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What do we know about surface charges on
cracksin ferroelectric ceramics?

Andrea R. Engert, Frank Felten, Hans Jelitto and Gerold A. Schneider

Abstract The present work investigates the static and tiepgeddent electric po-
tential distribution around cracks in a poled fetextric ceramic by Kelvin Probe
Force Microscopy (KFM). In a first step a Vickerglentation crack in poled lead
zirconate titanate (PZT) was subjected to statcteak fields of up to 500 V/mm
in poling direction, and the potential distributiaround the crack was measured.
In a second step, the polarity of the applied gdtavas reversed against the pol-
ing direction during the measurement of the po#éntising a simple model, an
effective dielectric constant of the crack, as vesllthe surface charge density on
the crack face were calculated as a function ofiteance from the crack tip, the
applied field and the time. The results are disedssith reference to free charges
on the crack surface, electrically induced domaittching at the crack tip and
crack bridging.
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1 Introduction

Ferroelectric materials are used, amongst othdicagipns, in electro-mechanical

transducer applications, converting mechanicaléernto an electrical potential
(direct piezoelectric effect) or vice versa (inwergiezoelectric effect). During

their lifetime, ferroelectric ceramics must be dalpato operate under long-term
electro-mechanical loading. While they continudind increasing use, their frac-
ture mechanics are still investigated due to thoeir fracture toughness and com-
plex material behavior. This work contributes te tinderstanding of the effect of
electrical loading on fracture in ferroelectric aics.

A crack filled with air in a dielectric material thia high permittivity, is a void
with a relative dielectric constant of one in a rixaith a dielectric constant that
can be up to three orders of magnitude highem Iélactrical field is applied nor-
mal to the crack surface, it will penetrate theckrarhe crack shape, the crack
opening displacement and the ratio of the perniitly of the crack interior and
the ceramic, will determine to what extent the gledlux through the crack will
be diluted, and increased ahead of the tip. Faksran a ferroelectric ceramic, i.e.
in an electromechanically coupled material, thisdeto a non-linear boundary
value problem. In the literature three approachresused to describe cracks in
ferroelectric materials assuming impermeable boteslaimpermeable crack),
permeable boundaries with an infinite dielectriostant of the crack (permeable
crack), and permeable boundaries with a dieleciicstant of the crack higher
than one (semi-permeable crack). Theoretical warlg, from Balke et al [1] us-
ing the capacitor model of Hao and Shen [2] hawawshthat the latter results in
the most realistic representation of the electistdfaround the crack. However,
the capacitor model proved to be energeticallycosisistent [3]. In consequence,
Landis [4, 5] derived the so called “energeticalynsistent” boundary conditions
along the crack faces that include electrostatictions, which are caused by an
electric field perpendicular to the crack facessitlg the crack. His improved
model, that also includes surface charges on thekdaces, and an electrical dis-
charge model within the crack, predicts that actekal load increases the critical
mechanical load for fracture. Except of the pernwaback model, all other theo-
retical approaches predict that the electric feghglied perpendicular to the crack
plane increases the critical mechanical load fackgrowth [6]. These theoretical
predictions could not be observed experimentally. Belitto et al. [7,8,9] and
Hausler [10] show that DC electric fields of 1/3thé coercive field only influ-
ence the critical loads for crack growth to a vemall extent.

Haug and McMeeking [11] showed, that screeninggd®on the crack surface
would change the fracture behavior of the crackdtically. Schneider et al. [12]
already successfully used Kelvin Probe Force Mimopy (KFM) to study the po-
tential distribution around an electrically load€itkers crack in PZT. From the
results an effective dielectric constant was cali@md for the crack tip. On the ba-
sis of a Griffith crack it was further shown, tleahigher dielectric constant of the
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crack reduces the dependency of the crack tip gmedlgase rate on an applied
electric field. The present work is a continuatiohthe work presented by
Schneider et al. [12]. It takes into account ndyansingle applied electric field,
but different field strengths up to 500 V/mm. Besidthe potential distribution is
not only analyzed at the crack tip, but to a craeigth of around 6@m. The ob-
jective was to analyze whether or not the crackdcalso be described by a single
effective dielectric constant farther away from tipeand at different applied elec-
tric fields. This part of the work is describednore detail in the PhD thesis from
Felten [13]. In addition, the time response of #iectric potential distribution
upon a reversal of the electric field against thlapzation direction was studied.
The motivation for this experiment was the assuompthat free charges on the
crack surface would not immediately change afterrédversal of the applied volt-
age. The objective of all experiments was to vettify theoretical assumption of
screening charges on the crack surface, tryingitmiify and characterize them.

