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Section 1. INTRODUCTION AND OVERALL OBJECTIVES

This URI effort has been a comprehensive interdisciplinary program of
basic research on displacive, possibly martensitic phase transformations in
ceramics. The objectives were:

@ to raise the level of understanding of these mechanisms to that
comparable with martensitic transformations in metal systems,

(i) to shed more light on the phenomenon of martensitic nucleation in any
solid state system, through the study of this phenomonon in ceramics.

Potential applications lie in several fields of materials science and
engineering, such as in electronic ceramics or in structural damage control in
ceramic-ceramic composites, both at ambient or at elevated temperatures. Some
such applications are briefly described as follows.

The electrical changes accompanying transformations in perovskite-
structures are well established in the electronic ceramic industries. More recently,
however, ferroelastic transformations in non-perovskites which involve
comparatively large volume and/or unit cell shape changes have been attracting
interest as potential new types of large force actuator materials. For many of the
most important needs, the inadequacy of the present solid state detectors (i.e., the
small forces produced) is probably the “Archilles heel” or rate determining step
in the evolution of “smart” or adaptive systems. Compared to conventional
actuators, however, the forces produced by non-perovskite transformations
could yield large forces which are orders of magnitude greater than those
currently available. Furthermore, martensitic transformations proceed with the
speed of sound and the low symmetry crystal structure changes involved offer
the possibility of crystallographic reversibility, or “shape memory” behavior.
While cyclic reversibility may not always be available under ambient conditions,
there may still be a place for “one shot” systems, or for high temperature
actuation up to 2000°C for example. Thus with a knowledge of a variety of
ceramic martensitic transformations, the required forces could be tailored for a
given application. Since the current state of knowledge in the identification and
understanding of martensitic transformations in ceramics is still emerging and
limited, this is the charge of this URI program.

In the area of structural damage control where the brittleness of ceramics
is the major limitation, transformation toughening by the tetragonal to




monoclinic transformation in zirconia has been established as a viable brittleness-
reducing mechanism. Toughnesses of 16 MPa m1/2 can be achieved in yttria-
stabilized zirconia (Y-ZTP) materials or of 12 M Pa m!/2 in zirconia-toughened
alumina (ZTA). In the Al,03-CeO2 doped-SrO2-ZrO; microstructures developed
by Ceramatec Inc., toughness values of 20 MPa m1/2 have been obtained through
a combination of transformation toughening and SrO; platelet bridging across
Al>O3 grains.

However, not all ceramics are chemically unreactive with zirconia, so that
other potential transformation tougheners exhibiting positive volume changes
have been identified by Kriven. The lanthanide sesquioxides exhibit signs of
inducing a three-fold increase in toughness in magnesia at 1150°C by
transformation toughening. The temperature could possibly be higher,
depending on the atomic number of the lanthanide.

By comparison, SiC fiber-reinforced SiC matrices developed in France can
give toughness values up to 30 M Pa m!/2 in vacuum. While these are impressive
values for ceramics, the disadvantage of SiC ceramics is the lack of chemical
stability at elevated temperatures in an oxidizing atmosphere. In the fiber pullout
mechanism of toughening which is thought to be the most powerful to date in
ceramics, in non-graphite coated fibers, the requisite interfacial weakening relies
on thermal expansion mismatch between matrix and fiber. If such exists at room
temperature it is unlikely to exist at high temperatures or vice versa.

Stress-induced martensitic phase transformations are much less
dependent on thermal expansion mismatch. Furthermore, in a two phase
composite the microstructure tends to remain stable and not to undergo
pronounced grain growth for example.

Thus the goal of high temperature, chemically stable, tough ceramic
composites has been elusive to achieve to date. An interesting concept which
could lead to achieving this goal, however, is to use martensitic transformations
at strategic places such as fiber-matrix interfaces to act as “transformation
weakeners” of the interface. The transformation weakeners may need to have
negative volume changes or large angular shape changes. The crack-tip, stress-
induced transformation of the ceramic coating promotes not only fiber pullout
mechanisms, but also dissipates crack energy as well as causing frictional work
to be done in climbing up the fiber interface. Since toughening mechanisms are
multiplicative rather than additive, a significant high temperature toughening
effect may be achieved.




Section 2. OUTLINE OF RESEARCH PROGRESS

During this program, the pace of research has been steadily increasing as
evidenced by the quality and number of reprints included in the appendix of this
report. The strategy has been to focus on a few ceramic systems and to study
them in depth from different complementary aspects. This has helped to bridge
the gap across sub disciplines and hence to improve communication between the
PI groups. Several subgroups have emerged consisting of various permutations
and combinations of researchers.

A particularly successful joint venture was the two-day Workshop held on
campus on April 2nd and 3rd in 1992. The lecture schedule and abstracts are
presented in the following Section of this report. The two consultant
theoreticians, Professors Armen Khachaturyan and Phil Clapp participated, as
well as some faculty from the Physics and Materials Science and Department.
Notably Professor Ansell Anderson, past Head of the Physics Department and
his post doctoral research associate Dr. Zhu also participated in the Workshop,
sharing some of their experimental and theoretical work on phonon interactions
in KNbO3. Professor Armen Khachaturyan introduced his new theory of
martensitic nucleation by adaptive phase formation which shed a different and
valuable perspective on this phenomenon. All of the URI members alike found
the Workshop to be very beneficial and an opportunity to take stock of the
directions and results of research progress as well as to see areas of overlap and
gaps.

Since the Workshop, a KNbOj3 subgroup consisting of eight regularly
meeting reseachers was formed with the specific aim of systematically studying or
“combing through” the five phases and four consecutive transformations. The aim
was to provide at least one well documentated example of the nucleation
mechanism in this ceramic in the context of its crystallographic and microstructural
mechanisms. Complementary expertises of neutron diffraction, elastic constant
measurements, in situ transmission and hot stage optical microscopy studies, as
well as theoretical martensitic analyses were successfully carried out in parallel by
the different research groups. Indeed, a premonitory effect was detected before the
cubic the tetragonal transformation in lead titanate both by neutron diffraction,
(Chen group) elastic moduli measurements (Bass group) and in situ hot stage TEM
observations (Kriven group). Theoretical calculations of the apparently martensitic




mechanism to correlate with experimental observations, are still outstanding, but
are planned b+ the Kriven group, depending on the availability of funding.

Another unusual phase transformation has been examined, in which an
additional experimental variable was introduced, viz., electric field, to induce a
change in symmetry, by a field-forced transformation between antiferroelectric
and ferroelectric states in Pb(Zr,Sn,Ti)C3. The order parameters were row
spontaneous strain € and spontaneous polarization P. A martensitic-type
formalism has been published to explain the critical field and temperature
dependencies for reversible and irreversible transformations. The effects of grain
size, boundary confinement and internal stresses have also been considered for
fine grain polycrystalline microstructures where experimental variables now
include temperature, electric field and hydrostatic pressure. Through this
approach a more fundamental understanding of phase transformation behavior
in ceramic systems has started to evolve, and the role of ceramic microstructure
on mechanical properties was under investigation. For example, we have
recently demonstrated a shape memory effect and superelastic behavior in PZST
ceramics, and these new properties should find use in electromechanical
actuators, adaptive structures and other smart applications.

While the exploratory search for new ceramic transformations was still
underway by the Kriven group, the systems studied included the perovskites
KNbO3 and the non-perovskites Ca2SiOy4, Sr2SiO4 and 2Lny0O3¢ AlO3 type of
compounds. An in-depth understanding of the complex sequence of ferroelastic
phase transformations in the CaSiO4 system has been obtained. The cubic to
tetragonal transformation in PbTiO3 has been quantitatively shown by the
Wayman group to be martensitic. Detailed summaries of the research progress of
each group are presented in each individual section.

As an indication of scientific activity and interactions it should be
mentioned that Professors Wayman, Chen and Kriven are members of an eight-
person committee to organize the next International Conference on Solid to Solid
Phase Transformations to be held in 1994 through the Carnegie Mellon
University. This series of conferences are held only every seven to ten years. The
conferences have been sponsored by the NSF and various scientific societies such
as the ASM. Professor Kriven is an invited overview speaker on the topic of
“Displacive and Martensitic Transformations in Ceramics.”

iv




Section 3. TOTAL RESEARCH PERSONNEL
Personnel

The total personnel listed below include those who spent only part of
the time working on this program.

Post doctoral research associates:

B.N. Sun (crystal growth facility)
P.Han (crystal growth facility)
C. C. Chou (Wayman)

L.C. Yang (Wayman)

L. Nettleship (Kriven and crystal growth facility)
O. O. Popoola (Kriven)

Y.J. Kim (Kriven)

C. M. Huang (Kriven)

C.S. Zha (Bass)

A. G. Kalinichev  (Bass)

M. Kitamura (Visiting Scientist, Chen)
J. Sariel (Visiting Scientist, Chen)

Graduate Ph. D. students:
Ms M. Holma (Chen)

N. Takesue (Chen)
J. R LaGraff (Payne)
P. Yang (Payne)
Y. Huang (Payne)
Y.]. Kim (Kriven)
B. Kim (Wayman)
Graduate M S students:
B. Kim (Wayman)
J. L. Shull (NSF student Fellow, Kriven)
J. J. Cooper (Kriven, part time)

Undergraduate senior thesis student:
R. Russell (Kriven)




Theses completed:

. “Crystallography and Microstructural Studies of Phase Transformations in
Two Ceramic Systems: Dysprosia (Dy203) and Dicalcium Silicate
(CaySiOg)”
by Youn Joong Kim., with Professor W. M. Kriven
Ph.D. thesis submitted August 1991.

° “The Alpha to Beta and Reverse Transformation in NiS”
by Ben Kim, with Professor C. M. Wayman
M.S. thesis submitted May 1992.

. “Chemical Preparation and Phase Stability of Strontium Orthosilicate
(Sr2SiOy),”
by James Lee shull, Jr. (supported by an NSF Fellowship),
with Professor W. M. Kriven.
M.S. thesis submitted June 1993.
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Department of Materials Science and Engineering
University Research Initiative Program
Workshop on Phase Transformations in Ceramics
2nd and 3rd April 1992
Tower Room, 4th Floor Beckman Institute

Thursday April 2nd

8.30 - 8.55am Coffee and Donuts

8.55 - 9.00 Welcoming Comments (Profs. W. Kriven and D. Payne)

Theoretical Session Chairman: Prof. Marv Wayman

9.00 - 9.50 “Adaptive Phase in Martensitic Transformations,”
Prof. A. G. Khachaturyan

9.50 - 10.20 Discussion

10.20 - 10.30 Break

10.30-11.20 “Computer Simulation of Martensitic Transformations,”
Prof. P C. Clapp

11.20-11.45 Discussion

11.45-1.00 Lunch in the Beckman Cafeteria

PbTiO3 Session Chairman: Prof. David Payne

1.15-2.00 pm “Thermal Stability of Field-Forced and Field-Assisted

Antiferroelectric -Ferroelectric Phase Transformations in
Pb(Zr,Sn,Ti)O3,” P. Yang and D. A. Payne (35 + 10)

2.00 - 2.40 “Cubic to Tetragonal Transformation and Ferroelectric Domain
Structures in PbTiO3,”C. C. Chou and C. M. Wayman (30 + 10 mins)

Chairman: Prof. Haydn Chen

2.40 - 3.00 “Growth and Phase Transformations of PbTiO3 Crystals,” B. N. Sun
(15+5)

3.00-3.30 “Electronic Structure of BaTiO3 and PbTiO3,” M. Holma ard H. Chen
(20 +10)

3.30 - 4.00 “Premonitory Phenomena and Transformation Kinetics from
Cubic-Tetragonl Phase in PbTiO3,”N. Takesue and H. Chen (20 + 10)

4.00- 4.30 “The Elastic Properties of Ceramics by Brillouin Spectroscopy,” J. D. Bass,

C. Z. Zha and A. Kalinichev (20 + 10)
4.30 - 5.00 Discussion




8.30-9.00
KINbO3 Session
9.00 - 9.20am
9.20 - 9.50am
9.50 - 10.20
10.20 - 10.50
10.50- 11.30

11.30-11.45

11.45-1.15 pm

Friday April 3rd 1992

Coffee and Donuts
Chairman: Prof. David Payne
“Crystal growth of KNbO3 by an Improved Kyropoulos Method,”

P.D.Han (15 + 5)
“Defect Structure in KNbO3,” O. O. Popoola and W. M. Kriven

(20 + 10)
“Thermal Conductivity of KNbO3,” Daming Zhu and A. C. Anderson

(20+ 10)
“Temperature-Dependent Phonon Dispersion and Lattice Dynamics of
KNbO3,” M. Holma and H. Chen (20 + 10 min)

“Phase Transformations, Oxygen Mobility and Defect Clustering in
YBa2Cu306.+x,” J. R. LaGraff and D. A. Payne (30 + 10)

Discussion

Lunch in the Beckman Cafeteria

Ca2Si0g and NiS Session Chairperson: Prof. Trudy Kriven

1.15-2.00

2.00-2.20

2.20-2.40
2.40-3.30

“Mechanisms of Ferroelastic Phase Transformations in Cap5iO4,”
Y. J. Kim and W. M. Kriven (35 + 10)

“Phase Transformations in the Ni-S System,” J. ]. Cooper and

W. M. Kriven (15 + 5)

“Deformation Behavior in NiS,” B. Kim and C. M. Wayman (15 + 5)
Wrap up Discussion




Adaptive Phase in Martensitic Transformation

A. G. Khachaturyan
Department of Mechanics and Materials Science
Rutgers University
PO. Box 909
Piscataway, NJ 08855

Abstract

An appearance of an intermediate martensite phase called adaptive
martensite may be expected if the surface energy of a boundary between two
orientational variants of the normal martensite phase is very low and the typical
lattice mismatch-related elastic energy is high. The adaptive martensite is formed as
an elastically constrained phase when the scale of structure heterogeneities induced
by the crystal strain accommodation is reduced to the microscopic scale
commensurate with the twin plane interplanar distance. An example of the cubic
— tetragonal transformation is considered where the adaptive phase has a pseudo-
orthorhombic lattice. It is shown that the (5, 2) 7R martensite in ' NiAl alloys and
the intermediate phase recently found just above the temperature of the fcc — ft
martensite transformation in Fe-Pd are examples of the adaptive martensite. A
possible role of the adaptive phase in the thermal nucleation of the martensite is
discussed. The nucleation of the normal martensite may be bypassed by nucleation
of the adaptive phase which transforms to the normal martensite during the

growth.



Computer Simulation of Martensitic Transformations* +

P C. Clapp
Center for Materials Simulation
Institute of Materials Science
University of Connecticut
Storrs, CT 06269-3136

Abstract

Using Molecular Dynamics simulations and Embedded Atom Method
potentials, coherent martensitic nucleation of the tetragonal Llo phase has been
seen to occur at special heterogeneous sites of the ordered bcc B2 phase of NiAl via
thermal activation in arrays of approximately 10,000 atoms. The fluctuation strain
path and critical nucleation configuration have been identified, along with the
contributions of coupled localized phonon modes near the nucleation site. The
localized modes involved in the nucleation process are found to be much softer,
and go "critical" much sooner than the bulk phonon modes. The dynamics of the

atomistic processes will be illustrated through computer movies.

" Supported by the Division of Materials Science, DOE.
*+ Work performed in collaboration with Y. Shao and J. A. Rifkin.




Thermal Stability of Field-Forced and Field-Assisted
Antiferroelectric-Ferroelectric Phase Transformations
in Pb(Zr,Sn,Ti)O3

Pin Yang and David A. Payne
Department of Materials Science and Engineering
Materials Research Laboratory
and Beckman Institute
e University of Illinois at Urbana-Champaign
Urbana, IL 61801

Abstract

Antiferroelectic (AFE)-ferroelectric (FE) phase transformations in tin
modified lead zirconate titanate, i.e., Pb(Zr,Sn,Ti)O3 or PZST A martensite-type
approach is developed to explain the observed thermal hysteresis and field-induced
® transformation behavior. A model is proposed with transformation fields were the
forward (Ef) and reverse (Ep) field strengths are related to the transformation barrier

to the ferroelectric state, and to the AFE sublattice coupling, respectively. The

P thermal stability of the AFE sate can therefore be determined with respect to the
field-induced transformation behavior. A distinction is made between field-forced
and field-assisted transformations, which depend on temperature and thermal
hysteresis, and which are related to reversible and irreversible field-induced

characteristics. Data are reported for polarizations and strains, and discussed with

respect to the proposed thermodynamic model and device applications.




Cubic to Tetragonal Transformation
and Ferroelectric Domain Structures in PbTiO3

C. C. Chou and C. M. Wayman
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Abstract

The cubic to tetragonal (C/T) phase transformation in PbTiOj3 single als
has been studied in both the forward and reverse modes and found to show
martensitic characteristics. Microstructural features were investigated by heating
stage optical microscopy, and room temperature transmission electron microscopy.
During transformation, a small hysteresis is involved. The phase front passes
swiftly through the crystal and surface relief accompanying the transformation is
seen. It is found that the habit planes vary within a certain range. Not only
different specimens show this real variation, but also the same specimen under
different transformations follows this, indicating the importance of local
arrangements near the habit plane interfaces. Theoretical predictions, with only a
minute change of lattice parameters, show that experimental data appear to fit
calculated results fairly well, if one considers interfacial conditions. The results
show a certain degree of consistency, which implies that the martensitic
phenomenological crystallographic theory applies. Previous work on perovskite
materials will be discussed.

The domain structures of poly-domain PbTiOj3 crystals grown by flux methods
have also been studied using optical microscopy, scanning electron microscopy and
transmission electron microscopy. Results of domain boundary arrangements in
these crystals will be presented. 90° and 180° domain boundaries were systematically
analyzed by various diffraction conditions. It is found that extreme fringes were
observed to vary differently in 90° and 180° domain boundaries, indicating a basic
difference between these two types of boundaries. Although it was reported that 90°

domain boundaries are d-type boundaries in BaTiO3, our results show that a
displacement plays an important role at boundaries in PbTiO3 and the extreme
fringe contrast behavior of 90° boundaries becomes mixed type. 180° domain
boundaries in lead titanate crystals show intriguing extreme (outermost) fringe
contrast behavior. In the present work, an analysis based upon the two beam
dynamical theory was conducted and a rule similar to stacking-fault contrast
analysis was established to predict the geometric configuration of a 180° domain
boundary using the extreme fringe contrast (EFC) behav. . Using different
diffraction vectors, the EFC of 180° domain boundaries varies. This has been
exploited to determine the polarization vector arrangement at two sides of the
boundary, and therefore the entire polarization configuration can be uniquely
determined.




Crystal Growth and Phase Transformations of PbTiO3 Crystals

B. N. Sun
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Abstract
Pure lead titanate (PbTiO3) crystals of centimeter size were grown from high-
temperature solutions by RNT (reduced nucleation technique) using PbO as a self-
flux. The theoretical principles leading to successful growth experiments will be
discussed. Phase transformation of the grown crystals was studied by differential
scanning calorimetry, X-ray diffraction, electrical measurements and optical

microscopy.




Electronic Structure of BaTiO3 and PbTiO3

M. E. Holma and Haydn Chen
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Abstract

Theoretical band structures are calculated for the perovskite compounds
BaTiO3 and PbTiO3 based on the extended Hueckel tight-binding (XHTB) method.
The electronic structure and total electronic energies are calculated for the cubic and
tetragonal structures; the total density of states and partial density of states for
individual atomic orbitals are presented. The total electronic energies, obtained by
integrating over energy states of all electrons, show that the tetragonal structure is
stable as compared to the cubic structure. The difference in electronic total energy
between the two structures is 0.58 eV/unit cell for BaTiO3. Excellent agreement
exists between the calculated total density of states and experimental data of the
width and structure of the valence band. The partial density of states also show
good agreement with experimental data related to the valence and conduction

bands. Results of the calculations for PbTiO3 will be discussed.




Premonitory Phenomena and Transformation
Kinetics from Cubic-Tetragonal Phase in PbTiO3

Naohisa Takesue and Haydn Chen
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Abstract

In-situ diffuse x-ray scattering techniques have been employed to study the
pretransition phenomenon in PbTiO3. Continuous monitoring of the (002)
reflection was made as a function of temperature during heating and cooling cycles.
A hysteresis is noted for the apparent cubic-to-tetragonal transition temperature (T,
= 462°C upon cooling, and T, = 470°C during heating), typical of a first-order
transformation. It was observed that diffuse intensity adjacent to the (002) peak
appears above Tc because of the heterophase fluctuation of the low-temperature
tetragonal phase. The kinetics of the displacive transition just below T, during
cooling was investigated. Domain redistribution was observed. Other information
such as the thermal expansion coefficient and the volume change during the

transformation will also be studied.
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The Elastic Properties of Ceramics by Brillouin Spectroscopy

J. D. Bass, C. S. Zha, and A. Kalinichev
Department of Geology
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Abstract

We have undertaken a program to measure the single-crystal elastic
properties of ceramics with low crystallographic symmetry, under both ambient
conditions and at high pressures and temperatures. Our goals are to determine P
and T derivatives of the single crystal moduli, cjj, and also to examine the behavior
of acoustic phonons in the neighborhood of displacive transformations. The
experimental technique utilized is Brillouin spectroscopy. This light scattering
technique allows the velocities of high-frequency phonons, and thus cj's, to be
measured on very small samples of arbitrarily low crystallographic symmetry. It is
amenable to high-pressure measurements using diamond anvil high-pressure cells,
and high temperature work using a conventional furnace.

Thus far our efforts have concentrated on the monoclinic form of ZrOj, and
orthorhombic KNbO3. Results on the elastic properties of these will be presented.
We have also obtained sound velocities of M-ZrQO; inside a diamond anvil cell. The
major challenge in these measurements is to maintain close control of the
crystallographic orientation of the sample, because these ceramics display, in
general, strong acoustic anisotropy. A partial set of elastic moduli for zirconia in the
diamond cell shows that these experimental difficulties are surmountable. Our
efforts are now being directed at the high pressure moduli of zirconia, and the high

temperature moduli of KNbOs.
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Crystal Growth of KNbO3 By an Improved Kyropoulos Method

P. D. Han
Department of Materials Science and Engineering

University of Illinois at Urbana-Champaign
Urbana, IL 61801

Abstract

Large single crystals of KNbO3 were grown by an improved Kyropoulos
technique from a self-fluxed system. Imperfections of as-grown crystals of KNbO3,
such as cracks, twinning and colors will be discussed in the context of phase
transformations and synthesis conditions. Two distinct types of cracks were
observed in as-grown crystals resulting from phase transformations during cooling
from growth temperature to room temperature (i.e., cubic to tetragonal at 435°C and
tetragonal to orthorhombic at 225°C). Cracking in as-grown crystals was reduced by
making the temperature gradient in the furnace as small as possible. Twins were
able to be removed by a polarization process at 198°C under an applied electrical field

between 400 ~ 600 V/cm.
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Defect Structures in KNbO3

Oludele Popoola and W. M. Kriven
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Abstract
The atomic defects generated during growth of (001) KNbO3 are characterized
by transmissions electron microscopy. Apart from the single domain structure
exhibited by this crystal, the microstructure consisted of various defects such as 6
boundaries, stacking faults and twins. The stacking faults were readily distinguished
from the inversion boundaries by the presence of threading dislocations.

Theoretical predictions and experimental observations will be correlated.
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Thermal Transport Properties of Some Ferroelectric Materials

Da-Ming Zhu*
Department of Physics
University of Missouri at Kansas City
Kansas City, MO 64110

Abstract

We have conducted studies of thermal transport properties of several
ferroelectric materials over a wide temperature range, aimed at understanding the
behavior of thermal conductivity of the materials near the ferroelectric to
paraelectric phase transitions and phonon interactions with ferroelectric domain
boundaries. One system which we have studied is RB2ZnCly which undergoes
successive phase transitions from normal to incommensurate phase and finally to
commensurate ferroelectric phases with decreasing temperature. The thermal
conductivities of single crystal Rb2ZnCly were found to resemble the behavior of
typical glassy materials at temperature above about 30K. At temperature below 0.5K,
the thermal conductivity show characteristic of boundary diffusive scattering of
phonon in crystals. The other system which we have studied is KNbO3. The
thermal conductivity of a single crystal KNbO3 sample which contains a large
number of ferroelectric domains was found to be extraordinarily small at low
temperature (nearly an order of magnitude smaller than that of a typical insulating
glass), a result which is consistent with phonon scattering at ferroelectric domain
boundaries. The experimental data will be compared with those obtained from KDP
and other ferroelectric materials, and possible connections between these results will

be discussed.

" In collaboration with A. C. Anderson, Department of Physics ,University of Illinois at Urbana-
Champaign.
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Temperature-Dependent Phonon Dispersion
and Lattice Dynamics of KNbO3

M. Holma and Haydn Chen
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Abstract

Inelastic neutron scattering measurements of the transverse and longitudinal
phonon branches in the directions [100] and [110] are reported for the cubic
perovskite KNbOs3. The results were obtained at ternperatures of 878K, 798K, and
643K. The dispersion curves presented show evidence of extreme overdamped
scattering in the transverse acoustic (TA) mode attributed to coupling to a diffuse
excitation. The broadening of the TA mode is both temperature-dependent and
highly anisotropic. The temperature dependence of the lowest frequency transverse
optic has been investigated. The experimental results were used to obtain the
parameters for models in the data analysis. Rigid ion, rigid shell and deformable
shell models were applied to study the lattice dynamics. The results of these
models, including theoretical dispersion curves, inelastic structure factors and force

constants, are presented and compared with available experimental measurements.




Phase Transformations, Oxygen Mobility,
and Defect Clustering in YBa2Cu306+x

J. R. LaGraff and D. A. Payne
Department of Materials Science and Engineering
Materials Research Laboratory
Science and Technology Center for Superconductivity
University of Illinois at Urbana-Champaign
105 South Goodwin Avenue
Urbana, IL 61801

Abstract

This study reports oxygen diffusion characteristics and electrical transport
properties for the high-temperature superconductor YBCO in the vicinity of the
orthorhombic to tetragonal phase transformation. Combined in-situ electrical
resistance measurements and hot-stage optical microscopy as a function of
temperature (350-780°C) and oxygen partial pressure (0.001-1 atm) allowed for both
oxyger diffusion behavior and phase transformation characteristics to be
simultaneously monitored. The comparison of single crystal and polycrystalline
data has enabled the distinction to be made between bulk diffusion characteristics
and those affected by surfaces and interfaces (i.e., grain boundaries). Properties
reported for intrinsic oxygen diffusion behavior, include, subtle changes in the
oxygen mobility between orthorhombic and tetragonal structures; concentration-
dependent chemical diffusivity, and possible interactions of oxygen ordering with

mobility.

15




16

Mechanisms of Ferroelastic Phase Transformations in Ca28iO4

Y. J. Kim and W. M. Kriven
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Five polymorphs have been reported for the pure dicalcium silicate
(CaxSiO4)——a, a'y, a'L, p and y. From structural and microstructural
characterizations of polycrystalline samples of pure CazSiO4, Ba-stabilized CazSiOy4
and CazS5iOg4-dispersed in ceramic matrices, phase transformation mechanisms of
these polymorphs were studied. The Sr2SiO4 and BaySiO4 systems were compared
with the CazSiO4 system.

Throughout the whole transformation sequence, a symmetry element of 2/m
was conserved. The a — o'y (Pmcn?) transformation generated three rotation-
related domains, which st ggested the existence of a 6/m symmetry element for a,
with a space group of P63/mmc. In this case, the a — a'y transformation was
ferroelastic. The a'y — B(P2;/n) transformation also generated two twinned
domains, (on {100} and {001}), and could also be ferroelastic.

The B — y (Pcmn) transformation, accompanied by a large volume increase
(~12%), was stress-induced. This transformation can be displacive in the sense of its
instantaneous reaction. However, it is required to overcome comparatively high
energy barriers due to the breaking of some oxygen bonds in the structures. The
strains built into p by the previous ferroelastic transformations, as well as the strong
repulsive forces between Si4+ and Ca2+ ions are suggested to be the major driving
forces for the p — y transformation.

