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Abstract

Nonlinear hysteretic phenomena in polycrystalline ferroelectric ceramics are simulated using viscoplastic (rate-dependent) models without
a switching condition. Viscoplastic models describe the domain structure evolution effectively: in terms of rate equations for the volume
fractions of orientation variants. The results of a comparative study of two viscoplastic models for polycrystalline ferroelectrics undergoing
a cubic-to-tetragonal phase transition are discussed. Both models allow for 90 anpolazation switching, but differ in the number

of accessible domain orientations, which is 6 and 42, respectively. While the model with 6 polarization orientations provides a reasonable
description of ferroelectric ceramics under uni-axial loading, the model with 42 orientations reproduces the typical isotropic behaviour of
polycrystalline materials and can be parameterized for multi-axial loading. Examples of the viscoplastic models application to rate-dependent
phenomena in soft PZT ceramics and to a 3D finite element analysis of microstructural inhomogeneities in ferroelectric multi-layer films are
given.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction dent processes in these materials corresponds to seconds. In
the present study the rate dependence of the domain reversal

The polarization switching in ferroelectric crystals is a ki- is simulated using a viscoplastic model. Its functional form

netic process. Itis determined by the kinetics of the processess similar to that used iR.The difference between the two

occurring on the atomic level, such as the motion of domain models is in the number of accessible polarization directions

walls in the potential relief of various obstacles. Commonly, used to reproduce the isotropic response of a polycrystal.

the polarization switching criteria for ferroelectrics are for-

mulated in terms of a critical field or energy release (driving

force)2 necessary for domain reorientation. There are also 2. Viscoplastic model: physical background

attempts to describe the response of ferroelectrics to multi-

axial loading using gield or switchingsurface (in the com- Taking into account the thermally activated character of

bined electric field and stress space), within which switching the domain wall motion in ferroelectrics, one can formulate a

does not occur. Although such time-independent models canyiscoplastic modetithout a switching criterion. We consider

reproduce many important features of the switching process,a ferroelectric material witm orientation states (variants),

strictly speaking, due to the thermally activated nature of do- for examplen =6 for tetragonal materials. Each variaris

main wall motion, this description is valid only at 0K. The = characterized by its volume fractidgp. The decrease in the

experimental dafe® show that in soft PZT ceramics the rate  volume fraction of the-type domains with time (transfor-

effects are pronounced already at electric field frequenciesmation rate) due to their switching into a more energetically

of 0.1-1.0Hz. Therefore, the time scale for the rate depen-favourable stats is expressed by an Arrhenius type kinetic

equation
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whereps is the density of the mobile domain walls separat-
ing ther- ands-type domains (transformation systemG
is the Gibbs free energy required for a domain wall to over-
come an obstacle (activation energy},and< S > are the
wall velocity at zero activation energy and its average area,
respectively. The activation energy strongly depends on the
nature of pinning defects and is to be found from atomic scale
calculations. However, like in the case of dislocation plastic-
ity limited by discrete obstacles, one can use some empirical
expressions foAG. Here, we suggest that it depends on the
components of the electric fielland stress tenseronly via
the driving forces > 0 for the domain switching. Followingy,

frs

one has
14
7))

whereAGy is the activation energy at zero driving forde,
the obstacle strength and the paramgteharacterises the
obstacle shape. The paramet&r&y, fc, andp in Eq. (2)
depend on the domain wall type. In tetragonal ferroelectrics
there are six variants and two types of domain walls, which
correspond to 90 and 18@omain switching. Therefore in
this case one needs two sets of the parameter§s As fc,

the approximation(2) yields for the transformation rate a
power-law (viscoplastic) form

. <frs>’"
VUps = Uc .

fe

The viscoplastic index: = pAGo/kT decreases with in-
creasing temperature. Typically>> 1 and the power-law
(3) provides a reasonable approximationdgrin the whole
range O<fis <fc. In the athermal regimef{ >fc) the vis-
coplastic law fails and a pure viscous dependengy~ fs
seems to be more pertinent. However, the power-law form
may be useful also in this case, though the inaeannot be

AG(E, 6) = AGg (1— ( )

®3)
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Fig. 1. Polarization directions in the models | and Il. Six polarization ori-
entationsPS") (r=1, ..., 6) of the model | are situated along the cube axes
(%1, X2, X3). In the model Il six additional sets of polarizati®f™ (r, n=1,

..., 6) are situated in the diagonal planes of the cube. Only orle%é{ is
shown. The remaining five sets are related to other diagonal planes.

orientation in the paraelectric cubic phase, the model Il em-
ploys seven systems of six variants in each. The total number
of accessible polarization directions in the model Il is 42.
However, there is no polarization switching between orien-
tation variants, which belong to different systems. The rel-
ative arrangement of domains in both models is shown in
Fig. 1

