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Abstract

The in¯uence of a crack on the electrical impedance of single- and two-phase microstructures was investigated on zirconia cera-

mics experimentally by impedance spectroscopy and theoretically by extending the brick layer model. Accordingly a crack in a
polycrystalline ceramic in general doubles the number of electrical time constants in the impedance spectra compared to the initial
state. For single-phase materials this was experimentally proved on yttria stabilized specimens. However, in the case of realistic two-

phase microstructures the spectra of the ¯awed materials are mostly characterized by two time constants as in the initial state. This
also follows from the model and was found for ceria stabilized zirconia. Changes due to a crack always occur in the low-frequency
range of the spectra. By means of the extended model and numerical ®eld computations the qualitative and quantitative e�ects of a
crack can clearly be reproduced. Consequently, the in¯uence of a crack of any size on the electrical impedance can be predicted.
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1. Introduction

For characterizing the electrical properties of poly-
crystalline ceramics impedance spectroscopy has often
been used.1ÿ5 There is, however, only little information
about impedance measurements on ceramic materials
with defects such as cracks.
A new modelling is required to ®nd a realistic

description for the electrical properties of such a material.
For the ¯awless state of a two-phase microstructure two
models are often applied: The brick layer model treats
the microstructure as an array of cubic-shaped
grains.6ÿ8 This model assumes a continuous grain
boundary phase separating the individual grains. In the
case of low-conducting grain boundaries the electrical
behaviour can be described by an equivalent circuit
consisting of two R-C elements in series. If the coverage
of the grains is not complete the ionic current can be
divided into two paths, one of which is blocked capaci-
tively, while the other is not.9 The regions where good
intergranular contact is established are called easy
paths. The easy path model may especially be preferable
if the coverage of the grains is low.

Both models can be used for ¯awless materials. The
easy path model can also treat the in¯uence of defects
such as cracks.10,11 However, the quantitative e�ects of
the crack geometry are not considered. Furthermore, no
model is known for the case of a microstructure where
the coverage of the grains is complete and no inter-
granular contacts exist. Therefore, an as universal as
possible description has to be developed from which the
in¯uence of a crack follows quantitatively.
The aim of the present work was to study the in¯u-

ence of an individual crack on the electrical impedance
of two- as well as single-phase microstructures. For the
experimental investigations Ce- and Y-stabilized zirconia
were used. The theoretical investigations are based on a
new model and numerical ®eld computations.

2. Experimental procedure

ZrO2-powders containing 9 mol% CeO2 (9Ce-TZP,
Unitec, UK), 2 mol% Y2O3 (2Y-TZP, Tosoh, Japan)
and 8 mol% Y2O3 (8YSZ, Tosoh) were used as starting
materials. The powders were compacted into plates by
axial pre-compacting and subsequent cold isostatic
pressing at 400±600 MPa. Sintering was carried out in
air at 1400�C for 2 h in the case of 9Ce-TZP, at 1450�C
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for 2.5 h in the case of 2Y-TZP and at 1600�C for 3 h in
the case of 8YSZ. The heating and cooling rates were 2 K/
min. The required specimen shapes were manufactured
from the plates by diamond cutting and grinding. All
specimens were annealed at 1200�C for 1 h to remove
the monoclinic zone at the surface, induced by grinding.
The sample preparation and the microstructural

characterization using TEM investigations were per-
formed at the ``Institut fuÈ r Keramik im Maschinenbau''
of the University of Karlsruhe.
The electrodes for the specimens were prepared by

vacuum deposition of platinum. The electrical measure-
ments were carried out over a temperature range from
300 to 500�C using an impedance analyser (SI 1260,
Solartron) over a frequency range from 1 Hz to 1 MHz.
In this case the measuring accuracy is 0.2%. The speci-
mens were heated by high-intensity infra-red line heaters.
All experiments were performed in air. The specimen
size was 10�8�12 mm3.
The damage of the samples occurred by introducing

an individual crack of perceptible crack length. On
account of the specimen geometry at ®rst a small indent
was sawed into the sample. A stable crack could then be
inserted mechanically using the bridge method and also
be propagated successively as shown in Fig. 1. The
impedance measurements were carried out on specimens
with a crack running parallel to the electrodes in the
middle of the specimen. Consequently, the electrical
®eld is normally to the crack and one achieves a max-
imum measuring e�ect.

3. Experimental results

Impedance spectra were recorded ®rstly in the initial
state and secondly after introducing individual cracks of
di�erent lengths in the specimens. For all materials
porosities less than 0.5% were found in the initial state.

3.1. Electrical impedance of Ce-TZP

In the case of 9Ce-TZP, a two-phase microstructure
with purely tetragonal grains was found. TEM investi-
gations inclusive EDX analyses show that the grains are
completely covered by a grain boundary phase.
The spectra of the specimens with only one crack are

as in their ¯awless state characterized by two time con-
stants, as shown in Fig. 2. In the high-frequency range
there are no changes compared to the initial state. The
crack electrically has its e�ect in the low-frequency
range only. The resulting changes in the electrical prop-
erties can be observed as di�erences in the capacitive
and resistive parts of the impedance. In particular the
magnitude of the impedance of the ohmic range increa-
ses clearly with increasing crack length ax.

3.2. Electrical impedance of yttria-stabilized zirconia

The 2Y-TZP exhibits a two-phase microstructure.
This material is purely tetragonal. In the case of 8YSZ
the crystal structure is purely cubic and a grain bound-
ary phase could not be detected.
Since the stabilizer content in the initial state leads to

clear and in particular qualitative di�erences in the
spectra, as shown in Fig. 3, here, the in¯uence of a crack

Fig. 1. Bridge method.

Fig. 2. Bode characteristics recorded at 400�C on a 9Ce-TZP speci-

men in the initial state and with individual cracks of di�erent lengths.

Fig. 3. Bode characteristics recorded at 350�C on yttria-stabilized

specimens in the initial state and with an individual crack.
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on the electrical impedance was of special interest. In
the initial state 2Y-TZP electrically looks very similar to
9Ce-TZP. The spectra are also characterized by two
time constants. However, only one time constant
appears in the spectra in the case of 8YSZ.
For both Y-stabilized materials a multiple crack pro-

longation was not possible because of their very brittle
behaviour. The ®rst crack already extended over most
of the sample cross section. In 8YSZ it was very di�cult
to introduce a crack into the sample without completely
destroying it.
For 2Y-TZP, one also qualitatively ®nds the same

electrical behaviour in the ¯awed state as for 9Ce-TZP. In
the case of 8YSZ from the inserted crack results a second
time constant, which appears in the low-frequency
range of the impedance spectra and is clearly indicated
by an additional ohmic and capacitive range. Such an
additional contribution has been also found for simple
contacts and di�erent weldings between single crystals
of a similar composition.11 Moreover, this behaviour
can be explained by the newly developed model which is
the subject of the following section.

4. Theoretical results

Modelling was developed for an individual crack in a
two-phase microstructure in the case of grains (index gi)
completely covered by a grain boundary phase (index
gb) as well as for a single-phase material. Compared to
the conductivity in the grain boundary phases highly
conducting grains are only considered: �gi >> �gb.
Phase transformations do not occur over the tempera-
ture range used and therefore, have not to be con-
sidered.