TEM studies revealed various modulated structures in the a’L and p phases
of Caz5i04 as well as in the a."and p phases of SrSiO4. Previous studies also reported
more than five different modulated structures in the CaSiO4-BaSiO4 system. The
stability of crystal structures in the Az5i04 type system (where A = Ca, Sr, Ba) was
related to these modulated structures in conjunction with the mechanisms of phase

transformations.




17

Phase Transformations in the Nickel Sulfide System

Jemima Cooper and W. M. Kriven
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Abstract

A review of the literature indicates that monosulfide NiS forms three distinct
phases; hexagonal a - Ni;,S (0 < x< 0.034), rhombohedral g - Ni;,,S (0 < x < 0.009)
and hexagonal y - Ni,S (0 < x < 0.06). The temperature of the a — f transformation
(282° C - 379° C) is dependant upon composition.  The transformation is
accompanied by a volume increase of ~3 vol. % (dependent upon composition). The
o phase may be metastably retained at room temperature by quenching. Upon
cooling, retained o phase undergoes a transition to y NiS at ~-8° C (dependant upon
ccmposition). There is no change in symmetry upon transformation but a sudden
volume increase is observed, leading to cracking of the crystals. It is possible to
repeatedly cycle through the o — y transition, and a hysteresis is observed. The a -y

NiS transition is a transition from a paramagnetic metal to an antiferromagnetic

semiconductor. Substitution of Fe, As, Se alters the transition temperature.
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Diffusionless Transformation in NiS

Ben Kim
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Abstract

At room temperature, NiS (Millerite) has a rhombohedral crystal structure.
Upon heating to approximately 385°C, it transforms into a new phase, which has a
hexagonal crystal structure. In this project, the transformation characteristics of NiS
were studied with the following experiments: hot-stage optical microscopy, hot-
stage x-ray diffraction, dilatometry measurements, and electrical resistivity
measurements. The hot-stage x-ray diffraction patterns confirmed the structural
change at approximately 385°C. This change of crystal structure was observed as
surface relief with the aid of hot-stage optical microscope. Moreover, the surface
relief observed with the hot-stage optical microscope resembled that of typical
martensites found in metals and ceramics. Both the dilatometry and resistivity
measurements revealed a large hysterisis, spanning a temperature range of
approximately 225°C. Also, from the dilatometry measurements, the volume
change associated with the transformation was calculated to be approximately 4.6%.
Through the resistivity measurements and hot-stage optical microscopy, it was seen
that the transformation was a function of temperature rather than time.
Furthermore, the hot-stage x-ray diffraction results illustrated indirectly that there
was no compositional change during the transformation. All experiments

performed to date on NiS strongly indicate a diffusionless transformation in NiS.
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Department of Materials Science and Engineering
University Research Initiative Program
Workshop on Phase Transformations in Ceramics
2nd and 3rd April 1992
Tower Room, 4th Floor Beckman Institute

Thursday April 2nd

8.30 - 8.55am Coffee and Donuts

8.55 - 9.00 Welcoming Comments (Profs. W. Kriven and D. Payne)

Theoretical Session Chairman: Prof. Marv Wayman

9.00 - 9.50 “Adaptive Phase in Martensitic Transformations,”
Prof. A. G. Khachaturyan

9.50 - 10.20 Discussion

10.20 - 10.30 Break

10.30 - 11.20 “Computer Simulation of Martensitic Transformations,”
Prof. P. C. Clapp

11.20-11.45 Discussion

11.45-1.00 Lunch in the Beckman Cafeteria

PbTiO3 Session Chairman: Prof. David Payne
1.15-2.00 pm “Thermal Stability of Field-Forced and Field-Assisted

Antiferroelectric -Ferroelectric Phase Transformations in
Pb(Z1,5n,Ti)O3,” P. Yang and D. A. Payne (35 + 10)

2.00 - 2.40 “Cubic to Tetragonal Transformation and Ferroelectric Domain
Structures in PbTiO3,”C. C. Chou and C. M. Wayman (30 + 10 mins)

Chairman: Prof. Haydn Chen

2.40 - 3.00 “Growth and Phase Transformations of PbTiO3 Crystals,” B. N. Sun
(15+5)

3.00 - 3.30 “Electronic Structure of BaTiO3 and PbTiO3,” M. Holma and H. Chen
(20 +10) '

3.30 - 4.00 “Premonitory Phenomena and Transformation Kinetics from
Cubic-Tetragonl Phase in PbTiO3,”N. Takesue and H. Chen (20 + 10)

4.00- 4.30 “The Elastic Properties of Ceramics by Brillouin Spectroscopy,” J. D. Bass,
C.Z. Zha and A. Kalinichev (20 + 10)

4.30 - 5.00 Discussion



8.30 - 9.00
KNbO3 Session
9.00 - 9.20am
9.20 - 9.50am
9.50 - 10.20
10.20 - 10.50
10.50- 11.30

11.30-11.45

11.45 - 1.15 pm
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Frid April 3rd 1992
Coffee and Donuts
Chairman: Prof. David Payne

“Crystal growth of KNbO3 by an Improved Kyropoulos Method,”

P.D. Han (15 + 5)
“Defect Structure in KNbO3,” O. O. Popoola and W. M. Kriven

(20 + 10)
“Thermal Conductivity of KNbO3,” Daming Zhu and A. C. Anderson

(20+ 10)
“Temperature-Dependent Phonon Dispersion and Lattice Dynamics of
KNbO3,” M. Holma and H. Chen (20 + 10 min)

“Phase Transformations, Oxygen Mobility and Defect Clustering in
YBa2Cu30g¢+x,” J. R. LaGraff and D. A. Payne (30 + 10)

Discussion

Lunch in the Beckman Cafeteria

Ca3Si04 and NiS Session Chairperson: Prof. Trudy Kriven

1.15-2.00

2.00-2.20

2.20-2.40
2.40-3.30

“Mechanisms of Ferroelastic Phase Transformations in Ca25iO4,”
Y. J. Kim and W. M. Kriven (35 + 10)

“Phase Transformations in the Ni-S System,” J. J. Cooper and

W. M. Kriven (15 + 5)

“Deformation Behavior in NiS,” B. Kim and C. M. Wayman (15 + 5)
Wrap up Discussion
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Mechanisms of Ferroelastic Phase Transformations in Ca2SiO4

Y. J. Kim and W. M. Kriven
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Five polymorphs have been reported for the pure dicalcium silicate
(CaySi04)~--—a, a'y, a'L, B and y. From structural and microstructural
characterizations of polycrystalline samples of pure CazSiO4, Ba-stabilized CazSiO4
and Cayt104-dispersed in ceramic matrices, phase transformation mechanisms of
these polymorphs were studied. The Sr;S5iO4 and BajSiO4 systems were compared
with the CazSiO4 system.

Throughout the whole transformation sequence, a symmetry element of 2/m
was conserved. The a — a'y (Pmcn?) transformation generated three rotation-
related domains, which suggested the existence of a 6/m symmetry element for a,
with a space group of P63/mmc. In this case, the o — o'y transformation was
ferroelasticc.'  The o'y — B(P2;/ n)' transformation also generated two twinned
domains, (on {100} and {001}), and could also be ferroelastic_.

The B — y (Pcmn) transformation, accompanied by a large volume increase
(~12%), was stress-induced. This transformation can be displacive in the sense of its
instantaneous reaction. However, it is required to overcome comparatively high
energy barriers due to the breaking of some oxygen bonds in the structures. The
strains built into f by the previous ferroelastic transformations, as well as the strong
repulsive forces between Si4+ and Ca2+* ions are suggested to be the major driving
forces for the p — y transformation.

TEM studies revealed various modulated structures in the a’L and p phases
of Cap5i0O4 as well as in the a’and P phases of S5r2SiO4. Previous studies also reported
more than five different modulated structures in the Ca5i04-BazSiO4 system. The
stability of crystal structures in the A;5iO4 type system (where A = Ca, Sr, Ba) was
related to these modulated structures in conjunction with the mechanisms of phase

transformations.
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Mechanisms of Ferroelastic Phase Transformations in Ca2SiO4

Y. J. Kim and W. M. Kriven
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Five polymorphs have been reported for the pure dicalcium silicate
(CazS5i04)—--—a, a'y, a't, p and v. From structural and microstructural
characterizations of polycrystalline samples of pure CaySiO4, Ba-stabilized CaSiO4
and CazSiOg4-dispersed in ceramic matrices, phase transformation mechanisms of
these polymorphs were studied. The Sr5i04 and BazSiO4 systems were compared
with the Ca5iOy4 system.

Throughout the whole transformation sequence, a symmetry element of 2/m
was conserved. The a - o'y (Pmcn?) transformation generated three rotation-
related domains, which suggested the existence of a 6/m symmetry element for a,
with a space group of P63/mmec. In this case, the « — o'y transformation was
ferroelastic. The a'y — B(P2;/n) transformation also generated two twinned
domains, (on {100} and {001}), and could also be ferroelasticf

The B — y (Pcmn) transformation, accompanied by a large volume increase
(~12%), was stress-induced. This transformation can be displacive in the sense of its
instantaneous reaction. However, it is required to overcome comparatively high
energy barriers due to the breaking of some oxygen bonds in the structures. The
strains built into B by the previous ferroelastic transformations, as well as the strong
repulsive forces between Si4+ and Ca2+ ions are suggested to be the major driving
forces for the § — y transformation. _

TEM studies revealed various modulated structures in the a’L and B phases
of Caz5i0y4 as well as in the a’and B phases of Sry5iO4. Previous studies also reported
more than five different modulated structures in the Ca;Si04-BazSiO4 system. The
stability of crystal structures in the A2SiO4 type system (where A = Ca, Sr, Ba) was
related to these modulated structures in conjunction with the mechanisms of phase

transformations.
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Mechanisms of Ferroelastic Phase Transformations in Ca28i04

Y. J. Kim and W. M. Kriven
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Five polymorphs have been reported for the pure dicalcium silicate
(CagSi04)—-—a, a'y, a'y, p and y. From structural and microstructural
characterizations of polycrystalline samples of pure CazSiO4, Ba-stabilized CazSiO4
and Caz5iO4-dispersed in ceramic matrices, phase transformation mechanisms of
these polymorphs were studied. The SrzSiO4 and BaySiO4 systems were compared
with the CazSiO4 system.

Throughout the whole transformation sequence, a symmetry element of 2/m
was conserved. The a — a'y (Pmcn?) transformation generated three rotation-
related domains, which suggested the existence of a 6/m symmetry element for a,
with a space group of P63/mmc. In this case, the a — o'y transformation was
ferroelasticc. The a'y —» B(P2;/n) transformation also generated two twinned
domains, (on {100} and {001}), and could also be ferroelastic‘.

The B — y (Pcmn) transformation, accompanied by a large volume increase
(~12%), was stress-induced. This transformation can be displacive in the sense of its
instantaneous reaction. However, it is required to overcome comparatively high
energy barriers due to the breaking of some oxygen bonds in the structures. The
strains built into p by the previous ferroelastic transformations, as well as the strong
repulsive forces between Si4+ and Ca2+ ions are suggested to be the major driving
forces for the p — y transformation. '

TEM studies revealed various modulated structures in the a’L and p phases
of Caz5iO4 as well as in the a’and B phases of S5r2Si04. Previous studies also reported
more than five different modulated structures in the CazSiO4-BazSiO4 system. The
stability of crystal structures in the A25iO4 type system (where A = Ca, Sr, Ba) was
related to these modulated structures in conjunction with the mechanisms of phase

transformations.
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Mechanisms of Ferroelastic Phase Transformations in Ca2SiO4

Y. J. Kim and W. M. Kriven
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Five polyfnorphs have been reported for the pure dicalcium silicate
(CazSi04)——a, a'y, @'y, B and y. From structural and microstructural
characterizations of polycrystalline samples of pure CazSiO4, Ba-stabilized Caz5iO4
and CajSiO4-dispersed in ceramic matrices, phase transformation mechanisms of
these polymorphs were studied. The Sr;SiO4 and BazSiO4 systems were compared
with the CazSiO4 system.

Throughout the whole transformation sequence, a symmetry element of 2/m
was conserved. The a — a'y (Pmcen?) transformation generated three rotation-
related domains, which suggested the existence of a 6/m symmetry element for a,
with a space group of P63/mmc. In this case, the a — a'y transformation was
ferroelastic. The a'y — B(P2;/n) transformation also generated two twinned
domains, (on {100} and {001}), and could also be ferroelasticl.

The § — y (Pcmn) transformation, accompanied by a large volume increase
(~12%), was stress-induced. This transformation can be displacive in the sense of its
instantaneous reaction. However, it is required to overcome comparatively high
energy barriers due to the breaking of some oxygen bonds in the structures. The
strains built into B by the previous ferroelastic transformations, as well as the strong
repulsive forces between Si4* and Ca2+ ions are suggested to be the major driving
forces for the p — y transformation.

TEM studies revealed various modulated structures in the a’y and B phases
of Caz5i0O4 as well as in the a’and B phases of Sr2SiO4. Previous studies also reported
more than five different modulated structures in the CaSiO4-BazSiO4 system. The
stability of crystal structures in the A;SiO4 type system (where A = Ca, Sr, Ba) was
related to these modulated structures in conjunction with the mechanisms of phase

transformations.
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Mechanisms of Ferroelastic Phase Transformations in Ca2SiO4

Y. J. Kim and W. M. Kriven
Department of Materials Science and Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

Five polymorphs have been reported for the pure dicalcium silicate
(CazSiO4)~--—a, a'y, a'y, p and y. From structural and microstructural
characterizations of polycrystalline samples of pure CaSiO4, Ba-stabilized CazSiO4
and Ca5iO4-dispersed in ceramic matrices, phase transformation mechanisms of
these polymorphs were studied. The Sr;Si0O4 and BaySiO4 systems were compared
with the CazSiO4 system.

Throughout the whole transformation sequence, a symmetry element of 2/m
was conserved. The a — a'y (Pmcn?) transformation generated three rotation-
related domains, which suggested the existence of a 6/m symmetry element for a,
with a space group of P63/mmc. In this case, the a = o'y transformation was
ferroelasticc. The a'y — B(P2;/n) transformation also generated two twinned
domains, (on {100} and {001}), and could also be ferroelasticl.

The B — y (Pcmn) transformation, accompanied by a large volume increase
(~12%), was stress-induced. This transformation can be displacive in the sense of its
instantaneous reaction. However, it is required to overcome comparatively high
energy barriers due to the breaking of some oxygen bonds in the structures. The
strains built into p by the previous ferroelastic transformations, as well as the strong
repulsive forces between Si4+ and Ca2* ions are suggested to be the major driving
forces for the p — y transformation.

TEM studies revealed various modulated structures in the a’y and p phases
of CayS5i0y4 as well as in the a’and B phases of Sr;Si04. Previous studies also reported
more than five different modulated structures in the CazSiO4-BazSiO4 system. The
stability of crystal structures in the AzSiO4 type system (where A = Ca, 51, Ba) was
related to these modulated structures in conjunction with the mechanisms of phase

transformations.
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Final Report to the AFOSR
Elastic Properties of Ceramics Under Extreme Conditions
Jay D. Bass

A. Work Statement and Objectives

The basic objectives of this research effort were threefold: First, to obtain
high-quality measurements of the single-crystal stiffness constants (elastic moduli,
cjj ) of ceramic materials which undergo displacive transformations; Second, to
develop the methods and equipment needed to carry out elasticity measurements at
high pressures and at high temperatures, and to characterize the elasticity of
ceramics at high P and T, especially in the vicinity of phase transitions. Such
measurements of material properties are needed for theories of the nucleation of
phase transitions in ceramics to be evaluated and tested. In particular, a common
hypothesis for the mechanism of displacive phase transformations is the 'soft
mode’ concept, in which a phonon mode softens, or tends to zero frequency, as a
precursor to nucleation of the product phase. For phase transitions which are
triggered by stress, such as the tetragonal to monoclinic transition in ZrO,, a soft
mode would likely be apparent in the elastic moduli. In order to test the soft mode
theory of nucleation, and to understand the role of stress in triggering phase
transformations, we have initiated a research program to measure the elastic
moduli of microscopic-sized ceramic single crystals at high pressure and
temperature using the light scattering technique of Brillouin spectroscopy. An
accurate and complete characterization of the single crystal moduli has never been
reported on low symmetry samples such as many ceramics of technological
importance. Our objectives included development of hardware and calculational
procedures necessary to carry out such experiments, and measurements of the elastic
properties of ZrOp, KNbOj3, and PbTiO3, all of which undergo displacive
transformations and are being studied in detail by various members of the URI
team.

B. Status of Research Effort.
Crystalline Ceramics

The thrust of this research has been to investigate the elastic properties of
ceramics that undergo displacive phase transitions as a means toward
understanding nucleation mechanisms, as well as changes in physical, electronic,
and optical properties. Our efforts have concentrated on the monoclinic form of
zirconia M-ZrO», tetragonal PbTiO3, and orthorhombic KNbO3. For M-ZrO; we
have thus far measured the single-crystal elastic moduli under ambient conditions,
and obtained a partial set of elastic moduli in a diamond anvil cell as a first test of
our high pressure capability (Figures 1 and 2). To date, only one experimental study
of the c;j of M-ZrO; has been reported, and for many moduli the results of that
study were in poor agreement with those of theoretical calculations. A conspicuous
discrepancy was found not only in the magnitude, but in the sign of some shear
moduli (Table 1). The results of our measurements are in very good agreement
with the theoretical study, and there are no discrepancies in sign for any of the
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Figure 1: Elastic moduli of M-ZrO; as a function of crystallographic direction in the
a-c crystallographic plane, as measured in this study by Brillouin scattering measurements.
Moduli increase radially outward with distance from the center. The elastic anisotropy of

the crystal is apparent in this projection. Both the longitudinal and two shear modes are
shown.

4 -Cyy s 345 GPa
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Figure 2: Elastic moduli of M-ZrO; as a function of crystallographic direction ix? the
a-b crystallographic plane, measured in a diamond-anvil pressure cell (DAC). There is no
pressure on the sample. This figure shows that an internally consistent set of measurements
is obtained, in agreement with measurements outside of the DAC.



Table |,

Single Crystal Elastic Moduli of Monoclinic ZrO,

Measured Calculated
Modulus This Study® Nevitt et al. Cohen et al.
(GPa) | (1988) (1988)
Ci1 350.5£2.3° 358 +£45 349
Cso 385.6+4.2 426 +11 398
Css 245.3+£2.5 240 £28 268
Cys 101.0+4.8 99 + 2 147
Css 80.0%1.1 79 +10 131
Cee 123.1+1.8 130 + 2 180
Cio 176.7+3.9 144 +29 207
Cis 74.943.1 67 164 125
Cas 163.1+5.0 127 £25 153
Cis 30.5+1.7 -26 £ 5 64
Css -5.7+3.9 38 + 8 -27
Css 9.74+1.5 23 £ 4 57
Cas -39 +10 -26

-20.01+2.8

* Based upon 1u2 velocity measurements in 37 directions.
RMS error = 83 m/s.
5 Based upon 50 velocity measurements in 13 directions.
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moduli. This indicates that the interatomic potentials used in the calculations are
fairly realistic.

We have examined the optical absorption spectum of PbTiOj3 as a function of
pressure up to 30 GPa. Because the absorption spectrum is sensitive to the energy of
electronic transitions in a material, these measurements help place constraints on,
and are a natural compliment to, the theoretical band structure calculations of
Hayden Chen's group. The transition from a ferroelectric to paraelectric phase,
identified previously at 12.1 GPa on the basis of the Raman spectra, is evident in the
absorption spectrum as well. Our experiments indicate that the tetragonal-cubic
transition is second order. Because the transition seems to be first order at one
atmosphere and high temperatures, we expect the existence of a tricritical point at an
intermediate P and T. This range of conditions is accessible with an externally
heated diamond anvil cell, and experiments to determine the location of this
tricritical point will be pursued.

KNbO3 undergoes a series of displacive phase transformations to successively
higher symmetry. As a compliment to the investigation of precursory phenomena
near the transition temperatures by neutron diffraction (Hayden Chen), we are
characterizing the elastic moduli of KNbO3. A paper describing the results of our
ambient condition experiments has been published in Journal of Applied Physics .
These results represent the first report of the complete set of elastic moduli on
KNbO3. Because Brillouin scattering is a higher frequency experiment than is
neutron diffraction, a combination of our data with that of Hayden Chen will give a
very complete description of the dispersion curves for acoustic phonons in KNbO3,
thus providing a wealth of information on the nature of the phase transitions. The
high-temperature measurements needed to understand the phase transitions are in
progress.

We have also completed a study of the STP elastic properties of PbTiO3, one of
the most thoroughly studied polar ceramics. Due to the difficulty of obtaining
suitable samples for single-crystal studies, the elastic, piezoelectric, and dielectric
properties have been poorly characterized thus far, and the results reported in the
literature to date are quite contradictory.

Our data on the acoustic velocities in PbTiO3 are shown in Fig. 3 along with a
theoretical fit to the measurements. The elastic, piezoelectric, and dielectric
constants obtained from this theoretical fit are given in Table 2, along with literature
data for 'single crystal' and ceramic samples for comparison. Our data differ from
previous results by as much as 50% to 300% for some moduli. Older results are
plagued by problems due to sample porosity, twinning, and impurities. The present
Brillouin data yield a very high degree of internal consistency and are, we believe,
the most accurate results to date.
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Fig. 3. Sound velocities in the b-c crystallographic plane. Best fit using the reported
set of the elastic and piezoelectric constants. Symbols — experimental data, full
line — compressional wave; dashed and dotted lines — shear waves polarized nearly

prependicular and parallel to the plane, respectively.




Table 2. Elastic, piezoelectric, and dielectric constants of PbTiOs at room temperature.

This study Literature

Elastic stiffness constants (GPa)

C§ 241 160°

Cg 68 152¢

C& 70 63¢

c{, 96

Cg 112 42*

Ch 52 46*
Elastic compliance constants (10~ /GPa)

S§ 0.585 0.72% 0.75°

S,g 1.889 3.25° 0.80°

sg 1.425 1.22% 1.79¢

S 1.043 0.79* 1.80°

S§ -0.228 -0.21* -0.15°

S5 -0.272 -0.11°
Piezoelectric strain constants (10~!! C/N)

dis 1.74 0.65% 5.3°

ds -2.6 -0.25% -0.44°¢

dss -3.0 1.2 5.1¢
Piezoelectric stress constants (C/m?)

e1s 1.22 3.55% 0.50¢

e -10.9 1.32° 6.50°

eas 4.74 6.80° 3.00°

Dielectric constants

eg'} 102¢ 1304 210° 230°

€35 93¢ 1207 126° 170°

€ 100 100¢ 115 210°

€5 13¢ 35¢ 51% 140°

¢ Ceramics, 2.5mol%La; 03, 1.0mol%MnO;, Ref.1.

b Single crystal, Ref.2.

¢ Cera.mics, 1.25mol%La203, l.OmOI%MnOg, Ref.3.
4 Single crystal high frequency measurements, Ref.4.
¢ Calculated using our Brillouin data.
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Facilities Development: High Pressure-Temperature Facilities

We have constructed several types of equipment needed to carry out our
research objectives. A diamond anvil high pressure cell for Brillouin spectroscopic
measurements was specially designed and built at the University of Illinois to
measure the pressure derivatives of elastic moduli. In order to characterize the
pressure exerted on a sample we use the pressure dependence of the fluorescence
spectrum of ruby (Cr doped Al2O3), and a spectrometer integrated with an optical
microscope was built to measure fluorescence spectra. This same spectrometer can
be used to measure the visible absorption spectrum of samples under pressure, and
this has proved a convenient method for identifying the onset of high pressure
phase transitions. Ancillary equipment that has been developed and built in-house
includes a diamond faceting instrument for grinding faces that are exactly parallel
on the diamond anvils, as well as for repair of anvils, and a microdrilling machine

for making microscopic holes (as small as 50 um) in the steel gaskets used between
the diamond anvils.

Preliminary Investigations on Simple Systems

Our program into high pressure and temperature brillouin spectroscopy
represents a novel research direction with equipment designed and built in-house,
and many experimental techniques needed to be developed by our group. As
mentioned above we have completed a study of the high pressure optical properties
of PbTiO3 and initiated a study of the moduli of zirconia at high pressure. However,
it is necessary to perform a series of initial experiments on simple systems so that we
can compare our results with independent studies of other properties.

We have undertaken a study of a high pressure phase transition in potassium
bromide, KBr. This material is an ideal candidate for initial high pressure work
because it is known to undergo a major structural phase transition at about 1.8 GPa,
and it is also a simple ionic solid which is amenable to theoretical modeling of
physical properties. We have been successful in measuring the sound velocities in
KBr up to about 10 GPa, well above the phase transition. These experiments were
performed on a polycrystalline sample compressed in the diamond anvil cell. We
have found, as expected, a pronounced increase in the elastic properties at the
transition to the high pressure B2 phase at 1.8 GPa (Figure 3). This study is
important for demonstrating the accuracy of our pressure measuring apparatus, the
suitability of Brillouin scattering for measuring elastic moduli at high pressures in a
diamond cell, and the feasibility of working with polycrystalline samples at high-
pressure conditions.

As a first material to be investigated at high temperatures, we chose a series of
silicate glasses. The reason for choosing glasses as the first high temperature
samples is that they are elastically isotropic. Therefore, it is not necessary to carry
out the involved crystallographic orientation work required of crystalline samples.
In addition to being of great interest to ceramists, these experiments allow us to




29

assess our ability to make high temperature measurements. We have obtained data
on sodium and potassium silicate glasses and melts to temperatures of 1200°C.
Melting of the samples was apparent from disappearance of the shear mode, and an
analysis of the Brillouin lineshape has yielded information on the viscosity and
atomic structure of the melt. On the basis of our experience with glasses and melts
we have redesigned our high temperature furnace for operation to 1600°C under a
controlled atmosphere and with crystalline samples. In addition, the computer
programs developed to analyse the melt data will be used to investigate ultrasonic
attenuation in the neighborhood of phase transitions in crystalline ceramics. The
experiments on an elastically simple system such as melts was a necessary and
natural part of developing the capability to do high temperature experimentation
and fulfill the major objectives of this program.

Summary of Research Effort

In conclusion, we have thus far carried out research in the following areas:
Design and construction of equipment for high pressure elasticity using
diamond anvil cells, and for high temperature work.

Elastic properties of single crystal ZrO2, KNbO3, and PbTiO3 under ambient
conditions and at high pressures.

Optical absorption and phase transitions of PbTiO3 at high pressures.
Elasticity and structure of silicate glasses and melts.
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(Haydn Chen)

(a) Objectives:

The overall objective of this work is to achieve a fundamental
understanding of the transformation mechanism(s) governing and the
crystallography associated with the displacive transformations in ceramic
systems with special emphasis placed upon the perovskite group (e.g. PbTiO3
and KNbO3). Some specific themes are:

(1) Pre-transitional phenomena associate with the paraelectric-to-ferroelectric
transitions,

(2) Phonon properties associated with the transformations, and

(3) Nucleation mechanism and defect-induced transformation.

(b) Significant Accomplishments:

Our research strategy has been divided into three parts: (1) theoretical
investigation of electronic structure and phonon dispersion relationship, (2)
inelastic neutron scattering measurements, and (3) diffuse x-ray scattering
measurements. A substantive description of significant achievements and
progress towards achieving the research objective is given below.

Electronic Structure Calculations

The total density of states (DOS) and the electronic total energy were
calculated for PbTiO3 and BaTiOj3 in both the cubic and tetragonal phases of
these materials using the extended Hiickel tight-binding method [1]. The change
in electronic total energy was used as an estimate of the phase stability of the
tetragonal structure as compared with the cubic structure. The DOS were
compared with experimental results. BaTiO3 is a well studied system whereas
considerably less information is known for PoTiO3. The former system was
therefore used as a standard to verify the method employed for the electronic
energy calculation.