2. Samples, experimental setup and methods

KFM is a scanning probe technique, which allows pirag the surface potential
of a sample versus the in-plane coordinates x aindaytwo-pass technique. Dur-
ing the first pass the topography is recorded apitag-mode. In the second pass,
the so-called interleave scan, the topographytraced in a set lift height and the
contact potential difference is measured. As théréivels over the sample surface
in lift-mode, the tip and the cantilever experieac®rce wherever the potential on
the surface is different from the potential of thee The force is nullified by vary-
ing the voltage of the tip so that the tip is & #ame potential as the region of the
sample surface underneath it. This voltage is gdbttersus the in-plane x-y-
coordinates, creating the surface potential image. principle of the KFM-mode
is described e.g. by Kalinin and Bonnell [14], tesolution of KFM is discussed
e.g. by Jacobs et al. [15].

Fig.1  Images of the Vickers indent taken with an optitétroscope showing the two per-
pendicular crack paths.
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The experiments were performed in a similar wagescribed by Schneider et
al. [12]. 270um thin plates of a commercial soft PZT (Vibrit11@@hnson Mat-
they) covered with thin gold electrodes on botresidvere cut into samples of
1x2cm2 The plates were poled at room tempezatvith an electric field of
2 kvimm. The coercive field extracted from a hysgis measurement (room tem-
perature, 2 kV/mm maximum field, 8.3 mHz) is arouf@D V/mm. According to
the data sheet the dielectric constantof the poled material is 4500 [16]. One
thin 4 cm x 26Qum face was polished on a semi-automatic polishiraghime
(Saphir550, ATM GmbH) using diamond suspension ddwra grain size of
0,25um (DP-Suspension P on MD-NAP, Struers GmbH). Théeria's grain
size measured with an optical microscope is ar@ymeh. After polishing a Vick-
ers indent (0.5 kg, 10 s, Vickers hardness te2&P dreceding model of ZVH10,
Zwick) was induced in the middle of the surfaceydurcing cracks parallel to the
surface edges (Fig. 1). The advantage of the iatientmethodology was its easy
control and simplicity concerning the experimergalformance. Vickers indent-
ers produce two basic types of crack systems: Iratkdian and lateral. After the
diamond is removed, local residual stress statdd Hwe cracks open [17,
p.249ff.].

gold electrode PZT-sample
LaVIEW HV fast scan slow scan \ ’
(pos) || :
G

HV — 7—%3%&* | lP

(neg) || Vs D
LS ) vickers indent
- conducting AFM

cantilever scanning area

Fig.2  Schematic of the experimental KFM setup.

The sample was fixed in a custom made holder agdead under a Scanning
Probe Microscope (SPM) in a way that the cantilevas perpendicular to the ap-
plied field, and would not electrostatically interawith the indent. The voltage
was externally applied to the sample. For the messents with constant fields
two separate power supplies were used (HCN-35-12B0IN-35-1250, FuG).
For the measurements where the field was reveeségolar power supply with
two ports and a fast response (PZD700, large sigaatiwidth up to 15 kHz,
TREK INC.) was chosen. The power supplies wererotlatl using a computer
program (LabView®, National Instruments). Therevittle voltage was applied in
a way that the line of zero potential laid along titack. This was necessary for
two reasons: the limited measuring range of the Kiadbtle of +/-10 V, and due to
the fact, that the topography of the surface iy oatorded well, when the contact
potential difference between the tip and the sangpiéose to zero. The measuring
setup is shown in Fig. 2. The KFM-experiments wgeeformed with a commer-
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cial SPM (Dimension3000, Nanoscope IV Controllege¥o) using conducting,
Ptir-coated, doped silicon tips with a resonangjdiency around 75 Hz (Point-
Probe plus-tip for Electrostatic Force MicroscopfFPEFM, Nanosensors). For
the interleave scan, the lift height was set ta2Q0ym. 6 V were taken for the
driving voltage. The scan rate varied from 0.2 ldz large scans (60m) and