4.1. Crack extended brick layer model

The crack damage inserted into the microstructure
represents an additional, third phase and can be regar-
ded as a very thin, air-®lled, cavity (index A) with an
electrical conductivity �A � 0 and a relative permittivity
"A � 1. Qualitatively, the impedance spectra for the
¯awed material however, are, as in the initial state,
electrically characterized by two time constants. In this
respect a simulation of the electrical behaviour is dis-
played using an equivalent circuit, consisting of two R-C
elements in series. However, the brick layer model in its
simple form must not be applied in particular for phy-
sical reasons.
Therefore, the brick layer model was extended. In this

paper, modelling was limited to an individual crack. A
transfer of this model to several cracks might be possi-
ble.12 The crack is integrated into the microstructure as
an air-®lled rectangular parallelepiped, as suggested in
Fig. 4. It is de®ned by the crack opening �y, the length

ax and is extended in z-direction along the whole sample
length.
The sample contains Nx grains and grain boundary

phases in x-direction, My in y-direction and Kz in z-
direction. The crack length as well as the sample geometry
might be expressed as a function of the mean grain size dgi

given by ax � �Nx ÿ nx�dgi and Lx � Nxdgi;Ly �Mydgi.
Although the crack represents a strongly localized

damage, the current ¯ow is assumed one-dimensional
and normally to the electrodes. In this way, an analytical
calculation of the total impedance becomes possible in a
general form. In reality of course, current ¯ow along the
crack borders parallel to the electrodes and in bent lines
around the crack tip occurs. This fact is considered later
by means of the numerical ®eld computations and the
necessary corrections are carried out on the crack
extended model. In the ¯awless regions current ¯ow
takes place through the grains and across the grain
boundary phases. However, no ionic dc current ¯ow is
possible via the crack. There only a capacitive displace-
ment current occurs. For a crack element of the length
dgi, the opening �y and with the angular frequency ! one
obtains the impedance

ZA � ÿj 1

!CA
in which CA � "0

d2gi

�y
: �1�

Assuming the electrodes parallel to the xz-plane unin-
terrupted current ¯ow takes place in every xy-plane
within the sample on nx paths from one electrode to the
other. Hence, the resulting impedance of a path in a
¯awless region (index Ref) is:

ZPath;Ref �My Zgi � Zgb

ÿ � �2�

in which

Zi � Ri

1� !RiCi� �2 ÿ j
!R2

i Ci

1� !RiCi� �2 ; �3�

for i � gi; i � gb and

Fig. 4. Crack extended brick layer model and corresponding equiva-

lent circuit.
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Ri � ri
dgi
� 1

�i

di

d2gi

;Ci � cidgi � "0"i
d2gi

di
: �4�

On the residual �Nx ÿ nx� paths, which is the ¯awed
region, the impedance of a crack element according to
Eq. (1) has to be added in each case, and one obtains for
the path impedance

ZPath;Crack �My Zgi � Zgb

ÿ �� ZA: �5�

From the shunt connection of all path impedances of a
plane and ®nally of all planes impedances results the
sample impedance for the ¯awed sample given by

ZS �
M2

y Zgi � Zgb

ÿ �2�My Zgi � Zgb

ÿ �
ZA

KZ NxMy Zgi � Zgb

ÿ �� nxZA

ÿ � : �6�

Unlike in the case of the brick layer model for ¯awless
materials, here a geometry independent representation
is not possible since the size of the crack plays an
important role with respect to the sample geometry.
The corresponding electrical equivalent circuit can be

found in Fig. 4.

4.2. Crack extended brick model

In the case of a ¯awless single-phase microstructure,
only one time constant appears in the impedance spectra,
as it was found for 8YSZ, and simply one R-C element is
enough for a simulation. This R-C element represents
the electrical behaviour of the grains and a grain
boundary phase does not exist. Such a modelling shall
be designated in the following as the brick model in
contrast to the brick layer model.
Transmitting the results derived above for the crack

extended brick layer model, the sample impedance for
single-phase materials in the ¯awed state follows from
Eq. (6) with Zgb � 0 given by

ZS � My

NxKz

MyZ
2
gi � ZgiZA

MyZgi � nx
Nx

ZA

: �7�

The corresponding equivalent circuit results from that
in Fig. 4 if one disregards all the R-C elements which
describe the grain boundary phases or instead of this
bridges them.

4.3. Typical impedance spectra resulting from the crack
extended models

The in¯uence of a crack on the impedance given by
Eqs. (6) and (7) is at this point considered by means of
calculated spectra using the two crack extended models

with a de®nite crack opening of �y=2 mm and for dif-
ferent crack lengths. This is compared with the spectra
of the corresponding ¯awless states, which are deter-
mined by the brick model and the brick layer model.
Typical values for the electrical properties of the phases
of polycrystalline ceramics were used for the calcula-
tions. Fig. 5 shows all the characteristics.
If cracking occurs, both, for one- and for two-phase

microstructures the curves are each characterized by
two ohmic and two capacitive ranges. The in¯uence of
the crack particularly appears in an increasing magni-
tude of the low-frequency ohmic range.
In order to be able to calculate the in¯uence of a

crack from measured spectra a simpli®cation of the
equivalent circuits of the crack extended models is
necessary. Nevertheless from the quantities of the
remaining elements, the in¯uences of the microstructure
and of the crack damage must clearly result.

4.4. Simpli®ed crack extended brick model

As shown before, typical impedance spectra for single-
phase microstructures are characterized by two time
constants when cracking occurs. Therefore in the case of
single-phase microstructures, qualitatively a di�erent
electrical behaviour as in the ¯awless state has to be
considered which can be represented by a network con-
sisting of two R-C elements in series. Eq. (7) can be
transformed into:12

ZS � A3!
3 � A2!

2 � A1!� A0

B4!4 � B2!2 � B0
: �8�

Then the facts become clear because the function of the
total impedance of two R-C elements in series can be
brought into the same form as Eq. (8) and hence is
mathematically equivalent to the transfer function
resulting from Eq. (7).12 One can now compare the
coe�cients Ai and Bi of both transfer functions and one
obtains an overde®ned system of non-linear equations
which can be solved. These calculations were carried out

Fig. 5. Typical impedance spectra resulting from the crack extended

models for di�erent crack length and a de®nite opening of 2 mm.
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using the software Maple.13 The following relationships
are established as the solution for the normalized quan-
tities of the R-C elements and designated with the indi-
ces LF and HF:

rHF � rgi; cHF � cgi; rLF � ax
Lx ÿ ax

rgi;

cLF � Lx

ax
ÿ 1

� �
cgi � Lx

ax

Ly

dgi
cA: �9�

The equivalent circuit of the crack extended brick
model according to Eq. (7) is mathematically equivalent
to a network consisting of two R-C elements in series
and therefore can be simpli®ed in this way. The in¯u-
ence of the grains is exclusively determined by the
quantities rHF and cHF. rLF and cLF are e�ective quan-
tities which reveal the in¯uence of the crack. Depending
on the residual remaining cross-section Lxÿax the
quantity rLF gives that part of dc total resistance in the
low-frequency ohmic range which is added after crack-
ing. Therefore rLF is a function of the crack length. The
capacitance cLF is not only determined by the crack
length but also by the crack opening �y. The in¯uence of
the crack opening becomes clear if one inserts cA �
"0dgi=�y into the relationship for cLF in Eq. (9). There-
fore, the air volume of the crack determines cLF.
Introducing the relationships of Eq. (4) the corre-

sponding time constants �HF � rHFcHF and �LF � rLFcLF

are given by

�HF � "0"gi

�gi
;

