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Abstract

In this study, the Vickers indentation method was
used to determine the crack growth of ferroelectric
barium titanate (BaTiO3) ceramic under the in¯u-
ence of electric ®elds. It was veri®ed that an applied
electric ®eld induces distinct anisotropic crack growth
parallel and perpendicular to the poling direction
which is mainly interpreted as an anisotropy in frac-
ture toughness. The curve of the measured crack
lengths as a function of the applied electric ®eld
shows similarity with the strain hysteresis. Curves of
cracks parallel and perpendicular to the electric ®eld
direction are symmetric to each other. Stress-induced
ferroelastic domain switching is used to explain the
observed crack lengths anisotropy and change in frac-
ture toughness.# 1999 Elsevier Science Limited. All
rights reserved

Keywords: BaTiO3 and titanates, ferroelectric
properties, toughness and toughening.

1 Introduction

Ferroelectric ceramics are used in large quantities
in a variety of applications in which they are
not mechanically stressed to a signi®cant extend.
Because of their fast response times and precise dis-
placement control they are very suitable for repla-
cing conventional mechanical and electromechanical
devices in actuating systems. However, the main
disadvantage is their brittleness. They tend to
develop critical crack growth due to mechanical
and electrical loads and are therefore susceptible to
fracture. The mechanically related problems most
common in ferroelectric ceramics arise from inter-
nal stresses generated by phase transitions and
reorientation of ferroelectric domains when they

are subjected to external loads. In this respect
electric ®elds might deteriorate the mechanical
properties of the material. Accordingly, under-
standing the fracture behaviour of ferroelectric
ceramics is the key to improve reliability and assess
lifetime of piezoelectric devices.
Analyses which are capable of describing stress

relaxation due to ferroelastic domain switching as
well as stress distribution and crack propagation
phenomena at the tip of an elliptical radial crack
produced by Vickers or Knoop indentation have
been performed by several researchers.1±8 Espe-
cially the Vickers indentation test technique9±12

under an additionally applied static electric ®eld is
widely used for the fracture toughness analysis in
poled ferroelectric ceramics. The main measured
e�ect of the induced electric polarization in the
ferroelectric material is an anisotropic crack growth
parallel and perpendicular to the poling direction.
The evaluation of the experimental data with the
known concepts of fracture mechanics leads to the
conclusion of an anisotropy in fracture toughness
as a material property of ferroelectric ceramics.
The anisotropy in the fracture toughness is induced
by energy dissipating ferroelastic domain switching
during crack growth due to the mechanical stress
®eld in the vicinity of the crack tip.2±6 The tensile
stresses acting normal to the crack plane induce
ferroelastic reorientation of these domains which
are aligned mostly parallel to the crack. This e�ect
leads to pronounced R-curves which was shown at
compact-tension specimens made of barium tita-
nate.13,14 Controlled crack growth was induced in
unpoled and poled samples as well as under an
additionally applied electric D.C. ®eld and the
toughening was explained with the development of
a ferroelastic switching zone around the crack. The
applied electric ®eld parallel to the crack front
increases the initial fracture toughness and results
in a stronger R-curve behaviour.
Guiu et al.7 suggest another explanation for the

anisotropy in the fracture toughness of Vickers
indentation cracks. It is argued that the plastic
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deformation stress ®eld produced beneath the
Vickers indentation is anisotropic, having higher
intensity, or being longer range, in the direction
normal to poling. The anisotropy in the plastic
deformation ®eld can be induced by the preferred
orientation of the ferroelectric domains in the polar-
ised material and di�erences in the shear moduli c44
and c66.
Ferroelectric ceramics undergo residual stresses

associated with the phase transition that occurs on
cooling through the Curie temperature. These
internal stresses vary in magnitude dependent on
the transformation strain and the elastic modulus.
Dependent on grain size these stresses can produce
microcracks and spontaneous cracking.15 Not only
electrically induced polarization in the ferroelectric
ceramic also applied electric ®elds directly interact
with existing cracks. The di�erence in the dielectric
permittivity between the ceramic and the crack
®lling medium determines the character of the
electric ®eld e�ect which can enhance or hinder
crack growth.16±20

In this study the crack growth in a BaTiO3 cera-
mic was investigated under applied electric ®elds
up to 4 times the coercive ®eld strength by using
the Vickers indentation technique. The change in
crack length and fracture toughness in connection
with the in¯uence of polarization switching on the
crack generating stresses as well as crack tip
switching processes is qualitatively discussed.