2 Hz for small scans (gbm), i.e. the scan speed was slightly higher forl#nger
scans.
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Fig.3  Images of the topography (top-left) and the sw@faatential (top-right) of the scanned
surface with an electric field of 400 V/mm appligerpendicular to the crack (electric field and
polarization vector from right to left). The lowgraphs show the determination of the COD
(bottom-left) and the electric field in the PZT ahe potential drop across the crack.

Two data sets are received from every KFM measunentiee height (h) and
the corresponding surface potential profild.(Topographical images were proc-
essed using the microscope’s software (NanoScop2®/éeco) with a flattening
function, which means that a polynomial is fittedetach data line and then sub-
tracted to remove tilt and bow. KFM images were pmdt-processed. The images
shown in Fig. 3 are exemplary and were taken witlagplied field of 400 V/mm.
The voltage steps in the KFM-images mark the locatif the crack and reveal the
lower dielectric constant of the crack comparedht® ferroelectric material. The
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crack opening displacement COD, the electric fielthe PZT Ezr and the poten-
tial drop across the crackd were determined as shown in the graphs in Fig. 3.
The COD was determined using the microscope’s inaangdysis software (Nano-
Scope® 7.2, Veeco) at positions where neither chages nor kinks were pre-
sent, i.e. where the crack faces were rather ghtallthe crack direction. The dis-
tance from the crack tip r was determined graphid@oreIDRAW, Corel). To
calculate the potential drop across the crackpttential distribution was linearly
extrapolated on both sides of the crack, and th@udce of both lines was calcu-
lated at the inflection point of the potential ceATLAB®, Mathworks).

3. Reaults

Fig.4 COD as a function ofhe 12001 £ 120 [COD_=104 nm
distance from the crack tip r =
Eapp =0 (main graph), and COD a
function of the applied electric fie
Eappiat r = 5um (inserted graph).

r /pum

Since the measurement of the COD requires a higgiuton, several overlap-
ping scans were performed along the crack. The maiph of Fig. 4 shows the
COD as a function of the distance from the crapkrtat an applied electric field
Eapp= 0 V/imm. In the inserted graph it is shown trata distance of r = pm
from the tip, the COD was not influenced by, e
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Fig. 5 Plots of the electric field in PZT (left)&the potential drop across the crack (right) as
a function of the distance from the crack tip fdfedent applied electric fields.
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The electric field in the PZT and the potentiallacross the crack as a func-
tion of the distance from the crack tip are showrrig. 5 for the applied electric
fields from 100 to 500 V/mm.

For the measurements with field reversal, the séman axis was disabled.
Thus, the cantilever was kept at a constant distéoen the crack tip during scan-
ning. With the polarity of the applied voltage resed, the potential distribution
was measured as a function of time. The scannamguéncy was chosen accord-
ing to the scan size and the scan velocity. Tha sz of 1Qum was selected to
be as small as possible, but large enough to aldwvear fitting of the potential
on both sides of the crack to determine the ekedield in the PZT. In KFM the
potential is only measured every second scan mwith the height. Fig. 6 shows
the evolution of the potential plotted vs. time af exemplary measurement,
where the applied voltage was changed from -100nVigainst poling direction
to 100 V/mm in poling direction, scanning with aeduency of 0.75 Hz. The
measurement was done at a distance of arounaniffom the rack tip; the COD
at this distance was around Qu®.