�LF � "gi � Lx

Lx ÿ ax

Ly

�y

� �
"0
�gi
: �10�

The expression in parentheses for �LF in Eq. (10) is
dominated by the second term. Since ax > 0 it always
follows that Lx=�Lx ÿ ax� > 1 and furthermore in the
case of realistic cracks with small openings Ly=�y >> 1
and in most cases Ly=�y >> "gi so that �LF is at least one
order of magnitude higher than �HF. The crack damage
results in two time constants which typically di�er by
more than one order of magnitude. Therefore, they both
clearly appear in the spectra. Since � is reversely pro-
portional to ! one always recognizes the added time
constant in the low-frequency range.

4.5. Simpli®ed crack extended brick layer model

Considering the impedance spectra calculated by
means of the crack extended brick layer model it seems
reasonable to use also a network consisting of two R-C
elements as a simpli®ed model for a ¯awed two-phase
microstructure. However, the di�culty lies in the fact that
three phases have to be considered which are the grains,
the grain boundary phases and the air-®lled crack.

4.5.1. Approach by means of a network consisting of
four R-C elements
In a mathematical respect, results from a series con-

nection of four R-C elements a transfer function are
given by.12

ZS �
P7
i�0

Ai!
i

P4
i�0

B2i!2i

: �11�

Eq. (6) can also be transformed to a rational function
which is equivalent to Eq. (11). Comparing the coe�-
cients of both forms one obtains a system of non-linear
equations. Although this has no solution, an analytical
approximation can be given by transmitting the results
from Eq. (9) as follows12

r1 � rgi; c1 � cgi; r2 � ax
Lx ÿ ax

rgi;

c2 � Lx

ax
ÿ 1

� �
cgi � Lx

ax

Ly

dgi
cA;

r3 � rgb; c3 � cgb; r4 � ax
Lx ÿ ax

rgb;

c4 � Lx

ax
ÿ 1

� �
cgb � Lx

ax

Ly

dgi
cA:

�12�

Making use of a network consisting of four R-C ele-
ments and the relationships in Eq. (12), one obtains a
good agreement with the characteristic resulting from
Eq. (6), as shown in Fig. 6. Deviations up to 1.1%
merely occur in the frequency range from 100 to 1000
Hz.
Although only two time constants appear in the

spectra, four time constants obviously describe the elec-
trical behaviour. Taking Eq. (4) into account they are
given by

Fig. 6. Comparison of impedance spectra resulting from both simpli-

®ed crack extended brick layer models and from the model according

to Eq. (6) for di�erent crack length and a de®nite opening of 2 mm.
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�1 � "0"gi

�gi
; �2 � "gi � Lx

Lx ÿ ax

Ly

�y

� �
"0
�gi
;

�3 � "0"gb

�gb
;

�4 � "gb � dgb

dgi

Lx

Lx ÿ ax

Ly

�y

� �
"0
�gb

:

�13�

It now strongly depends on the values of the time
constants whether they appear clearly in the spectra or
not. If two time constants almost have the same value
the corresponding ohmic and capacitive ranges in each
case are hardly to distinguish. They merge into one time
constant.
The comparison of the time constants �2; �3 and �4

from Eq. (13) shows that these often hardly di�er from
each other. Since for the most polycrystalline ceramics the
volume fraction of the grain boundary phase compared to
the sample volume is always very small with dgb=dgl << 1
and further for short crack lengths it is Lx=�Lx ÿ ax� < 2,
mostly in the expression for �4 follows although Ly=�y >
> 1 that "gb > dgb=dgi �Lx=�Lx ÿ ax��Ly=�y or even "gb >
> dgb=dgi �Lx=�Lx ÿ ax��Ly=�y and therefore �4 � �3. If
one considers the expression in parentheses for �2 it
turns out that the second term is dominating because of
Ly=�y >> 1. With the assumed ratio for the con-
ductivities v� � �gb=�gi << 1 one obtains for the time
constant �2 � Lx=�Lx ÿ ax��v� �"0=�gb which is mostly of
the same scale as �3.
Hence, three time constants merge into one and the

quantities of the corresponding R-C elements can be
integrated as follows

rLF � r2 � r3 � r4;
1

cLF
� 1

c2
� 1

c3
� 1

c4
: �14�

With the unchanged quantities r1 and c1 the ®nal result
is a network consisting of two R-C elements de®ned by
the relationships in Eq. (15).

rHF � r1 � rgi; cHF � c1 � cgi;

rLF � ax
Lx ÿ ax

rgi � Lx

Lx ÿ ax
rgb;

cLF �
cgi � Lx

Lx ÿ ax

Ly

dgi
cA

� �
cgb � Lx

Lx ÿ ax

Ly

dgi
cA

� �
cgb

Lx

Lx ÿ ax
cgi cgb � Ly

dgi
cA

� �
� Lx

Lx ÿ ax� �2
Ly

dgi
cA

Lx � ax� �cgb � Lx
Ly

dgi
cA

� �
� ax
Lx ÿ ax

c2gb

�15�
The quantity rLF depends on the crack length and cLF

apart from that on the crack opening as in the case of
the simpli®ed crack extended brick model. Moreover, one
obtains characteristics which can not be distinguished

from the comparable characteristics of the corresponding
network consisting of four R-C elements. The general
description of the electrical behaviour with a network
consisting of four R-C elements is only required in
exceptions because under the given conditions as well as
in the case of realistic polycrystalline two-phase micro-
structures and crack damages for the time constants is
mostly valid: �2 � �3 � �4. Therefore, the crack extended
brick layer model can be typically simpli®ed as a net-
work consisting of two R-C elements in series.

4.5.2. Approach by means of limiting frequency
considerations
The in¯uence of the crack is only e�ective on the low-

frequency range of the impedance spectra as shown in
Fig. 5. In particular with increasing crack length the
magnitude of the low-frequency ohmic range clearly
increases. In the high-frequency ohmic and the high-
frequency capacitive range obviously no changes occur.
Consequently, the quantities rgi and cgi which describe the
electrical behaviour of the grains remain unchanged.12 If
therefore one employs a network consisting of two R-C
elements for modelling the other two quantities can be
determined from limiting frequency considerations. Eq.
(6) can be simpli®ed for ! << 1=�gb as follows

ZS;LF � My

NxKz
Rgi � Rgb

ÿ � Lx

Lx ÿ ax
� Rres: �16�

An ohmic current ¯ow exclusively occurs through the
grains and across the grain boundary phases in the
remaining ¯awless cross section. In the equivalent cir-
cuit, this corresponds to a series connection of two
ohmic resistors where the normalized resistance
occurring in the high-frequency range is known and
amounts:

rHF � rgi: �17�

Consequently the second resistance may be determined
by the di�erence of NxKzdgi=My �Rres ÿ rHF as:

rLF � ax
Lx ÿ ax

rgi � Lx

Lx ÿ ax
rgb: �18�

For high frequencies with ! >> 1=�gi one obtains from
Eq. (6) for the sample impedance Eq. (19).