3. Rate effects

Under uni-axial electrical loadingzs = E sinwt the

longer considered as a temperature dependent parameter. Weriving forcefs in the model | reduces toPPE3 or PSE; for

further assume that the factayin Eq.(3), which depends on

180 or 90 domain switching, respectively, where the spon-

the domain structure, can be expressed in terms of the volumeaneous polarizatioP® is a model parameter. For calibra-

fraction&, of ther-domains. According t8,saturation of a
transformation systems is controlled by the volume fraction
&. Hence, the transformation rabg, can be written in the

form
) (&)

o = bc( Je &o

and is vanishing a& — 0. The parameter. in Eq.(4) now
is independent of the domain structure. In fact, the analy-

(4)

tion of the viscoplastic models it is convenient to introduce
two parameterso®©) = v80(PsEo/ " and w180 =
bélgo)(ZPsEo / félso))m with a dimension of frequency. These
parameters characterize the effective mobilities of the 180
and 90 domain walls under a reference electric field with
amplitudeEp. The dependence of the wall mobilities on an
electric field amplitudé is given by a power-law-(E/Eg)™.
Therefore the coercive field can be tailored by a proper
choice ofEg. In this study the value of 2.0 MV/m is used

sis described above concerns a single polydomain grain withfor both Eg and E. The simulated strain hysteresis curves
n orientation variants consistent with symmetry change in for the frequencies of 0.01, 0.1 and 1.0Hz are shown in
the phase transition from paraelectric to ferroelectric state. Fig. 2 The model | was parameterised to reproduce quali-
In polycrystalline ceramics one has a random distribution of tatively the experimental dataf the commercial soft PZT
grain orientations described by a continuous function. Here, piezoceramic PIC151 in the quasi-static regime with a fre-
two discrete approximations (models | and II) for this func- quency of 0.01 Hz. This material has a coercive field of
tion will be used. While the model | is based on one sys- ~1MV/m. The model parameters have the following val-
tem of six variants and corresponds to one possible grainues:m=8, « =3, »°%)=10Hz andw8)=10Hz (Parame-
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Fig. 2. Strain versus sinusoidal electric field hysteresis curves simulated for Fig. 4. Strain versus sinusoidal electric field hysteresis curves simulated at

the loading rate of 1.0 Hz (Parameter sets 1 and 2). The strain hysteresis
curve foro =0.01 Hz and Parameter set 1 is added as a reference.

ter set 1). The corresponding experimental curves are shown

the loading rates of 0.01, 0.1 and 1.0 Hz (Parameter set 1).

in Fig. 3 The results of the simulations, including the co-
ercive field value, are in good agreement with experiment
for the loading rates of 0.01 and 0.1 Hz. However, there is a
discrepancy in prediction of the remnant strain (correspond-
ing to E3=0) at a frequency of 1.0 Hz. Although both the
viscoplastic model and experiment show incomplete satura-
tion of strain at the maximum field, the dependence of the
remnant strain on frequency is different. The simulated rem-
nant strain decreases with frequency, whereas in expefiment
this behaviour is observed only at electric field amplitude of
1.0 MV/m. Better agreement between simulated and mea-
sured strain curves at=1.0 Hz is achieved by changing the
value of« in the Parameter set 1 from 3.0 to 0.8 (Param-
eter set 2). The strain hysteresis curves for two sets of pa-
rameters are shown Hig. 4. Interestingly, the polarization
reversal in the viscoplastic model is achieved mostly by two
90° switching. However the minimum strain remains posi-
tive.
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Fig. 3. Strain versus triangular electric field hysteresis curves in commercial
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soft PZT piezoceramic PIC151 for the loading rates of 0.01, 0.1 and 1.0 Hz Fig. 5. Projection of remnant polarization on the electric field direction for
the viscoplastic models with six (a) and 42 (b) orientation variants.

according to>
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4. Multi-axial loading and finite element double-layer film containing a pore is subjected to an elec-
implementation tric loading perpendicular to the film plane, the poling pro-
cess near the pore is hindered due to the electrical boundary

The response of ferroelectric ceramics described by the condition on its surface. The resulting inhomogeneous po-
viscoplastic models | and Il to multi-axial electrical load- larization distribution depends on the pore size and depth,
ing was investigated for the following parameter set: 8, and also on the thin layer thickness. The non-linear analysis
a=3, 0 =10Hz andw89) =1 Hz (Parameter set 3). The of the poling process was carried out using the viscoplastic
sinusoidal electric field with amplitude of 2.0 MV/m and a model | with the Parameter set 3. The volume fractions of the
frequency of 0.01 Hz was applied at an angjt® the polar- orientation variants now depend on the spatial coordinates
ization direction of one of the orientation variamts-axis) as R andxz =Z due to the axial symmetry of the problem. The
showninFig. 1 The projection of the remnant polarizationon rate equations are integrated in time and at every time step the
the direction of the electric field was calculated as a function electric field and stress inside the film are found by solving an
of 6 and the azimuth (in x1x2 plane). Since the materialwas axially-symmetric electro-elastostatic problem. This is done
initially in the unpoled state, this function should be isotropic. numerically using a finite element code FlexPBEhe mate-

The results of the simulation presentedrig. 5for two val- rial parameters are taken frohhe dielectric displacement
ues ofg clearly show that model I is too anisotropic and can distribution in the double-layer film upon unloading is illus-
describe the response of a polycrystal to multiaxial loadings trated inFig. 6. The poling was performed by a sinusoidal
only qualitatively. The difference between the maximum and electric field with a frequency of 0.1 Hz and total loading-
minimum values of the remnant polarization in the model Il unloading time was 31.4s. For the geometrical parameters
does not exceed 20%, which is a considerable improvementof this simulation, the material above the pore remains non-
over the model I. polarized upon unloading.