The calculated band structure for BaTiO3 (Fig. 1) shows the characteristic
features of titanate perovskites. The total valence band consists of widely spaced
sub-bands that are due to (in order of increasing energy) Ti 3p, O 2s, Ba 5p, and
O 2p states. The contributions to the first conduction sub-band are primarily due
to the Ti 4s, Ti 3d and Ba 6s states. As expected, the Ba 6s states are unoccupied,
indicating a complete charge transfer consistent with the tight-binding model.
The DOS show a band gap of 3 eV. Calculated results are consistent with the
experimental x-ray photoemmision spectroscopy (XPS) data (Fig. 2). There is no
significant difference in density of states between the cubic and tetragonal
phases, although the change in electronic total energy, 0.3 eV /unit cell, indicates
more stability in the tetragonal structure.
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The results obtained for PbTiO3 show similar features to that of the
BaTiO3. The primary effect of the substitution of Pb is to contribute states to the
valence band, which interact strongly with the O 2p state. Pb also contributes to
the conduction band from the Pb 6p states. This results in overlapping valence
and conduction bands, a result perhaps related to the extraordinarily large
conductivity in this system as compared to other perovskites. The Pb 6p is
partially occupied which contradicts with the original assumption of the
complete charge transfer. The structural transition appears to change the
structure of the density of states, primarily in the conduction band and little
change is observed in the valence band. The change in electronic total energy
was 0.75 eV/unit cell, indicating some stability in the tetragonal structure.

The contradicting results obtained for the PbTiO3 case suggest that the
ionicity of Pb and O appears to be a major factor in the calculation. The validity
of the atomic orbital assumption in the tight-binding method is then in question.
It is suspected that a total charge transfer does not occur in this system. A self-
consistent-field calculation is currently underway to obtain the wave function
and ijonicity in PbTiO3 which will then be used for DOS calculation.

There exist very little experimental data on PbTiO3 to compare with our
band structure calculation, but a study of XPS data does provide some
information. The results for Ti Lyi,jii XPS indicate little change in the Ti states
when Pb substitutes for Ba - this agrees with our current calculations. The O K-
level XPS data indicated there is a substantial change in the O p-like states when
Pb substitutes for Ba. This, again, agrees with the calculated electronic
structures. In conclusion, the current results imply that the ionicity in PbTiO3
must be considered -- the atomic orbital must be reconsidered and a self-
consistent-field calculation needs to be performed to obtain the electronic wave
functions.

Inelastic Neutron Scattering

This technique has been employed to determine the phonon dispersion
relationships and to investigate their roles in the displacive transformations of
ceramics with initial emphasis focused on the cubic-to-tetragonal transition in
KNbO3. A model of the structural phase transition proposed an instability in a
normal vibrational mode of the lattice; refinements associated the existence of the
soft mode with the appearance of critical fluctuations. The dynamical nature of
these pre-transitional effects is best studied using neutrons for several reasons.
Investigation of phonon modes may be studied exclusively by inelastic neutron
scattering. Similarly, sufficient energy resolution in inelastic scattering permits
measurement of the dynamic susceptibility.

Previous work on these materials has revealed interesting phenomena.
For example, investigation of the pre-transitional behavior of the orthorhombic-
to-rhombohedral phase transition in KNbO3 has established that chains of Nb
atoms vibrate independently with large amplitudes in the [010]ort direction.
Another pre-transitional phenomenon observed is the transverse soft optic mode,
in which a mode determination showed that all but the Nb atoms in the lattice
were moving. Other researchers confirmed the dynamical nature of these pre-
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transitional effects. Studies on PbTiO3 demonstrate some similar aspects to
KNDbO3; it also has an underdamped zone center soft mode. However, the soft
mode behavior is nearly isotropic in PbTiOj3, but highly anisotropic in KNbO3.
Precursor effects have not been observed in PbTiO3.

We have conducted a series of inelastic neutron scattering measurements
on KNDbO3 single crystals above the cubic-to-tetragonal transition temperature
(~435°C) using the HFIR neutron facility at the Oak Ridge National Laboratory.
A summary of the phonon dispersion relationship along the [001]cupic direction
is shown in Fig.3 at 605°C and 525°C. Both temperatures show a broad, flat
transverse acoustic (TA) mode and the low energy "soft" transverse optical (TO)
mode. Also shown are the temperature independent longitudinal acoustic (LA)
and the lowest energy longitudinal optic (LO) modes. Contrary to a previous
report by Nunes et al. (2] the current results show an enhanced coupling between
the TA and the TO modes. Both of these phonon modes are soft and their
eigenvectors represent the transverse vibrations of the Nb atom (located in the
body-centered position) and the oxygen octahedron (connection among 6 face-
centered oxygen atoms) in the perovskite structure for the TA and TO mode,
respectively. This strong coupling in the cubic phase is believed to be the main
driving force for the ensuing phase transition for which the tetragonal structure
requires a relative displacement of the Nb atom from the oxygen octahedron.

The lattice dynamics of KNbO3 were treated theoretically using a rigid-
shell model [3]. Physically, this corresponds to assuming short harmonic forces
act between nearest neighbors only. The long range Coulomb forces are modeled
by monopole and dipole type interactions. The ion is described as consisting of
the nucleus and inner shell electrons and an electron shell. Coupling between the
isotropically polarizable electron shells constitutes the monopole contribution.
Displacement between the core and inner shell electrons and the outer electron
shell give rise to dipole interactions. In addition, the charges on the ions are
allowed to vary. There are a total of fourteen parameters used in the model. The
results of a preliminary fit to the experimental data are shown in Figure 4.
Reasonably good agreement is obtained for the TA and LA modes. Although
agreement on other modes is not yet satisfactory, which should improve upon
further refinement with the consideration of anharmonicity, the low energy TO
mode is apparent in our model calculation.

The inelastic neutron scattering results demonstrate interesting pre-
transitional phenomena in the phonon properties. As the transition temperature
is approached from above, there is an enhanced coupling, at q~0.2, between the
TA and TO modes (see Fig. 5). This coupling is anharmonic in nature. In
addition, there is evidence of coupling between the transverse optic and diffuse
excitation, the nature of which is not understood. This anharmonicity effect
manifests itself in the increased line width of the phonon mode and associated
damping corresponding to a decreased phonon lifetime. The theoretical
modeling provides some insight to the observed anomalous behavior. An
analysis of the atomic displacements [4] using a rigid-shell model suggests that at
reduced wave vector, q= 0.2 - 0.5, the Nb atoms move with respect to an
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essentially rigid oxygen octahedral in the transverse acoustic mode. For smaller
wave vectors, displacement occur in all ions.

Based upon our investigation the softening is incomplete and the
transition is of the first order kind. A phenomenological model suggests that
competing displacive interactions can lead to the anomalous phonon dispersion
curves and structural instabilities, where the positions of phonon anomalies and
mode softening are affected by cancellation of relatively large and opposite
forces. This model suggests that phonon dispersion anomalies and high
anisotropy lead naturally to the concept of embryo-like regions with a specific
correlation length. The predicted behavior should occur for a wide range of
temperatures above the transition temperature. Quasi elastic neutron scattering
and/or diffuse x-ray scattering are experimental methods suitable to examining
the possible existence of these precursor embryo-like domains in the cubic phase.

Diffuse X-ray Scattering

Diffuse x-ray scattering intensities from a PbTiO3 single crystal near the
[002]tet superlattice reflection position have been monitored at temperatures
covering the cubic-to-tetragonal transition point. The magnitude of thermal
expansion as determined from the Bragg peak position is shown in Figure 6 for
both the cubic and the tetragonal phases in cooling and heating cycles. A
discontinuous change in the lattice parameter is noticed, indicative of a first-
order transition. This is also shown by a hysteresis of 8 degrees for the transition
temperatures (T¢) of 462°C and 470°C for the cooling and the heating cycles,
respectively. A volume change of about 2% is noticed at the transformation
temperature.

Cooling from above T, to one degree below it showed a kinetic behavior
which could be attributed to the domain distribution that gave rise to a preferred
orientation of the tetragonal phase with its c axis perpendicular to the specimen
surface. This behavior can be seen in Figure 7 where a continuous growth of the
[002]tet peak occurs at the expense of the [200]te¢ peak until the latter is nearly
completely consumed. Most of the 90° domains are eliminated after 100 minute
anneal at 461°C. The cause for the domain redistribution is believed to be due to
the confining stress exerting on the sample as the single crystal sample was
embedded in an adhesive cement mold on an hot stage. Therefore, lateral
confinement of the sample provides a larger degree of freedom for the specimen
to expand in a direction normal to the sample surface. With the lattice parameter
"c" being larger than "a" in the tetragonal phase, a preferred orientation thus
forms. Back transformation during heating is spontaneous, no kinetics is
observed. This is to be expected when a low-symmetry phase (tetragonal)
reverts back to a high-symmetry one (cubic).

Presence of tetragonal fluctuations is observed in the cubic phase of
PbTiO3 at temperatures as high as 80° above T, as evidenced by the asymmetric
diffuse tails near the [002]cubic peak (Fig. 8). This diffuse intensity becomes more
pronounced near T,. Current explanation of this behavior is associated with the
local tetragonality pinned by impurities or other defects such as vacancies. This
local tetragonal fluctuations will result in coherent scattering of x-rays as if it is
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from a cubic phase with slightly larger lattice parameter, thereby producing a
broad, diffuse maximum at the lower angle side of the [002]cubic peak. These
local tetragonal fluctuations may be considered as "embryonic” fluctuations
which eventually become frozen in to initiate the transformation below T.. Other
possible explanation of the observed pre-transitional phenomenon is due to the
concept of Frankel that "heterophase” fluctuation, which is a thermally activated
process having no connection with impurities or defects, may occur at
temperatures above T,. Further investigation is needed in order to differentiate
these two possible scenarios.

The soft phonon modes in KNbOj3 as observed by our inelastic neutron
scattering measurements also manifest themselves in the x-ray thermal diffuse
scattering (TDS) pattern in a surprising but extremely informative way as
evidenced by our synchrotron radiation measurements carried out at NSLS,
Brookhaven National Laboratory. Preliminary results show that the TDS
distribution, arising from low-energy transverse phonon modes propagating
along the <100>cubic directions, consists of disk shaped sheets of intensities
perpendicular to the cubic axes, extending out to the Brillouin zone boundaries
and intersecting all fundamental peaks. This observation is contrary to the usual
TDS streaks seen in many other systems exhibiting soft phonon modes. The 2-
dimensional nature of the TDS in KNbO3 necessarily implies a one-dimensional
character of the soft phonons in real space. The one dimensional nature of the
propagating soft phonons may have their origin in anti-ferroelectric dipole
interactions in the cubic phase to minimize the total free energy -- a subject of
great importance but needing further investigation.
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AFOSR URI FINAL REPORT
(Professor Waltraud M. Kriven)

(2  OBJECTIVES OF THE RESEARCH EFFORT

The aim of this part of the interdisciplinary research effort were to obtain a
basic scientific understanding of martensitic nucleation and transformations
mechanisms in some specific ceramics. It is worthwhile to mention that
simultaneously with this URI, there was in place a large AROSR grant on
“Transformation Toughening of Composite Ceramics” [AFOSR 89 0300] for
which Professor Kriven was the principal investigator. The URI work pursued
here was to provide some basic scientific knowledge of transformation
mechanisms in candidate tougheners, such as dicalcium silicate, and nickel
sulfide (NiS).

In dicalcium silicate (CazSiOy), the detailed transformations mechanisms
between the five polymorphs occurring on cooling from the melt were to
elucidated. The reasons why this system was chosen was because it represented a
material whcih was a non-perovskite and underwnet large positive volume and
unit cel shape changes which may have had a significant effect on the mechanical
properties of a ceramic composite. In the accompanying transformation
toughening project, attempts were being made to apply dicalcium silicate as a
transformation toughener of ceramics.

Related to the monoclinic (B) to orthorhombic (y) transformation in
Ca3S5i0q4, thought to be most likely to yield transformation toughening, the
decomposition and subsequent transformation mechanisms in hillebrandite
(CazSi0O4*H>0), a hydrated form of Ca3SiO4, would be studied. Phase
transformation mechanisms were also studied in the iso-structural strontium
orthosilicate (Sr2SiO4) where the transformation temperatures of some of the
transformations were closer to room temperature and permitted in situ studies.
Nickel sulfide (NiS) particles embedded in glass which had catastrophically
fractured were also studied to ascertain any relationship to the transformation
therein.

In the spirit of interdisciplinary collaboration, our TEM expertise was also
focussed on studying the nucleation and transformation mechanisms in the
perovskite, potassium niobate (KNbO3). Large single crystal specimens were
grown by Professor Payne’s group (by Dr. Pengdi Han and Dr. Bing Nan Sun).
Professor Haydn Chen’s group then studied pre-transitional phenomena and
phonon properties by theoretical and neutron diffraction techniques. Prr.” -ssor
Kriven’s group were to make corresponding in situ TEM observations ¢ ¥ = sible
pre-transformational phenomena, as well as to document the complete
transformation sequence in KNbO3. A complete set of elastic moduli for KNbO3
at ambient and higher temperature conditions were to be measured using
Brillouin spectroscopy, by Professor Jay Bass’s group.
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(b) STATUS OF THE RESEARCH EFFORT

The work on dicalcium silicate (Ca3SiOy), hillebrandite, (Ca3SiO4*H20),
strontium orthosilicate (Sr25iO4) and nickel sulfide (NiS) has been published or
submitted for publication (see section (c) below and enclosed reprints and
preprints).

The work on potassium niobate is still in the process of being written up
and published collaboratively with Dr. O. Popoola who is now a senior research
scientist at the Ford Research Laboratories in Dearborn Michigan. The in situ
TEM study of the transformation mechanisms will be presented at the up coming
International Conference of Phase Transformations ‘94 . A brief overview of the
KNNDbO4 work is presented here as follows.
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Status of Research Effort in Potassium Niobate (KNbO3)

Introduction

KNbO3 is isostructural with BaTiO3 and undergoes a series of phase
transformations during cooling as depicted in Table 1. The cubic — tetragonal
phase transformation is responsible for the paraelectric to ferroelectric transition
in the crystal. The ferroelectric state is maintained during subsequent phase
transitions. However, each phase is characterized by different polarization
vectors. The exact transformation temperature may vary depending on the
impurity content in the crystal. All of the phase transformations are
accompanied by negligible volume changes. The nucleation of new phases
generally occurs at defects such as surfaces, stacking faults, dislocations and
grain boundaries [1-3]. The domain structures in the tetragonal and
orthorhombic ferroelectric phases are intimately linked on account of the nature
of the impurity sites in both phases. While the impurity site density may
determine the onset and kinetics of the phase transformations, the structural
mechanisms (lattice correspondence, orientation relations, order of
transformation) remain the same. A variety of techniques (X-ray photoelectron
spectroscopy, optical microscopy, interferrometry) have been used to study the
various aspects of phase transformations in KNbO3 [4-7]. Most of these studies
dealt with physical properties such as dielectric constraints, refractive index, and
transition heat and entropy changes). The few electron microscopy studies
conducted so far have essentially focused on identifying the nature of domains
and domain well behavior.

The aim of this study was to perform detailed transmission electron
microscopy studies of phase transformation mechanisms in KNbO3.

Table1l.
Phase v III II I Melt
State F F F P
Crystal System  Rhomb Orthorhombic Tetragonal Cubic
Space Group R3m Bmm2 P4mm Pm3m
Polarization //1111]  //1001] //1001]
Vector (P)
Transformation
temperature (°C) -10 225 418
:JAI;i)t Cell Volume 64.77 64.73 64.92 65.18

F = Ferroelectric, P = Paraelectric.
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imental
Thin slices were cut from flux grown single crystals and mechanically
polished to a thickness of 150 um using a mixture of diamond paste and
isopropyl alcohol. 3 mm diameter discs were then ultrasonically drilled,

dimpled on one side to a thickness of about 50 pm and mounted on to Cu grids
for support. Final perforations were achieved by argon ion beam milling under

an accelerating voltage of 6 KV and a gun current not exceeding 1 pA at room
temperature. Under these conditions, no irradiation-induced domain boundary
motion, domain nucleation or dislocation creation was expected. The thinned
samples were observed on a Philips CN 12 TEM operated at 120 KV for
microstructural characterization prior to phase transformation experiments. In
other studies the details of the phase transformations, previously observed and
selected TEM samples were mounted on a specially designed double tilt high
temperature specimen holder. In situ experiments were performed at Argonne
National Laboratory using the HVEM Tandem Facility. The samples were
heated at approximately 2°C/min up to 578°C, dwelled overnight (in excess of 10
hrs) to allow for maximum lattice relaxation in the cubic phase. The dwelled
samples are cooled at a rate of 2°C/min. Structural changes were observed both
in bright field and dark field modes. The microscope was fitted with a video
system, permitting a recording of the transformation sequences. Once a
transformation was observed, the transformed sample was reheated to induce
the reverse transformation.

Experimental Results
1. RT Microstructure of KNbO3

Figure 1 shows a low magnification bright field obtained for a symmetrical
excitation of the [100] zone axis. Dark lines of contrast intersecting the crystal
edge [011] at 60° and 90° are clearly visible. Other lines parallel to [011] are also
clearly visible. This indicates the presence of a complex domain structure in the
KNDbO3 crystals studied. On a pseudo cubic {001} face, the 60° domain line can
appear either parallel to an edge or at an angle of 45° with it. The 90° and 180°
domain lines lie parallel to an edge but only the former are visible.

A higher magnification bright field image, showing the complexity of the
domain structure is shown in Figure 2. Two distinct types of boundaries can be
clearly seen. The first type marked A is characterized by lamellar bands with
straight edges. The second, B, is wedge shaped. Area C shows the region of
intersection between A and B. Figure 3a, is a higher magnification micrograph of
region A. The associated diffraction pattern (Figure 3b) clearly show the [001]p
zone axis of the orthorhombic phase.

From these two micrographs, some distinctive features can be observed:

¢ The ferroelectric domains formed bands with boundaries parallel to the

<001>p direction.

¢ These was a sharp contrast between two adjacent domains in the

bright field image.
¢ High order diffraction spots are split in the first order (001) Laue zone.
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These characteristics are those of 90° ferroelectric domains. They lie on {100} and
have their ferroelectric axis perpendicular to one another. This domain
configuration is the most commonly observed on the samples studied.

Figure 4 shows the higher magnification micrograph of the wedge-shaped
domains (labelled B in Figure 2) and the associated {100}p diffraction pattern.
Detailed analyses of these micrographs revealed the following:

There was no background intensity variation across the boundary
whatever the diffraction vector g used.

The boundaries are wedge-shaped and no spot splitting was observed
in the first order Laue {001) diffraction pattern.

The wedge shaped domains had a core contrast consisting of alternating
bright and dark lines when the diffraction deviation parameters S = 5°
in the multi-beam condition.

No superlattice spots were visible in the diffraction pattern.

The extreme fringe contrast, using g = 001 (see Figure 5) showed an
asymmetric bright field image and a symmetric dark field image.

These observations permitted the identification of these boundaries as 180°
domain boundaries. These boundaries have their polarization vectors parallel to
each other with opposite axial orientations.

Figure 1.

Bright field TEM image of KNbO3 showing lines of contrast parallel to the
crystal edge [011]p direction. Other lines at 60°and 45°are also shown.




Figure 2. Higher magnification TEM bright field micrograph showing the
complex domain configuration in KNbO3.
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Figure 3. BF image and the associated <001>p diffraction pattern of 90° domains in
KNbO3. Note the splitting of the spots perpendicular to the lamellae boundaries.

Figure 4. Wedge shaped 180° domains in KNbO3 and the associated [001 diffraction pattern.




Figure 5. Extreme fringe contrast behavior of the 180° wedge shaped domains.

2. Phase Transformations in KNbO3

Cubic — Tetragonal Phase Transformation
After an overnight dwell at 510°C, the cubic phase microstructure was

featureless. A few grain boundaries could be revealed. Figure 6a shows a typical

microstructure of the cubic phase. Upon cooling, the microstructure remained
unchanged until 440°C. The lattice parameter changes associated with a
temperature variation could not be detected by electron diffraction. At 440°C,
there appeared a quasi-periodic microdomain structure (Figure 6b). These

microdomains were stable and did not disappear or coalesce with time at 440°C.

A further decrease in temperature resulted in the nucleation of ferroelectric
domain structures. These ferroelectric domains, nucleated independently, one
after the other and were parallel to each other. There was no collective
transformation front as the domains appeared to grow independently.
Spontaneous nucleation of ferroelectric domains was followed by a certain
amount of growth along the lamellar axis (Figure 6c). The growth was arrested
after a few seconds, and a temperature decrease was needed to ensure further
growth of the ferroelectric lamellae. The longitudinal growth rate was faster
than the thickening rate. (A video tape was made of the entire transformation
experiment). The transformation was complete at 410°C. Further cooling
resulted in the re-arrangement of the ferroelectric domains. Typical tetragonal
domain configurations are shown in Figure 7. The reverse transformation upon
heating (tetragonal to cubic) started at 418°C with a transformation front that
swept through the crystal instantaneously. The cubic — tetragonal
transformation (and the reverse) had no microstructural memory effect, i.e.,
repeated transformation cycles did not necessarily produce the same
microstructures. The tetragonal ferroelectric plates were divided into multiple
thin plates (white “nes arrowed in Figure 7b).
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TEM bright field image showing the microstructure of KNbO3 at various

Figure 6.

(b) 440°C and (c) 425°C.

temperatures: (a) 510°C,




Figure 6. TEM bright field image showing the microstructure of KNbO3 at various
temperatures: (a) 510°C, (b) 440°C and (c) 425°C.

Figure 7a. Typical microstructures in the tetragonal phase of KNbO3.
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Figure 7b. Tupical ;uicrostricctures in the tetragonal phas: of KNbO3.

Fi-ure & Diffraction patter..s at various temperaturs 0V 510°C, (b 240°C and

[
<

(c) 396°C.
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Figure 8. Diffraction patterns at various temperatures (a) 510°C, (b) 440°C and
(c) 396°C.

Figure 8 shows the selected area diffraction patterns taken at 510°C (cubic
phase), 440°C (pretransition microdomains) and 396°C (tetragonal phase)
respectively. Figures 8a and b show that the microdomains were formed in the
cubic phase. While there was microstructural memory during this phase of the
transformation, complete crystallographic memory was observed on repeated
experiments. The reversible orientation relationship was “the cube on cube”

relation in which:
[110].//(110); and (001)/ /(001);.

Discussion and Conclusion

The theory of domain . :!l orientations [8,9] predicts that an uncharged
90° domain wall should coi: i« with a {001}p type plane while the 180° walls
should be parallel to a [001]p .!:rection. The pre-transformation microdomains
observed in this study had extinction effects. There was a shift between two parts
of parallel stripes along the direction perpendicular to the stripes and they lost
their contrast when g was parallel to their elongating directions. These
observations implied two things:

¢ The stripes were not the normal ferroelectric microdomains as their

contrast could not represent either domain or domain walls.

o There was a certain displacement field R(n) of certain ions as the

extinction condition geR(n) was fulfilled in certain cases. The nature
of the ion that was displaced remains uncertain. However, by analogy
to the mechanism in BaTiO3, we think that the Nb ions were displaced.
Displacement of K ions would have resulted in much higher

contrast of the microdomains. This was in agreement with the models
of Comes et al.[10] and Aitoh et al.[11] According to these models, Nb
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ions are displaced from the center of the oxygen octahedra along the
equivalent eight <111>p directions. This implied that the Nb atoms
had eight local disorder positions. The observed zebra-like
microdomains observed in this study may have been the local ordered
domains with modulated structures, i.e., in each stripe, the Nb ion was
displaced along one <111>p direction. This disorder — order transition

occurred in the cubic phase and was premonitory to the cubic —
tetragonal phase transformation. Qur experimental evidence showed
that the transformation had an hysteresis and that the fraction coverted
was temperature dependent. It also showed a reversible
crystallographic orientation relationship. The overall transformation
mechanism could be assumed to be composed of order-disorder and
displacive mechanisms, associated with the I'>5 soft phonon of the
transition. Cowley [12] showed that I's, in the soft phonon of the cubic
- tetragonal transition had an intrinsic vector corresponding to the
displacement of Nb ions along <001>p. Therefore, below the transition
point, the condensed displacement would give rise to a displacive
polarization P4 which was parallel to <001>p. The order-disorder phase
transition could be described in terms of pseudo-spin waves [11). The
optical transverse soft phonon may be strongly coupled to the pseudo-
spin waves. The displacive polarization would always be parallel to the
order-disorder one. Couplings between the pseudo-spin waves and
other degrees of freedom (acoustic phonon for example) would make it
possible to form long range commensurate or incommensurately
modulated structures.

The main conclusions of this investigation are as follows:

¢ KNbO3 consists of 60°, 90° and 180° domains at room temperature.

¢ The cubic — tetragonal phase transformation started at 438°C, and was
completed at 410°C. It had all the characteristics of a first-order
displacive transformation.

¢ There was a pre-transformation formation of ordered microdomains.

¢ A mechanism of order-disorder and displacive transformation modes
are used to explain the phase change.
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Institute for Advanced Studies, Monterey CA, USA. 683-688 (1993).
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W. M. Kriven. Proc. 51st Annual Meeting of Microscopy Society of America.
Publ. San Fransisco Press, pp 956-957 (1993).
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Press, pp 952-953 (1993).
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A Annual Meeting of i i Ameri
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held in Paris, France in July 17-21; pp 1-2 (1994), submitted.
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W. M. Kriven. Proc. International Conference on Solid — Solid Phase
Transformations, Pittsburgh, PA, July 17-22 1994, in preparation.

“The Mechanism of the Tetragonal to Monoclinic Transformation in
YNDBO4,” J. L. Shull, B. N. Sun and W. M. Kriven. Proc. International

Conference on Solid — Solid Phase Transformations, Pittsburgh, PA, July
17-22 1994, in preparation.

“High Temperature Phase Transformation in Y4Al;09, Gd4AlL,Og, and
Dy4Al;0g,” J. L. Shull and W. M. Kriven, Proc. International Conference on

Solid — Solid Phase Transformations, Pittsburgh, PA, July 17-22 1994, in
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(Invited overview paper). Proc. International Conference on Solid to Solid
Phase Transformations, Pittsburgh, PA July,1994, in preparation.
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of the American Ceramic Society, held in Cincinnati, OH, April 28th-May
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*  “Crystallography and Microstructure of Polycrystalline aL in B-Ca3SiO4,”
Y.J. Kim,* I. Nettleship and W.M. Kriven. Presented at 93rd Annual Meeting
of the American Ceramic Society, held in Cincinnati, OH, April 28th-May
2nd 1991.
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“Crystallography and Microstructural Studies of the f — y Transformation
in CaSiO4,” Y.J. Kim, . Nettleship and W.M. Kriven®*. Presented at 93rd
Annual Meeting of the American Ceramic Society, held in Cincinnati, OH,
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“Microstructural Studies of Ce2OS Precipitates in a CeS Matrix,” Y.J. Kim,
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“Microstructure and Microchemistry of Nickel Sulfide Inclusions in Plate
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April 28th-May 2nd 1991.

“Preparation of Calcium Aluminate Powders Using a Sol-Gel Method,”
M.A. Gulgun*, O.O. Popoola, I. Nettleship and W.M. Kriven. Presented at
93rd Annual Meeting of the American Ceramic Society, held in Cincinnati,
OH, April 28th-May 2nd 1991.

“TEM Characterization of a Modulated f§ Phase in Polycrystalline Dicalcium
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Meeting of the Electron Microscopy Society of America (EMSA), San Jose,
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“On Possible Origins of the Displacive P to y Transformations in Ca35iO4:
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Bonding and Properties of Ceramics as Abstract{#10-BF-91F). Held on Marco
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“Preparation and Hydration Kinetics of Fine CaAlpO4 Powders,” M. A.
Gulgun*, O. O. Popoola, I. Nettleship, W. M. Kriven and ].F. Young.
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“On Phase Transformation Mechanisms in Dicalcium Silicate (Ca2SiOy),”
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1991.
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“Preparation and Phase Stability of Strontium Orthosilicate (Sr2SiO4),” J. L.
Shull* Jr., I. Nettleship and W. M. Kriven. Presented at the Annual Meeting
of the American Ceramic Society, abstract # [197-B-92], April 12-16th, 1992
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“Crystallography and Phase Transformations of Modulated a’-Sr25iO4, ,” Y.
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“Microstructure and Phase Transformations of Nickel Sulfide Inclusions in
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April 12-16th, 1992 in Minneapolis, MN.