Fig.6 3D plot showing th
evolution of the surface poten

with the time after the reversal

the applied field from -100/mm

to 100 V/mm dumg scanning at
constant distance from the cr =
tip (r = const.).
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Fig.7  Graph showing the electric field in the PZT (ledf)d the potential drop across the
crack (right) as a function of time during the nea of the applied voltage from -100 to
100 V/mm.
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Using the same procedure as above, the electlitifiehe PZT and the poten-
tial drop across the crack were calculated. As shimwFig. 7 the electric field in
the PZT changes rather step like, while the madeitof the potential drop first
increases before it reduces to the constant valitietine opposite sign.

4. Discussion

For further analysis a very simple model was u$iede capacitors in series con-
nection representing a space filled with air betwieo layers of material with a
dielectric constant of PZT. This model does noetako account the 3D shape of
the Vickers crack system, the residual stressesndrthe indent, and the ferro-
electric properties of PZT as well as the remnaanization of the poled PZT.
Using the condenser analogy the problem reducasl problem, which is fully
described by the components of the electric figldielectric displacemer, and
polarizationP that are perpendicular to the crack plane. Acoaydo this model
the electric field inside the crack,k«was calculated by:

AD

Ecrack CcoD . (1)
-0 500 - 500
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350 | = 350
300 |5 300
200 —>-200
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Fig.8 Plots of the electric field across the crack Jlafid the effective dielectric constant of
the crack (right) as a function of the distancerfrthe crack tip for different applied electric
fields.

The results for the electric field in the crackaafinction of the distance from
the crack tip and the applied electric field arewh in the left graph of Fig. 8.
The electric fields inside the crack are four osder magnitude higher than in the
PZT. Knowing the dielectric constant of the P&} either an effective dielectric
constant of the crack.cx, or an additional surface charge density on thekcra
surfacesws can be calculated using constitutive equationsttier dielectric dis-
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placement D. Since the dielectric displacementoistinuous across an interface
between two different dielectric materials, at thack surface it is:

Dpzt = €0€pzTEPZT = €0€crackEcrack = €0Ecrack + &k - (2)

The right graph in Fig. 8 shows that the effectielectric constant rises with
the distance from the crack tip and decreases thdhapplied electric field. For
applied fields higher than 200 V/mm a saturatiolu@as reached. The values for
gcrackFange from around 10 near the tip to over 200distance of 6Qum.

For every applied electric fielehEqqck is small compared tepep1Epzr. HeNce
according to equation 2, the free surface charge®sgpond to the dielectric dis-
placement in the PZT for every applied field sttbngsiven that a very simple
model was chosen to characterize the dielectristaom of the crack, the results of
the measurements with a constant applied eled#iid $how that neither a single
dielectric constant nor a constant surface chaegesity on the crack surface can
be used to describe the dielectric behavior ofathele crack.

For the time dependent measurement, the decayeodldttric potential drop
after the field reversal was fitted with an expadisrfunction giving a time con-
stantr,0f 9.5 s (Fig. 7, right):

A® =—-081V exd — /3
942s

J—osgv. @3)

Furthermore the electric field inside the cracle thelectric displacement in
the PZT, the effective dielectric constant of thack and the surface charge den-
sity were calculated. It was assumed that the seréharge density is a function
of time. According to this assumption the dielecttisplacement after the reversal
of the voltage is described by:

Dpzr(t) = £oEcrack + aus(1) - (4)

If the charge density on the crack surface andiiélectric displacement in the
PZT are plotted vs. time (Fig. 9, right), it turost that immediately after the re-
versaleoEgrack << Dpzt. If €0Ecrack CaN be neglecteds ~ Dpzr according to eq. (4).

It was expected that directly after the field resadr the surface charge redistri-
bution os moge(t) could be described by an exponential equation,

t
ws,model(t) = Zwso ex;{—?j _wso ) (5)

wherew’ is the surface charge density before the fielérsal. The expected
progression ofvs mogeriS added in the plot ab vs. time. It is obvious that if there
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is an exponential time dependencewgf the time constant,s is much smaller
than 1 s. The right graph in Fig. 9 shows first@pdn the effective dielectric con-
stant of the crack at the moment of the reversahefapplied voltage and then a
slow increase.