ZS;HF � ÿj 1
!

My

NxKz

1

Cgi
� 1

Cgb

� �
Ly

dgi

1

Cgi
� 1

Cgb

� �
� 1

cA

Ly

dgi

1

Cgi
� 1

Cgb

� �
� 1ÿ ax

Lx

� �
1

cA

� ÿj 1
!

1

Cres
�19�
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Now the current ¯ows through the grains, across the
grain boundary phases and over the air gap exclusively
as a displacement current. In the equivalent circuit this
has to be identi®ed with a series connection of two
capacitors where the very much smaller capacitance of
the volume fraction of the grains still dominates the
electrical behaviour in the high-frequency range. This
remains unchanged due to a crack and amounts in the
normalized form:

cHF � cgi: �20�

By solving and normalizing the relationship 1=Cres �
1=CHF � 1=CLF one obtains with cA � CA=dgi the second
capacitance as:

cLF �
1ÿ ax

Lx

� �
cgicgb � Ly

dgi
cgi � cgb

ÿ �
cA

ax
Lx

cgb � cgi � Ly

dgi
cgi � cgb

ÿ � cA

cgb

: �21�

Fig. 6 shows the characteristics according to both
approximations and the one following from Eq. (6).
The approach using the limiting frequency considera-

tions achieves a very high agreement with the former
model and therefore can describe the typical electrical
behaviour of a ¯awed two-phase microstructure.
Deviations only up to 0.6% occur.

4.5.3. Comparison of both approaches
Comparing the two simpli®ed models one recognizes

that the expressions for rLF according to Eqs. (15) and
(18) are identical. Di�erences exist between the analytical
expressions for the capacitances cLF according to Eqs.
(15) and (21) which however lead to very similar
numerical results. The simpli®cation of the crack extended
brick layer model to a network consisting of two R-C
elements performs with the approach by means of the
limiting frequency considerations a higher agreement
with the former, crack extended model than with the
approach using a network consisting of four R-C elements.
Nevertheless the approach according to Eqs. (18) and
(21) represents the general case. In special cases this the
only one which can be used for a simpli®cation as
shown later.

4.6. Numerical ®eld computations

Numerical computations of the electrical ®elds were
used in order to consider the deviations resulting from
the assumption of one-dimensional current ¯ow and to
correct the simpli®ed crack extended models.
The calculations were carried out with the software

MAFIA and Maxwell14,15 using the geometrical data as
in the respective experiments. However, for reasons of a
limited computer performance the geometries were

reduced to the two-dimensional case. For each simu-
lated ®eld always a surrounding atmosphere in addition
to the sample with the electrical properties "A � 1 and
�A � 0 as well as open limiting conditions were used.
The electrodes were considered as ideal electrical con-
ductors. For the electrical properties of the individual pha-
ses, speci®c values must be taken. Since the calculations are
very extensive, a general processing with parameter
variations of the sample geometry or of the electrical
properties within the framework of the present work is
not possible. Therefore, the electrical properties for the
¯awless materials determined from the experiments and
by means of the brick layer model are employed for
these calculations. The crack was modelled as an air-®lled
rectangle with a de®nite opening �y � 2 mm and the
electrical properties "A � 1 and �A � 0. All computa-
tions were carried out for cracks of variable length run-
ning parallel to the electrodes.

4.6.1. Quasi static ®eld
If one excites the sample at elevated temperatures

with an ac voltage, the complex current consists of a
dielectric displacement part and an ohmic part. From
the viewpoint of the electrical ®eld theory for the
description of the electrical behaviour a quasi static ®eld
may be applied, because the wavelength l � c0=f and
the skin depth of the electrical ®eld � � 21=2���0!�ÿ1=2
with values of 300 and 50 m at the upper limiting fre-
quency of f � 1 MHz and in the case of a conductivity
of � � 10ÿ4 S=m are a lot higher than the geometrical
measurements of the sample which are in the mm-range.
One obtains the complex current as a secondary quan-
tity for every calculation at a speci®c frequency and
can compute the impedance Z � U=I using the given
voltage.
In order to determine numerically an impedance

spectrum many footholds are required in the frequency
band. The number and location of the footholds was
chosen as in the experiments with four frequency points
per decade. Therefore, 25 ®eld calculations in total are
required for a spectrum from 1 Hz to 1 MHz.

4.6.1.1. 9Ce-TZP. The sample can not be regarded as
an homogeneous material. On the contrary the micro-
structure consisting of grains and grain boundary pha-
ses with their speci®c electrical properties must be
considered. For the electrical properties of both phases
of 9Ce-TZP the data speci®c at 400�C obtained by
means of the brick layer model were employed: "gi=38,
�gi=1.9�10ÿ4 S/m, "gb=19 and �gb=3.4�10ÿ7 S/m. It
would be desirable to idealize the microstructure
according the brick layer model as an array of cubic
grains of a size that corresponds to the real, mean grain
size of 1.2 mm and with covering grain boundary ®lms of
a thickness of 1.4 nm. However, one rapidly runs into
the limits of the performance from computers. Therefore,
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the microstructure must be reproduced more coarsely
with clearly bigger and less grains than in reality.
It turned out that a suitable compromise represents a

microstructure, as shown in Fig. 7, which contains 233
grains of di�erent size in total.12

Structuring was coarsely chosen in ¯awless regions
and was increasingly re®ned to the damaged area since
there the conductivity occurs not only normal to the
electrodes and therefore an in¯uence of the structuring
on the result may be expected. The sum from the grain
size and from the proportional grain boundary ®lm
thickness amounts 2 mm in the biggest and 0.125 mm in
the ®nest case. The re®nement was carried out in each
case by bisectioning of the measurements. In the region
of the ®nest structuring the thickness of a grain boundary
phase is 0.15 mm. Even the thickness of the biggest grain
boundaries is so small that it is not recognizable in Fig.
7. The crack is in the middle of the sample as in the
comparable experiment, has its beginning at the bottom
and runs parallel to the electrodes. A purely inter-
granular cracking is always considered which means
that the crack runs along the grain boundaries and
divides no grains.
Complete spectra were then computed for two di�erent

crack lengths. Qualitatively, one ®nds the same facts as
in the case of the spectra which were calculated by
means of the crack extended brick layer model. Changes
also occur in the low-frequency range. In particular, an
increasing magnitude of the low-frequency ohmic range
appears again with increasing crack length in the spectra.
The result is represented in Fig. 17 compared with the
characteristics of the corrected, crack extended brick
layer model which is subject to Section 5.2.

