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We show that the viscoelastic properties of polycrystalline ferroelectric ceramics can be significantly

altered over a wide range of mechanical frequencies when domain switching is controlled by cyclic

electric fields. The dynamic stiffness of lead zirconate titanate is shown to vary by more than 30%,

while damping increases by an order of magnitude. Experimental results are interpreted by the aid of

a continuum-mechanics model that captures the nonlinear electro-mechanically coupled material

response for the full electric hysteresis. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4899055]

Ferroelectric ceramics have been utilized to absorb

vibrational energy primarily through the piezoelectric effect

via Joule heating1,2 or by active control.3 These solutions

provide significant damping over narrow frequency ranges

while otherwise exhibiting little damping owing to the re-

stricted material-inherent internal friction in metals and

ceramics. Ferroelectricity provides for another, rather unex-

plored mechanism to dissipate mechanical energy, viz., the

motion of domain walls, which may be induced by large me-

chanical stresses4 or electric fields5 (analogous to the motion

of domain walls in ferromagnetic materials6). Besides the

dissipation of electric energy visible in the hysteresis of elec-

tric displacement vs. electric field, we show that large elec-

tric fields can promote the mobility of domain walls to

facilitate considerable dissipation in response to mechanical

loads. The latter approach gives the tantalizing prospect of

materials whose stiffness and damping can be dramatically

changed by the push of a button. Current understanding is

incomplete since previous studies were severely limited in

the testable range of mechanical and electrical frequencies,

and macroscopic models have not been developed to quan-

tify the viscoelastic response of polycrystalline ferroelectrics

under large bias electric fields. Domain wall kinetics have

been explored before in single crystals; yet, the collective

microstructural mechanisms in polycrystalline ceramics and

the resulting electro-mechanically coupled macroscale

behavior is far less understood.

We employ Broadband Electromechanical Spectroscopy

(BES),7 which simultaneously applies electric fields and me-

chanical loads in a contactless fashion (see Fig. 1). Samples

(38 mm long with a rectangular cross-section of 1� 3 mm2)

are tested in bending. A time-harmonic moment is applied

via an attached permanent magnet placed between electro-

magnetic coils.8 Its relation to the specimen deflection

(measured by a laser-detector setup) yields the dynamic stiff-

ness jE*j and damping tand¼ Im E*/Re E* (where E* is the

complex-valued Young modulus). Electric fields are applied

via 10 lm thick Ni electrodes. Sinusoidal bending moments

with frequencies ranging from 25 to 100 Hz and triangle

waveforms of the bias electric field with frequencies ranging

from 0.01 to 1.0 Hz are simultaneously applied. Polarization

changes are measured via a Sawyer-Tower circuit. The fre-

quency of the bias electric field is chosen to be considerably

lower than the mechanical frequency, which is sufficiently

low to induce and affect domain wall motion, in particular,

near the coercive field. In contrast to the equilibrium visco-

elastic properties (measured, e.g., in single crystals at very

low electric frequencies9), electric field rate dependence is

present and worth exploring as a means of tuning the me-

chanical response. Experiments are performed under vacuum

to remove spurious damping. Pure lead zirconate titanate

(PZT) (Navy-type II; pre-poled and electroded) specimens

with grain sizes around 2 lm have been tested. Fig. 2 illus-

trates the variations of stiffness and damping for four differ-

ent electric field switching rates at a constant mechanical

bending frequency. Consistent with previous findings for

polycrystals,10 the coercive field increases with increasing

electric frequency in the shown frequency range, cf. Fig. 2(a)

(hysteresis asymmetry is a manufacturing artifact11). Similar

increases of the coercive field have been observed in PZN-

PT single crystals.9

After the onset of domain switching (near the coercive

field when the polarization is changing the most), the

dynamic Young modulus softens significantly to below 70%

of its original value without electric fields, see Fig. 2(b). The

faster the electric cycling, the greater the softening effect. As

observed in single-crystalline PZN-PT,12 the modulus varia-

tion is partly due to elastic anisotropy: 90�-switched

domains, observed in polycrystals under cyclic electric

fields,13 reduce the apparent modulus in the loading direc-

tion. This effect is more gradual in polycrystals14 due to the

FIG. 1. Schematic view of the BES setup.a)Electronic mail: kochmann@caltech.edu
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distributed grain orientations. Linear variation with electric

field before and after switching was also observed in PZT

polycrystals.15

The loss tangent shown in Fig. 2(c) exhibits peaks dur-

ing domain switching, which become more pronounced with

increasing electrical frequency. Like the dynamic Young

modulus, the loss tangent varies linearly with the electric

field before and after domain switching (as observed previ-

ously15). The remarkable damping seen during domain

switching with tan d > 0.4 is commonly found in polymers,

rarely in ceramics. Its physical origin is similar to that found

in single crystals12 but the polycrystalline orientation distri-

bution leads to a more gradual evolution of the macroscopic

viscoelastic properties.