2 Experimental and Results

2.1 Preparation of the bulk material
Samples were prepared from a commercially avail-
able BaTiO3 powder, namely Alpha 99% 2�m
(Johnson & Matthey GmbH Karlsruhe, Germany)
with a BaO+SrO-TiO2 ratio of 0.987. The bulk
material was fabricated in three steps. In the ®rst
two steps the specimens were formed by pressing:
(1) uniaxial forming pressure of 29MPa, (2) iso-
static forming pressure of 750MPa. Then the pres-
sed powder was sintered in air at 1250�C for 3 h to
a ®nal relative density of 95.4% of the theoretical
density �=6.017 g cmÿ3. The specimens had an
average grain size of 10�m and a tetragonal crystal
structure at room temperature. After polishing
with diamond paste the beam specimens have
dimensions of 3�3�38mm. Silver paint was used
as electrodes which were applied on two planpar-
allel and opposite surfaces.

2.2 Young's modulus and Poisson ratio
The Young's modulus of poled specimens was
determined applying the pulse-echo method with
the Universal Ultrasonic Flaw Detector USM 3

(KrautkraÈ mer-Branson GmbH, Germany). A
transversal and longitudinal ultrasonic pulse with a
frequency spectrum between 10 and 15MHz was
sent parallel and perpendicular to the poling direc-
tion in the specimen to measure the speed of
sound. From the results the Young's modulus
Y=88GPa and the Poisson number �=0.35 were
determined neglecting the small elastic anisotropy
of the material.

2.3 Polarisation and strain hysteresis
In order to characterise the ferroelectric properties
of barium titanate the polarization P and the strain
 were measured as a function of the applied elec-
tric ®eld E. For the polarization measurement a
Sawyer±Tower circuit was used. In the circuit a big
capacity is connected in series to the specimen so
that by varying the electric ®eld the electric charge
at specimen's electrodes can be determined. Figure
1 shows the measured polarization hysteresis. The
strain parallel to the electric ®eld direction (butter¯y
loop) was measured via an inductive system (Fig. 2).

2.4 Crack growth by Vickers indentation and
fracture toughness under electric ®eld
For isotropic, homogeneous materials, explicit
equations for the radial crack evolution by a sharp
indenter have been empirically formulated.9 The
critical stress intensity factor or fracture toughness
KIc can be expressed in terms of material constants,
indentation load and indentation induced crack
length such as

KIc � 0�032�H� ���cp ����
Y

H

r
� a

c

� �ÿ3=2
;H � P

2�c2 �1�

where P is the applied indentation load, Y is the
Young's modulus, 2c is the Vickers diagonal, a is
the crack half length and H is the Vickers hardness.
The factor 0.032 was chosen on the basis of Ref. 9
because the fracture toughness values of unpoled
specimens are in good agreement with the results of
other test methods and the typical half penny crack
shape was found in the tested specimens.

Fig. 1. Polarization hysteresis of the used BaTiO3 ceramic.
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A commercial Vickers indentation facility
(Zwick 3212, Zwick, Germany) was used. Tests
were performed in a silicon oil tub to prevent
subcritical crack growth and electric discharge
through air. The peak indentation load of 40 N
was applied for 10 s, then, unloaded rapidly. To
generate electric ®elds, a power supply for vol-
tages up to 12.5 kV/D.C. was used. Before testing
the specimens were poled by an electric ®eld of
E=1 kVmmÿ1. Indentation tests were conducted
during the action of various electric ®elds both in
poling (positive) and opposite to the poling direc-
tion (negative) to investigate the e�ect of electric
polarisation on crack growth (Fig. 3). Twenty-®ve
indentations were performed and radial crack
lengths parallel, aII, and perpendicular, a?, to the
electric ®eld direction were measured with an
optical microscope immediately after indentation
for each electric ®eld level (Fig. 4). Figure 5
shows a typical crack system. It is noted that
there is the well known crack lengths anisotropy.
As can be seen also side cracks may develop
which are probably due to the strong internal
stresses. Nevertheless the large number of data
points should minimise the experimental error
connected with side cracks. It is in any case evi-
dent that crack growth perpendicular to the poling
direction is signi®cantly greater than in the parallel
direction.