4.6.1.2. 8YSZ. Only one phase has an e�ect from the
electrical respect in the case of 8YSZ. Therefore, the
microstructure can be idealized as a continuous phase.

The following electrical properties were employed for
the ®eld calculations: "gi � 30:6; �gi � 7:76� 10ÿ4 S=m.
The crack is again in the middle of the sample and
runs parallel to the electrodes. Complete spectra were
then computed for di�erent crack lengths as shown in
Fig. 8.
As predicted with the crack extended brick model a

second electrical time constant in the low-frequency
range results from a crack damage in the spectra
obtained by the numerical ®eld computations. Again,
one ®nds an increasing magnitude of the low-frequency
ohmic range with increasing crack length which
becomes especially clear in the case of the spectrum for
a crack of the related length ax=Lx � 0:5.

4.6.2. Electrostatic ®eld
In the case of high frequencies where the material

behaves purely capacitive the electrostatic ®eld can be
applied. Then, the sample can be regarded as an ideal,
homogeneous, dielectric of the e�ective permittivity " �
38 for 9Ce-TZP. For each crack length the electrical
®eld and as a secondary quantity the stored charge of the
system was computed. Consequently, the total capaci-
tance and the e�ective permittivity of the arrangement
can be determined. These results are compared with the

Fig. 7. Idealized graded microstructure for the numerical ®eld com-

putations.

Fig. 8. Numerically from the quasi static ®elds computed Bode char-

acteristics for a 8YSZ sample with di�erent crack lengths.

Fig. 9. Numerically from the electrostatic ®eld and analytically with

the crack extended brick layer model for high frequencies computed

relative decreases of the e�ective permittivity depending on the related

crack length in the case of a crack opening �y � 2 mm.
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analytical calculations according to Eq. (19) as relative
changes, as shown in Fig. 9.
One observes a linear decrease in the curve resulting

from the analytical calculations which amounts for a
completely cracked sample ÿ0.75% �ax=Lx � 1�. From
the numerical ®eld computations always follows a
smaller relative decrease of the permittivity. The ratio of
both values enters as a correction factor for the extended
model as shown later.
Fig. 9. Numerically from the electrostatic ®eld and

analytically with the crack extended brick layer model
for high frequencies computed relative decreases of the
e�ective permittivity depending on the related crack
length in the case of a crack opening �y � 2 �m.

4.6.3. Direct current ¯ow ®eld
These calculations were carried out for the veri®cation

of the low frequency behaviour of the crack extended
brick layer model and also enter in its correction. Since
the conductivity of the grains and of the grain boundary
phases di�er clearly unlike the permittivity, the micro-
structure must be considered here. This is implemented
using the microstructure shown in Fig. 7. The resulting
electric ¯ux course of the simulated dc behaviour of a
¯awed 9Ce-TZP sample with the assumption of a grain
conductivity �gi � 1:9� 10ÿ4 S=m and a conductivity
in the grain boundary phases �gb � 3:4� 10ÿ7 S=m is
shown in Fig. 10.
It is quite obvious that one-dimensional current ¯ow

only occurs in ¯awless regions far away from the crack.
Therefore the e�ective conductivity for ¯awed material
is higher than that one obtains from the crack extended
model under the assumption of one-dimensional current
¯ow over the remaining ¯awless cross section. This was
expected. The question now is how big the quantitative
di�erences are.

Numerical computations of the dc current were carried
out for di�erent crack lengths and a de®nite crack
opening of �y � 2 mm and then compared in each case
with the results from the crack extended brick layer
model for low frequencies according to Eq. (16).
Depending on the related crack length both char-

acteristics for the relative decrease of the e�ective total
conductivity are shown in Fig. 11.
A linear decrease which is proportional to the related

crack length results from the analytical solution. For a
completely cracked sample the decrease amounts
ÿ100%, which means of course, that no dc current ¯ow
is possible. From the numerical computations on the
other hand, one notices a by far smaller relative
decrease of the total conductivity, in particular for
medium-sized crack lengths. For example amounts the
relative decrease for a sample with a crack of the related
length ax=Lx � 0:5 only the half of the value resulting
from the analytical calculation.

4.7. Comparison of the results from the model and the
numerical ®eld computations

Qualitatively, the spectra resulting from the numerical
computations of the quasi static electrical ®eld are very
similar as the spectra determined with the crack exten-
ded brick layer model. However, there are di�erences in
the low-frequency range in quantitative respect. By
means of the numerical computations of the static ®elds
which are less time consuming than the computations of
the quasi static ®elds the corresponding quantities in the
simpli®ed equivalent circuit for the crack extended brick
layer model consisting of two R-C elements in series can
now be corrected. For the quantity rLF the computations
of the dc current ®eld have to be considered. From these
calculations one obtains the true total conductivity or
the true total resistance rtotal of the sample. According
to the model at low frequencies [see Eq. (16)] the total
resistance is given by rres � rLF � rHF. From the ratio of
these two resistances a correction factor kr � rtotal=rres

Fig. 10. Electrical ®eld at dc current ¯ow in the sample with a crack of

ax � 4 mm �ax=Lx � 0:5� length and an opening of �y � 2 �m.

Fig. 11. Numerically from the dc current ¯ow ®eld and analytically

with the crack extended brick layer model for low frequencies com-

puted relative decreases of the e�ective conductivity depending on the

related crack length.
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depending on the crack length can be derived. Since rHF

is known from the impedance measurements and
remains unchanged due to a crack damage the other
ohmic resistance in the simpli®ed crack extended brick
layer model can be corrected and its true value is given by

rLF;corr � kr rHF � rLF� � ÿ rHF: �22�

With the analytical model calculations one over-
estimates rres and thus rLF. Therefore, rLF must be cor-
rected downwards and it applies: 0 < kr41. The larger
the crack length is, the stronger the correction has to be
and the smaller becomes kr. At the same time rLF

strongly increases and therefore it always applies:
rLF;corr > 0. Since the crack opening is small compared
to the thickness of the sample with �y << Ly; kr does
not depend on �y. However, the thickness of the sample
has an e�ect on kr if this is not much larger than the
crack length. A larger sample thickness means here a
smaller volume density of cracks. Therefore the con-
tribution of rLF is smaller and a stronger correction is
necessary, which becomes e�ective in a smaller kr, as
shown in Fig. 12, for two di�erent thicknesses of the
sample.
The quantity cLF can be corrected analogously. Here,

the computations of the electrostatic ®eld have to be
considered and the true total capacitance of the sample
ctotal is employed. Via the relationship cÿ1res � cÿ1LF � cÿ1HF

which follows from simpli®ed crack extended brick
layer model at high frequencies according to Eq. (19),
the corrected value of the capacitance appearing in the
low-frequency range is given by

cLF;corr � kccHF

cHF

cLF
� 1ÿ kc

�23�

if one introduces the correction factor kc � ctotal=cres.
Since it is now only a question of a displacement current
which can also ¯ow across the crack, the deviations of

the model computations are considerably smaller than
before. Therefore, only small corrections are necessary
and the values of kc are close to one. Apart from the
crack length this correction factor always depends on
the crack opening as well as on the sample thickness.
Fig. 13 shows the characteristics of kc as a function of
the related crack length for di�erent values of �y as well
as for di�erent sample thicknesses.
If one employs the corrected quantities rLF;corr and

cLF;corr (kr � 0:68 and kc � 1:00068) as well as the
unchanged quantities rHF and cHF the impedance spectra
resulting from the corrected, crack extended brick layer
model with an equivalent circuit consisting of two R-C
elements in series correspond very well with the spectra
obtained by means of the numerical computations of
the quasi static ®eld, as shown in Fig. 14, for a sample
with a crack of a length of ax � 4 mm. Merely in the
capacitive transition region small deviations can be
found which however became less by the correction. In
the low-frequency ohmic range there is even a complete
agreement of both characteristics after the correction.
For comparison, the corresponding characteristic of the
former, crack extended brick layer model is also repre-
sented in Fig. 14.