The rate-dependent stiffness and damping variations

have been attributed to 90�-domain switching.4,16 For

higher electrical frequencies, the domain wall velocity

increases,17–19 which leads to an accelerated repoling pro-

cess, see Fig. 2(a). This in turn results in larger spontaneous

longitudinal strains during each mechanical cycle, thereby

decreasing the apparent modulus. Also, the increases in do-

main wall velocity and apparent coercive field (which

increases the domain wall driving force) jointly increase

the dissipated energy. Owing to the analogous thermody-

namic driving force arising from surfaces of discontinu-

ities,20 similar phenomena can be expected from domain

wall motion in ferromagnetic materials.6

When keeping the electrical frequency constant at

0.1 Hz but changing the mechanical frequency, the polariza-

tion hysteresis curve remains unaffected (for the small

moments applied), as shown in Fig. 3(a). Both the measured

dynamic Young modulus and the loss tangent show small

variations with mechanical frequency, as shown in Figs. 3(b)

and 3(c). Damping increases with frequency, and at high me-

chanical frequencies it is ultimately assisted by structural

resonance of the specimen (occurring at 147 Hz under no

electric field and decreasing during switching15 due to elastic

modulus changes). Previous experiments showed a damping

decrease over similar frequencies;5 however, those experi-

ments were performed at elevated temperatures which are

expected to decreases the relaxation time associated with do-

main switching. Higher mechanical frequencies are not pre-

sented here due to the difficulty of interpreting data near

resonance. Experiments at ultrasonic frequencies (10 MHz)

also revealed significant damping in single crystals;12 yet,

those primarily exploited the elastic anisotropy to be con-

trolled by electric fields that affect the domain volume frac-

tions. Here, the kinetic domain switching process itself

produces remarkable variations in stiffness and damping.

There is a lack of electro-mechanically coupled models

for polycrystalline ferroelectric ceramics that accurately

describe the macroscopic dielectric and viscoelastic behavior

for the full hysteresis. In the following, we outline a contin-

uum model which does exactly this and thereby sheds light

onto the evolution of the electric displacement, stiffness, and

damping as observed in Figs. 2 and 3.

From the experimental geometry, we treat the specimen

as a linear (visco)elastic Euler-Bernoulli beam; conditions

well away from structural resonance admit using the corre-

spondence principle.21 An electric field e is applied across

the beam thickness, resulting in a macroscopic polarization p
in the same direction (being accommodated by a mixture of

differently polarized domains, and varying between 6ps,

where ps is the saturated polarization) and an axial strain

FIG. 2. Experimental data of (a) electric displacement, (b) relative Young modulus jE*j/E0 (with E0 the modulus without electric bias), and (c) loss tangent

tand vs. electric field for triangle-wave electric field (1.8 MV/m amplitude) frequencies of 0.01, 0.1, 0.5, and 1.0 Hz and constant mechanical vibration at

75 Hz.

FIG. 3. Experimental data of (a) electric displacement, (b) relative Young modulus jE*j/E0, and (c) loss tangent tand vs. electric field for mechanical frequen-

cies of 25, 50, 75, 90, and 100 Hz and constant electric field cycling at 0.1 Hz.
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�es jpj/ps with a corresponding spontaneous strain es, as

shown in Fig. 4. Onto this approximately quasistatically

changing configuration, time-harmonic infinitesimal vibrations

are imposed by an applied sinusoidal moment at the beam’s

free end, resulting in a total axial strain e. We assume a varia-

tional constitutive law based on the stored energy w(e, e, p)

with axial stress and electric displacement through the

thickness given by r ¼ @w=@e and d ¼ �@w=@e, respec-

tively. The polarization evolution is governed by a kinetic rela-

tion _p ¼ f ðyÞ with thermodynamic driving force y ¼ �@w=@p
and dots denoting time derivatives.

To mimic experiments, stress, strain, and polarization

are decomposed into their (quasistatic) averages plus spa-

tially and time-varying perturbations

rðx; y; tÞ ¼ �r þ Drðx; y; tÞ; eðx; y; tÞ ¼ �e þ Deðx; y; tÞ;
pðx; y; tÞ ¼ �p þ Dpðx; y; tÞ:

Due to its slow variation relative to bending-induced pertur-

bations, the applied electric field e(t) is assumed constant.

We expand the stress increment as

Dr ¼ r �e þ De; e; �p þ Dpð Þ � r ��ð Þ

¼ @
2w
@e2

��ð ÞDeþ @2w
@e @p

��ð ÞDp; (1)

where ð��Þ � ð�e; e; �pÞ abbreviates the average state (which we

will drop in the sequel for brevity). The polarization incre-

ment is found by linearizing the kinetic relation

D _p ¼ _p �e þ De; e; �p þ Dpð Þ � _p ��ð Þ ¼ @f

@e
Deþ @f

@p
Dp: (2)

The polarization increment captures the rate dependence

observed in experiments; application of a cyclic stress causes

changes in the polarization, which tends to relax the stress,

thereby reducing the modulus. Application of a time-harmonic

bending moment with frequency x (neglecting transient

effects), results in stress, strain, and polarization increments

at the same frequency, so that Dp(x,y,t)¼Dp(x,y) eixt.