Table 1 lists the variation in crack lengths along
with di�erent electric ®elds and their standard
deviations. From the crack lengths the fracture
toughness was calculated according to eqn (1). The
results are summarised in Table 2.

3 Discussion

3.1 Electric ®eld around indent
In order to discuss the in¯uence of the applied
electric ®eld on the development of the crack sys-
tem around the indent the electric ®eld distribu-
tion, ~E�~r�, in the vicinity of the indent must be
known. As a rough estimation the indent is
approximated by a spherical void of radius c. The

applied electric ®eld, ~E0, produces a polarisation,
~P,21,22

~P � �"r ÿ 1�"0
1� "rÿ1

3

~E0 � 3"0 ~E0 for "r � 1 �2�

which produces an electric far ®eld ~EP

~EP�~r� � 3� ~P�~r��~rÿ r2 � ~P
4���"0 �r5 �3�

Fig. 2. Strain hysteresis of the used BaTiO3 ceramic.

Fig. 3. Experimental set-up.

Fig. 4. Measured crack lengths via the applied electric ®eld
parallel (aII) and perpendicular (a?) to the ®eld direction.

Fig. 5. Dimensions of indentation induced cracks.
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In these equations, "r, denotes the relative permit-
tivity of the material and "0 is the vacuum permit-
tivity. The total electric ®eld, ~E, around the indent
is the superposition of the applied electric ®eld and
the electric dipole ®eld. For an applied electric ®eld
in z-direction this leads for r > c to:

Ex � "r ÿ 1

2�"r � 1
�E0 � c

r

� �3
�3�sin��� cos��� � Ey �4�

Ez � E0 ÿ "r ÿ 1

2�"r � 1
�E0 � c

r

� �3
�3�cos2��� ÿ 1� �5�

In x; y and z direction i.e. �=90� or 0�, respec-
tively, the x and y components of the electric ®eld
are zero. The electric ®eld in z direction at the sur-
face of the sphere (r � c) for �=0� vanishes
whereas for �=90� it is intensi®ed by a factor of
1.5 because the dipole ®eld is directed in negative z
direction. Hence the local electric ®eld around the
indent deviates signi®cantly from the applied elec-
tric ®eld for r � c but for r > 2c the e�ect of the
indent (sphere) is small and may be neglected.

3.2 Median cracks
As described in Ref. 11 subsurface median cracks
induced by elastic/plastic contact through a Vickers
indentation with opening angle 2	 develop during
the loading half cycle. In this regime both the resi-
dual stresses due to the plastic deformation, �r,

�r � Y
a

b

� �3
cot�	� c

r

� �3
�6�

and the subsurface elastic contact stresses �e

�e � g���H�0
�

c

r

� �2
�7�

are tensile and perpendicular to the median planes
containing the load axes. b describes the dimension
of the plastic zone, �0 is a geometrical constant
being � for a circular contact. g��� is an angular
function &0.1 being negative for �=0� at the sur-
face (compressive stresses) and positive for �=90�

(perpendicular to the surface, tensile stresses).
If these tensile stresses exceed the coercive stress,

�coercive ferroelastic domain switching occurs and
relaxes the tensile stresses. For the used BaTiO3

ceramic, ferroelastic behaviour in bending occurs
between 20 and 60MPa (A. Kolleck, pers. comm.)
resulting in an average coercive stress ��coercive

=40MPa. Introducing this value into eqns (6) and
(7) gives the radius R around the Vickers indenta-
tion where domain switching occurs: Re=220�m
and Rr=270�m for 	=68� and b=a=1.02.
An applied electric ®eld of 1.5 kVmmÿ1 increa-

ses the coercive stress by approx. 25% (Kolleck,
pers. comm.) which reduces switching to Re=
196�m and Rr=250�m. These radii are of the
order of the measured crack lengths (see Table 1
and Table 2).
The elastic stress ®eld develops instantaneously

when the tip of the indent touches the surface of
the ceramic. Therefore the elastic stress ®eld is pre-
sent before the median cracks develop and domain
switching due to this stress ®eld occurs. Median
cracks develop after a certain plastic deformation
is produced. Therefore the residual stress ®eld
arises simultaneously with crack initiation and
growth and will probably not be relaxed due to
domain switching.
If the material is unpoled domain switching due

to the elastic stress ®eld will be isotropic and also
the stress relaxation will be axial symmetric around
the Vickers indent. If an electric ®eld is applied
parallel to one of the diagonals of the Vickers
indent the situation changes as follows: The polar-
isation vectors of the domains are oriented mostly
parallel to the applied electric ®eld. Ferroelastic
domain switching due to the tensile stresses �e
takes place during the loading half cycle below the
indent. But this domain switching is concentrated
on the area which is parallel to the electric ®eld
because only there the tensile stresses are oriented
perpendicular to the electric ®eld (Fig. 6). Accord-
ingly stress relaxation occurs mainly in the direc-
tion parallel to the electric ®eld and the driving