Fig. 12. Correction factor kr for the simpli®ed crack extended brick

layer model resulting from the numerical computations of the static

®eld in the case of dc current ¯ow versus the related crack length.

Fig. 13. Correction factor kc for the simpli®ed crack extended brick

layer model resulting from the numerical computations of the electro-

static ®elds depending on the related crack length.

Fig. 14. Comparison of the Bode characteristics resulting from the

numerical computations of the quasi static ®elds and from the cor-

rected crack extended brick layer model.
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5. Discussion

5.1. Microstructure of the ¯awless zirconia ceramics and
modelling

A continuous grain boundary phase could be proved
by TEM investigations including EDX analyses in the
TZP materials. These results imply the use of the brick
layer approach for modelling. In contrast to this in
8YSZ such a distinctive second phase was not found. A
second phase in the triple points can de®nitely be
excluded. No contribution or only a very small con-
tribution to the grain boundary blocking e�ect in the
impedance spectra was also found in previous investi-
gations on comparable materials.11,16 This points to a
very high purity of the raw material as well as a very low
porosity of the specimens used here and therefore,
modelling the 8YSZ with the brick model is justi®ed.
For all investigated materials the interface electrode/
ceramic does not appear in the impedance spectra.12

5.2. Modelling of ¯awed zirconia ceramics inclusive the
numerical ®eld computations and comparison with the
experimental results

Employing the electrical properties of the phases
obtained from the experimental data for 9Ce-TZP at 400�C
and by means of the brick layer model: "gi � 38; �gi �
1:9� 10ÿ4 S=m; "gb � 19 and �gb � 3:4� 10ÿ7 S=m as
well as crack data with an opening of �y � 2 mm and dif-
ferent crack lengths one obtains from the simulation
with the crack extended brick layer model [according to
Eq. (6)] characteristics which are qualitatively very
similar with the characteristics resulting from the
experiments (see Figs. 2 and 5). Therefore, with the crack
extended brick layer model the electrical behaviour of a
¯awed sample can qualitatively be described. Further-
more, this model could be simpli®ed in the form of a
network consisting of two R-C elements in series by
means of limiting frequency considerations or by trans-
ferring to a network consisting of four R-C elements in
series and physically understandable correlations with
the microstructure as well as the crack can be set up.
With both simpli®ed approaches, one obtains the same
total resistance in the low-frequency range and therefore
the quantity rLF according to Eq. (15) and (18). rLF is an
e�ective quantity that is determined both by the resis-
tances of the grains and of the grain boundary phases and
by the crack length. The determination of the capacitance
in the low-frequency range is not unambiguous with the
simpli®ed models since it is not a question of a purely
capacitive range. However, the predominantly capacitive
transition region can well be approximated with a
capacitance which is designated in standardized form
with cLF. This quantity can be given in analytical forms
according to Eqs. (15) and (21). It depends besides on

the capacitances of the volume fraction of the grains
and of the volume fraction of the grain boundary phases
also on the crack length and on the crack opening. The
simpli®cation of the crack extended brick layer model to
a network consisting of two R-C elements performs
with the approach by means of the limiting frequency
considerations a higher agreement with the former crack
extended model and will be used in the following.
In the case of a single-phase microstructure, the sim-

pli®ed crack extended brick model together with the
quantities from the relationships in Eq. (9) is qualita-
tively able to reproduce the electrical behaviour of a
8YSZ sample with an individual crack as it was found in
the experiment (see Fig. 3). For the calculations of the
spectra the electrical data: "gi � 30; �gi � 7:8�
10ÿ4 S=m and cracks of variable lengths and an open-
ing of �y � 2 mm were considered (see Fig. 5).
Finally, by means of the numerical computations of

the corresponding electrical ®elds it was possible to cor-
rect the deviations in the simpli®ed crack extended models
resulting from the assumption of one-dimensional current
¯ow. The correction factors for the quantities rLF and
cLF can be determined from the static, electrical ®elds
for dc current ¯ow and pure displacement current.
Compared to the numerical computations of the quasi
static ®eld, which were also computed for control pur-
poses, these calculations are a lot less time-consuming.
Hence the simulation of the spectra of ¯awed 2Y- and

9Ce-TZP samples is based on the corrected, simpli®ed,
crack extended brick layer model and the simulation of
the 8YSZ materials on the corrected, simpli®ed, crack
extended brick model. In both cases, the quantities
appearing in the low-frequency range of the spectra are
decisive with regard to the qualitative and quantitative
in¯uence of the crack damage.

5.2.1. Flawed 9Ce-TZP
In several experiments on 9Ce-TZP samples, a multi-

ple prolongation of a short starting crack could be
achieved. The characteristics for the relative decrease of
the conductivity and the relative decrease of the capaci-
tance of the optimized quantities rLF and cLF represented
in Fig. 15 result from the experiment shown in Fig. 2.
These refer to the initial state in each case and depend

on the related crack length. Both characteristics are
typically for all experiments carried out. They decrease
approximately linearly to the related crack length, the
relative decrease of the capacitance is a little stronger.
If one employs the quantities rLF;corr and cLF;corr of

the corrected, crack extended brick layer model accord-
ing to Eqs. (22) and (23), a quantitative comparison
with the relative decreases experimentally determined
can be drawn. Considering Eq. (18) and the relation-
ships in Eq. (4) one obtains the relative decrease of the
conductivity from the model calculations given by Eq.
(24).
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�gb � dgb
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�gi

� �
�24�

As long as the crack opening and the crack length are
small compared to the thickness of the sample as �y <<
Ly and ax < Ly the correction factor kr only depends on
the crack length, but not on the crack opening. The
relative decrease of the conductivity also only depends
on ax. If one draws the relative decrease of the con-
ductivity determined according to Eq. (24) versus the
related crack length, where the speci®c electrical prop-
erties of the phases at 400�C and kr from Fig. 12 were
employed one also lists an almost linear function, as
shown in Fig. 16.
Therefore, with respect to the conductivity, the model

calculations quite well represent the characteristics
found experimentally in Fig. 15.

