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Liquid-crystal display of stress fields in ferroelectrics
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Direct optical images of local surface potentials generated by the process zone of a crack are shown
for a thickness-poled ferroelectric ceramic using liquid crystals. The observed potentials can be
mapped to stresses within the material revealing the complex shape and time development of the
process zone so far not accessible using other technique200@ American Institute of Physics.
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In actuator application’, ferroelectric ceramics fre- parallel to each other without any ordering of their center of
quently fracture under high electric fields or mechanicalmass. For properly prepared surfaces of sample and
stresse&? constituting a major impediment to large-scale electrode’? the long axes of the molecules are forced to align
usage’ The fracture process is dominated by ferroelasticparallel to the surfaces and form via elastic coupling a bulk
toughenind’ which develops in a process zone around theuniaxial birefringent layer. If potential drops occur normal to
crack tip® Some of the external work is dissipated in the the external surfaces, the anisotropic polarizability induces a
process zone partially shielding the crack tip from the singutorque rotating the molecules and, therefore, the optical axis,
lar applied stress field. Toughening by ferroelastic switchingnto the direction of the electric field. For normal incident
differs from dislocation motion in metafsbecause it satu- light, linearly polarized at 45° with respect to the in-plane
rates, and from transformation toughening, because the feprientation of the molecules, the effective birefringence is
roelastic domains can be reversibly reorierftddvost im-  reduced and varies with voltage. Using a crossed analyzer,
portantly, the ferroelectric—ferroelastic switching couples todifferent voltages appear as colors in the reflected light given
the electric field. While brittle fracture of linear elastic Py the wavelength-dependent phase retardation between the
material§ and toughening mechanisms in metads switch ordinary and extraordinary waves. This first mode of opera-
toughening cerami€shave been well modeled, the coupling tion is used with a free-floating potential at the reference
of the ferroelectric—ferroelastic process zone to the electri€lectrode and allows us to monitor voltages in a wide range.
field has so far not been sufficiently treated. The increase d¥lultiple sets of colors can be observed due to the large
fracture toughness with total crack length, tRecurve, is ~ change of phase retardation. _ _
known to be a function of the polarization state and the pres- N @ second mode the orientation of the molecules is
ence of electric field in ferroelectric ceramie¥-12but it rotated by 45° between the two surfaces, yielding a smooth

has not been clear how much of this is due to a process zorf@ist of the optical axis across the liquid-crystal thickness.
with ferroelastic switching or due to the electric field induc- Normal-incident light is linearly polarized at 0° with respect
ing stress at the crack tig. to the molecule orientation at the transparent electrode. Due

This work explains how the piezoelectrically or to the waveguiding effec¢t the polarization state remains
ferroelectric—ferroelastically induced potential differencesn€@r during propagation through the sample and its polar-

on the surface of a poled ferroelectric sample can be ren-
dered optically visible and used to determine the complex
elastic—anelastic stress field inside the material. This method Microscope @
offers a much more detailed insight into the processes at the
crack tip than previously available. The results of the analy-
sis are presented.

A thin layer of a nematic liquid crystHl is used to dis-
play the potential differences with respect to an optically
transparent reference electrodleig. 1). A nematic liquid

crystal consists of cigar-shaped molecules that tend to align

FIG. 1. Liquid-crystal display of the stress field in a ferroelectric compact

tension specimersee Ref. 1% (1) back electrode an(?) transparent elec-

dauthor to whom correspondence should be addressed; electronic maitrode at fixed or floating potential. The arrows indicate the liquid-crystal
lupascu@ceramics.tu-darmstadt.de orientation on each surface for the twisted nematic mode.
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FIG. 3. (Color) Process zone potential field for a fully developed process

FIG. 2. (Color) St'ress-generated electric pot_entlal contours prlor'to devel-zone before crack advance in the compensating twisted nematic mode.
opment of a plastic zone and crack advance in a poled ferroelectric compact