*Iransformation Mechanisms in Dicalcium Silicate and Distrontium
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at the International Conference on Martensitic Transformations ICOMAT
‘92). Held in Monterey, CA, July 20-24th 1992.

“TEM Characterization of the a’and B Phases in Polycrystalline Distrontium
Silicate (Sr2SiOy4),” Y. J. Kim, J. S. Shull and W. M. Kriven. Presented at the
50th Annual Meeting of the Electron Microscopy Society of America
(EMSA), held in Boston, Aug 16-21, 1992.

“Characterisation of Nickel Sulphide Stones in Glass,” J. J. Cooper, O. O.
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“Phase Transformations and Fracture Associated with Nickel Sulfide Stones
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University.

“Transformation Mechanisms and Induced Fracture in Ceramics,” W. M.
Kriven*. Presented at the Materials Research Society, Spring Meeting, held
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“Phase Transformations in Chemically Derived Enstatite Powders,” D. H.
Kuo*, C. M. Huang, Y. J. Kim and W. M. Kriven. Presented at the Annual

Meeting of the American Ceramic Society, held in Cincinnati in April 18-

22nd, 1993.
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“Transformation Mechanisms in Distrontium Silicate (Sr35i0g),” Y. J. Kim#,
J. L. Shull Jr., and W. M. Kriven. Presented at the Annual Meeting of the
American Ceramic Society, held in Cincinnati in April 18-22nd, 1993.
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American Ceramic Society, held in Cincinnati in April 18-22nd, 1993.

“Calcination Behavior of Chemically Prepared Calcium Aluminate,” M. A.
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of the American Ceramic Society, held in Cincinnati in April 18-22nd, 1993.

“Crystal Growth and Characterization of Distrontium Silicate,” B. N. Sun*, J.
L. Shull and W. M. Kriven. Presented at the Annual Meeting of the
American Ceramic Society, held in Cincinnati in April 18-22nd, 1993.

“Synthesis of Silicate and Aluminate Powders by a Modified Pechini
Process,” M. A. Gulgun*, C. M. Huang, D. H. Kuo, J. L. Shull*, K. G. Slavick,
T. K Swanson, W. M. Kriven, 1. Nettleship and R. Russel. Presented at the
Annual Meeting of the American Ceramic Society, held in Cincinnati in
April 18-22nd, 1993.

“ TEM Investigation of Crystallization Kinetics in Calcium Aluminate
Powders,” M. A. Gulgun*, O. O. Popoola and W. M. Kriven. Presented at
the Joint Meeeting of the Central States Electron Microscopy Society,
Sangamon State University, Springfield, Illinois, May 20th 1993.

“Phase Transformation Induced Intragranular Microcracks in Enstatite,” D.
H. Kuo*, C. M. Huang, Y. J. Kim and W. M. Kriven. Presented at the Joint
Meeeting of the Central States Electron Microscopy Society, Sangamon State
University, Springfield, llinois, May 20th 1993.

“Pretransitional Phenomena, Transformation Mechanisms and
Crystallography of PbTiO3 and KNbO3,” H. Chen*, C. M. Wayman, W. M.
Kriven and J. D. Bass. Presented at 8th International Meeting on
Ferroelectricity (IMF8) held at NIST in August, 1993

“TEM Study of the Decomposition of Synthetic Hillebrandite,” Y. J. Kim and
W. M. Kriven*. To be presented at the Annual Meeting of the American
Ceramic Society, Tndianapolis, IN, April 24-28 1994.

“Phase Transformations in Potassium Niobate Perovskite Ceramic,” O. O.
Popoola and W. M. Kriven. To be presented at the International Conference
on Solid to Solid Phase Transformations, Pittsburgh, PA July,1994.




“The Mechanism of the Tetragonal to Monoclinic Transformation in
YNDOy,” J. L. Shull, B. N. Sun and W. M. Kriven. To be presented at the
International Conference on Solid to Solid Phase Transformations,
Pittsburgh, PA July,1994.

“High Temperature Phase Transformation in Y4Al,Og, Gd4AlL Oy, and
Dy4AlOg,” J. L. Shull and W. M. Kriven. To be presented at the
International Conference on Solid to Solid Phase Transformations,
Pittsburgh, PA July,1994.

INVITED LEC

“SEM and TEM in Materials Science,” W.M. Kriven. Invited lecture
American Chemical Society Annual Meeting, Tutorial Sessions in Materials
Science, New York, NY, Aug 25th 1991.

“On Phase Transformation Mechanisms in Dicalcium Silicate (Ca2SiOy4),”
Y.J. Kim and W. M. Kriven*. Invited lecture presented at the Fall meeting of
the American Geolophysical Union held in San Fransisco, California, Dec 9-
13th 1991.

“Phase Transformations and Toughening Mechanisms in Composite
Ceramics,” W. M. Kriven. Invited lecture presented at the Materials Science
and Engineering Depart: iental Colloquium, Univers:ty of Illinois at
Urbana-Champaign, on February 10th 1992.

“Phase Transformations and Toughening Mechanisms in Composite
Ceramics,” W. M. Kriven. Invited lecture presented at the Materials Science
and Engineering Departmental Seminar, Massachussetts Institute of
Technology (MIT), on February 18th 1992.

“Toughening Mechanisms in Non-Zirconia Composites,” W. M. Kriven*.
Invited lecture, abstract # [42-C-92]. Presented at the Annual Meeting of the
American Ceramic Society, April 12-16th, 1992 in Minneapolis, MN.

“Phase Transformations and Toughening Mechanisms in Composite
Ceramics,” W. M. Kriven. Invited lecture presented at the Materials Science
and Engineering Departmental Seminar, Illinois Institute of Technology
(IIT), on April 30th 1992.

“Electron Microscopy Observations of Micromechanical Behavior in
Ceramic Composites,” W. M. Kriven. Invited seminar presented in the
Materials Science and Engineering Laboratory, National Institute of Science
and Technology (NIST), Gaithesburg, MD. per Dr. S. M. Wiederhorn. Held
on Oct 29th 1992.
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“Transformation-Induced Fracture in Ceramic Composites,” W. M.
Kriven®*. Invited lecture, presented at the Annual Meeting of the American
Ceramic Society, held in Cincinnati in April 18-22, 1993.

“Phase Transformations in Ceramics,” W. M. Kriven*. Invited lecture
Presented at the Microscopy Society of America (MSA) Annual Meeting,
held in Cincinnati in Aug 1-6, 1993.

“Volume Changes During Transformation in Ceramics,” W. M. Kriven*.
Invited lecture presented at the ASM Fall Meeting in the Symposium on
Effect of Plastic Deformation on the Thermodynamics, Kinetics and

Mechanisms of Phase Transformations,” held in Pittsburgh, PA, Oct 17-21,
1993.

“Twinning in Structural Ceramics,” W. M. Kriven.* Invited lecture
presented at TMS Fall Meeting in Symposium on Twinning in Advanced
Materials. Held in Pittsburgh, PA, Oct 17-21, 1993.

“Ceramics Via Organic and Inorganic Synthesis,” W. M. Kriven*. Invited
lecture to be presented to the Illinois Association of Chemistry Teachers,
Annual Meeting at the University of Illinois at Urbana-Champaign, March
4th 1994.

“Displacive and Martensitic Transformations in Ceramics,” W. M. Kriven.*
Invited overview paper, to be presented at International Conference on
Solid to Solid Phase Transformations in Inorganic Materials ‘94. To be held
in Pittsburgh in July 17-22, 1994.

(ii) N TATIVE AND ADVISORY NS T E
LABORATORIES AND AGENCIES

None

NEW DISCOVERIES, INVENTIONS OR PATENTS

None

ANY OTHER STATEMENTS TO PROVIDE ADDITIONAL INSIGHTS

None
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PHASE TRANSFORMATIONS IN FERROIC CERAMICS, D. A. PAYNE

a. Objectives and Statement of Work

1. Establish a materials synthesis and processing facility for the preparation and
characterization of single crystals and polycrystalline specimens of suitable size and
perfection for intrinsic property measurements.

2. Investigate phase transformations in ferroic ceramics, and contribute to the
understanding of nucleation and growth mechanisms for displacive
transformations.

3. Determine the role of domain and twin configurations on switching characteristics
and phase transformation behavior in terms of crystallography, thermodynamics
and kinetic factors.

4. Examine hysteresis behavior and thermal stability of phase transformations, and
evaluate in terms of martensitic models for ceramic materials.

5. Develop theoretical models to explain the phenomenology of displacive
transformations and predict the possibility of unusual properties.

6. Make self-consistent thermodynamic calculations to determine the appropriateness
of the proposed model.

7. Design material systems and structures and demonstrate the feasibility of novel
applications associated with phase transformation behavior.

8. Investigate the role of coordination and molecular building blocks on transformation
behavior and structure-property relations.

b. Significant Accomplishments

Major collaborations occurred during the URI project on the materials synthesis,
processing, crystal growth, characterization and property measurements on ceramic
materials which exhibit unusual phase transformation behavior. For example, we
established and equipped laboratories for (i) materials chemistry, synthesis, chemical
preparation and analysis, (ii) powder processing, sintering and hot-pressing, (iii) a state-
of-the-art crystal growth facility for melt, flux and hydrothermal methods, (iv) a thermal
analysis facility for the determination of intrinsic properties associated with phase
transformations, including enthalpy and dimensional changes, and (v) specialized
equipment for electrical and mechanical measurements. Notable achievements,
include, the growth of large crystals of sufficient size for property measurements (e.g.,
electrical, mechanical, optical, structural, etc.) by members of the URI group. For
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example, we made significant achievements and received international recognition for
the growth of large PbTiO3 and YBa2Cu30s+x single crystals. In addition we made
contributions to the growth of ZrO2, 2Ca0.5i02, 2Y203.A1203, ReNbO4, KNbO3,
BaTiO3, LiB305 and KTiOPO4.

An example of a notable achievement was the development of an accelerating
crucible rotation method for the growth of single crystals of the highest perfection by a
self-flux technique. For example, we supplied large single domain crystals of PbTiO3
and KNbO3 to Professor Bass and collaborated on the determination of intrinsic elastic
constants by Brillouin scattering methods, and the effects of pressure on phase
transformation behavior. Similar crystals were studied by Professor Chen on pre-
transformation behavior, and by Professor Wayman on the crystallography of domain
configurations. In addition, LiB305 and KTiOPO4 crystals were grown by a self-flux
method, and the effects of trigonal (B), tetrahedral (P) and octahedral (Ti) coordinations
were investigated on phase transformation behavior. Electrical and optical properties
were determined in the vicinity of the transformation, and the materials could find
applications for second harmonic generation and blue light emission.

With respect to polycrystalline ceramics, and electromechanical properties, we
made a significant contribution to the understanding of competing phases at
antiferroelectric (AFE) -to- ferroelectric (FE) phase transformations. We prepared
materials in the Pb(Zr, Sn, Ti)O3 system (PZST) by chemical processing and hot-
pressing methods, and investigated the phase transformation between FE
rhombohedral and AFE tetragonal structures. Thermal analysis determined the
transformation to be first order, with considerable thermal hysteresis. Through
collaboration with Professor C. M. Wayman, we developed a martensitic approach to
explain the observed thermal behavior for the displacive material. A thermodynamic
formalism was developed to explain how the normally low temperature (LT) FE state
could be induced from the higher temperature (HT) AFE state on application of an
electric field. The electric work done could overcome the thermodynamic barrier (AG*)
into the FE state, and depending upon the temperature of operation, the
thermodynamic approach could explain reversible-irreversible phenomena associated
with shape and volume changes. In addition, the thermodynamic approach predicted
shape-memory and superelastic properties, which were subsequently discovered in the
predicted temperature ranges. These important discoveries could have significant
applications for electrically deformable ceramics in adaptive structures and smart
systems where electrically driven distortions could be maximized in the vicinity of a
phase transformation.
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Another unusual type of phase transformation behavior was investigated where
a change in oxygen partial pressure (pO2) at constant temperature could induce a
structural change between orthorhombic (LT) and tetragonal (HT) states in
YBaCu3Og.x. Single crystals were grown and observed in the hot-stage of an optical
microscope. Changes in shape, twin structure and electrical properties were monitored,
and used to explain the kinetics of transformation between the respective states in terms
of oxygen diffusivity, rate controlling activation energies and kinetic factors. Elastic
deformations were shown to be dependent on oxygen concentration. A viscoelastic
model was developed to explain the observed twin wall motion and switching behavior
in terms of a yield stress, twin wall viscosity and oxygen mobility. Novel features of
the phase transformation behavior relate oxygen content with elastic deformations, and
these could give rise to novel developments for oxygen sensing devices with mechanical
actuation in fuel and combustion systems.

c. Publications - D. A. Payne

J. R. LaGraff, P. D. Han and D. A. Payne, "Electrical Measurements Near the
Orthorhomic-Tetragonal Phase Transformation in Single Crystal YBa2Cu307_g" Physica
C 169:355-360 (1990).

J. R. LaGraff, P. D. Han and D. A. Payne, "Normal State Electrical Measurements
Near the Ferroelastic Phase Transition in Single Crystal YBayCu3O7.5" Proc. VII ISAF
IEEE Symp 54-57 (1991).

J. R. LaGraff, P. D. Han and D. A. Payne, "Resistance Measurements and
Oxygen Out-Diffusion Near the Orthorhomic-Tetragonal Phase Transformation,”
Physical Review B, 43: 441-447 (1991).

J. R. LaGraff, P. Han and D. A. Payne, "Oxygen In-Diffusion and Out-
Diffusion in Single Crystal YBa,Cu3O7.5" Mat. Res. Soc. Symp. Proc. 209:801-806
(1991).

J. R. LaGraff and D. A. Payne, “Oxygen Stoichiometry and Mobility Effects on
Domain Wall Motion in Ferroelastic YBapCu3O7.5" Ferroelectrics 130:87-105 (1992).

P. Yang and D. A. Payne, "Thermal Stability of Field-Forced and Field-Assisted
Antiferroelectric-Ferroelectric Phase Transformations in PZST," |. Appl. Phys., 71:1361-
1367 (1992).

J. R. LaGraff and D. A. Payne, "Chemical Diffusion of Oxygen in Single Crystal
and Polycrystalline YBa;Cu30Og, via Electrical Resistance Measurements,” Physical
Keview B, 47:3380-3390 (1993).
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C.S. Zha, A. G. Kalinichev, J. D. Bass, C. T. A. Suchicital, and D. A. Payne,
"Pressure Dependence of the Optical Absorption Edge of PbTiO3 up to 35 GPa:
Observation of the Tetragonal-to-Cubic Phase Transition," |. Appl. Phys., 72:3705-
3707 (1992).

B.N. Sun, Y. Huang and D. A. Payne, "Growth of Large PbTiO3 Crystals by a
Self-Flux Technique," . Crystal Growth, Proc 10th Int'l Conf. on Crystal Growth, San
Diego, CA 128:867-870 (1993).

P. Yang and D. A. Payne, "Shape Memory and Superelasticity for Ceramics with
Field-Induced Antiferroelectric-Ferroelectric Phase Transformations," J. Am. Ceram.
Soc. (submitted September 1993).

J. R. LaGraff and D. A. Payne, “Concentration-Dependent Oxygen Diffusivity in
YBasCu3Og.x: Part I, Argon Annealing Studies,” Physica C 212:470-477 (1993).

J. R. LaGraff and D. A. Payne, “Concentration-Dependent Oxygen Diffusivity in
YBayCu3Og.x: Part I, Oxygen Partial Pressure Studies,” Physica C 212:478-486 (1993).

J. R. LaGraff and D. A. Payne, “Concentration-Dependent Oxygen Diffusivity in
YBayCu30g.+x: Part III, Diffusion Mechanisms,” Physica C 212:487-496 (1993).

P. Yang and D. A. Payne, “Grain-Size Dependence of Ferroelectric-
Antiferroelectric Phase Transformations in Pb(Zr,Sn,Ti)O3 Dielectrics,” Cer. Trans. 32
347-354 (1993).

W. L. Warren, B. A. Tuttle, B. N. Sun, Y. Huang and D. A. Payne, "Paramagnetic
Resonance of Platinum Ions in PbTiOj3 Single Crystals,” Appl. Phys. Letts. 62:146-148
(1993).

W. L. Warren, B. A. Tuttle, B. N. Sun, Y. Huang and D. A. Payne, “Optically
Induced Paramagnetic Defects in PbTiO3 Single Crystals,” Proc. Mat. Res. Soc. Symp.
(1993).

P. Yang and D. A. Payne, "The Effect of Hydrostatic Pressure on
Antiferroelectric-to-Ferroelectric Phase Transformations in Pb(Zr,Sn,Ti)O3 Ceramics," I
Am. Ceram. Soc. (submitted October 1993).

A. G. Kalinichev, J. D. Bass, C. S. Zha, D. A. Payne and P. Han, “Elastic Properties
of Orthorhombic KNbO3 Single Crystals by Brillouin Scattering,” ]. Appl. Phys. 74:6603-
6608 (1993).

P. Yang and D. A. Payne, "Shape Memory and Superelasticity for Ceramics with
Field Induced Antiferroelectric-Ferroelectric Phase Transformations,”_ Proc. Int. Conf.
Martensitic Transformations, ICOMAT (1992) Eds., C. M. Wayman and J. Perkins, 719-
724 (1993)
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B. N. Sun, Y. Huang and D. A. Payne, "Growth of Isometric Lead Titanate
(PbTiO3) Crystals from High-Temperature Solutions," ]. Crystal Growth (submitted,
February 1994).

P. Yang and D. A. Payne, "Hydrostatic Pressure and Electric Field Effects on
Antiferroelectric-to-Ferroelectric Phase Transformations in Tin-Modified Lead Zirconate
Titanate Ceramics," . Appl. Phys. (submitted, February 1994).

D. A. Payne and P. Yang, "Microstructure Dependent Dielectric Properties for
Ferroelectric to Antiferroelectric Phase Transformations in Tin-Modified Lead Zirconate,"
Brit. Ceram. Proc. (submitted, February 1994).

Y. Huang, P. D. Han, D. A. Payne and D. Shen, "Dielectric Properties of Lithium
Triborate Crystals,” . Am. Ceram. Soc. (to be submitted, 1994).

Y. Huang, P. D. Han, D. A. Payne and D. Shen, "A Study of Proton Exchange in
Single Crystal KTiOPO4 by FTIR Spectroscopy,” I. Appl. Phys. (to be submitted, 1994).

Y. Huang and D. A. Payne, "Crystal Growth of Potassium Titanyl Phosphate by a
Floating Seed Method," ]. Crystal Growth (to be submitted, 1994).

Y. Huang and D. A. Payne, "Optical Spectra of Cr3+ Ions in Potassium Titanyl
Phosphate KTiOPO4," Appl. Phys. Letts. (to be submitted, 1994).

Y. Huang and D. A. Payne, "Dielectric Relaxation and Defects in Lead Titanate
Single Crystals," ]. Am. Ceram. Soc. (to be submitted, 1994).

Y. Huang and D. A. Payne, "Absorption Characteristics in Band-Edge Region of
the Infrared Spectra for Lead Titanate Crystals," ]. Appl. Phys. (to be submitted, 1994).

d. Professional Personnel (1990-1993)
Dr. D. A. Payne, Professor, Materials Science and Engineering

Dr. P. D. Han, Senior Research Associate, Materials Science and Engineering
Dr. B. N. Sun, Senior Research Associate, Materials Science and Engineering

LaGraff, ]. Research Assistant
Chemical diffusion of oxygen in YBa2Cu3Og+x. Ph.D. thesis, D.A. Payne, advisor
(1992).

Yang, P. Research Assistant
Electrically induced antiferroelectric-ferroelectric phase transformations in lead-
zirconate titanate stannate ceramics. Ph.D. thesis, D. A. Payne, advisor (1992).
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Huang, Y. Research Assistant
Flux growth, characterization and structure property relations for inorgaric
oxide materials: LiB305, KTiOPO4 and PuTiO3. Ph.D. thesis, D. A. Payne,

advisor (1993).

e. Pa resented at tin nferen minars, etc. (AFOSR Research
Group)

P. Yang and D. A. Payne, "Field-Enforced Phase Transformation in Modified
PbZrO3-PbTiO3 Systems, 92nd Annual Meeting of the American Ceramic Society, Dallas,
TX, April 1990.

P. Yang and D. A. Payne, "Microstructure Dependence of a Field-Forced Phase
Transformation in ModifiedPbZrO3-PbTiO3 Systems, VII ISAF IEEE Symposium,
Urbana, IL, June 1990.

J. R. LaGraff, P. D. Han and D. A. Payne, "Electrical Measurements near the
Ferroelastic Phase Transformation in Single Crystal Ba2Cu307-§," VII ISAF IEEE
Symposium, Urbana, IL, June 1990.

J. R. LaGraff, "Resistance Measurements Near the Orthorhombic-Tetragonal
Transition in Single Crystal BapCu307-§" Science and Technology Center for
Superconductivity, Distinguished Visitor Workshop in Single Crystals and Oxygen Deficiency,
Chicago, IL, September 1990.

J. R LaGraff, P. D. Han and D. A. Payne, "Oxygen In-Diffusion and Out-
Diffusion in Single Crystal Ba2Cu307-§, 1990 Fall Meeting of the Materials Research
Society, Boston, MA, November 1990.

J. R. LaGraff, P. D. Han and D. A. Payne, "Electrical Resistance Measurements

Single Crystal, Bi-crystal and Polycrystal YBapCu307-§," 1991 March Meeting of the
American Physical Society, Cincinnati, OH, March 1991.

J. R. LaGraff, "Resistance Measurements and Oxygen Out-Diffusion near the
Orthorhombic-Tetragonal Phase Transformation in Single Crystal YBa2Cu306+x,"
1991 Sigma Xi Graduate Student Paper Contest, Urbana, IL, April 1991.

J. R. LaGraff, P. D. Han and D. A. Payne, "Defect-Controlled Processes in Oxide
Superconductors,” Symposium on Solid State Science and Technology, Electrochemical
Society and the American Vacuum Society, Urbana, IL, April 1991.
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J. R. LaGraff, P. D. Han and D. A. Payne, "Electrical Resistance Measurements
and the Role of Twin and Grain Boundaries on Oxygen Diffusion in Single Crystal, Bi-
crystal and Polycrystal YBa2Cu307-§," 93rd Annual Meeting of the American Ceramic
Society, Cincinnati, OH, April 1991.

P. Yang and D. A. Payne, "The Effect of Elastic Boundary Conditions on the
Field-Forced Transformation in Antiferroelectrics,” 93rd Annual Meeting of the American
Ceramic Society, Cincinnati, OH, April 1991.

J. R. LaGraff and D. A. Payne, "Oxygen Stoichiometry and Mobility Effects on
Domain Wall Motion in Ferroelastic YBa2Cu30g+x," NATO Advanced Study Institute on
the Physics and Materials Science of High Temperature Superconductors, Porto Carras,
Greece, August 1991.

J. R. LaGraff and D. A. Payne, "Chemical Diffusion of Oxygen in YBa2Cu30g+x,"
NATO Advanced Study Institute on the Physics and Materials Science of High Temperature
Superconductors, Porto Carras, Greece, August 1991.

J. R. LaGraff and D. A. Payne, "Oxygen Stoichiometry and Mobility Effects on
Domain Wall Motion in Ferroelastic YBa2Cu3Og+x," International Summer School on
Ferroelectric Ceramics, Ascona, Switzerland, September 1991.

P. Yang and D. A. Payne, "Thermal Stability of Field-Forced Phase
Transformations," Invited paper, The American Ceramic Society: Electronics and Optical
Materials Meeting, Arlington, VA, October 1991.

J. R. LaGraff and D. A. Payne, "Phase Transformations, Oxygen Mobility and
Defect Clustering in YBa2Cu30g+x," URI Workshop on Phase Transformations in Ceramics,
Urbana, IL, April 1992.

J. R. LaGraff and D. A. Payne, "Chemical Diffusion of Oxygen in YBa2Cu30Og+x
via Electrical Resistance Measurements II: Extrinsic Mechanisms," 94h Annual Meeting of
the American Ceramic Society, Minneapolis, MN, April 1992.

J. R. LaGraff and D. A. Payne, "Chemical Diffusion of Oxygen in YBaCu3Og+x
via Electrical Resistance Measurements I: Intrinsic Mechanisms," 94h Annual Meeting of
the American Ceramic Society, Minneapolis, MN, April 1992.

Y. Huang, P. D. Han, D. A. Payne and D. Shen, "Proton Exchanged KTP and AL-
Doped KTP Single Crystals,"” 94h Annual Meeting of the American Ceramic Society,
Minneapolis, MN, April 1992.
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J. R. LaGraff and D. A. Payne, "The Chemical Diffusion of Oxygen in
YBa2Cu30¢+x via Electrical Resistance Measurements: Intrinsic and Extrinsic
Mechanisms," 1992 Spring Meeting of the Materials Research Society, San Francisco, CA,
April 1992.

P. Yang and D. A. Payne, "The Effect of Elastic Boundary Conditions on Field-
Forced Antiferroelectric-to-Ferroelectric Phase Transformations in PZST Ceramics," 94h
Annual Meeting of the American Ceramic Society, Minneapolis, MN, April 1992.

P. Yang and D. A . Payne, "Antiferroelectric-Ferroelectric Phase Transformations
in Ceramics: Opportunities for Shape-Memory and Superelastic Behavior," American
Ceramic Society International Congress, San Francisco, CA 1992.

B.N. Sun, Y. Huang and D. A. Payne, "Growth of Large PbTiO3 Crystals by a
Self-Flux Technique," International Conference on Crystal Growth, San Diego, CA 1992.

Y. Huang, B. N. Sun, P. D. Han and D. A. Payne, "Growth and Morphology of
Undoped and Al, Nb-doped KTP Single Crystals, International Conference on Crystal
Growth, San Diego, CA 1992.

P. Yang and D. A. Payne, "Shape Memory and Superelasticity for Ceramics with
Field Induced Antiferroelectric-Ferroelectric Phase Transformations," Proc. ICOMAT-92,
Monterey, CA, July 1992.

J. R. LaGraff and D. A. Payne, "Concentration-Dependent Oxygen Diffusion in
YBapCu3Og+x" 95th Annual Meeting of the American Ceramic Society, Cincinnati, OH,

April 1993.

B.N. Sun, Y. Huang and D. A. Payne, "Growth, Defect Centers and Phase
Transformation of Lead Titanate Crystals,” 95th Annual Meeting of the American Ceramic
Society, Cincinnati, OH, April 1993.

Y. Huang, B. N. Sun and D. A. Payne, "Crystal Growth of Potassium Titanyl
Phosphate by a New Seeding Technique," 95th Annual Meeting of the American Ceramic
Society, Cincinnati, OH, April 1993.

Y. Huang, B. N. Sun and D. A. Payne, "Dielectric Relaxation and Defects in Lead

Titanate Single Crystals," 95th Annual Meeting of the American Ceramic Society,
Cincinnati, OH, April 1993.