The decrease of the capacitance depends on the crack
length and also on the crack opening according to Eq.
(23). If one takes Eq. (4) into account the relative
decrease of the capacitance is given by Eq. (25).
Fig. 16 also shows the characteristics of the relative

decreases of the capacitance for di�erent crack openings
where the corresponding correction factors have been
used. For a de®nite crack opening the relative decrease
is stronger than linear and especially high for short crack
lengths. Given that the crack opening always becomes
larger with increasing crack length and considering
both, the relative decreases experimentally determined
as shown in Fig. 15 and computed according to Eq.
(25), one estimates for the crack openings up to 1 mm
for short cracks and 2 to 10 mm for long cracks. This is
in realistic orders of magnitude and therefore the cor-
rected, crack extended model can be used to realistically
describe the changes of the electrical behaviour resulting
from a crack damage with the quantities rLF;corr and
cLF;corr. The model calculations represent a good basis
for estimates concerning the minimum size of a crack
damage which is recognizable by impedance measure-
ments as shown later.
For verifying both, the idealized microstructure

according to Fig. 7 and the corrected, crack extended
brick layer model numerical computations of the quasi
static electrical ®eld for a sample with an individual
crack were employed. Fig. 17 shows the impedance spectra,

�cLF;corr

cLF;corr
� ÿ

1ÿ ax
Lx

� �
kc ÿ 1

� �
cgicgb

� Ly

dgi � dgb
�kc � cgb�cA

1ÿ ax
Lx

� �
kc

cgb

cgi � cgb
ÿ 1

� �
cgicgb

� Ly

dgi � dgb
�kc ÿ 1�cgb ÿ cgi

� �
cA

�25�
Fig. 15. Relative decreases of the capacitance and of the conductivity

for the low-frequency quantities calculated from measured spectra at

400�C due to a crack depending on the related crack length.

Fig. 16. Relative decreases of the capacitance and of the conductivity

for the low-frequency quantities computed by means of the corrected,

crack extended brick layer model depending on the related crack

length.

Fig. 17. Comparison of the impedance spectra determined as well

experimentally as with the corrected, crack extended brick layer model

as with the numerical computations of the quasi static ®eld for a 9Ce-

TZP sample with and without a crack.
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both, for the initial state and for the ¯awed state deter-
mined as well experimentally as from the corrected,
crack extended brick layer model as from the computa-
tions of the quasi static ®eld.
A crack length of ax � 2:7 mm �ax=Lx � 0:338� was

found in the experiment. For the calculations in each
case a crack length of ax � 2:5 mm �ax=Lx � 0:313�
and a crack opening �y � 2 mm were used. Apart from
small deviations in the capacitive ranges there is a good
agreement between the measured characteristics and the
characteristics resulting from the numerical computa-
tions of the quasi static ®elds as well as from the cor-
rected, crack extended model for both, the ¯awless and
the ¯awed state. As a result, the corrected, crack extended
brick layer model is con®rmed by the purely numerical
computations as well as by the experiment.

5.2.2. Flawed yttria-stabilized zirconia
Qualitatively, the electrical behaviour of 2Y-TZP does

not di�er from that of 9Ce-TZP (see Fig. 3). In the case
of 8YSZ, however, one ®nds an additional, second time
constant in the low-frequency range of the spectra due
to a crack (see Fig. 3). Therefore, the electrical beha-
viour of 8YSZ will be regarded in the following only.
The two new quantities are designated with rLF and cLF.
In the experiment, the crack length was ax=Lx � 0:76.

The additional capacitance is around 550 times larger
than the corresponding capacitance of the volume fraction
of the grains. By means of the corrected, crack extended
brick model the crack opening according to Eqs. (9) and
(23) can be estimated to �y � 0:8 mm. The additional
resistance is as big as the resistance of the volume fraction
of the grains resulting from the measured spectra.
Employing the crack data in Eq. (9) and with the cor-
responding correction factor kr � 0:484 follows from
the corrected, crack extended model according Eq. (22)
an additional resistance rLF;corr � 1:02�rgi. Hence, a very
good agreement of the experiment and the model exists.
Furthermore, the spectra resulting from the numerical
computations of the quasi static ®eld are in very good
correspondence with those resulting from the corrected,
crack extended brick model and consequently, con®rm
it as well.

5.3. Limits and possibilities of impedance measurements
for damage detection in structural ceramics

5.3.1. Size of detectable damages in zirconia ceramics
For the following estimates 9Ce-TZP is considered.

The electrical properties of the phases in the ¯awless,
initial state at 400�C are employed.
By means of dc measurements at elevated temperatures,

the ohmic total resistance of the sample is registered where
the information content and the measuring sensitiveness
are smaller than in the case of frequency-dependent ac
measurements. Those re¯ect a di�erentiated electrical

behaviour of the single phases in the impedance spectra.
The estimates are based on the corrected, crack extended
brick layer model using the numerical computations of
the static electrical ®elds. One obtains the information
about the in¯uence of the crack damage from the
quantities of the R-C element which determine the low-
frequency range of the spectra.
Fig. 18 shows the relative decrease of the conductivity

due to an individual crack depending on the crack
length for a sample of a thickness of Ly � 10 mm, a
width of Lx � 8 mm and a length of Lz � 12 mm
computed from the quantity rLF;corr. This sample geo-
metry was determined by the conditions of the experi-
ment. In the case of thinner samples but otherwise
identical data the measuring sensitiveness increases for
example from 1 to 8% for a crack of the length ax=Lx �
0:05 in a sample of a thickness of Ly � 1 mm, as shown
in Fig. 18.
The corresponding correction factor kr can be found

in Fig. 12. Independent from the sample thickness the
relative changes in the quantities rLF;corr or �LF;corr due
to a crack are at least around a factor 4 for ax=Lx >
0:0125 and up to two orders of magnitude in the case of
long cracks higher than the relative changes in the
e�ective permittivity at room temperature.12

The relative changes of cLF;corr with respect to the
initial state calculated for samples of the same geome-
tries as before are considerably higher than those of
�LF;corr as shown in Fig. 19.
For example, the relative change of cLF;corr in a sample

which is 1 mm thick amounts to ÿ43% for
ax=Lx � 0:05, �y � 1 mm and to approximately ÿ5%
for ax � 100 mm �ax=Lx � 0:0125�, �y � 1 mm. The
corresponding correction factors kc were computed for
both sample thicknesses (see Fig. 13). In addition here,
the crack opening has clear e�ects on the result. The
absolute value of the relative decrease of the capacitance
increases with an increasing crack opening. For ax �

Fig. 18. Relative changes in conductivity depending on the related

crack length ax=Lx calculated with the corrected, crack extended brick

layer model for two di�erent sample thicknesses and a de®nite crack

opening of �y � 1 mm.
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100 mm and �y � 2 mm the relative decrease
�cLF;corr=cLF;coor amounts to ÿ8%.
In total, the quantity cLF;corr shows the highest sensi-

tivity to a crack damage which can lead to measuring
e�ects of far more than 10% in the case of short cracks
with an opening of �y � 1 mm. If the crack opening is
by far less than 1 mm, the changes in electrical respect
still have a signi®cant e�ect in the quantity �LF;corr. The
sample geometry as well as the electrode arrangement
also have strong e�ects on the measuring sensitiveness.

