Measuring temperature 553°C.
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Fig. 24. Variations of ZM6 (O) and ZM4 (@) resistivities
with annealing time. Annealing temperature 1100°C; measuring
temperature 553°C.

strong among all the electrical responses, that it
would not be realistic to envisage any semicircle
separation. (The cracks that are known to be gen-
erated during the destabilization may also con-
tribute to impedance diagram complexity.)

To quantitatively characterize the destabiliza-
tion process, we simply determined the corre-
sponding variations in the overall sample
resistivity. The measurements were performed
after temporarily cooling the samples to 553°C.
For that, we measured the real impedance compo-
nents at 10 kHz. We checked on the diagrams that
this frequency approximately corresponds to the
real intercept which includes the blocking effect
(in other words, to the d.c. resistance). Figure 24
shows that the resistivities of the ZM6 and ZM4
samples increase very fast at a 1100°C annealing
temperature. From these impedance results, it can
be estimated that after 3 h at 1100°C, the d.c.,
resistivities have approximately increased by a
factor of 100. Both samples behave similarly.
After the 14 h annealing time, a steady-state situa-
tion seems to be reached which probably corre-
sponds to a full transformation of the conducting
phases into the monoclinic phase.

Table 4 compares the resistivites at 553°C

Table 4. Resistivity values at 553°C and activation energies of
samples containing mostly monoclinic zirconia

Specimen p (Qm)

Annealed ZM6 2:13 x 10*
Annealed ZM4 2-84 x 10*
NPZ 1-62 x 10°
ZM1 624 X 107
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obtained under these conditions to that of the true
monoclinic zirconia (NPZ sample) and to that of
a material (ZMI sample) which contains ~90%
monoclinic zirconia. The resistivity of the mono-
clinic ZM6 and ZM4 materials and that of the
nominally pure zirconia differ significantly and the
difference is too large to be explained in terms of
porosity effects. This may indicate that the MgO
solubility in the monoclinic phase is not nil and
that dissolved MgO induces a noticeable decrease
in its resistivity or that the complex microstructure
of the destabilized materials strongly influences
their resistivities.

The ZM1 sample also behaves differently, with
a much lower resistivity. This clearly indicates that
even at its composition (with ~90% monoclinic
phase), the electrical behaviour of the material is
still dominated by the conducting grains present in
it. A similar observation was made with Al,O;—
YSZ composites®® which show the characteristic
features of YSZ up to more than 70% Al,O;.

8 Conclusions

In terms of electrical behaviour, the monoclinic
grains in partially stabilized zirconias mostly act as
an insulating second phase. There is no sharp dis-
continuity at the cubic phase limit. As the MgO
content decreases below this limit, the main effect
is a gradual increase in the blocking process due to
the increasing population of monoclinic grains. As
observed with other zirconia-based systems, the
activation energy of the conducting phase (or the
mixture of the conducting phases) markedly
decreases with the MgO contents. Impedance spec-
troscopy is a powerful tool to study zirconia phase
transformations and the destabilization processes.
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