D. A. Payne, Invited Talks (AFOSR), 1990-1993

VII ISAF Symposium, Urbana, IL, June 7, 1990
Dow Corning Corporation, Midland, MI, September 27, 1990
Pacific Coast Regional Meeting, American Ceramic Society, Seattle, WA, October 25, 1990




Special Ceramics 9 Meeting, British Ceramic Society, London, England, December 18,
1990

Annual Meeting of the American Ceramic Society, Cincinnati, OH, April 28, 1991
University of Pittsburgh, Pittsburgh, Pennsylvania, September 19, 1991

University of Missouri-Rolla, Rolla, Missouri, September 26, 1991

Cornell University, Ithaca, New York, October 3, 1991

Frontiers in Material Science: Chemistry and Technolog,, Rochester, New York, October

14, 1991

University of New Mexico, Albuquerque, New Mexico, November 1, 1991

Materials Research Society Fall Meeting, Boston, Massachusetts, December 2, 1991
Ohio State University, Columbus, Ohio, February 14, 1992

Case Western University, Cleveland, Ohio, March 31, 1992

International Form on Fine Ceramics, Nagoya, Japan, March 12, 1992

Annual Meeting of the American Ceramic Society, Minneapolis, Minnesota, April 12,
1992

International Academy of Ceramics Forum ‘92, Assisi, Italy, June 26, 1992
University of Minnesota, Minneapolis, Minnesota, October 5, 1992

3M Center, St. Paul, Minnesota, October 6, 1992

Northwestern University, Evanston, llinois, October 15, 1992

American Ceramic Society, San Francisco, California, November 2, 1992

Queens University, Kingston, Ontario, Canada, December 15, 1992

Annual Meeting of the American Ceramic Society, Cincinnati, Ohio, April 18, 1993
University of Chicago, Chicago, Illinois, May 12, 1993

Fulrath Memorial International Symposium on Advanced Ceramics, Tokyo, Japan,
August 30, 1993

3rd IUMRS-ICAM '93, International Conference on Advanced Materials, Tokyo, Japan,
September 3, 1993

American Ceramic Society, PAC RIM Meeting, Honolulu, Hawaii, November 7, 1993
6th U.S.-Japan Seminar on Dielectric and Piezoelectric Ceramics, Maui, Hawaii,
November 11, 1993

EPSCor-DOE, University of San Juan, Puerto Rico, December 10, 1993
Electroceramics Symposium, CMMP '93, Institute of Physics, Leeds, England,
December 21, 1993




PROFESSOR C. M. WAYMAN




URI FINAL REPORT OF PROFESSOR C. M. WAYMAN

Professor Wayman has been recovering from a stroke since September
1993, so his complete final report is not available. However, some of his
publications are listed below. It is anticipated that Professor Wayman will
submit a supplement to the cumulative final report when he returns to the
Department.

e "Cubic to Tetragonal Transformation in Lead Titanate (PbTiO3) Single
Crystals," C. C. Chou and C. M. Wayman, Materials Trans. JIM 33(3]
306-317 (1992).

e "Crystallography of the Cubic to Tetragonal Transformation in Lead Titanate
Single Crystals," C. C. Chou, K. Wakasa and C. M. Wayman, Proc. Int. Conf.

on Martensitic Transformations ICOMAT '92) 695-700 (1992).

o "Habit Plane Variants in Ferroelectric Lead Titanate Crystals: I. Theoretical
Considerations,” L. C. Yang and C. M. Wayman, Acta Metal. et Mater.,
submitted.

e “Habit Plane Variants in Ferroelectric Lead Titanate Crystals:
I1. Experimental Observations," L. C. Yang and C. M. Wayman, Acta Metal.
et Mater., submitted.

e "The Alpha to Beta Transformation in Stoichiometric Nickel Sulfide," B. Kim,
C. C. Chou and C. M. Wayman, Proc. Int. on Martensitic Transformations
(ICOMAT '92) 701-706 (1992).
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APPENDIX: Reprints or Pre-prints (by topic)

Lead Titanate (PbTiO3)

"Growth of Large PbTiO3 Crystals by a Self-Flux Technique," B. N. Sun,
Y. Huang and D. A. Payne, J. Cryst. Growth, 128 867-870 (1993).

"Cubic to Tetragonal Transformation in Lead Titanate (PbTiO3) Single
Crystals,” C. C. Chou and C. M. Wayman, Materials Trans. JIM 33[3]
306-317 (1992).

"Pressure Dependence of Optical Absorption in PbTiO3 to 35 GPA:
Observation of the Tetragonal-To-Cubic Phase Transition,"” C. S. Zha,
A. G. Kalinichev, J. D. Bass, C.T.A. Suchicital and D. A. Payne, J. Appl.
Phys. 72(8) 3705-3707 (1992).

"Paramagnetic Resonance of Platinum Ions in PbTiO3 Single Crystals,"
W. L. Warren, B. A. Tuttle, B. N. Sun, Y. Huang and D. A. Payne, Appl. Phys.
Lett., 62(2) 146-148 (1993).

"Shape Memory and Superelasticity for Ceramics with Field-Induced
Antiferroelectric-Ferroelectric Phase Transformation,” P. Yang and

D. A. Payne, Proc. Int. Conf. on Martensitic Transformations ICOMAT '92)
719-724 (1993).

"Crystallography of the Cubic to Tetragonal Transformation in Lead Titanate
Single Crystals,” C. C. Chou, K. Wakasa and C. M. Wayman, Proc. Int. Conf.

on Martensitic Transformations (ICOMAT '92) 695-700 (1992).

"Habit Plane Variants in Ferroelectric Lead Titanate Crystals: I. Theoretical
Considerations,” L. C. Yang and C. M. Wayman, Acta Metal. et Mater.,
submitted.

"Habit Plane Variants in Ferroelectric Lead Titanate Crystals:
II. Experimental Observations," L. C. Yang and C. M. Wayman, Acta Metal.
et Mater., submitted.

"Thermal Stability of Field-Forced and Field-Assisted Antiferroelectric-
Ferroelectric Phase Transformations in Pb(Zr,Sn,Ti)O3," P. Yang and
D. A. Payne, J. Appl. Phys. 71(3) 1361-1367 (1992).
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"Grain-Size Dependence of Ferroelectric-Antiferroelectric Phase
Transformations in Pb(Zr,Sn,Ti)O3 Dielectrics,” P. Yang and D. A. Payne,
Cer. Trans., 32 347-354 (1993).

"Electronic Structure of Barium Titanate Studies by the Extended Hiickel
Tight Binding Method,” M. Holma, M. Kitamura and H. Chen, J. Appl. Phys.
(1994) in press.

"X-ray Diffuse Scattering Study of Soft Modes in Paraelectric BaTiO3,"
N. Takesue and H. Chen, Physical Review Letters, submitted.

Potassi Ni KN

"Elastic Properties of Orthorhombic KNbO3 Single Crystals by Brillouin
Scattering," A. G. Kalinichev, ]J. D. Bass, C. S. Zha, P. D. Han and D. A. Payne,
J. Appl. Phys., 74(11) 6603-6608 (1993).

"Pre-Transitional Behavior in Cubic Potassium Niobate," M. Holma,
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Growth of large PbTiO, crystals by a self-flux technique
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Pure lead titanate (PbTiO,) crystals (5§ xX5x%5 mm?>) were grown from high-temperature solutions by a slow cooling technique
using PbO as a self-flux. The optimum growth conditions were determined to be: (1) (1~ x) TiO, + x PbO with x (in mol%)
varying from 0.78 to 0.82 for the starting compositions, (2) 930-1050°C as the growth temperature range and (3) 0.4-1.5°C/h as the
cooling rates. Evaporation of PbO was significantly reduced by use of a double-crucible technique. The grown crystals were
characterized by X-ray diffraction, chemical analysis and optical microscopy. The transformation temperatures (onset) of 492.5°C
(on heating) and 491.3°C (on cooling) were determined by differential scanning calorimetry. The transformation process had a

thermal hysteresis of 1.2°C from onset data.

1. Introduction

Lead titanate (PbTiO;) is a potential ferro-
electric material with a high Curie temperature of
approximately 490°C [1-5] and a highly polar
structure (P4mm, P(calculated) =81 nC/cm?)
[3], and is of considerable interest for potential
energy sensing and transducing applications.
However, little is known about the basic proper-
ties of pure lead titanate due to difficulties en-
counted in the growth of crystals of sufficient size
for experimental measurements, although the
phase transformation behavior was reported as
early as 1950 [1,6]. The aim of the present work is
to investigate the best conditions for the growth
of large single crystals of sufficient size for inelas-
tic neutron scattering measurements.

Crystal growth of PbTiO; has been attempted
by many workers. In most cases, small crystallites
or thin platelets were obtained [7-10). Thicker
plates of uranium-doped crystals were obtained
by Remeika and Glass [11]. Recently, Suchicital
and Payne succeeded in growing nearly equidi-
mensional crystals with an edge size of 3-4 mm
from a KF-based complex flux system [12,13].
However, the grown crystals contained a signifi-
cant amount of impurities (from the flux) which

shifted the transformation temperature to 460°C.
In the present contribution, we describe a method
by which large equidimensional PbTiO, crystals
were grown reproducibly without the addition of
foreign impurities.

2. Experimental procedure
2.1. Crystal growth equipment

The crystal growth experiments were carried
out in a vertical tube furnace (SiC heating ele-
ments) equipped with a programmable tempera-
ture controller. For each growth run, a pure
platinum crucible of 50 ml capacity was placed on
a refractory support. Two Pt /Pt-10%Rh thermo-
couples, in close contact with the Pt crucible,
were connected to the temperature controller
and the temperature monitor, respectively.

The starting oxides were PbO (> 99.9%) and
TiO, (> 99.9%), both obtained from Aldrich. Due
to the high volatility of PbO, a so-called double
crucible technique was used to reduce the evapo-
ration of PbO. The platinum crucible was covered
with a closely fitting lid and buried in TiO, pow-
ders which was in turn contained in a second

0022-0248 /93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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covered alumina crucible. The weight loss inside
the Pt crucible after a growth run was less than
1%.

2.2. Choice of growth parameters

For growth of highly pure PbTiO; crystals,
PbO was chosen as the flux. This is due to the
fact that PbO has been demonstrated to be a
suitable high-temperature solvent for many ox-
ides including perovskites (see, e.g., refs. [14-19}).
In addition, PbO itself is a component of PbTiO;,
thus avoiding the incorporation of foreign ions
into the crystal lattice. The system PbO-TiO,
was investigated by Eisa et al. [20] who deter-
mined two eutectic temperatures, a higher at
1240°C with 10% excess TiO, and a lower at
838°C. The lower eutectic, situated at the compo-
sition of 15 mol% TiO, + 85 mol% PbO is of
particular importance for flux growth experi-
ments. The value of 838°C was taken as the
lowest (imit for the growth temperature.

For a typical growth run, 150 g of the mixture
(1 =x) TiO, +x PbO with x (in mol%) varying
from 0.78 to 0.82 were pressed into the platinum
crucible. The temperature program of the fur-
nace was as follows: (i) heating from room tem-
perature to 1100°C over 6 h; (ii) soaking at 1100°C
for a period of 12-20 h; (iii) step-cooling to
1050°C; (iv) slow-cooling to 930°C at a constant
rate of 0.3-1.5°C/h and (v) slow-cooling to room
temperature in about 72 h.

3. Results and discussion

PbTiO, crystals grew mainly in the form of
cubes and thick plates. Shown in fig. 1 are some
crystals grown from the starting composition 80
mol% PbO + 20 mol% TiO, with a soaking time
of 12 h and a cooling rate of 0.8°C/h. A soaking
time of more than 10 h was necessary for com-
plete dissolution of TiO,. Undissolved TiO, par-
ticles could act as nucleation centers, which might
dramatically reduce the size of grown crystals.
Most crystals which were grown at a slow cooling
rate had flat surfaces. High cooling rates induced
growth instability, which caused either hopper or

Fig. 1. As-grown crystals of PbTiO;. The starting composition
was 80 mol%PbO +20 mol% TiO; and the cooling rate was
0.8°C/h. 1 div =1 mm.

dendritic morphology, with internal cavities and
inclusions within the crystals {19].

Crystals were separated from the resolidified
flux by a leaching process through use of hot
acetic acid and were identified by X-ray analysis.
Elemental analysis by atomic absorption spec-
troscopy vielded the composition: 63.70 wt% Pb,
1495 wt% Ti (Pb/Ti = 0.99), indicating that the
crystals were stoichiometric within the accuracy
of the analytical method.

Optical examination under a polarizing micro-
scope revealed typical ferroelectric domains in
the grown crystals. An example is shown in fig. 2,
indicating a- and c-type ferroelectric domains
(bright and dark bands respectively) in the head-
to-tail arrangement, resulting in 90° domain walls
[21].

Fig. 2. Ferroelectric domain patterns observed on a PbTiO,
platelet in polarized light, showing typical a-c domains which
intersect at 90° domain walls.
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Fig. 3. Differential scanning calorimetry (DSC) analysis of
PbTiO,; crystals, showing endothermic and exothermic behav-
ior on heating and cooling, respectively.

X-ray analysis on powder samples confirmed
the room temperature structure to be otetragonal
(P4mm) with a =3.896 A, ¢ =4.158 A, in good
agreement with values in the literature (a = 3.905
A, c=4.164 A)[3-59].

The high temperature phase transformation
was followed by differential scanning calorimetry
(DSC). A typical result is given in fig. 3. The
temperature range of interest, in the vicinity of
the phase transformation point, was a reversible
temperature cycle between 450 and 550°C at a
rate of 5°C/min. An endotherm was observed at
495.8°C on heating, with an equivalent exother-
mic peak at 488.5°C on cooling. This behavior
was attributed to the tetragonal — cubic and cu-
bic — tetragonal reversible phase transforma-
tions, respectively [22-24). The respective trans-
formation temperatures (onset) were found to be
4925 and 491.3°C. The temperatures were in
good agreement with reported data (490°C) [1-5]).
The transformation to the high temperature form
(492.5°C) required an energy of 1.07 J /g on heat-
ing and released 1.10 J /g on cooling to the low
temperature form.

4. Conclusion
Single crystals of PbTiO, were grown by a new

method using a double crucible technique and
PbO as a self flux. Large crystals (5 X 5 X 5 mm?),

suitable for inelastic neutron scattering experi-
ments, were reproducibly grown. The grown crys-
tals had a high purity and were equidimcgsional
in form. Lattice parameters (a =3.896 A, c=
4.158 A) were in good agreement with the litera-
ture. The crystals transformed to the polar tetrag-
onal structure at 491.3°C on cooling.
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Cubic to Tetragonal Martensitic Transformation

in Lead Titanate (PbTiQO;) Single Crystals o

C. C. Chou* and C. M. Wayman*

The cubic to tetragonal (C/T) phase transformation in PbTiO, single crystals has been studied in both the forward o
and reverse modes and found to show martensitic characteristics. Microstructural features were investigated by heating -
stage optical microscopy, and room temperature transmission electron microscopy. During transformation, a small

hysteresis is involved. The phase front passes swiftly through the crystal and surface relief accompanying the transforma-
tion is seen. The t_winning system involved was identified as a compound twin in the tetragonal phase with K,= {110},
n=<110), K;= {110}, and n,=<110). The phase boundaries (habit planes) were frozen by controlling the temperature
profile. 1t is found that the habit planes vary within a certain range. Not only different specimens show this real varia-
tion, but also the same specimen under different transformations follows this, indicating the importance of local ar-

?': o

o
-

‘1 .

rangements near the habit plane interfaces. Theoretical predictions, with only a minute change of lattice parameters,
show that experimental data appear 1o fit calculated results fairly well, if one considers interfacial conditions. The results .
show a certain degree of consistency, which implies that the martensitic phenomenological crystallographic theory ap- -y

plies. Discussions on the microstructural features as well as previous work on perovskite materials are presented.

(Received October 28, 1991)

Keywords: martensitic transformation, lead titanate, perovskite materials, phase boundary, habit plane, .

phenomenological crystallographic theory

I. Introduction

Martensite was originally used to designate the hard
microconstituent found in quenched steels. Since then,
other materials have been found to exhibit the same type
of solid state phase transformation, known as a mar-
tensitic transformation. The most distinct feature of a
martensitic transformation is its crystallographic char-
acteristics, which imply a ‘‘military” (as opposed to
‘“‘civilian’’) mode of atomic transfer from the parent to
the product phase’. These transformations feature a
coordinated structural change involving a lattice cor-
respondence and a planar semicoherent parent-product
interface which, during transformation movement, pro-
duces an invariant plane strain shape deformation.
Microstructural inhomogeneities on a fine scale during
a martensitic reaction—slip, twinning, or faulting—are
usually observed at the electron microscope scale. This
secondary deformation provides the invariant plane
condition at the macroscopic scale and “'maintains a
semicoherent glissile interface between the martensite
and the parent phase.

The phenomenological crystallographic theory of
martensitic transformations®¥ js well established, and
has been applied successfully to many metallic alloy
systems®"", and more recently to ceramics and other
systems®. It has been reported that the Wechsler-
Lieberman-Read (WLR) theory can be applied to the
cubic-tetragonal phase transition of semiconducting
perovskite-type crystals®, which have sufficient free

* Department of Matcrials Science and Engineering, University of

iflinois at Urbana-Champaign, Urbana, lllinois 61801, USA.
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charge available to provide a termination for the sponta-
neous polarization at the interface. On the other hand,
crystals with high resistivity, though showing sharp first
order phase boundaries, apparently do not follow theo-
retical predictions!'™'), In their interpretation, the reason
for this is that the free charges present in (semi-)conduct-
ing crystals neutralize the bound polarization charges
inside the crystal. Whereas in highly insulating crystals,
the absence of free charges imposes the restriction that
phase boundaries be free of any exess polarization charge.
The accumulated polarization charge at a phase bound-
ary results in stored electrical energy which dominates
the crystallographic characteristics once it prevails.
However, the evidence here is thin because no other
crystaliographic data were used other than very hmned
habit plane data. ¢

Lead titanate has a ferroelectric phase transition tem--

perature, T, near 500°C"¥"_ PbTiO, is cubic above Tc
and exhibits a strong tetragonal distortion at 20°C:
¢/a=1.06 which persists up to T (c/a=1.01)""?, The
lattice constant a increases smoothly upon heating, while
the constants ¢ and ¢/a decrease. At T, the lattice con-
stants ¢ and a change abruptly and the structure becomes
cubic. Since the volume of the unit cell decreases sharply
as a result of this transition, the linear expansion
coefficient of a polycrystalline sample is negative belo¥
T 209 The transformation is first order'®. PbTiOs

single crystals present a highly polar structure with vefy -

high spontaneous polarization in the perovskitt
family!?%®_ Because of its large tetragonality and
detectable negative volume change near T, PbTiO; pro-
vides a more sensitve indication of the role of lattice varis"
tion during transformation. In the present experiments,
we study microstructural features to understand baslc
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crys:ullographic  characteristics in  this  material,
present a real scatter of the habit plane, and verify the
,ppplicability of the phenomenological crystallographic
theory to this perovskite system.

II. Experimental Procedure

PbTiO; crystals were grown"” by slow cooling from a
flux, containing KF, Pb;O,, PbF;, KBF,, and Ti0O,, at a
temperature below the transformation temperature in a
50 cm’ platinum crucible. A vertical tube furnace with
sealed-end quartz tube was programmed to give a con-
trolled cooling rate to below 300°C. Crystal growth pro-
ceeds in an oxygen atmosphere and at a very slow cooling
rate. The as-grown crystals were mostly cubic in shape or
clongated cubic or orthogonal forms. After washing in
hot concentrated acetic acid, in order to dissolve any at-
1ached solidified flux, and polishing with AlO, powders
of various sizes, the crystals show a transparent amber
tint.

Transformation characteristics were studied using
heating stage optical microscopy and conventional
transmission electron microscopy at room temperature.
Specimens for optical microscopy were ground by hand
to a thickness about 80 um or less and polished using
AlLO; powder. Some coarser scratches were intentionally
retained as fiducial lines. In situ transformation ex-
periments were performed using heating stage optical
microscopy. The specimens used were high quality crys-
tals with sharp flat {100} surfaces and the microscope
used was a Nikon UM-2. The specimens were investigated
using polarized light and put in a heating stage which
was designed to be able to control the temperature
profile quickly and to ‘‘frecze’’ phase boundaries.
TEM specimens were hand ground and then treated by a
commercial dimpling machine down to 10 um. An ion
miller was employed at 6 kV, 0.5 mA, each gun with
tilting angle at 18° for further thinning. After perfora-
tion, the specimens were further ion bombarded at reduc-
ed voltage and tilting angle for several minutes. TEM
investigations were conducted using a Hitachi H800
microscope at 200 kV with a double-tilt specimen holder.

III. Results

The results obtained can be divided into two major
Parts: experimental determination of crystallographic
characteristics, and theoretical calculations.

1. Crystallographic characteristics

The single crystals used show lower transformation
temperatures than those previously reported!'**'®, The
crystals used have transformation temperatures shown in
Table 1. The reduction of T, may be caused by solid solu-
tion of multi-elements during crystal growth. The
fesistance of the crystals measured is as high as
1.0x10*Q/cm? or more". Surface relief of the
tetragonal phase is often seen in as grown crystals and/or
Crystals after C/T transformation. A typical example is

Table 1 Transformation temperatures of PbTiO; specimens studied.

Specimen No. M, (°C) A, (°C)
1 45) 460
2 450 455
3 451 455
4 455 462
5 453 457
6 450 454
7 455 460

shown in Fig. 1. Surface relief forms along two direc-
tions which are closely related to two variants shown in
this orientation. Surface tilting is clearly observed as
black and bright patches by appropriately adjusting the
specimen position and orientation. Note that interfaces
between variants :are not exactly parallel, indicating a
possible variation of habit plane trace during phase
transformation.

Figure 2(a) shows PbTiO; lattice parameters as a func-
tion of temperature!'”, At room temperature, the crystal
is tetragonal showing lattice parameters a=0.39029 nm
and ¢=0.41344nm and the values of ¢=0.3961 nm,
¢=0.4012 nm and @,=0.3972 nm apply at 7.'", Again,
the tetragonality is a little smaller than that reported in
previous work"*'¥, Figure 2(b) shows the PbTiO,
volume change as a function of temperature''”. Note the
negative slope and rapid increase (and then decrease) of
volume change below T as the temperature decreases, in-
dicating an intriguing lattice structure variation, as dis-
cussed later.

The inhomogeneous shear was introduced as internal
twins in the tetragonal phase. A ferroelectric material has
regions where the magnitude and direction of the
polarization are the same in each region, though the

polarization may differ in orientation in neighboring

regions. These regions are known as ferroelectric do-
mains which are separated by domain boundaries. From
symmetry, there are two types of domain boundaries in
PbTiO;, that is, 90° and 180° boundaries. The angles
refer to the angle between the domain polarization vec-
tors on either side of the boundary. From a [100] orienta-
tion two different morphologies of 90° domain bound-
aries are usually seen. One is straight with sharp images,
and the other shows wavy morphology and fringe con-
trast, as shown in Fig. 3(a) and (b) respectively. The
sharp boundaries are termed a-a type domain bound-
aries, because the polarization vectors in two adjacent
domains are all perpendicular to the viewing direction
and the g-axis in cach domain points to the viewing di-
rection. On the other hand, the fringed boundaries are
inclined to the viewing direction and the polarization

' The present X-ray data show slightly different characteristics from
those in previous work (Ref. (12)), which may be due to impurities
in the crystals. Since we use the crystals from Ref. (17), the corre-
sponding X-ray data were adopied. The impurity effect may in-
fluence the characteristic values of a phase transformation, such as
T, tetragonality, etc., but is believed not 1o affect its nature.

~ v o
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bigo« Optical micrograph showing surface relief of tetragonal phase
i an as-grown PbTiO, single crystal. Similar features can be ob-
served after other C/T transformations. Note that interfaces are not
e ctly parallel,
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Fig. 3 Electron micrographs showing 90° domain boundaries. (n) (%4
domain boundaries; (b) a-a domain boundaries.

1
vectors in two adjacent domains are alternatively parallel
to or perpendicular to the viewing direction, The a-axis
and c-axis point to the viewing direction and hence the
domain boundaries are called a-c type. Actually, froma
crystallographic viewpoint, a 90° domain boundary is a
twinning planc between two adjacent domains. For a-¥
domains, this is readily seen, as shown in Fig. 4(a). The
symmetrically distributed diffraction reflections imply
that the two adjacent domains are twin-related, Diffrac-
tion patterns as shown in Fig. 4(b) were derived by tilting
a-c type domain boundaries from a [100) zone to a [111]
zone. Again, a twinning relation was derived from the
symmetrical distribution of diffraction reflections. In
both cases, the twinning planes, K, are {110} type
planes. The corresponding schematic models showing
atomic arrangements are in Fig. 4(c) and (d). Figure 4(¢)
clearly shows that the twinning direction, m, is along 8
{110 type direction due to the tetragonal distortion dur-
ing transformation. The invariant plane, K,, is the {110}
plane which is the other diagonal plane of the tetragonal
cell, Figure 4(d) is more complex, but can be immediately
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Fig. 4 (a) Diffraction pattern taken from a {100],-oricntation showing a-a type domain arrangements; two adjacent domains
are twin related; (b) diffraction pauern derived by tilting an a-c domain to a [111) oricniation and corresponding
stereographic projection showing the twinning relation; (c) corresponding atomic model describing the twinnig relation for
(a); (d) schematic model showing atomic arrangements corresponding 10 (b).

realized by studying the stereographic projection in (b).
The result of the twinning system is the same as that
derived from Fig. 4(c). Therefore the elements for the
twinning system in PbTiO; crystals are determined. The
twinning magnitude can also be determined from split-
ting in the diffraction pattern, Fig. 4(a), or from X-ray
data. The results are shown in Table 2. 1t is found that
this is a compound twinning system'. The result can be
seen in a stereographic projection, Fig. 5.

Phase transformation characteristics were partly deriv-
ed by heating stage optical microscopy. Figure 6(a) shows
a single interface type phase transformation. This is a
typical habit plane (or phase boundary) in a PbTiO,
crystal during transformation as seen using polarized
light. The phase boundary is sharp and straight with an
angle about 30° to a [010] direction. This sharp bound-
ary implies that the boundary is almost in an edge-on
position. One can easily distinguish the cubic phasc by

tw .. . . . . o .
When K, is a rational planc and », a rationa! dircction, this is twin-

ning of the first kind; when K; is a rational planc and n, a rational
direction, this is a twin of the second kind; when all four clements
K,. K,, , and #, arc rational, the twin is compound.

Fig. $ 1001} stercographic projection showing the relation between
(winning elements for PbTiO, tetragonal phase,
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Fig. 6 Optical micrographs using polarized light showing (a) a sharp single C/T phasc boundary during transformation, mak-
ing an angle about 30° from a {100} plane; (b) the same specimen rotated 1o a position where the cubic phase becomes ex-
tinct; (c) double C/T phase boundaries during transformation, showing distorted region at phase front intersection and
non-uniform contrast distribution in the tetragonal phase; (d) a habit planc affected by microstructural inhomogeneity
which is in the form of a-a type domains: (c) another single C/T phase boundary in a different specimen, making an angle

of about 35° from a (100) planc.

Table 2 Twinning elements in PbTiO, tetragonal phase.

— LA TIET-w vt At EmceEI U S S TR Ve LwIET..  FTARMA T ar-irmooams

K, m K, n: S
Room temp {110} o {110} 10> 0.115
T, {110} aiop {110} 10> 0.0256

rotating the crystal. The cubic phase becomes extinct
because of isotropy, Fig. 6(b). One notices that the con-
trast ncar the boundary is diflerent from regions farther
away, indicating that a local distortion exists. This
distoried region appears to vary case by case. For in-
Stance, the intersection of two interfaces shows a broader

contrast region; the contrast near the specimen center
may be different from that of the edge. Figure 6(c) shows
a two-interface type phase transformation where the two
interfaces are not symmetrically distributed along a (010)
plane. The angles between the two interfaces and the
(010) planc arc 38.5° and 35.7° respectively. It is clear
that at the intersection of the two phase fronts a distorted
region with different contrast is generated, and this
changes the original habit plane configuration. In the
tetragonal region, one sces a non-uniform contrast
distribution, indicating birefringence variation which is
closely related 10 the lattice paramecter variation. We
point out that brighter patches sometime show up in the
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cubic rcrion before the habit plane approaches it, sug-
gesting some local perturbation in the crystal. Figure 6(d)
shows a typical situation where the habit plane may be
affected by microstructural inhomogeneity, as indicated.
a-a type domains form at this region which show 45°
stripes from a {100} plane. The habit plane is bent when
it reaches this region. Similarly, a habit plane may be
influenced by other factors, such as temperature in-
homogeneity, impurity eflects etc., which may substan-
tially change the habit plane orientation during transfor-
mation. Other single crystals were also used t0 measure
the habit planes. We found that the habit plane appears
to vary from crystal to crystal, Fig. 6(e); more interesting-
ly, the same crystal may show a habit plane a little
deviated from a previous one or even a little change in
orientation during phase front movement. All the angles
from a {100} plane to the habit planes were measured
and the results are collected in Table 3.