Table 1. Measured crack lengths parallel (aII) and perpendi-
cular (a?) to the applied electric ®eld; �a: mean value, �a: stan-

dard deviation

Specimen E(kVmmÿ1) aII�da(mm) a?�da(mm)

Poled +1.33 216�19 339.5�19.5
Poled +0.5 217�9.5 329.5�15.5
Poled 0 235.5�15 313�12
Unpoled 0 273.5�23.5 276�19.5
Poled ÿ0.15 253�7.5 295.5�9
Poled ÿ0.29 262�15.5 306�11.5
Poled ÿ0.4 265.5�22.5 302.5�23.5
Poled ÿ0.5 221�16 316.5�13.5

Table 2. Fracture toughness parallel KIc;II and perpendicular
KIc;? to the electric ®eld

Specimen E(kVmmÿ1) KIc,II(MPa
p
m) KIc,?(MPa

p
m)

Poled +1.33 1.63�0.11 0.83�0.03
poled +0.5 1.62�0.05 0.86�0.03
Poled 0 1.43�0 070.93�0.03
Unpoled 0 1.14�0 071.13�006
Poled ÿ0.15 1.28�0.03 1.02�002
Poled ÿ0.29 1.59�0.05 1.03�0.03
Poled ÿ0.4 1.19�0.07 0.98�0.06
Poled ÿ0.5 1.57�0.08 0.92�0.03
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force for the median crack parallel to the electric
®eld decreases. As a consequence the crossed med-
ian cracks are expected to have di�erent extension
being longer in direction perpendicular to the elec-
tric ®eld than in parallel direction.
In addition stronger electric ®elds have a stron-

ger poling e�ect which means that more domains
can be switched ferroelastically by the elastic stress
®eld. Therefore stress relaxation will increase in
direction parallel to the electric ®eld and decrease
in orthogonal direction and the corresponding crack
lengths will decrease and increase, respectively.

3.3 Radial cracks
The development of the radial cracks occurs during
the unloading half cycle.10±12 During the loading
half-cycle the elastic contact hoop stresses are
compressive at the surface and compensate the
tensile residual hoop stresses. Along with the
unloading the elastic contact stresses disappear and
only the residual stresses from the plastic defor-
mation remain. These residual hoop stresses are
tensile and the corresponding radial stresses are
compressive. As shown above these residual stres-
ses are strong enough to induce ferroelastic
switching up to a radius Rr&250 �m. Therefore
also for the radial cracks stress relaxation could
take place leading to an anisotropic residual stress
®eld on the surface with the same e�ect as already
described for the median cracks. On the other hand
stable crack growth will occur simultaneously to
the unloading half cycle and it is not clear if stress
relaxation of the residual stress ®eld arises fast
enough.

3.4 Crack tip domain switching
The above described relaxation model especially
for median cracks is an alternative approach in
comparison to the crack tip domain switching
models.2±6 The basic idea of the crack tip switching
models is that the high tensile stresses at the crack
tip perpendicular to the crack path lead to a local

polarization change. If the coercive stress, �coercive,
is exceeded near the crack tip, domains originally
oriented mainly parallel to the crack change their
polarization by 90� switching due to these tensile
stresses. Accompanied with the polarization
change is a strain mismatch �"switch because of the
tetragonal crystal structure of the BaTiO3. The c
axis is about 1% longer than the a axis. Therefore
the material expands locally around the crack tip in
orthogonal direction and it shrinks parallel to the
crack direction. No volume change occurs because
domain switching is a shear process. Compressive
stresses normal to the crack ligaments would be
present without a crack and are relaxed by the
existing crack leading to crack tip shielding during
crack advance. The toughness increase, �GIc, due
to this shielding can be expressed by the energy
density �coercive�"switch times the width of the
switching zone, 2 h,