tension specimen displayed by the floating potential mode. The crack tip is
located at the origin of the inset. The elastic stress ahead of the crack isags zone develops in front of the crack tip. Figure 3 displays
delineated ,=0.5 MPa/m). the almost circular innefpositive) and outernegative con-
tours of the equal potential drop within the process zone just
ization direction follows the twist adiabatically. Independentpefore crack advance in compensating mode for a particular
of its wavelength, the polarization state of reflected light iscompensating voltage. For an advancing crack, part of the
not altered with respect to the incident light. The liquid Crys-process zone also becomes located along the crack faces,
tal appears dark when viewed through a crossed analyzefodifying the elastic stress field even at locations remote
When subjected to an electric field, the molecules again tenfom the crack tip. Figure 4, in compensating mode, shows
to align parallel to the field. At low fields the twist angle the circular contours of the equal potential ahead of the crack
remains almost uniform but undergoes a sharp transition alp (a), the process zone, and modifications of the elastic
higher fields. The twist from 0° to 45° is confined to a thin giress field due to it in the crack wakie) and the width of
layer in the middle of the samplé.At this transition, the  the residual plastic deformation of material after the crack tip
polarization of the light can no longer follow the rapidly a5 well passed this regidie). The process zone is wider
changing twist, resulting in a wavelength-dependent changgear the crack tip and relaxes to a smaller size of remnant
of the polarization state. For the given conditions, the eﬁecdeformation(c). The whole complexity of such stress fields
tive birefringence is low enough to yield a single set of colorjg apparent.
fringes. At very high fields all molecules are aligned parallel  For 3 quantitative analysis, the backside of the ferroelec-
to the field, and the sample appears dark again. The edge gfc is electroded and groundél) in Fig. 1]. The compen-
fringes represents a well-defined potential difference. Th&ating potential is externally varied. The fringes extend or
reference potential can now be externally varied and the valsgntract according to the voltage applied. For each voltage, a
ues of the surface potentials scanned as two—dimensiongbmmete 2D contour of equal potential is given by the fringe
(2D) optical images of well-determined equal potential gqge and can be quantified, e.g., along the radial ray straight
(compensating voltage twisted nematic mpde ahead of the crackinset, Fig. 2. The surface potentials as a
The ferroelectric sample is a compact tension specifhen fynction of radial distance from the crack tip are shown in
(50x 48x 3 mn) of a commercial soft Ni/Sb co-doped PZT Fig. 5. The induced potential reflects the accumulation of the
at the morphotropic phase bounddryPIC 151, Lederhose, piezoelectric effect due to planar stresses throughout the total

layer of thickness 23um is constituted of the nematic mix-

ture ZLI-3086(Merck KGaA, Darmstadtexhibiting dielec-

tric anisotropy Ae=0.1, specific resistivity p>5

x 10 Qcm, and birefringenceAn=n,—n,=0.1131. The
planar alignment at the surfaces was achieved by spin coat-
ing a polyimide layerKit ZLI 2650, Merck) and subsequent
unidirectional rubbing. A voltage of 45 V suffices to fully
rotate the liquid crystal out of plane. Compensating voltages
range from 0 to 1000 V. The transparent electrode is com-
mercial Sn:1pO; on glass.

The surface potentials are optically visible on the entire
sample surface in any stage of loading, crack propagation,
and unloading. At low loads only the elastically applied
stress field is seeffrig. 2). The in-plane principal stresses 1 mm
and o, yield the out-of-plane piezoelectric response of the ) _ _
ferroelectric via the piezoeleciric charge constBat=gy, 0, (€07 (& Sase-es suees T ess of e ek

(0'1"_' a3). Figu_re 2 shows con'gours of equal pOte_ntial in theyemanent polarization of the process zone outside the elastic stress field of
floating potential mode. For higher loading, a circular pro-the crack tip in the quantitative compensating twisted nematic mode.
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plastic zone at fixed stress intensity, relaxati¢tme-
dependent reversal of domain switchirahead of the crack
tip after complete unloading, and relaxation of the very near-
tip region (<150um) upon external potential changes. Af-
ter fast unloading, the size of the initial anelastic process
zone relaxes with a time constant ef 260 s[K(t) =K(t
=0)exp(t/7)]. This time constant is consistent with previ-
ousR-curve results where relaxation in the range of minutes
. was reported.
0.00 0.04 0.08 The liquid-crystal method allows access to the stress
1NT [1/ vpm] fields around a crack in a poled ferroelectric. A precise and
FIG. 5. Electric potential ahead of the crack tip plotted véFtor a 30 quantitative analysis of such data in future work promises to
mmelong cﬁchI(Ca‘:ancral?:kE:nfeansi?y wlezi%CM;g/%oaﬂeer pammosu  Tully reveal the process zone behavior and time-dependent

advance at crack velocity 16 m/s. effects.
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