Because of the difficulty of performing two surface
analysis of the habit plane in this case, we used another
method to derive three dimensional information. In
some transformations, the traces of phase boundaries are
parallel to {100} planes or with several degrees deviation,
shown in Fig. 7. These boundaries often show inclined
features, i.e., the boundaries show a bright color at their
edges under polarized light as indicated. From such bound-
aries, we derive the distribution of the third direction
cosine, and accordingly the largest angle from a {100}
plane is not more than 5° and most are within 2°,
Thercfore, we are able to construct the distribution of
the habit planes. The results are shown in Fig. 8. It is
clear that the habit plane during transformanon scatters
around a range.

To determine the shape strain, the scratch displace-
ment technique is ordinarily used"'™'®., However the
displacements in the present case are extremely small,
Fig. 9. Straight fiducial lines were not seen bent across
the boundary, indicating a very small shape strain during
transformation.

2. Theoretical calculations

The crystallography of the cubic to tetragonal phase
transformation was analyzed using phenomenological
crystallographic theory formulated by Bowles and
Mackenzie'”, but treatments of Wechsler-Lieberman-
Read™ and Bullough-Bilby® are equivalent. A computer
program based upon the Bowles-Mackenzie formula-
tion“" was used in this work.

The fundamental basis of the phenomenologlcal
theories is the experimental observation that the transfor-
mation is macroscopically a homogeneous distortion in
which the habit plane between the parent and martensite
crystals is both undistorted and unrotated. Upon the
requirement that the martensitic transformation is ob-
served as an invariant plane strain, the theory also incor-
porates a lattice invariant shear, and a rotation with the
Bain (structural) distortion to derive a final invariant
plane strain. The basic equation of the phenomeno-
logical theories can be expressed as

Table 3 Angles of habit planes (during transformation) from

planes. (llg
Specimen No. Angle ) ‘ Angle 2
1-1 59.3 307
1-2 60.3 29.7
2-1 55.0 35.0
56.0 34.0 LA
2-2* 51.0 (53.0) 39.0 (37 q
3-1 5.0 3.0
3.2t s1.5 38.5
54.3 35.7 '
3-3 50.5 395 7
4-] 55.0 35.0
4-2 55.0 350 <
4-3 51.0 30 -
5-1 56.0 0 -
’ 57.0 33.0 T
5-2 58.8 na2 -
6-1 65.0 25.0 -
63.0 21.0
6-2* 50.0 (57.0) 40.0 (33, o)
5.0 35.0
6-3 61.0 2.0 T
63.0 210
58.5 3.8
7-1%%* 58.0 320 i

Curved interface

Two phase fronts e
Some phase front traces nearly parallel 1o {100} type planes, -
discussed in the text. “e

L

P,=RBP; U)

where P,, is the shape deformation, and P,, B and R
represent the lattice invariant shear, the Bain distortion
and the rigid body rotation, respectively. Since both P,
and P; are invariant plane strains, they can be
represented as:

Pi=1+mdp! 0

where 1 is the unit matrix, m; is the magnitude of the
displacement, d; is a unit column vector in the direction
of the displacement, and p/ is a unit row vector rcpre-'
senting the normal to the invariant plane. R

Bowles and Mackenzie uuhzed an equivalent expres—:
sion to eq. (l) a0

P,P;'=RB=§ @

where the matrix S, the resultant of two invariant plane,
strains, is an invariant line strain. '

From the experimental lattice parameters of the parent_:
and martensite phases and the assumed Bain (lattice) .
correspondence, the principal distortions and thus the
matrix B are determined. Invariant lines and invariant
normals are calculated from B, and their combinations
applied with the appropriate rigid body rotations R G“"i-
four invariant planes. The rigid body rotation matrix 0.
put undistorted lines and normals into their original posn-
tions is given by Euler’s theorem. Once S=RB is deter-
mined, P, and P; can be dctermmcd from eq. (3) and thC N
assumed (or known) p} and da. :
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Fig. 7 Optical micrographs using polarized light showing (a) phase boundary spikes ncarly paraliel 1o a (100) plane; during
transformation, these spikes nucleate from the lower part and extend to the whole specimen; (b) rectangular shaped phase
boundary formed during C/T transformation. Note that these boundaries are nearly parallel to {100} planes or with only

several degrees deviation.

In the present case, we assume transformation occurs
from cubic to tetragonal siructures. The lattice cor-
respondences and lattice invariant shear svstems in
PbTiO: are listed in Tables 4 and 5. Since we know that
PbTiO, has a negative linear expansion cocflicient
(therefore negative volume change) below Ti, and the lat-
tice parameter ¢ decreases and a increases as the tempera-
ture increases, we can derive

(@/ay(c/a>),

That is, the increasing rate of ¢/ay is greater than that of
(a/ay)’. Considering the lattice parameters of PbTiO,
carefully, one rcalizes that the **lattice parameters at 7.’
derived by X-ray may be different from those when

when C-T (4)

transformation actually occurs, since the transformation
occurs swiftly and the nature of X-ray measurements is
not really ‘‘on-time”’. We need to consider the local lat-
tice conditions, such as: real lattice parameters when
transformation occurs, lattice perturbations, tempera-
ture inhomogeneity, etc. However, we do not know the
*‘real’” conditions around the habit plane at transforma-
tion, but can estimate the principal strains as follows.
Based upon the lattice constants mentioned before and
the relation shown in eq. (4), we calculate possible habit
planes by holding 7., constant (57, =) and varying .
The ranges of n,, and na are: 1>1,,>0.994949 and
1 <1< 1.012626. We find that the habit plane shows the
same tendency for each set of »,, and n.. That is, the
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Calculated
LT Ny
0998317 1.004209

0.998317 1.005261
0.998317 1.006313
0.998317 1.007365
0.998317 1.009470

g ®

® O 0O

001 011

Experimental

Fig. 8 Experimental and calculated habit plane distribution shown in
stereographic projection.

habit plane scatters linearly over a range, and is very sen-
sitive to the relative values of (73—1)/(nn—1), i.e., the
principal strains. Moreover, if n, is different from 72
when transformation occurs, the habit plane normal may
deviate sideways from the {001}-{011} zone which ex-
plains the lateral scatter of experimental data seen in Fig.
8. We sumarize a set of calculations using lattice cor-
respondence 1 and lattice invariant shear system (101)

Fig. 9 Optical micrograph showing fiducial lines across a phasc boundary. The fiducial lines appear not 10 be bent

due to the very small transformation shape strain.

Table 4 Lattice correspondence (LC) and transformation Matriy '.
cubic and tetragonal phases of PbTiO,.*

T
—
109
019
00)
00y
10¢.
T
Ore
00y
100
010 .
100
oof.
100 -
001 .~
070,
001;
010~
100"

Lattice correspondence [UVW]
i

£l
£

mn

v

vi

CO~00=00—-00=00 =00~
O-‘OO'—GO—'OO—OO—QO—O
—_ 0O~ 00=00=00-00~0O0
-0 00O 0O~ 00—=0=~0000 -~
°~°—°°OO——°°°O—O—O
O OO =MO~-MOO0OO0O0—-0—~0—-—00

*  where

u U
v =T} V o

W JTen W cuie .

[101] to show the general characteristics of the calculated
crystallography, as listed in Table 6. The calculated habit
plane varies within a range similar to that observed in the
experiments if we input reasonable values of principal
distortions based upon available lattice parameters and
take into account a possible local lattice perturbation,
Similar scatter characteristics can also be derived by
varying a dilatational parameter, 6, which describesa
uniform lattice dlstoruon at the boundary as discussed
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Table 5 Lattice invariant shear systems employed for PbTiO,.
IC—I qanfion) LC 11 (011){011) LC 11 (110){110)
dongior) (10)(T10) (1on)(101)
1ol 01011} (110){110)
11)[o11} (1110 (101){101)

LC IV (10D)(101)
(aonyol)
(011)[011}
(011){011)

LC V (110)(110]
©11)[011)
10110
017){011}

LC VI (110)]110)
(onfion}
(110){110)
(ony{iot}

Table 6 EfTect of principal distortion values on the results of
crystallographic analysis (LCI-1).

M 0.998317 0.998317 0.998317 0.998317 0.998317
'™ 1.004209 1.005261 1.006313 1.007365 1.009470
;olulion |
V-V, 0.000652 0.001880 0.002929 0.003977 0.006075
m, 0.004022 0.005252 0.006302 0.007353 0.009454
P -.762924 -.82473] -.856502 -.878487 -.907004
-.646485 -.565521 -.516140 -.477761 -.421117
0.002263 0.002090 0.002053 0.001956 0.001945
d, ~.761653 -.823282 -.855040 -.877020 -.905487
0.647981 0.567630 0.518559 0.480451 0.424370
0.002176 0.002026 0.001906 0.001900 0.001773
Angle
from 40.3° 34.4° 31.1° 28.5° 24.9°
1010)

later. The calculated shape strain magnitude m, is about
one tenth to one twentieth that in ferrous martensitic
transformations. This is the reason why we can hardly
see any obvious bending of fiducial lines. It is seen that
the theoretical calculations appear to fit experimental
results quite well if we consider the interfacial properties
of the habit plane. A more complete set of calculations
will be published elsewhere.

IV. Discussion

It has been suggested that the WLR theory should be
applicable to perovskite-type ferroelectric crystals®,
DiDomenico and Wemple® did present evidence on
semiconducting perovskite-type crystals showing habit
planes quantitatively explainable in terms of the WLR
¢rystallographic theory. However, crystals with high resis-
livity were reported not always with predicted habit
plane normals"™'", Since then, it has been considered
that the cubic to tetragonal transformation in perovskite
crystals with high resistivity can not be classifled in the
family of martensitic transformations®®. However, the
microstructural characteristics of PbTiO; in the present
€Xperiment have shown: (i) reversible surface upheavals;
(ii) irrational habit planes; (iii) a finc inhomogeneous
Structure which is twinning in this case; (iv) that all atoms
Mmove less than an interatomic distance; and (v) the
transformation process is clearly first order. Although

the precise orientation relationship between the two
phases is not determined quantitatively in the present ex-
periments, the relationship between the principal axes in
both phases is easily derived. That is, the three or-
thogonal axes in the cubic phase are essentially parallel to
certain orthogonal axes in the tetragonal phase. All the
above crystallographic features fall within the classifica-
tion scheme for martensitic transformations''***,
During the cubic to tetragonal transformation in
PbTiO;, several features were observed. Most significant-
ly, some of the cubic-tetragonal interfaces (or habit
plane) show sharp, straight first order phase boundaries
which scatter within a certain range, and some show
bright and broader edges. If we consider this using a
three dimensional construction, as shown in Fig. 10, the
morphology of the habit plane depends on the viewing
direction. For instance, viewing from direction ¢, a sharp
interface can be seen; from direction a, a broad interface
appears; on the other hand, one may not see any phase
boundary or only some faint feature from direction b.
Boundaries shown in Fig. 6 are those viewing from a
direction similar to ¢, and Fig. 7 shows boundaries view-
ing from an a direction. Interpretation in this way ex-
plains fairly well the morphology of habit planes ob-
served in PbTiQ;, and the habit plane distribution can be
fit with theoretical calculations by considering local lat-
tice parameter perturbations. However, previous works
on BaTiO; claimed that in some high resistivity BaTiO,
crystals the cubic-tetragonal phase boundary is of the W-
L-R type, but contrary to theoretical predictions"'™",
The cubic-tetragonal phase transition in about 20 BaTiO,
single crystals was investigated'™'" and about 30% of
the crystals exhibited phase boundaries at angles very
close to that predicted by theory; 60% of them showed a
broad phase boundary approximately perpendicular to
the 90° domain walls of the a-c domain structure and the
remaining 10% changed from cubic to tetragonal via a
broad and complicated square net pattern"'*®, In all
cases the a-c domain structure was clearly visible right up

yau habit plane

7

Fig. 10 Three dimensional arrangement of a habit plane. Viewing
from three different cube directions reveals different morphological
characieristics. See text for discussion.
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to the phase boundary and in all cases a strain pattern
with the sume period as the a-c domain structure was
clearly visible in the cubic phase on the high temperature
side of the phase boundary. Reviewing these previous
results carefully, we can see that the situation in BaTiO,
is quite similar to that in PbTiO. Besides the 30% habit
planes which show sharp interfaces and are consistent
with the theoretical calculations, the 60% habit planes ap-
proximately perpendicular 10 the 90° domain walls of the
a-c domain structure are a.tually parallel to a {100}
plane since the traces of a-c domain boundaries should
be parallel 10 a {100} plane, which may be just the case
shown in Figure 7 and can be derived viewing from an ap-
propriate direction, like ¢ in Fig. 10. We do not see com-
plicated square net patterns in PbTiO; and therefore it is
difficult to compare the remaining 10% of the habit
planes. It seems that the apparent inconsistency in
previous works is because three dimensional considera-
tions were not taken into account.

If the specimen is thin enough, one sees a pronounced
contrast variation around the phase boundary under
polarlized light, as shown in Fig. 6. This is clearly related
to a strain field and one further notes that this pattern
appears at the tetragonal side, with a width of tens of
microns. An interpretation of this is that a coherent
unrotated interface forms with severe elastic strain over
an appreciable distance owing to lattice-matching.
However, the contrast variation regions appear to vary
case by case, indicating a possibility that local lattice
distortions may vary depending on the ambient condi-
tions. To reduce the misfit strain energy to a minimum,
the lower symmetry crystal phase should be twined so
that the sign of the strain reverses in going from one twin
to the next along the habit plane. This then defines a
plane of ‘‘zero average distortion’’. The theory of
WLR is based on an interface plane between the mar-
tensite and its parent which remains macroscopically
unrotated and undistorted as a result of the shape defor-
mation. It is implicit in this account that the *“‘fit”’ of
the martensite to its parent is isotropic. Bowles and
Mackenzie have shown that if the habit plane contains a
small scale isotropic distortion, the condition of an invar-
iant plane strain for the habit plane is slightly relaxed.
Therefore, the Bowles-Mackenzie theory, on the other
hand, holds that the habit plane is unrotated but may be
isotropically distorted by some 1 or 2 percent®. They in-
troduced a dilatation parameter, 4, which in effect slight-
ly relaxes the requirement that the habit plane is un-
distorted, but this modification is not without criticism®®,
We do not know in fact if the habit plane is isotropically
distorted (or not) during transformation from the pres-
ent experiments. However, we can think in another way
that the parameter & is more than a ‘‘correction factor’’,
and may contain substantial physical meaning. The
significance of this is that the parameter § may function
as an indicator of local lattlice arrangements causing a
habit plane change. This offers a certain degree of
freedom: to take into account a perturbation or local
lattice distortion during transformation due to compo-

sition, defects, temperature inhomogeneity, etc., whicy
may substantially influence the crystallographic charae.
teristics. In the present experiments, the same crysa)
sometimes showed habit planes with different angjes
from a {100} plane, providing evidence for this considera.
tion.

Although the transformation strains in PbTiO, are
quite small (Table 6) compared to those of ferrous alloys,
a small change in the relative values of the principal
strains introduces a dramatic shift ‘of the habit plane,
That is, the tetragonality of the C/T transformation is a
major factor determining the crystallographic characteris-
tics. The tetragonality can be affected by impurities,
structural inhomogeneities, a temperature perturbation,
strain conditions, etc. The crystals used in the present
case''” offer a good example. 1t is thus obvious that even
a very small perturbation of lattice distortion during
transformation will shift the habit plane. This is evidenc-
ed by the shift of the same phase front at different posi-
tions during transformation, Fig. 6(c)-(e). This considera-
tion may explain the scattering of habit plane normals
observed in experiments. The reason why the scattering
phenomenon is not seen in BaTiO; and KTN is probably
due to the very small tetragonalities and distortions in-
volved.

PbTiO; has a much higher polarization value than
BaTiO: and KTN"® and the resistivity of the crystals
used is much higher than a semiconductor. Therefore the
stored electrical energy should be much higher at the
phase boundary in this case according to an argument
made by previous workers™ ", If this is true, the efec-
trostatic and/or electrostriction energy may overwhelm
the strain energy, and dominate the transformation char-
acteristics. We do not know the exact relation between
the strain and electrical energies in the present experi-
ment, and more detailed work is needed. However, if the
electrical energy prevails and the transformation charac-
teristics are solely dominated by this rather than by a per-
turbation of lattice arrangements, it appears that the
same crystal could show identical habit plane characteris-
tics because the stored electrical energy is the same. This
is not the case we observe. Therefore we suggest a re-in-
vestigation of the role of electrical energy.

V. Conclusions

(i) The cubic to tetragonal (C/T) phase transfor-
mation in PbTiO; single crystals shows martensitic cha-
racteristics. Microstructural features investigated using
heating stage optical microscopy and transmission
electron microscopy show a small hysteresis involved, the
difference between the A, and M, temperatures being
about 5°C. The phase front passes swiftly through the
crystal; surface relief accompanying the transformation
is also seen. The twinning system involved has been iden- -
tified as a compound twin in the tetragonal phase with
Ki={110}, =110, K,={110}, n,={110}. '

(ii) The phase boundaries (habit planes) were
“‘frozen’’ by controlling the temperature profile. It was
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found that the habit planes vary within a certain range.
Not only did different specimens show this phenomenon,
put also the same specimen under different transforma-
tions also follows this, indicating the importance of local
distortion near the interfaces during transformation. The
present experimental results suggest a re-investigation of
1he role of stored electrical energy.

(iii) Theoretical predictions with varying principal
distortions show that experimental data appear to fit
calculated results quite well, if one considers the effect
of local lattice distortions during transformation. The
results show a certain degree of consistency, which imply
that the phenomenclogical martensitic crystallographic
theory does indeed apply to PbTiO;.
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Pressure -dependence of optical absorption in PbTiO3 to 35 GPa:
Observation of the tetragonal-to-cubic phase transition
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Optical absorption of the polar material PbTiO; has been studied up to 35 GPa (350 kbar) in
the visible range of wavelengths using a single crystal samples compressed in a diamond anvil
high pressure cell. The absorption edge shifts toward lower energies with increasing pressure.
Pressure dependence of the absorption edge undergoes significant changes at about 11.5+0.3
GPa, close to the previously identified tetragonal-cubic phase transition. The change in pressure

dependence of the spectra is consistent with second-order character of the transition.

i. INTRODUCTION

Lead titanate, PbTiO;, an important member of the
perovskite family of ferroic materials, has a first-order
cubic-to-tetragonal phase transition on cooling through T,
=763 K (Curie point) at atmospheric pressure.' The effect
of pressure on the properties of PbTiO;, and their relation-
ship to the phase trans.tion, has been studied by several
authors.>® However, unlike its Ba analog, BaTiOs, accu-
rate values of the single-crystal ferroelectric properties of
pure P5>TiO; are unavailable because of experimental dif-
ficulties in polarization reversal measurements. In addi-
tion, reduced values of electrical resistivity* often dictates
the use of samples doped with U*”® or Nb® as charge
compensators.! As a consequence, some discrepancies in
reported data>*>’ may be partly attributed to the differ-
ences in crystal quality and composition.

The temperature of the polar-paraelectric phase tran-
sition is known to decrease with increasing hydrostatic
pressure. From an x-ray study of pure PbTiO, ceramics up
to 1.8 GPa Kabalkina and Vereshchagin?® obtained a linear
pressure dependence of T, with a slope as steep as — 180
K/GPa, which extrapolates to a transition pressure P,
=~2.7 GPa at room temperature assuming the transition
remains first-order. Later, from studies of the dielectric
properties of U-doped single crystals, Samara* observed a
significant nonlinearity in the pressure dependence of 7,

*Present address: Geophysical Laboratory, Camegie Institution of
Washington, 5251 Broad Branch Rd., N.W., Washington, DC 20015-
1308.

%On leave from: Institute of Experimental Mineralogy, Russian
Academy of Sciences, 142432 Chernogolovka, Moscow District,
Russia.

“)Present address: Department of Chemical, Bio, and Materials
Engineering, Arizona State University, Tempe, AZ 85287.
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with the slope decreasing from —84 K/GPa at low pres-
sure to —50 K/GPa at 2.2 GPa. These results imply that
P_> 8 GPa at room temperature. Samara also noted that
the first-order character of the phase transition becomes
less pronounced with increasing pressure and suggested a
change from first- to second-order character with the tric-
ritical point at ~4.5 GPa.

A second-order phase transition at P,=112.1 GPa and
room temperature has indeed been identified from the
high-pressure Raman study of undoped PbTiO; crystals.®
On the other hand, dielectric and x-ray measurements for
Nb-doped polycrystalline specimens® suggest a first-order
phase transition at 5.8 GPa and room temperature. These
latter data are in contradiction with more recent x-ray dif-
fraction measurements for U-doped crystals™® up to 6 GPa
from which a second-order transition at ~ 13 GPa may be
expected by extrapolation.

The pressure-temperature phase diagram of PbTiO,
and the position of the tricritical point have been recently
analyzed within the framework of a phenomenological the-
ory of ferroelectricity.’ From this analysis the high-
pressure second-order phase transition is to be expected at
room temperature. However, the Raman data of Sanjurjo
et al.® remain the only direct experimental evidence for it.

Optical absorption has already proven useful for un-
derstanding the properties and phase transitions of ferro-
electrics in response to changes in external parameters.'%-12
In the present study we have attempted to identify the
high-pressure phase transition in PbTiO, from optical ab-
sorption data obtained over a wide range of pressure up to
35 GPa. Our intent is to resolve difference among previous
studies, and to extend the pressure range of investigation
using nominally undoped crystals.

©® 1992 American Institute of Physics 3705




Il. EXPERIMENT

The PbTiO; crystals used in our study were grown by
slow cooling from a temperature of 900 °C in a KF-PbO-
PbF; flux. Details of the crystal growth procedure are pre-
sented elsewhere."> A qualitative chemical analysis of the
resulting crystals by dc arc emission spectroscopy showed
the presence of impurities at the 0.5 wt % level or lower,
with most impurities having substantially lower concentra-
tions. These results were confirmed by quantitative elec-
tron probe microanalysis, which yielded 0.33 wt % K,0
and all other impurities below the detection limit. All sam-
ples were multidomain on a length scale ranging from a
few micrometers or less up to several tenths of a mm.

The optical system used in our experiments is similar
to the one described by Welber.'* A Mao—-Bell'* type of
diamond anvil high-pressure cell was used to compress the
samples. The gaskets with a central hole about 200 um in
diameter were made of 0.5-mm-thick stainless steel 301,
and preindented to between 50-70 um. PbTiO; crystals
approximately 80 um in linear dimensions and ~ 10 um
thick were loaded into the cylindrical gasket hole together
with several ruby chips used for pressure measurements by
the ruby fluorescence technique.'® The pressure transmit-
ting medium was a 4:1 methanol:ethanol mixture, which
provided a hydrostatic medium up to 10.5 GPa, and
quasihydrostatic pressure to about 20 GPa." In our exper-
iments, the R, and R, peaks of ruby fluorescence were well
resolved up to the highest pressure (35 GPa) indicating
nearly hydrostatic conditions.

A tungsten halogen lamp (100 W OLYMPUS HAL-
L) has been used as a light source that gave an incident
beam in the 4000 to 83000 A range of wavelengths. Light
passing through a source aperture of 20 um was focused to
a smaller spot in the gasket hole by an objective lens. The
image formed was sharp and very well defined. At each
pressure the optical transmission spectrum (I/I, vs 1) was
obtained by comparing the intensities of transmitted light
from two measurements: (1) with the light transmitted
through the pressurized sample (intensity 7); and (2) with
the light transmitted adjacent to the sample, through the
alcohol mixture and diamond alone (intensity ;).

Radiation transmitted through the cell was analyzed
using a 0.32 m scanning monochrometer and was detected
by a Hamamatsu photomultiplier tube R943-02 together
with photon counting electronics. A pinhole was put in the
imaging plane of the sample immediately before the mono-
chrometer as a spatial filter to cut out extraneous radiation
and decrease the background light.

Thirty-six measurements have been made in the pres-
sure region from 0.03 to 32.7 GPa in four separate exper-
iments. Most of the measurements were carried out be-
tween 7 and 17 GPa where the phase transition was
expected. All measurements were made at room tempera-
ture (~20°C).

lll. RESULTS AND DISCUSSION

Typical transmission spectra collected at different pres-
sures are shown in Fig. 1. The crystal absorbs visible light
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FIG. 1. Transmittance spectra of PbTiO; single crystals at various pres-
sures. Dashed lines illustrate the definition of the absorption edge.

in the violet range of wavelengths, as cculd be expected
from its yellowish color. This intense absorption is clearly
caused by Ti ions, as judged by analogy with the known
fundamental absorption edge of crystalline BaTiO, at a
wavelength A =~ 4000 A at room pressure. '2 Similar absorp-
tion spectra have also been reported very recently for Pb-
TiO; powder at ambient conditions.'® With increasing
pressure, absorption shifts significantly to longer wave-
lengths (Fig. 1).

The observed pressure dependence of optical absorp-
tion is most conveniently discussed in terms of an absorp-
tion edge. In our study, we define the absorption edge as
the maximum slope of the transmittance decline at lower
wavelengths, extrapolated by a straight line to zero trans-
mittance. This intuitively clear definition of the absorption
edge is illustrated by dashed lines in Fig. 1 for two pres-
sures.

It should be noted that the definition of an absorption
edge is, to some degree, arbitrary. The definition used by
us, as well as several other definitions, can be found in the
literature of previous studies by other investigators,'%-?!

Ve have analyzed our data using several of these defini-
tions, and each yields slightly different wavelengths for the
absolute value of the edge. However, all definitions result
in the same pressure dependence of the absorption edge
and do not affect the following discussion.

The pressure dependence of the optical absorption
edge of PbTiO; is shown in Fig. 2 for the whole pressure
range studied. The qualitative picture obtained is very sim-
ilar to the temperature and pressure dependence of the
absorption edge of SbSI near its polar phase transition.'*!!
The absorption edge shifts with pressure to longer wave-
lengths with an initial slope of 15 A/GPa, increasing to 47
A/GPa at =~11.5 GPa. At this pressure, a sudden drop of
the slope to 12 A/GPa takes place, and the slope continues
to increase further to 32 A/GPa at the highest pressure of
the present study.

The sharp change in slope at 11.5+0.3 GPa (Fig. 2)
clearly indicates the presence of a phase transition at this
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FIG. 2. Pressure dependence of the optical absorption edge of PbTiO,.
The size of the symbols approximately corresponds to experimental errors
involved.

pressure. The change is consistent with a second-order
transition, inasmuch as a first-order phase transition
should result in a sudden change AA of the absorption edge
wavelength as the crystal passes through the Curie point
(see, e.g., Ref. 12).

Moreover, the observed transition pressure corre-
sponds to the pressure of a second-order phase transition
found earlier in PbTiO; at room temperature by Raman
spectroscopy (12.120.2 GPa).% The transition pressure
from our measurements is also in reasonable agreement
with an extrapolation of more recent high-pressure x-ray
data on spontaneous strain (P,~13 GPa).’

It is worth noting that we find no evidence for a phase
transition in PbTiO; at mu..h lower pressures. In contrast,
the dielectric measurements of Ikeda® indicate a first order
transition in Nb-doped samples at 5.8 GPa. The transition
noticed in the latter study may be due to a depression of P_
by the dopant. Alternatively, the discrepancy may result
from the different apparatus used. Ikeda carried out mea-
surements on polycrystalline samples in a solid medium
apparatus, using epoxy resin as the pressure transmitting
medium. Under nonhydrostatic conditions the presence of
high shear stresses on the sample might lower the transi-
tion pressure drastically. If the transition pressure is sys-
tematically affected by shear stresses, this might also ex-
plain the small difference in P, between our study and
Sanjurjo er al.® The pressure medium used in our experi-
ment (4:1 methanol:ethanol) freezes at approximately 10.5
GPa, whereas the methanol-ethanol-water mixture used by
Sanjurjo et al. remains liquid to somewhat higher pres-
sures. However, as noted previously, the ruby fluorescence
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spectra in our experiments indicated that the pressure dis-
tribution in the diamond cell was nearly hydrostatic.!?
Moreover, the difference between our work and that of
Sanjurjo ef al® is within the mutual uncertainties of the
two sets of experiments, and may not reflect any real dif-
ference in the experimental conditions.