GIc � G0 ��GIc � G0 � 2h�coercive�"switch �8�

G0 denotes the toughness in the absence of domain
switching. The zone half width h is determined
from the crack tip stress ®eld

h � A
KIc

�coercive

� �2

�9�

A is a constant depending on the zone shape which
is related to the used switching criterion which is a
matter of research. With

GIc � K2
Ic

Y��1ÿ �2� �plane strain� �10�

we get23

GIc � G0

1ÿ 2A�"switchY�1ÿ�2�
�coercive

�11�

Equation (11) is identical with �K � ����
A
p

Y
�1ÿ �2��"switch

���
h
p

for small �eswitch.24

The in¯uence of an electric ®eld on toughening is
twofold:

. It changes the number of switchable domains
by the stress ®eld at the crack tip. Therefore
the strain mismatch �"switch changes.

. The coercive stress �coercive necessary to switch
the domains is changed.

It is clear that for tensile stresses of `parallel' cracks
�coercive increases because the electric ®eld `holds'
the polarization. For cracks perpendicular to the
electric ®eld the e�ect is just the opposite. The

Fig. 6. Model of tensile stress relaxation due to ferroelastic
domain switching in the material.
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experimental result shows a distinct toughness
increase for cracks oriented parallel to the electric
®eld and a decrease for cracks oriented perpendi-
cular to it. According to eqn (11) this can only be
understood when the relative changes of the
switching strains due to the electric ®eld are stron-
ger than the relative changes of the coercive stress.
It is very probable that the growth of median cracks
to radial cracks during unloading is strongly deter-
mined by the crack tip domain switching processes.

3.5 Similarity between butter¯y loop and crack
lengths as a function of the electric ®eld
It is especially interesting to discuss the e�ect of a
negative electric ®eld applied in direction opposite
to poling. If this negative electric ®eld is increased
up to ÿ0.4 kVmmÿ1 the crack lengths aII and a?,
increase and decrease, respectively. For higher
negative electric ®elds the e�ect is reversed. This
can be understood as follows: The number of
switchable domains dominates both the relaxation
of the elastic or residual stress ®eld before the
crack enters into these stress ®elds and the crack
tip switching processes. The number of switchable
domains is proportional to the strain hysteresis
(butter¯y) loop. It is clear that the number of
switchable domains for `parallel' cracks has a mini-
mum corresponding to a maximum crack length at
the (negative) coercive ®eld. The opposite is valid
for `perpendicular' cracks leading to a minimum in
crack length. In addition a direction can be assigned
to the crack lengths measurements. It starts with
poled specimens of 1 kVmmÿ1. The electric ®eld is
decreased and reversed to negative ®elds. At the
coercive ®eld the sample changes the poling direc-
tion. This e�ect can be clearly seen in the crack
lengths curves. Therefore by re¯ecting the measured
crack lengths at the ordinate, E=0 kVmmÿ1,Ðas a
consequence we double our data pointsÐa crack
lengths hysteresis loop can be constructed similar
to the strain hysteresis loop (Fig. 7). The same
happens for the calculated fracture toughness
curves (Fig. 8).
Of course, these crack lengths loops and KIc but-

ter¯y loops are not measured with a continuously
varying electric ®eld. The measurement is per-
formed in discrete steps as described before. As a
consequence some hysteresis e�ects enter, but they
are small for our BaTiO3. Also the maxima and
minima of the crack lengths do not exactly occur
at the coercive ®eld. This is assigned to the electric
®eld perturbance due to the Vickers indent as well
as the existing median cracks. The Vickers indent
intensi®es the electric ®eld for `perpendicular'
cracks and diminishes it for `parallel' cracks.
Therefore we expect that we need higher applied
electric ®elds to reach locally the coercive ®eld for

parallel cracks and the opposite for `perpendicular'
cracks which is in qualitative agreement with the
measurements (see Fig. 7). Having these e�ects
in mind the similarity between the strain hyster-
esis loop and crack lengths loop is surprisingly
good.

3.6 `Impermeable' cracks
Suo16 proposed that in dielectrics remotely applied
electric ®elds E0 perpendicular to a so±called
impermeable crackÐthat is with zero electric dis-
placement, D, inside the crack perpendicular to the
crack surfaceÐlead to singular electric displace-
ment ®elds around the crack tip

D�r� / KIV��������
2�r
p �12�

with the so-called ®eld intensity factor KIV

KIV � "0"rE0

������
�a
p �13�

The electrical energy release rate GIV which is con-
nected with the ®eld intensity factor is

Fig. 7. Measured crack lengths parallel (aII) and perpendi-
cular (a?) to the applied electric ®eld.