Substituting into (2) yields

Dp ¼ @f

@e
De

�
ix� @f

@p

� �
: (3)

Inserting Eq. (3) into Eq. (1) and noting that Dr¼E*De, we

arrive at the complex-valued Young modulus

E� ¼ E�0 �
@f

@e
@y

@e

�
ix� @f

@p

� �
; (4)

where E�0 ¼ @2w=@e2 represents the material’s base Young

modulus. The dynamic viscoelastic Young modulus and loss

tangent thus follow as,21 respectively,

jE�j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re E�ð Þ2 þ Im E�ð Þ2

q
; tan d ¼ Im E�ð Þ

Re E�ð Þ : (5)

The �p–e hysteresis is obtained by integrating the kinetic rela-

tion. To evaluate Eq. (5) given a point ðe; �pÞ on the �p-e loop,

the strain �e is computed by enforcing �rð�e; e; �pÞ ¼ 0.

For ferroelectrics, the stored energy density for the can-

tilever beam in pure bending is taken as

w ¼
E�0 e; p;xð Þ

2
e� er pð Þ
� �2 � �

2
e2 � e pþ wrem pð Þ

with wrem pð Þ ¼ �h log 1� jpj=psð Þ þ jpj=ps½ �
E�0 e; p;xð Þ ¼ E0 e; pð Þ 1þ i tan d e; p;xð Þ

� �
;

where er¼�es jpj/ps is the net axial polarization strain due

to 90�-domain switching, and � is the electric permittivity.

wrem is the relaxed polarization energy.22 A commonly used

kinetic relation is _p ¼ hjyj=ec � 1imsignðyÞ=g, i.e., domain

switching occurs at a rate depending on m and viscosity g
when the driving force exceeds the coercive field ec. Based

on experimental observations, the complex Young modulus

E�0 ¼ E0ð1þ i tan dÞ is defined by

E0 ¼ E0½1þ c1 e p=ðec psÞ þ c2jpj=ps�;
tan d ¼ tan d0 þ c3 e p=ðec psÞ þ c4 x½1� ðp=psÞ2�2:

Constant c1 characterizes the approximately linear variation

of the Young modulus with electric field and constant c2

characterizes the polarization dependence (due to anisot-

ropy). The loss tangent depends linearly on the electric bias

through c3 and on the mechanical frequency through c4; the

latter dependence peaks during domain switching (experi-

mentally observed near �p ¼ 0). E0 and tan d0 are, respec-

tively, the Young modulus and loss tangent without an

applied electric field. Experiments show no variation in the

electric displacement with x. Thus, the increasing loss tan-

gent with mechanical frequency is included in the complex

modulus instead of the kinetic relation (microscale oscilla-

tions of domain walls would not be captured in the evolution

of the macroscopic polarization). Material parameters

(unless known from the supplier) were obtained by fitting ex-

perimental data (see Table I).

The model predictions shown in Fig. 5 agree well with

the experimental data in Figs. 2 and 3. We see qualitatively

the same behavior: linear variations of stiffness and damping

with electric field away from domain switching as well as

FIG. 4. Longitudinal stresses and transverse electric fields give rise to

changes in the macroscopic polarization.

TABLE I. Material parameters for polycrystalline PZT.

Parameter Known value Parameter Fitted value

E0 66 GPa g 0.002 m2s/C

tan d0 0.08 m 2

� 41� 10�9 J/(mV2) c1 0.25

ps 0.37 C/m2 c2 0.5

es 0.001 c3 �0.03

ec 1.2 MV/m c4 4.2� 10�4 s

h 3� 104 J/m3
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pronounced softening and damping during domain switching

that increase with electric frequency. The model also cap-

tures an increase of the damping peaks during domain

switching with increasing mechanical frequency. Decreasing

the viscosity g, increasing the spontaneous strain es, or

increasing the modulus E0 promotes higher damping and

stronger softening during switching.

We have shown how 90�-domain switching in ferroelec-

trics (induced by a large, cyclically changing electric field)

leads to significant changes of the material’s dynamic stiff-

ness and damping and is controllable via the electrical and

mechanical loading frequencies. The phenomenon has been

demonstrated experimentally for a range of mechanical fre-

quencies and has been explained by a phenomenological

macroscale model for polycrystalline ferroelectrics.

Broadband controllability of damping and stiffness, particu-

larly of stiff materials, is of importance for scientific and

technological applications including seismic insulation, con-

trol of acoustic and mechanical vibrations, sensors, wave

guides, and filters.
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