In conclusion, we have measured optical absorption
spectra of polar PbTiO; single crystals at room tempera-
ture and in the pressure range 35 GPa (350 kbar). Pres-
sure dependence of the absorption edge derived from the
measurements has been examined and exhibits a change in
slope by a factor of ~3 at about 11.5+0.3 GPa, indicating
a phase transition in the material. This behavior of the
absorption edge is consistent with second-order character
for the transition.
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Optical excitation of trivalent platinum (5d’, %) ions in lead titanate single crystals have been
observed for the first time by electron paramagnetic resonance (EPR). The g and hyperfine
coupling A tensors were found to be axial: g; =1.938, g, =2.478, 4, =0.0164 cm~!, and
A, =0.0324 cm™". Analysis of the EPR spectra using crystal field theory indicates that the Pt*?
ions are in tetragonally distorted (elongated) octahedral sites, strongly suggesting that they
substitute for the central Ti** ions in the perovskite lattice.

Transition metal ions in type ABO; perovskite com-
pounds have been widely studied by electron paramagnetic
resonance (EPR) and optical spectroscopy methods.' In
most cases it is believed that they behave as deep centers
and can significantly affect the electronic and optical prop-
erties of the ceramic involved. In recent years, PbTiO;, and
lead zirconate titanate (PZT), ceramics have attracted
much attention for use in nonvolatile semiconductor mem-
ories, displays, optical shutters, and infrared imaging de-
vices. However, unlike BaTiO; and SrTiO;, very little is
known about the nature or identity of paramagnetic cen-
ters in PbTiO;.*® In this study, we have used EPR to
obtain such information in PbTiO; crystals; we find evi-
dence: for Pt*? ions in the optically illuminated ceramics.
The observation of Pt in the PbTiO; crystals may be of
considerable importance since it is widely used as the pri-
mary electrode in many of the aforementioned device ap-
plications.

The PbTiO, crystals were grown by a self-flux method.
The starting method was comprised of 78-82 mol % PbO
(>99.9%) and 18-22 mol % TiO, (> 99.9%). The mix-
ture was placed in a pure platinum crucible (most likely
the source of Pt observed in this work) of 50 ml capacity
and heated to 1100 °C for over 15 h, slowly cooled to
930°C at a constant rate of approximately 0.3-1.5 °C/h,
and then cooled to room temperature in approximately 72
h. Greater experimental details are provided in Ref. 7.

The EPR measurements were made at 77 K using an
X-band (v=9.425 464 GHz) Bruker ESP-300E spectrom-
eter. An optical access EPR cavity was used to UV illumi-
nate the sample in situ with 2.8 ¢V monochromatic light.
An Oriel 100 W Hg arc lamp in conjunction with a 2.8 eV
narrow-band interference filter was used as the monochro-
ma;ic light source. The light power density was 1 mW/
cm®.
The as-received PbTiO; crystals were fairly free of
paramagnetic transition metals (unlike BaTiO;); however,
they did exhibit a fairly large axially symmetric Fe*? EPR
signal; this center will be discussed elsewhere.® Following
2.8 ¢V illuminate at 77 K, a new EPR signal was activated,
with clearly resolved hyperfine structure, as illustrated in
Fig. 1. In EPR, the chemical signature of the paramagnetic
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defect is uniquely characterized by its hyperfine structure,
where the number of spectral lines is given by 27+ 1, where
I is the nuclear spin. For an element with several isotopes
having different nuclear moments and spin, the EPR spec-
trum will be a superposition of the electronic Zeeman and
nuclear hyperfine spectrum of each isotope weighted by its
natural abundance.

We attribute the observed spectra in Fig. 1 to an im-
purity with several possible isotopes having /=0 or
I=172. The central lines (marked by the arrows) are due
to the =0 isotopes whereas the two satellite lines about
each central line are due to the /=1/2 isotopes. We find
that the experimental ratio of the double integrated inten-
sity of the central line to the satellite lines is 1.96, in ex-
cellent agreement with that expected for platinum ions
(1.9586). Platinum has four stable isotopes of which 'Pt,
1%Pt, and '**Pt are 66.2% abundant and have /=0, while
195pt is 33.8% abundant and has /=1/2. Platinum is the
only element in the periodic table that can explain the EPR
spectrum of Fig. 1.

Having determined that the EPR signal is due to a Pt
impurity, we rotated the PbTiO; crystal within the (100)
plane to determine the magnetic anisotropy. The observed
anisotropy of the effective g-value is illustrated in Fig. 2.
The observed S=1/2, I=1/2 spectra can be fit by the
following spin Hamiltonian,

400

200

EPR Intensity

-200 |
!

ou= 1.938

-400 ko i . i "t 1 1 i I .
2600 3000 3400 3800 4200

Magnetic Field (G}

FIG. 1. EPR spectrum showing the Pt** resonance following 2.8 eV
illumination at 77 K. The external magnetic field is parallel to the [001]
direction.
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FIG. 2. Angular variation of the effective g-value of the Pt* resonance;
the resonance exhibits axial symmetry. The external magnetic field was
rotated about the [001] direction within the (100) plane.

Hs=g|| BH.S.+g8, B(Hxsx‘f‘H,S,) +A|| S,
+A, (Sdx+S,l)) (1)

where g (g, ) is the g-value parallel (perpendicular) to
the symmetry axis, S is the Bohr magneton, H is the mag-
netic field, 4, (4, ) is the nuclear hyperfine coupling con-
stant parallel (perpendicular) to the symmetry axis, and S
(I is the electron (nuclear) spin. The axial spin Hamil-
tonian parameters are g =1.938+0.001, g, =2.478
+£0.001, 4 =0.0164+0.0002 cm™', and A, =00324
40.0002 cm™'. The identification of g, was determined
by the rotation of the magnetic field around one of the
crystal axes, i.e., rotation within the (100) plane yielded an
orientation independent resonance line (Fig. 2) which re-
sults from paramagnets whose z axes always remain per-
pendicular to the external magnetic field. Since the
g-tensors exhibit axial symmetry, and it is well known that
PbTiO; has a tetragonal crystal structure, we expect that
the Pt ion substitutes for the Ti** ion in the PbTiO; crys-
tal. It is further reasonable that the Pt substitutes for the Ti
since the ionic radii of the Pt** (0.77 A) and Ti** (0.75
A) ions are very similar.

From crystal field theory it is possible to determine the
structure, and oxidation state, of the optically generated Pt
ion in this perovskite lattice. Since the ground state of the
Pt resonance can be fit using an S=1/2, I=1/2 system,
two oxidation states are possible for the Pt ion, Pt (47,
%) and Pt* (&, %) as long as the Pt ion is in a tetrag-
onally distorted, strong octahedral field as schematically
illustrated in Fig. 3.° Under the strong field limit, the oc-
tahedral crystal field must be greater than the spin pairing
energy; 5d ions are almost always under the strong field
approximation.'®!! Since the Pt substitutes for the Ti+* ion
in the lattice, it is more reasonable from charge consider-
ations to assume that the oxidation state of the Pt is +3
rather than + 1, as was assumed for BaTiO; crystals doped
with Pt."?

For d (£,e) ions, i.e., Pt*3, in tetragonally elongated,
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FIG. 3. Schematic illustration of the chemical environment around the
Pt*? ion in the PbTiO, perovskite lattice.

strong octahedral fields, the g-tensors are predicted to be'’
8y =~8—3A%/A?, (2)
8 =8.(1—34/4)—6A%/A%, (3)

where A is the spin-orbit coupling constant (4 <0), and A
is the crystal field splitting. From Eqs. (2) and (3) it is
easy to see that g, >g; , gy <g. and g, >g,, which are all
experimentally observed, and consistent with our assign-
ment of Pt*+3.1

At this juncture, it should be mentioned that these
results also indicate that the oxidation state of the diamag-
netic Pt ions in the virgin, unilluminated, PbTiO; crystals
is +4. Since the greatest density of optically generated
Pt*3 ions was observed with photon energies around 2.8
eV (a photon energy of 2.8 eV roughly corresponds to the
optical band gap of these crystals), it is reasonable to as-
sume that it is the capture of the photogenerated electrons
at diamagnetic Pt** ions that makes them negatively
charged and paramagnetic.

It is also interesting to note that the optically generated
Pt*3 ions are metastable at room temperature, i.e., if the
UV-illuminated ceramic is warmed to 300 K, and then
recooled to 77 K, the Pt*> EPR resonance is no longer
observed. Last, the Pt*3 EPR signal could only be ob-
served at temperatures <120 K in accord with that ob-
served for Pt*? ions in ALO;,'* BaTiO;,'? and yttrium
aluminum garnets;'® this observation is believed to be due
to the very short spin-lattice relaxation time of Pt*? ions at
T>200 K."

In conclusion, we have been able to observe the optical
generation of Pt*? ions in PbTiO, crystals. Since the EPR
spectrum is axially symmetric, and can be described by an
S=1/2, I=1/2 system, it has been argued that the Pt*>
ions are in a tetragonally distorted strong octahedral field,
and have substituted for the central Ti** ions in this per-
ovskite lattice.
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ABSTRACT

Electrically induced deformations associated with antiferroclectric (AFE)-to-ferroelectric (FE) phase
transformations in tin modified lead zirconate titanate (PZST) ceramics are reported. The total strain
is comprised of a (i) spontaneous strain which occurs at the phase transformation and a (ii) strain
associated with domain alignment on poling. Therefore, the total induced strain is greater than the
converse piezoelectric effect normally associated with ferroclectric materials, and as such, is attractive
for potential device applications. ding on reversible and irreversible characteristics, associated
with the temperature of operation and thermal hysteresis, the deformation process can be classified as
superelastic or shape memory behavior. Superelasticity is observed at temperatures above the FE-
AFE transformation temperature (T ) with immediate strain recovery upon release of the electric
field. Electrically induced irreversible strains, within the thermal hysteresis region (Tp < T < Ty), are
recoverable upon heating above Ta; and give rise to a shape memory effect, the extent of which is
dependent on the magnitude of the AFE sublattice coupling. Shape memory and superelastic
behavior are explained in terms of competing thermodynamic stabilities for the AFE and FE phases.
Implications to other ceramic systems are indicated.

1. INTRODUCTION

In this paper we report on phase transformation studies in the Pb(Zr,Sn,Ti)O3 system (i.e., PZST).
[1] Attention is paid to strain € and polarization P changes as a FE phase is induced from an AFE
phase as a function of electric field strength E at temperature T. Previously we proposed a model by
which issues relating to phase stability and reversability could be predicted {2]. The model included
thermodynamic barriers AG* to transformation and a region of associated thermal hysteresis AT.
Now we report (i) a shape memory effect and (ii) superelasticity for PZST electrical ceramics. These
phenomena depend upon whether the electrically induced strain deformations occur (i) within the
thermal hysteresis region or (ii) at higher temperatures. Similar to metallic alloy systems {3,4], (i) the
shape memory effect occurs when the induced deformations at one temperature are recoverable at a
higher temperature, and (ii) superelasticity behavior is when the induced deformations at constant
temperature are recoverable upon unloading [S]. Both deformation and strain recovery processes
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usually involve martensitic-type phase transformations. By analogy with metallic alloy systerms,
shape effects have been reported previously for mechanically deformed ZrO2 [6] and
(Pb.Ll)(Zr.Ti{Og (7] ceramics. We now report electrically deformed shape memory effects and
ic properties for PZST ceramics. These effects were anticipated from our previous work on
field-induced AFE-FE phase transformations [2]. Special attention is paid now to induced
deformations and strain recovery processes, with emphasis on thermal stability of the AFE phase.

2. EXPERIMENTAL METHOD

PZST compositions close to a morphotropic phase boundary [1] were prepared by a method
previously reported [2] according to the formula P 1-0.52)Nb,[(Zry x:30x) 1.y TyJo 9803. Throughout
the text an abbreviated notation is used: PZST X/Y/Z (which is equivaleat to 100x/100y/100z). A
small amount of NbyOs was added for dielectric strength purposes.

Field-induced deformations were measured normal to the field direction (i.e., €31, transverse strain)
by a strain gauge bonded to the specimen. Induced polarizations were also determined at 0.3Hz on a
modified Sawyer-Tower circuit. Care was taken for tcmfcmmn compeansation in the strain
measurements through use of a dummy gauge in the test cell. Transformation temperatures were
characterized by differential scanning calorimetry (DSC), and dimensional changes by thermal
mechanical analysis (TMA). The heating and cooling rates were 10°C/min. Standard X-ray
diffraction e()ﬁ('RD) techniques were used for phase analysts, and the determination of any structural
crientation effects.

3. RESULTS
(1) Phase Transformations and Strain Recovery

Phase transformations are illustrated in figure 1 for PZST 43/8/2 as a function of increasing and
decreasing temperature. The TMA results indicate the low temperature FE phase (thombohedral)
transformed into the higher temperature AFE phase (tetragonal) with an abrupt decrease in volume
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Figure 1. Thermal strains and hysteresis for the FE-AFE eaergy difference (AG) exceeds the
transformation in PZST 43/8/2. transformation barrier (AG®).
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(AV), followed by expansion through a multicell cubic (MCC) region before transformation into the
paraelectric (PE) cubic phase. The onset temperatures for the AFE and FE transformations are T,
and T, on heating and cooling, respectively. Note, the region of thermal hysteresis. Figure 2is a
schematic of the thermodynamic stabilities for the FE and AFE phases. The observation of thermal
hysteresis (fi l)Gﬂﬁgms the transformation does not proceed initially when the free energies are
equivalent (GFE = at T = T), but that there are thermodynamic barriers to be overcome (AG3,
AGE) before the transformation can proceed. This leads to overheating (T4 - To) and undercooling
(To - T) before the transformations can be initiated. Because of the region of thermal hysteresis (AT
= Ta - Tr) the pathway passes through a region of metastability (higher frec energy) before the
transformation occurs; therefore, the existing phase within this region (FE or AFE) depeads upon the
previous thermal history of the specimen (heating or cooling). Consequently, thermally induced
transformational strains can only be recovered when the free energy difference between the two
phascsl;xls__gmanerthanthemsformaﬁonbaxﬁer(i.e..forT<Tp,A ~r"‘5>Af.if,.andfox"l‘>’l‘,g,
AGFE-AFE'> AG)).

Similar to the aforementioned case of mechanical stress ¢ induced transformations in shape memory
alloys, the present case of clectric-field-induced AFE-FE transformations (at T > Ta) is accompanied
by shape and volume changes with plastic deformations (i.c., a critical field Eg is necessary to yield a
non-linear strain). The minimum amount of electric work done (-PdE) to induce the transformation
must be greater than the free energy difference between the two phases (AGoFE-AFE) and the
thermodynamic barrier (AGg) [2] i.c., :

-PrdE 2 AG(FE-AFE 4 AG}. M

When E is subsequently reduced for T >.T, the free energy difference between the two phases
AGFE-AFE provides a driving force for strain recovery.

(2) Superelasticity and Shape Memory Effect.

An example of superelasticity is given in figure 3 for PZST 42/4/2 at room temperature (T > Ta).
The field-induced strain €37 develops as the FE phase evolves at field strengths greater than Ep.
However, the strain is recoverable when E decreases 1o Ep, and the material reverts back to the AFE
form. The field-induced superelastic properties are of interest for electromechanical actuator
applications [8,9]. As the opemg_xé T approaches T, the ficld-induced strain deformations become
less recoverable, i.c., as AGoFE-AFE approaches zero. Figure 4 illustrates the lack of €31 recovery

4y | pzsT4 °c
€31(10 8)—— Tactpeg 0

2T Ea Ee
. 1 e
60 40 -20 O 20 40 60
E (kV/cm)

Figure 3. Superelasticity associated with the field-induced FE-AFE transformation for PZST 42/4/2.
The field-induced strain above T is recoverable when the holding field is released below Ea.
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induced strains for T 43/7/2 under

dynamic (0.3 Hz) loading conditions. On

cooling into the AFE-FE transformation i Figure 5. X-ray diffraction data (at 25°C) for PZST
and ii), the extent of recoverable strain 43/6/2 within the thermal hysteresis region (Tg =
decreases as the AFE sublattice coupling 16°C, Tp = 52°C), (i) before and (i) after cooling
softens, and approaches zero at the FE into or (iii) field-inducing the FE phase. High
transformation tgmxe (TA). The e data indicate a significant domain alignment
electrically indu deformations now texturing for the field-induced case (ii),
become characteristic of FE domain compared with the thermal case (ii), as judged by
rearientations (iii). the relative inteasities of the (444), reflection.

for PZST 43/1/2 (with Ta = 72°C) as T decreases from (i) 90°C to (ii) 82°C. Operation of
clectromechanical actuators in this temperature region would be a serious problem! Eveatually, Gii)
whea T = TF, the FE phase is irmeversibly stabilized and the induced strain 1s irrecoverable. Figure 4
(iii) illustrates subsequent domain orientation strains for the FE phase. The irreversible deformation
gm&smbemﬁbuwdmmehckofﬁumagydiﬁ'mbuwmﬂpmmasesmthcmamﬂ

ysteresis region, and the inability to overcome the reverse barrier AG,, for strain recovery. The
induced deformation strains can be recovered by heating above Ty (i.e., thermal depoling), thus
demonstrating a shape memory effect.

(3) Phase Identification and Texture

In shape memory alloys & preferred orientation and texture develops on application of an applied
stress. A variant which favors strain elongation grows prefereatially with the deformation process.
Msmmandmmoseoﬁ;defomaﬁmisnlusedonheaﬁng.mdisumdawdwimmﬁn
recovery. Similar behavior has been observed for field-induced AFE-FE transformations. Figure §
illustrates XRD data for PZST 43/6/2 (Tao= 52 °C, Tp=16 °C) which were determined at room
temperature (25 °C). The tetragonal AFE phase is metastable on cooling into the thermal b i
region. Figure 5(i) indi pcmgonalsplitﬁngforlowandhighdiﬁnctionmgles,whi can be
gpproximm‘ruudocubw (200) and (222) peaks, respectively. The low angle data clearly
illustrate (200) and (002), splitting. On further cooling in an ice bath, and after
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redetermination of the structure at room temperature, the rhombohedral FE phase was now found to
be metastable. The XRD data (figure 5 (ii)) can now be interpreted in term of a pseudocubic (200)
peak which splits into (444), and (400), rhombodehedral peaks at high angle. application of an
clectric field, the (444), pcak grows preferentially (figure 5 (iii)) with respect to the thermally induced
case (figure S (ii)), indicating field-induced reorientation and texturing effects. After thermal depoling
at T > T, the subsequent room temperature XRD data were found to be similar to figure 5 (i),
indicating the material had transformed back to the AFE phase. The results are consistent with a
shape memory effect, which has significant field-induced macroscopic strain and orientational
texturing.

4. DISCUSSION
(1) Electric Deformations and Strain Recovery Processes

Interpretation of field-induced strains and deformation processes are somewhat confused in the
literature {8,9] for AFE-FE transformations, especially for measurements taken closc to the
transformation temperature and within the {ield-induced metastable thermal hysteresis region.
Previous work [9,10] has attributed the induced strain to an electrostrictive effect, but this approach
cannot explain the positive strains observ:d 1n both the longitudinal and transverse directions [11],
where the transverse strain €33 should be negative for electrostriction [12]). We have consistently
shown in our work that the field-induced transverse strain £31 is positive for AFE-FE
transformations. Our results are. conister: with (i) a positive strain associated with an increase in
volume at the transformation and (a an add:tional strain associated with field-induced reorientation
and texturing effects. Within the reftion of ‘netasiability (T A-Tg), the field-induced transformation
strain is irreversible (Figure 4 (iii)) ar.d inds pendent of field strength [2]). Further analysis of field-
induced polarizations and strains are not .ons.."ent with an electrostrictive effect. Figure 6 illustrates
P and € at various T and E for PZST 43/8” Th= linear dependence negates an electrostrictive effect
which should have a quadratic dependeice o: P.

Figure 3 indicates the FE phase was fou. . to be transiently metastable under dynamic loading
conditions (0.3 Hz) above Ep, but would revert back to the AFE phase below E5. Since the
spontancous polarizations in the sublattice of the AFE structure are coupled in an antiparaliel
manner{2], the reverse transformation field strength (E5) can be related to the extent of sublattice
coupling at a particular temperature. The sublattice coupling weakens as T approaches the
spontaneous transformation temperature (Tg). This softening of the sublattice is indicate<! ir: figure 4,
especially for (ii), where the coupling is so weak that a strain minima occurs in the negative field
direction, i.e., strain reversal has to be assisted by use of a back-switching field. Although stored
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elastc strain energy and"tﬂ.c thermoelastic transformation may be important for strain recovery
[13,14], the present results indicate the importance of the AFE sublattice coupling for the strain
) memory effect in PZST ceramics which have field-induced AFE-FE transfarmations.

(2) Shape Memory Effects and Ferroic Materials

Certain ferroelectric ceramics are also ferroelastic [15] in that the orientation state of 2 domain wall

) can be moved to another orientation state through application of an electric field or a mechanical
stress. Such materials are potential candidates for shape memory effects. However, ceramic
materials usually have small transformational strains and thermal hysteresis, and superelasticity and
shape memory behavior are rarely reported. Although the magnitude of the macroscopic deformation
and strain recovery is small compared with shape memory alloys, this does not preclude the behavior
at the microscopic level in ferroic materials. We have indeed observed shape msmory behavior for
domain configurations in ferroic materials on thermal cycling, Future work 1s directed at

) understanding these phenomena, and maximizing shape memory and superelastic properties for
potential device applications.
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ABSTRACT

The cubic to tetragonal (C/T) transformation of flux-grown lead titanate single crystals has been investigated using
optical microscopy (OM), , transmission electron microscopy (TEM) and clectron and X-ray diffraction. Theoretical
calculations on characteristics ba:cd upon the mariensise crystallographic theory of Bowles and Mackenzie
were also carried out.  Habit plane between th-: parent and the product phases were studied by “freczing” the two phases
during transformation using in-situ hot-stage OM. The habit planes vary within a cenain range. Not only different
specimens show this real variation, but also the same specimen under different transformations follows this, indicating
the importance of local arrangzments near the habit plane interfaces. With only a minute change of lattice parameters in
calculauons.ntumwuumnpaimmlmmwbemmmmmwmmﬂmmidmhm
parameter variation. The results imply that the martensitic crystallographic theory applies. Discussions on the
microstructural features as well as previous work on perovskite maserials are presented.

1. INTRODUCTION

The phenomenological crystallographic thecsy of martensitic transformations {1-3] has been applied successfully to
many meallic alloy sysiems [4-6), and more recently 10 ceramics and other systems (7). The Wechsles-Licberman-Read
(WLR) theory can be applied (0 the cubic-tetragonal{C/T) phase transition of semiconducting pesovrkite-type crystals (8],
which have sufficient free charge available 1o provide a lermination for the spontancous polarization at the interface. On
the other hand, crystals with high resistivity, though showing sharp first order phase boundaries, were reported not (o
follow theoretical predictions [9,i0). Supposcly, the reason for this is that the free charges present in (semi-)conducting
crystals ncutralize the bound polarization charges inside the crystal. Whereas in highly insulating crystals, the absence of
fmcwgumpmdwmmavmmuﬁwo{mmwhmmm The accumolated
polanzauonclurgeuaphaebomdarymlummredelectrnlmgywhnchdammmmaymllo;nphw
characteristics once it prevails.  However, the evidence here is thin because no other crystaliographic data were used other
than very limited habit plane data,

Lead titanate has a ferroclectric phase t znsition temperature, Te, near S00° C [(11,12], is cubic above T and exhibits a
strong tetragonal distortion at 20°C: ¢/a=1.06 which persists up 10 T, (c/o=1.01) [13,14]). The lattice constam a incrcases
smoothly upon heating, whilc the constants ¢ and c/a decrease. At Te, ¢ and a change abruptly and the structure becomes
cubic. Since the volume of the unit cell decreases sharply as a result of this transition, the linear expansion coefTicient of
a polycrystailine sample is negative below Te [11-14). The transformation is first order [9). POTIO3 single crystals
present a highly polar structure with very high spontancous polarization in the perovskile family (11,12,15). Because of
its large tetragonality and detectable ncgative volume change near T, PbTIO3 provides a more seasitve indication of the
role of iattice variation during transformation. In this paper, we present calculations based upon the theory of Bowles and
Mackenzie, and the comparison with cxperimental data (o verify the appplicability of the phenomenological

" crysullographic theory to this perovskite sysiem.
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2. EXPERIMENTAL PROCEDURE

PbTiO3 crystals were grown [17] by slow cooling from a flux, containing KF, Pb304, PbF2, KBF4, and TiO ina 50
cc platinum crucible, as described in our previous work (18],  The as-grown crystals were mostly cubic in shape or
clongated cubic or orthogonal forms and show a transparent amber tint. Transformation characteristics were studied using
hot-stage optical microscopy and conventional transmission electron microscopy. Specimen preparation was described
clsewhere {18). The specimens used were high quality crystals with sharp, flat {100} surfaces and the microscope used
was a Nikon UM-2. The specimens were investigaied using polarized light and put in a heating stage designed to control

the temperature profile quickly and to “freeze” phase boundusies. TEM investigations were conducted using a Hitachi

H800 microscope at 200KV with a double-tilt specimen holder.

A computer program [16] based upon the Bowles-Mackenzie formulation [2] was used for the phenomenological
calculations, The latticee correspondence was assumed with the ¢-axis of the ietragonal structure deriving from cither the
a-, b-, or c-axis of the cubic parent. Experimental lattice parameters of the parent and martensite phases at T are based on
those of Suchicital et. aL[17]; a=3.961A, c=4.012A and ag=3.972A were used in the present work.

3. RESULTS
3.1 Experimental

The inhomogencous shear was introduced as internal twins in the tetragonal phase of PbTiO3 crystals. A ferroclectric
material has regions where the magnitude and direction of the polarization are the same in cach region, though the
polarization may difTer in orientation in neighboring regions. These regions are ferroelectric domains separated by domain
boundaries. From symmetry, there are two types of domain boundaries in PbTiO3: 90® and 180° boundaries. The angles
refer 1o the angle between the domain polarization vectors on either side of the boundary. From a [100] orientation two
different morphologies of 90° domain boundaries are usually seen. One is straight with sharp images, and the other
shows wavy morphology and fringe contrast. From a crysullognphnc viewpoint, a 90° domain boundary is a twinning
plane between two adjacent domains. Figure 1(a) and (b) shows TEM images of a-c and a-a domains. The symmetrical
diffraction reflections {18) imply that the two adjacent domains are twin-related. The ratio between the parent (wider
domains) and the twin (thinner domains), x, was measured from a number of edge-on configurations, Ordinarily, volume
fractions of the matrix and twin give an average x value. Here we consider local lattice purturbation, and measure x values
at different regions. The x values vary from case 10 case with a range from 1.2 10 3.5. For instance, the x ratio in figure
1(a) is 3.06 and in figure 1(b) is 1.45. The twinning plane, K1, in both a-a and a-c type domains is (110). The
corresponding schematic model showing atomic arrangements are in figures 1 (¢) and (d). Figure 1(c) clearly shows that
the twinning direction, My, is along a <110> type direction due to the tetragonal distortion. The invariant plane, K2, is
the {110) plane which is the other diagonal plane of the tetragonal cell. Figure 1(d) shows how the twinning magnitude
was calculated; it can also be determined from splitting in an a-a domain diffraction pattern or from x-ray data. The
twinning magnitude of the present crystals is 0.115 at room temperature and 0.0256 at Te.