5.4. Transfer of the results to other materials

The brick layer model is a good description for ¯aw-
less two-phase microstructures when the grains show a
by far higher conductivity than the grain boundaries
and the grains are completely covered by the grain
boundary phase. If in such a material a crack damage
occurs the corrected, crack extended brick layer model
can be always applied. Hence, the e�ects on the elec-
trical behaviour due to a crack of a great number of
materials can be predicted in qualitative and quantita-
tive respect. In the case of single-phase microstructures
the brick model in the initial state and the correspond-
ing crack extended model in the ¯awed state is suitable.
In order to ®nd an ideal material for the detection of a

crack in it by means of impedance measurements with a
maximum measuring sensitivity, one varies the electrical
properties and the ratio of the thicknesses of both phases
and employs the corrected, crack extended brick layer
model. This material is characterized by the following
properties of the grain boundary phase:12 its con-
ductivity is likely as close as possible at the upper
boundary value with �gb40:1�gi, its e�ective permittivity
is as high as possible in relation to this of the grains and
its thickness is as small as possible.

5.5. E�ects of a crack damage on the number of
distinguishable electrical time constants in the impedance
spectra

Comparing the rational transfer function of the brick
layer model for the ¯awless state which corresponds
mathematically to the form of Eq. (8) with that of the
crack extended brick layer model according Eq. (11),
one notices that its order is doubled due to a crack.
Analogously, a doubling occurs from two to four in the
case of the brick model and the crack extended version.
This means that the number of time constants is
doubled by a crack damage, as shown in principle in
Fig. 20.
However, the impedance spectra of realistic, ¯awed

polycrystalline materials are typically characterized by
two time constants, as shown before. At least in theo-
retical respect, there exist special cases where three time
constants clearly appear over a frequency range from 1

Hz to 1 MHz. This can be expected particularly if the
volume fraction of the grain boundary phase is no
longer small compared to the volume of the sample. In
the relationships of Eq. (13) follows that �4 >> �3 and
consequently at very low frequencies a third time
constant appears in the spectrum, as shown by the fol-
lowing example. If the volume fraction of the grain
boundary phase of a material amounts xgb � 0:15 and
the following electrical properties: "gi � 38; �gi �
10ÿ4 S=m; "gb � 19 and �gb � 10ÿ6 S=m are employed
one obtains using the brick layer model for a sample of
the size 10�8�12 mm3 in the initial state and using the
crack extended brick layer model for this sample with a
crack of a length of ax � 4 mm �ax=Lx � 0:5� and an
opening of �y � 2 mm the Bode characteristics as shown
in Fig. 21.
This ®ctitious material would have similar electrical

properties as 9Ce-TZP at 400�C, however, the volume
fraction of the grain boundary phase is considerably
larger as in reality. In the spectrum for this material
with a crack one really lists another qualitative beha-
viour as in the ¯awless state. At low frequencies, the
expected third time constant can be clearly observed. A
simpli®cation of the crack extended brick layer model
according to Eq. (6) is only possible using the approach
with the network consisting of four R-C elements. In
the ®nal analysis one obtains a series connection of
three R-C elements which describes the electrical beha-
viour.
For control purposes the numerical computations of

the corresponding quasi static ®eld are now considered.
The characteristic obtained numerically is very similar.
Three time constants as in the case of the crack extended
brick layer model can be seen. Since here in the model
no corrections are considered the impedance for fre-
quencies less than 10 Hz is higher than in reality. How-
ever, due to a crack damage, three time constants may
appear in the impedance spectra under certain condi-
tions as shown before.

Fig. 19. Relative changes in capacitance depending on the related

crack length ax=Lx for two di�erent crack openings and sample

thicknesses calculated with the corrected, crack extended brick layer

model.
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6. Conclusions

By means of impedance measurements on zirconia
ceramics at elevated temperatures, one registers the
ionic conductivity as well as the displacement current of
the individual elements and phases of the micro-
structure. In particular, the partial impedances of the
grains, of the grain boundary phase as well as of the
crack have an e�ect in speci®c frequency ranges of the
impedance spectra at temperatures above 250�C.
The crack damage only occurs in the low-frequency

range of the spectra as a raised impedance which increases

with increasing crack length. In the case of 9Ce- and
2Y-TZP there are no changes in the characteristics due
to a crack damage in qualitative respect. The electrical
behaviour can be still described by two time constants.
In contrast to this in the spectra of 8YSZ clearly results
an additional time constant due to a crack.
It succeeded to describe the electrical behaviour of

¯awed zirconia ceramics by means of the crack extended
models qualitatively as it was found in the experiments.
These two models which contain many single elements
could be simpli®ed by analytical transformations in
each case in the form of a network consisting of two R-
C elements in series. In the case of the crack extended
brick layer model the electrical behaviour is described in
general by four time constants. Therefore, a crack
damage may result in a doubling of the existing time
constants in the initial, ¯awless state as it was found for
the single-phase 8YSZ materials. At least a third time
constant may appear in the spectra if the volume frac-
tion of the grain boundary phase is not small compared
to the volume of the sample. In almost all real cases of
two-phase microstructures, however, the impedance
spectra are characterized by two time constants before
and after cracking because of the geometrical conditions
in the microstructure as well as of the assumed low-
conducting grain boundary phase. The in¯uence of a
crack with its length and its opening clearly follows
from the quantities of the R-C element which appear in
the low-frequency range of the spectra. By means of the
numerical computations of the static electrical ®elds the

Fig. 20. Maximally possible number of distinguishable electrical time constants in the impedance spectra and corresponding equivalent circuits due

to a crack damage for one- and two-phase microstructures.

Fig. 21. Comparison of the impedance spectra of a ®ctitious material

with a crack and without crack resulting from the numerical compu-

tations of the quasi static electrical ®eld and from the crack extended

brick layer model.
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deviations in the crack extended models resulting from
the assumption of one-dimensional current ¯ow can
almost completely be corrected. Using the corrected,
crack extended models, one ®nds an high agreement
with the experimental results not only qualitatively but
also quantitatively with an error limit of 5%.
With the capacitance and the resistance of the R-C

element which appear in the low-frequency range of the
spectra there exist two quantities, which both react
considerably more sensitive to a crack damage than the
e�ective total permittivity at room temperature as well
as the total dc conductivity. For crack openings bigger
than 1 mm, one ®nds the highest sensitiveness with the
change in capacitance. Since the change in conductivity
does not depend on the crack opening with the resis-
tance there is always a second very sensitive quantity in
the case of small crack openings. The calculated relative
changes of both quantities correspond very well with the
changes experimentally determined. With the corrected,
crack extended models, therefore, the changes of the
electrical impedance due to a crack damage can be pre-
dicted for any crack length and opening. The measuring
sensitiveness always depends on the sample geometry as
well as on the arrangement of the electrodes. With the
given measuring accuracy of 0.2% for instance a crack
of a length of less than 10 mm in a sample of the size
1�8�12 mm3 should be detectable.
In addition, the model calculations using the cor-

rected, crack extended models can be transmitted to all
polycrystalline materials for which in the ¯awless initial
state the brick or the brick layer model is valid.
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