120
E 05
9 100
()
= 4
~ 0,0f wg 20
S
g 60
50,5

Fig.9  Graph showing both the dielectric displacemerthenPZT and the charge density on
the crack surface (left) and the dielectric coristdnhe crack (right) as a function of time during
the reversal of the applied voltage from -100 to¥0®m.

In summary this means: the experimental resultgestgthat at least two time
constants are necessary to describe the time depeadrface charge density on
the crack surface. One, much smaller than one geedrich can not be measured
within the time resolution of the KFM method, antean the range of 10 s. The
first one leads to an instantaneous screening ebtbger part of dielectric dis-
placement in the PZT. The second one leads to skpenential change of the po-
tential drop.

To explain the charge transport to the crack serfddferent approaches are
discussed in the following. In time resolved meaments of the conductivity of
PZT at 333 and 666 V/mm, a starting value of apipnakely 10** C/Vms was
measured after 400 ms. Assuming an electric condiycts = 102 C/Vms of
PZT at an applied electric field of 100 V/mm vyielas electric current density of
j=10" C/m2s. To compensate a dielectric displacemer@.@®4 C/m? it would
take 11 h to carry the charge from the electrodbeacrack surface. Therefore the
change in the surface charge density can neveuddadelectrical conductivity in
bulk PZT. Within one second also ferroelectric doms&witching could lead to a
redistribution of charges on the crack surface.tAapapproach to explain the be-
havior of the crack is the assumption of crack de&l Crack bridges are discon-
tinuous elements along a crack path, like contgatiiack faces (frictional bridge)
or a discontinuous crack path (elastic bridges) lmear model an effective di-
electric constant of the crack of 40 could be cdusg a fraction of f=0.9 %
crack bridges per unit area, which to contactiragkifaces:
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Eoraok=fepzr +1), £ =Lk 39 _ o587 g0q. )

The images of the samples taken with the opticalescope and the scanning
probe microscope prove the existence of elasticfaciibnal crack bridges. The
exemplary images in Fig. 1 show a typical crackpatthough the grain bounda-
ries cannot be seen, the crack path suggests ratedgr fracture (tortuous path
around grains). The crack profile also shows miznacking and crack bridging
(elastic and frictional bridges). Fig. 10 showsexemplary SPM image of a small
part of a crack path with a frictional bridge. Argament against the explanation
of eack DY crack bridges is the fact that.. rises with larger distance from the

crack tip, although the crack bridges should gss ldue to the increasing crack
opening displacement.

Fig.10 SPM image of the topognhy
(amplitude signal of the height) showin
frictional bridge. 2
¥
E 4
1 L)
> 6
8 4
10

2 4 6 8 10
fast scan axis x / pm

5. Conclusions

Electric field dependent measurements of the cogekning profile and the elec-
trical potential around a Vickers indentation cratckerroelectric PZT confirm the
KFM measurements from Schneider et al. [12] thatgbtential drop across the
crack is much smaller than expected for a crad&dfiwith air with a dielectric
constant of 1. If no surface charges are assurhed;dlculated the calculated ef-
fective dielectric constant based on a simple modgkases from around 10 near
the crack tip to 200 at a distance of 60 um from tihack tip, and decreases
slightly and continuously with the applied elecfiield. If a dielectric constant of
1 inside the crack is assumed, the calculated sadkce charge densities are al-
most identical with the dielectric displacementtia PZT ceramic.
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Time resolved measurements showed that the biggeragh the calculated
charge density on the crack surfaces follows tketet field instantaneously. An
estimate shows that the electrical conductivityhef PZT is too low to change the
surface charges within a few seconds by electgoalduction through the bulk
PZT. On the other hand, it could be shown that empntally observed grain
bridges could explain the effective dielectric dan$ of much bigger than 1 and
the fast charge displacement after the reversahefapplied electric field, al-
though they cannot explain the increasing effediiiedectric constant of the crack
with increasing distance from the crack tip.
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