The viscoplastic models can be applied to the analysis of
local polarization distributions near inhomogeneities in PZT
double-layer films consisting of a thin upper layer and a thick
substrate film. Such films are of interest for application as a
ferroelectric printing form and non-polarizable defects like
pores can considerably influence the printing quality. Previ-
ously domain switching near cracks or holes was considered
using a time-independent model with a switching criterion
in terms of the critical ionic displacement. As an unpoled

5. Conclusion

Viscoplastic modelling is a computationally efficient ap-
proach to the analysis of nonlinear processes in ferroelectric
' ceramics, including rate-dependence of the polarization and

strain hysteresis. A viscoplastic model with 42 polarization
orientations discussed here can reproduce with good accuracy
isotropic behaviour inherent to polycrystalline materials with

R . S S TR random distributions of grain orientations. Two viscoplastic
L 019 ] models investigated here can describe the polarization rever-
3']2 1 salin terms of either one direct 18Gomain switching or two
sl 015 | consecutive 90domain switchings. The relative significance
I £ls of these two polarization reversal mechanisms is controlled
| 8’13 ] only by a few parameters, which have to be found from exper-
80 L 010 4 imental data. The efficiency of the viscoplastic models was
g | on demonstrated in a 3D finite element modelling of the poling
& F 007 ] process in ferroelectric films with defects.
70l 006 ]
L 0.05
0.04
. 003
60l 002 | Acknowledgement
L 0.01
H 0.00 ) )
I 0.01 | Support by Deutsche Forschungsgemeinschaft is grate-
50 8 fully acknowledged.
| L | PR S R B | I
0 10 20 30 40 50
R (um)

References

Fig. 6. Distribution of the dielectric displacemey in a double-layer film
with a pore. The values @3 are given in C/rA. The thick film and thin layer 1. Hwang, S. C., Lynch, C. S. and McMeeking, R. M., Ferroelec-

have a thickness of 100 anduin, respectively. The pore diameter is| it tric/ferroelastic interactions and polarization switching mod&tta
and its depth below the thick film surface is Quh. The bottom surface Metall. Mater, 1995,43, 2073-2074.
was set to zero potential and the upper surface to the potentia2@2 V, 2. Hwang, S. C., Huber, J. E., McMeeking, R. M. and Fleck, N. A,

corresponding to the average electric field of 2.0 MV/m in the double-layer ~ The simulation of switching in polycrystalline ferroelectric ceramics.
film. J. Appl. Phys.1998,84, 1530-1540.



A.Yu. Belov, W.S. Kreher / Journal of the European Ceramic Society 25 (2005) 2567-2571 2571

3. Huber, J. E. and Fleck, N. A., Multi-axial electrical switching of a 6.

ferroelectric: theory versus experimeidt. Mech. Phys. Soligds2001,
49, 785-811.

4. Zhou, D., Kamlah, M. and Munz, D., Rate dependence of soft PZT
ceramics under electric field loading. Rroceedings of SPIE’'s Smart
Structures and Materials 2001: Active Materials: Behavior and Me-
chanics ed. C. S. Lynch. SPIE, Bellingham, 2001, vol. 4333, pp. 64-70.

5. Viehland, D. and Chen, Y. H., Random-field model for ferroelectric
domain dynamics and polarization reversal.Appl. Phys. 2000, 88,
6696—6707.

7.

8.

9.

Kocks, U. F., Argon, A. S. and Ashby, M. F., Thermodynamics and
kinetics of slip.Progr. Mater. Sci. 1975,19, 1-159.

Fotinich, Y. and Carman, G. P., Stresses in piezoceramics undergoing
polarization switchingJ. Appl. Phys.2000,88, 6715-6724.

Backstom, G.,Fields of Physics by Finite Element AnalysaB Pub-
lishing, Malnd, 2000.

Rodel, J., Beckert, W. and Kreher, W., PZT multilayer films: modelling
polarization effects caused by microstructural inhomogeneifieEur.
Ceram. S06.2004,24, 1647-1651.



	Viscoplastic models for ferroelectric ceramics
	Introduction
	Viscoplastic model: physical background
	Rate effects
	Multi-axial loading and finite element implementation
	Conclusion
	Acknowledgement
	References