Fig. 8. Calculated fracture toughness with constant Vickers
hardness H parallel KIc;II and perpendicular KIc;? to the elec-

tric ®eld.
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GIV � ÿ K2
IV

2"r"0
�14�

It is interesting to recognise that GIV is always
negative. This electric ®eld concentration does not
occur for cracks oriented parallel to the applied
electric ®eld. The consequence for the performed
Vickers experiments should be that cracks perpen-
dicular to the applied electric ®eld would `feel' an
additional negative electric crack driving force,
GIV, which should reduce crack growth. This con-
tradicts the experimental ®nding that just a? is
always longer than aII. At least this e�ect must
be small. On the other hand a simple calculation
for the Vickers cracks gives GIV=ÿ33 Jmÿ2

(a=350�m, "r=3000, E=1.5 kVmmÿ1). Accord-
ing to eqn (10) the measured KIc values for cracks
perpendicular to the electric ®eld correspond to a
critical energy release rate between 2 and 3 Jmÿ2.
Therefore the e�ect of the electric energy release
rate should exceed the domain switching e�ect by
far. It should be the dominant e�ect. This dielectric
result will be changed only slightly for BaTiO3 with
a weak piezoelectric coupling. The strong dis-
crepancy is most probably due to the necessary
condition16,17 that

"f
"r
� b

a
�15�

where b is the maximum crack opening in the mid-
dle of a Gri�th crack and "f the relative permit-
tivity of the medium inside the crack. In order to
check the applicability of KIV, we assume that the
ellipticity of the crack comes from an external
applied stress �0y perpendicular to the crack plane
and the material behaves ideally dielectric without
any piezoelectric or electrostrictive coupling
between mechanical and electrical ®elds. The crack
opening u is given by

u�x� � �
0
y

Y

���������������
a2 ÿ x2
p

�16�

for ÿa < x < a.
Introducing the mode stress intensity factor, KI,

given by
KI � �0y

������
�a
p �17�

the crack opening at x � 0 which equals b may be
written as:

u�0� � KI

Y

���
a

�

r
� b �18�

With eqn (18) it is possible to check the inequality
of eqn (15). The highest possible value for b is given
when the fracture toughness, KIc, of the ceramic

material is reached. Therefore using eqn (18) we
rewrite the inequality eqn (15) as follows:

"f
"r

Y
������
�a
p
KIc

� 1 �19�

Using the values of the investigated BaTiO3,
"r=3000, "f=1, Y=88GPa, a=350�m, KIc=
1MPa

p
m we get

"f
"r

Y
������
�a
p
KIc

� 0�9 �20�

As 0.9 is not much smaller than 1 it excludes
applying to KIV. This result shows clearly that it is
physically questionable to apply the impermeable
crack approach and that the corresponding nega-
tive energy release rate is strongly overestimated.
Additionally it is shown that due to the small
opening displacement the crack is permeable for
the electric ®eld. As a consequence electric ®eld
singularities as predicted by eqn (12) which would
strongly in¯uence the crack tip switching processes
are overestimated.

4 Conclusions

The Vickers indentation technique was used to
determine the in¯uence of an electric ®eld on crack
growth in BaTiO3. A distinct electric ®eld depen-
dence of the crack lengths could be detected. Cracks
perpendicular to the electric ®eld are always longer
than cracks parallel to it. Using negative electric
®elds it could be shown that approx. at the coercive
®eld aII and a? are closest to each other being near
the isotropic crack lengths of the unpoled speci-
mens. In addition a crack lengths hysteresis loop
similar to the strain hysteresis loop was introduced.
This similarity is a strong hint that mostly the
strain mismatch during ferroelastic switching
which is proportional to the strain hysteresis dom-
inates the relaxation. This result is valid both for
crack tip switching processes and stress relaxation
of the elastic or residual Vickers indentation stress
®eld. The discussion of KIV shows that the corre-
sponding negative energy release rate is over-
estimated which can be explained by the problematic
assumption that the crack interior has zero per-
mittivity. It could be also shown that the electric
®eld disturbance of the Vickers pyramid is small.
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