Transformation characteristics were partly derived by in-situ hot stage optical microscopy. Figure 2(a) shows a single
interface type transformation. This is a typical habit plane (or phase boundary) in a PbTiO3 crystal during
transformation seen using polarized light. The boundary is sharp and straight with an angle about 30° from [010]. This
sharp boundary implies that it is almost in an edge-on position. One can easily distinguish the cubic phase by rotating
the cry::al; it becomes extinct because of isotropy. One notes that the contrast near the boundary is different from
regions farther away, indicating that a local distortion exists. This distorted region appears 1o vary case by case. For
instance, the intersection of two interfaces shows a broader contrast region; the contrast near the specimen center may be
different from that of the edge. Figure 2(b) shows another single-interface transformation in which the phase front is not
straight. One notes that paiches of bright bands form in the cubic region before the phase front passes through and the
slope of the phase front varies at cach bright and dark region, indicating the influence of lattice parameter variation,
Brighter patches often show up in the cubic region before the habit plane approaches it if a slow heating or cooling rate
is used, suggesting some local perturbation in the crystal. In the tetragonal region, one also sees a non-uniform contrast
distribution, indicating bircfringence variation which is closely related to the lauice parameter variation as well, Other
factors changing the original habit plane configuration have been reported clsewhere (18],  Other single crystals were
also uscd to measure the habit planes. We found that the habit plane appears to vary from crystal to erysual; and more
interestingly, the same crystal may show a habit plane deviated from a previous one or even change orientation during
phase front movement. The results indicate that the habit planes vary from about 25 10 about 40* from a {100) plane.

3.2 Calculations
The crystallography of the C/T phase transflormation was analyzed using a computer program birsed upon the Bowles.

Mackenzie formulation [2]. In the present case, we assume transformation Is from cubic 10 tetragonal. There are thres
ways to assume the lattice correspondence, |. ¢. the c-axis of the tetragonal phase is derived from either the o=, b-, Of ¢~
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Figure 1  (a) a-c type domains lilted to a [111)c zone show edge-on configuration used to measure maui_x/lwi_n ratipz ¢
a-a domains at a <100>¢ zone showing (110}<110> twinning systerm and a different matrix/twin ratio; (¢

atomic model describing twinning relation in (b); (d) scheme used for twinning shear magnitude calculation,

« . .
Figure 2 Micrographs showing phase fronts during C/T wtansformation. (a) a typical C/T boundary showin,
bircfringence dilference at tetragonal side due to strain field; (b) distorted phase front in a lattice purturbatio

region (black and bright patches) due to local lattice parameter variation.




axis of the cubic phase. However for a ferroclectric material polarization is involved in the ¢ direction, which is also a
direction of the anion displacement. Thesefore, the c-axis of the sctragona) phase along positive or negative a-axis
directions represent different meaning. So there are six lattice correspondences ia total. The lattice invariant shear plane
was assumed 0 be a {110)¢ plane since this is the cbserved twinaing plane using TEM. There is only one shear direction
in a twin plane which produces the twin structare, and there are

four possibie twin planes per lattice correspondence. Therefore

the total number of lattice invariant shear systems is tweaty n "

four. The lattice comrespondences (LC) and lastice invarisnt 1 33

shear(LIS) systems in PbTIO3 were reported in ref.18. Since 1 0.999159 1.001052
PbTIO3 has a negative lincar expansion coefficient (therefore la 1.002104
negative volume change) below T, and the Iattice patameter ¢ 2 0.9988317 1.003157
increases and a decreases as the icmperature decreases, we can 2 1.004209
derive 3 0.997475 1.005261

(alag)’ (elag)>1,  when C->T m by ‘-°°631§
That is, the increasing valve of c/ag is greater than that of - 0.996633 :W-W“"
(afag)’. Considering the latice parameters of PHTIO3 5 0.995791 1.009470
m{uny.ccwmu'r;mbyxmm S 1.010522
be different from m_'hll wau@umnym 6 0.994949 1011574
since the transformation occurs swiflly and the x-ray Ca 1.012626

need cuﬁd:cmembalmm v o

10 u:humlhmo 4

v i Table 1 Principal distortions employed for calculations
inhomogencity, etc. However, we do not know the"real” condi

-tions at the habit plane at transformation, but can estimate the principal strains as follows. Based upon the lattice
constants mentioned before and equation (1), the ranges of 131 and Tl33 are: 1 > Ty > 0.994949 and 1 < N33 <
1.012626. The values of M3 and T3y can be assumed with s small increment within the limit (Table 1), We calculate 8
possible set of crystallographic data by holding 1131 constant (7131=722) and varying Th33. Other calculations proceeded
using different combinations of N1 and %33. We sumarize two sets of calculations using LC I and LIS system (101)
[lOl]wM&eMdemm as listed in Table 2. Here we list principal
distortion corabination code (PDCY the two numbers represent the principal distortions 1y 1 and T33 used for calculation,
as in Table 1), magnitnde of strains m; and m7, habit plane normal py, direction of shape strain dy and the angle of the
habit plane from a (100} plane. Since we know that there is s volume increase from cubic 10 tetragonal, data with V/Vo
smaller than 1 are ignored. On the other hand, we can estimate the other limit from the volume change during
transformation. Using available x-ray data [17], the V/Vo is calculsted as 1.004$, indicating that the suitable principal
distortion combination in one set of data ranging from 22a 10 242 and the corresponding calculated habit planes show
about 27* 10 40° from a (100) piane; the other set shows s similar trend excepx for the smaller range of data points duc to
limited input data. We find that the habit plane shows the same tendency for each set of Ty and Ti33. That is, the habit
planc scauters lincasly over s range, and is very sensitive 1o the relative values of (33-1)/(;3-1)_ i.e., the principal
muAmdwmmmmmumMmammmtpm
variation in experiments. Moreover, if Wy is different from %1y, the habit plane normal may deviate sideways from the
{001}-(011} zone which explains the Iateral scatter of experimental dats [18).

The calculaed shape strain magnitnde my ic about one senth 10 one twenticth that in ferrous marnensitic transformations.
This may be one of the reasons why we can see no obvious bending of fiducial lines. The experimental m2 value was
calculsted based upon equation [19]

m= s (x-1)(x+1) @

and the parent/twin ratio x and twinning magnitnde derived from experiments are 1.2<x<3.5 and 0.0256 respectively.
The m2 value is therelore calculated as 0.00284<m2<0.01421, which fits theoretical values. Therefore, it appears that
the theoretical calculations are consistent with experimental results quite well if we consider a latlice parameter

purtwbation.
4. DISCUSSION

It has been suggested that the WLR theory should apply o perovskite-type ferroelectric crystals [3). DiDomenico and
Wemple (8] presented evidence on semiconducting perovskile-type crysials showing habit plancs quantitatively
explainable in terms of the theory. However, crystals with high resistivity did not always show predicted habit plane
normals (9,10]. Thus, it has been thought that the C/T transformation in perovskite crystals with high resistvity can
not be classified in the family of martensitic transformations (20). However, the microstructural characteristics of
PbTiO3 during C/T transformation have shown: (i) revenible surface upheavals; (i1) irrational habit planes; (iii) a fine
inhomogeneous structure (twinning); (iv) all atoms mcve less than an interatomic distance; (v) the transformation

v ——— -
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process is clesty first order. Although the precise orientation relationship between the two phases is not quantitatively
determined in the present experiment, the reistionship between the principal axes in both phases is casily desived; that is,
the three orthogonal axes in the cubic phase are almost paralicl 10 the onhogonal axes in the tcrragonel phase. Al thess
crystallographic features fall within the classification scheme for manensitic wransformations (21, 22).

During the C/T tansformation in POTIO3, scveral featwses wess cbsorved. Momt significandy, some of the interfaces
(habit plane) show sharp, straight first order phase boundaries which scatter within 3 certaine range, and some show bright
and broadey edges. If we consider this from s thres dimensional construction, the morphology of the hebit plans depeads
on the viewing direction. As discussed (18], ineerpretation in this wey aﬂhmd&pﬁsm
hmmmuummMmuuﬂwwwm

latice paramency pernurbetions. However, previons works on BeTIO3 claimed thet in soms high sesistivity BaTiO3
crystals the C/T phass boundary is of the WLR type, but conteary 10 thaouctical peedicsions [9,005. The phass ransition
in about 20 BaTiO3 single crystals was investignted; sbout 30% of the crystals exhibisad phass boundaries at angies very
close 10 thet predicied by theory: 60% of them showed a beoad phass boundary sppeoimancly pespeadicular ©© the 90°
domain walls of the a-c domain strocture and the remeining 30% chenged fsom cubic 10 icagonel vis a broad and
complicated square net pattern [10). In all cases the a-¢ domain sructuss was clearly visibls right wp 10 the phase
Mymammmm“wushuhﬁm-m*hhmnu
the high iemperace side of the boundary. Reviewing previous sesuits cascfully, we see that the simstion in BaTiO} is
quite similar 10 that in PYTIO3. Besides the 30% hobit planes which show sharp inierfaces snd sss consistent with the

theoretical calculations, the 60% habit plancs appronimetely pespeadicalar 1o die 90” domais walls of the s-¢ domain

PDC s VNo L] L ”n L Angle
solution 1 from 001
21 no solution

2ia 1.002104 998735 002101 .003369 .003662 995004 -A46042 00096 - 995370 -A45307 6318
22 1.003157 999783 003152 .003369 ..002/31 .T30453 -6829%9 002478 - 731557 -6817I4 469
2a 1.004209 1.000832 .004202 003369 00Zis2 LIALS -.TI4571 002188 -634048 -773291 P2
23 1.00526t 3.001880 .005252 .003369 002043 .365536 -8524707 002019 - 567579 - 223316 M4
232 1.006313 1.002929 006302 .003369 001969 516164 -$56487 001967 -518553 -855044 31.1
24 1.007365 1.003977 .007353 .003369 .001924 AT71S9 -S78489 001914 -A80466 -8377011 285
2a 1008417 1.005026 008403 .003369 .001887 446799 -9M638 001882 -A449790 - 993132 265
25 1.002470 1.006075 .009454 C£03369 .001365 421110-907008 001853 -424381 -905482 249
25 1010522 1.007123 010504 003369 .001841 .399397 .916776 001837 -A402915-915236 235
26 1011574 1008172 011555 003369 .001827 .38071S -924651 001819 -384475 -923133 224
26a 1.012626 1.009220 .012605 .003369 001811 364419 -931233 001810 -366392 - 929669 214
solution 2

21 no solution

21a  1.002104 998738 .002108 .003369 .003662 -.995004 -A46042 003896 995370 -A45307 635
22 1003157 999783 .003152 .003369 .002431 -.730453 -£82959 002478 .731559 -681714 469
222 1.004209 $.000832 .004202 .003369 .002242 -632483 -.734571 002185 634048 -.773291 392
23 1.005261 3.001380 .005252 003369 002041 -.S65556 - 524707 002019 567579 -823316 344
a 1.0063:3 1002929 006302 .003369 .001969 -516164 -856487 001967 518553 -855044 31.1
24 1.007365 1003977 .007353 003369 001924 -A77759 -S78489 001914 AR0466 -$77013 28.5
24a 1.008417 1.005026 008403 .003369 .001887 - 446789 -994638 001882 A49790 -8393132 265
25 1.009470 1.006075 009454 003369 .001865 -421110 -907008 001853 424381 -905482 249
25a 1010522 1007123 010504 .003369 .001841 -.399397 -916776 001837 A0291S -915236 235
26 1011574 1008172 .011555 .003369 001827 -38071S -924691 .001819 384475 -923133 224
26a 1.012626 1.009220 .012605 003369 .001811 -364419 -931233 001810 368392 -929669 214

solution 1

1.009470 0.999298 .009422 010128 .007471 .731373 -681973 007428 - 734569 -678493 413
1010522 1000340 010469 010128 007068 .693670-.720258 007029 -697428 -.716620 442
1.011574 1001381 .011516 .010128 006786 .661224 -.750158 006750 -.665490 - 746376 41.7
1.012626 1.002422 .012562 010128 006571 .63291S - 774194 (006544 - 637668 - T0283 396
solution 2

65 1.009470 0999298 .009422 010128 .007471 -731373 -681973 007428 .734569 -678493 473
65a 1010522 1.000340 010469 010128 .007068 -.693670 -. 720258 007029 697428 - 716620 442
66 1011574 1.001381 011516 .010128 006786 -661224 -.750158 006750 663490 -.746376 41.7
66a 1012626 1.002422 012562 010128 .006571 -632915 -.T14194 006544 637668 - 770283 39.6

Table 2 Calculated crystaiiographic results of two sets of principal distortions () =0.9988317) using LCI-LIS1.
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structure are actually parallel to a {100} plane since the trace of a-¢ ‘Jomain boundaries should be parallel to a {100}
plane, which can be derived viewing from the other two directions which count 2/3 of the definable habit planes, just like
60% out of 90% in earlier experiments. We see no complicaced square net psticens in PbTi03 and therefore it is difficult
to compare the remaining 10% habit planes. It scems that the inconsistency in previous works comes from ignoring
three dimensional considerations.

Although the transformation strain of PbTIO3 is quite small, from Table 2, compared to ferrous alloys, a small change
in the relative values of the principal strains introduces a dramatic shift of the habit plane, That is, the tetragonality of
the C/T transformation is the major factor determining the crystallographic characteristics. The tetragonality can be
affected by impurity, stroctural inhomogeneity, temperature pertusbation, strain conditions, etc. Crystals used in the
present case offer 8 good example. It is thus clear that r.ven a very small perturbation on lattice distortion during
transformation will shift the habit plane. This is evidenced by the shift of the same phase front at different positions
during transformation (figures 6 (c)-(¢) in ref.8). This consideration may explain the scattering nature of the habit plane
normals cbserved in experiments.

5. CONCLUSIONS

The cubdic o tetragonal phase transformation in PbTiO3 crysials shows martensitic characteristics. The phase front
passes swifly through the crystal surface relief accompanying the transformation is also seen. The twinning system
involved has been identified as a compound twin in the tetragonal phase of {110)<110>type. The phase boundaries
(habit planes) were “frozen® byconuolhnuhewpmr 1t was found that the habit planes vary within a
cestain range. Not only did different specimens show this phenomenon, but also the same specimen under different
transformations also follows this, indicating the importance of local lastice parameter near ths interfaces during
transformation. Theoretical predictions with varying principal distortions show that cxperimental data appear to be
consistent with calculated results, if one considers the effect of local lattice purturbations during transformation. The
reanud\owteamndcpeeolmm which imply that the phenomenological martensitic crystatiographic theory
may apply 10 perovskite materials.
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Habit Plane Variants in Ferroelectric Lead Titanate Crystals
I. Theoretical Considerations

Li-chang Yang and C.M. Wayman
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Abstract

Instead of viewing the domain structures as a simple combination
of 90 and 180 degree domains, a different concept of habit plane variants
is proposed to redefine the domains in ferroelectric lead titanate crystals.
Habit plane variants from martensitic theory refer to the invariant
(undistorted and unrotated) interface plane which separates the two
phases during transformation. The cubic to tetragonal transformation in
lead titanate exhibits the characteristics of a martensitic-type
transformation, ‘and thus domain structures may be connected to the
habit plane variants. In order to define habit plane variants, lattice
parameters for lead titanate obtained from high tempcrature. x-ray
diffraction were used in calculations. According to the calculations, there
are total of twenty-four habit plane variants. The domain structures
based upon these variants are considered. The concept of habit plane
variants thus gives the twinning and domain structures in lead titanate a

direct relationship to the phase transformation.




1. Introduction

The cubic-to-tetragonal transformation in lead titanate resembles a
martensitic type transformation in many respects. Lead titanate has a
cubic symmetry at high temperature (> 500 C) while it goes through a
transformation to the tetragonal phase at 490 C. This transformation, as
studied by Fesenko et al. [1] [2], shows several characteristics of a
martensitic transformation. A schematic diagram representing two of his
results is redrawn in Fig. 1. In general, the nature of the tetfagonal/cubic
interface in a given crystal depends on the direction of the temperature
gradient. A single interface transformation results (Fig. 1(a)) when grad T
is parallel to the interface normal. The indices of such an interface are
{320}, and stacks of parallel "90° twins" with {110} twin plane are created
in the tetragonal phase behind the interface. On the other hand if grad T
is parallel to the mean phase front normal, this results in a succession of
wedges, each facet of which corresponds to a {320} plane, e.g., (023) and
(320), and the wedge segments are separated by {110} planes as shown
in Fig. 1(b). In metallurgical terminology Figs. 1(a) and (b) would
correspond to cingle-interface and spear-type martensite, respectively.
Given that the tetragonal/cubic interface is normally macroscopically
planar, Fesenko et al. [1] argue that such a front shape suggests that the
elastic energy of the front is predominant over an electric contribution.
They further noted that the twin boundaries in the tetragonal phase could
be removed by the application of an appropriate mechanical stress (~30
kg/cmz). Although it is still not clear if the tetragonal substructure

(twinning) is due to transformation twins, the observed interface plane(s)




was found to be in good agreement with calculations using martensite

crystallographic theory [2].

Domain structures in lead titanate, which were suggested [1] [2] to
be due to the transformation, can be categorized into several types. Hu et
al. [3] found that there are only four different domain boundaries in a
tetragonal ferroelectric material: 90 degree a-c and a-a, and 180 degree
a-a and c-c domain boundaries. Some basic definitions of these domains
and domain boundaries are given in the Appendix. It was observed that
different image contrasts from these domains [4] may be developed when
the samples are etched. Using optical microscopy, different domain
boundaries can be distinguished. 90 degree a-c domains show more
contrast than 90 degree a-a domains. Similarly, 180 degree c-c type
domains exhibit more contrast than 180 degree a-a domains. These
domain boundaries are not formed separately. 180 degree domain

boundaries may sometimes be found within the 90 degree domains.

Viewing domains in a large scale, one finds some interesting domain
patterns in lead titanate: parallel bands [5], herringbones [6], and more
complicated "square net" types [7]. Domain patterns like parallel bands
are usually observed on the as-grown crystal surface, especially when a
fast cooling rate is used after the termination of effective crystal growth.
Figure 2 shows a typical pattern of parallel bands after a crystal growth
run using a cooling rate of 100 °C/hr through the transformation region.
As will be shown [8] the structures of these bands consist of alternating

90 degree a-c and a-a type domains. It is noted from Fig. 2 that 90 degree




a-c domains show more contrast than 90 degree a-a domains. The sizes of
these bands, as seen from Fig. 2, are between 20 to 100 um. The fine
lamellae within each band are the traces of twin planes, as marked by "t",
whereas the planes which separate these bands are the junction planes¥®,
as indicated by "j". It is also found that there are some 180 degree
domain boundaries formed within these (90 degree domain) bands.
Herringbone domains, on the other hand, also show parallel bands and
fine lamellae, as shown in Fig. 3. But these bands run 45 degrees with
respect to the usual parallel bands, while the fine lamellae within the
bands intersect the junction planes at 45 degrees. As we reported [9] the
fundamental structures of a herringbone consist of 90 degree a-c type
domains and the fine lamellae are {101} twin planes. Square net type
domains, which will not be considered here, are formed by the

intersections of parallel bands.

It is the purpose of this paper to use the concept of habit plane
-variants, taken from martensitic theory, to redefine the domain
structures in ferroelectric lead titanate materials. Instead of viewing the
domains in lead titanate as a simple combination of 90 and 180 degree
domains, the domains observed should be martensites if the
transformation follows the martensitic theory. A theoretical martensitic
calculation was conducted to define the habit plane variants, which were
then compared with the experimental observations- [8]. To wuse the

martensitic theory, lattice parameters of lead titanate [10] around the

*Junction plancs may be rcgarded as impingement plancs between different habit
planc variants.




transformation region measured by high-temperature x-ray diffraction
were employed in the calculations. The detailed structures of various
domain patterns were revealed by using electron back scattering patterns
(EBSP) in an SEM. The results and the fundamental mechanisms of EBSP

are reported in another paper [8].
2. Cubic-to-Tetragonal Transformation

The cubic-to-tetragonal transformation of lead titanate is
characterized by high femperature x-ray diffraction from which the
temperature variation of lattice parameters for both phases can be
extracted. Shirane et al. [10] studied the transformation by using the
Debye-Scherrer technique. In their studies, powder samples were sealed
in a thin capillary tube, then inserted into a hot stage in the Debye-
Scherrer camera. The temperatures of the hot stage were controlled to
ramping up to 535 C. A much finer temperature interval near 490 C was
used to monitor the behavior of the transformation. Lattice parameters
extrapolated from (143), (134) and (422) peaks in the back reflection
region are shown in Fig 4. It is noted that the crystals went through a
cubic-to-tetragonal transformation at 490 C. Lattice parameters near the
transformation for both phases, ac=3.958 A, 2,=3.942 A and c,=4.011 A,

are taken for the martensitic calculations in the following section.
3. Martensitic Transformation and Habit Plane Variants

Martensitic crystallographic theory, either by Bowles-Mackenize




(BM) [11] or Wechsler-Lieberman-Read (WLR) [12], describes the
crystallographic relations, the habit planc,v and the macroscopic shape
deformation from only the lattice parameters of the two phases in a
transformation. The transformations of some metal alloys, such as Au-Cd,
Fe-Ni, In-Tl, ...etc., have been successfully examined by using the theory.
It is generally agreed from the experimental observations that during a
transformation there is an invariant habit plane, which is undistorted and
unrotated, between the two phases. A pure Bain deformation alone does
not result an invariant plane. The condition that the habit plane be
invariant can only be satisfied when a lattice-invariant deformation (an
inhomogeneous shear), in addition to a small rotation, is included in the
transformation deformation. This lattice-invariant deformation may be
accomplished by forming either a twin or a slip substructure in the

martensite phase.

It is not uncommon to observe a martensitic transformation with no
apparent habit plane. In three of the most classical metallurgical cases
studied, Au-Cd [13], In-T1 [14], and Mn-Cu [15] the structure is completely
martensitic at room temperature and usually one sees the martensite
internal twins and certain planar traces, the latter corresponding to
junction planes between habit plane variants, the habit planes passing out
of the crystal as it were. The simplest example here is the well-known
single interface transformation in Au-47.5%Cd crystals transformed in a
temperature gradient where a single variant of martensite is nucleated
and grows by the passage of a single interface from the cool end to the

warm end [13]. After transformation is complete all that there is left to




see are the martensite transformation twins.

Phase transformation in lead titanate follows the same picture.
Single-interface transformation brings the cubic phase into the tetragonal
phase and leaves twin substructures in the tetragonal phase. This
interface plane (habit plane) was characterized as a plane of the {023}
type [1] [16]. And the twin plane belongs to {101} type planes. Therefore,
all the domain structures found in the tetragonal (martensite) phase -are
connected with the cubic (parent) phase through this cubic-to-tetragonal
martensitic transformation. Domains, instead of viewing as a lump of 90
and 180 degree domains, should be considered as resulting from these
habit plane variants. Therefore, habit plane variants must be defined first

such that the domain structures in lead titanate can be fully understood.

The basic equation [11] of the phenomenological martensitic theory
is described by the matrix product of a lattice-invariant deformation, S,
Bain deformation, B, and rigid body rotation, R, which gives the

transformation shape deformation, P71, such that the habit plane is

invariant,
Pi1=8 RBS (1)

where & is an adjustable dilatation factor. The lattice-invariant
deformation S can be moved to the left hand side of the equation, which

gives the final equation as




P1P2=3 RB (2)

where S°1 is replaced by P2. The product P1P2 gives an invariant line
strain such that lines lying in both the habit plane and twin plane, i.ce.,

their intersection, are invariant.

Following Bowles and Mackenzie [11] and ignoring for a moment the

dilatation parameter 3, a scalar, we can write
P]=RSB=RBS (1a)

where S designates that the inhomogeneous shear occurs after the Bain
distortion and S means vice versa. Even though S in the present case
means twinning in the tetragonal martensite, it is preferable for purposes
of mathematical simplicity to allow S to precede the Bain distortion
because then an orthonomal (cubic) axis system can be used for the strain
matrix representation and no metric tensor is required. Since, for
example, the (101) twinning plane in the martensite is derived (from the
correspondence) from the (101) plane in the parent, the S matrix
represents a slip shear. The complete equivalence, mathematically, of
twinning and slip as the inhomogeneous shear has been demonstrated by
Wechsler, Lieberman, and Read [12]. Of course it is to be noted that
certain {101} planes in the parent, notably those parallel to the tetragonal
c-axis, remain mirror planes after the Bain distortion and thus cannot
correspond to twinning planes in the martensite. This restricts the

number of habit plane solutions as is discussed in the paper and requires




care in distinction doing the reverse calculation: given the habit plane,
calculate the twin plane. According to Bowles-Mackenzie, the twinning
plane in the martensite is derived from a mirror plane in the parent. It is
not to be inferred, however, that any mirror plane {hkl} in the parent

always becomes a possible twin plane in the martensite.

The Bowles-Mackenzie dilatation parameter & has been used in Eq.
(1) but not employed in the present calculations. 8 represents a uniform
expansion or contraction in the habit plane and in order to explain certain
transformations, notably in ferrous alloys, values of & =1.01-1.02 (i.e., 1-
2% strain) have been suggested. Such values are amenable to
experimental verification but have not been so detected. This is not to
deny the possible importance of such a parameter in ferroelectrics such
as the present case because the principal strains of the Bain deformation
(€i=Mi-1) are from one to two orders of magnitude smaller than those
in ferrous alloys where in the f.c.c.-b.c.c. case the c-axis changes by some

20%, in contrast to 1.3% in the present case.

According to equation (2), two different modes of calculations can
be performed. One can calculate the habit planes by assuming the twin
planes, or calculate the twin planes by assuming the habit planes. First,
the case of "forward" calculation, getting the possible habit planes from
assumed twin planes, is considered. For a cubic-to-tetragonal
transformation, there are six choices of lattice correspondences, as shown
in Table 1. Lattice correspondence LC-1, [100].=[100],, [010}.=[010],, and

[001]¢=[001]; being the simplest one, was chosen first. Lattice parameters




from high temperature x-ray diffraction measurements were used for
calculating the Bain deformation, B. The principal distortions of the Bain
deformation were computed by Mj=a/ac, Ma=a/ac, and M3=cy/ac. The
twinning elements {101}<101> for lead titanate, as listed in Table 2, were
used as input data. For lead titanate, there are only twelve possible
twinning elements. Since there are six different {101} twin planes and for
each twin plane there are two opposite shear directions. With these
twinning elements, habit planes can be easily obtained from the BM
theory. As shown in Table 3, for example, for each twinning element
there are four habit plane solutions*. Two of them are with high shear
strains while other two are with low. It is noted that the values of four
habit planes and directions of shape deformation are the same, except for
the minus sign and the permutations. They are crystallographically
equivalent. The four habit plane solutions are thus considered to be
degenerate. More detailed discussion on the degeneracy of the habit plane
solutions [17] [18] and the conditions under which the degeneracy occurs
will be given later. It should be pointed out that for LC-1 the planes (110)
and (1—10) can not be a possible twin plane for a tetragonal phase [12],
since they contain the axis of expansion, the c-axis. Four twinning
elements are therefore ruled out for the case of LC-1. Complete
calculations of the habit planes for LC-1 from the eight remaining
twinning elements are summarized in Table 4. It is seen that those
twinning elements having the same twin piancs but with opposite shear

directions, for instance No. 1 and 2, give the same habit planes solutions.

# . . . . . .
For intcrnal consistency all calculations have been carricd out wusing six
significant figurcs so that, for cxample, the scaiar product of two orthogonal unit
vectors u-v=0.000000, ctc.
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It is also found that not all habit planes of the {0.835, 0.549, 0.005} type
are obtained from the calculations; planes like (0.005, 0.835, 0.549) and
(0.835, 0.005, 0.549) are excluded. These result partly because the case
discussed here is valid for the cubic-to-tetragonal transformation and the

lattice parameter "c" was greater than "a", and partly by the way the
lattice correspondence is chosen. If a different Bain deformation or lattice
correspondence is used, tilen"othcr {0.835, 0.549, 0.005) planes will be
excluded. A more detailed discussion on the exclusion of certain planes as

being habit planes will be given later.

The habit plane solutions may be viewed more clearly graphically.
A stereographic projection showing all the possible habit plane solutions
for LC-1 is plotted in Fig. 5, where the {101} twin planes and the habit
planes are marked. It is noted that the habit planes locate at positions
very close to {023}, which has been observed experimentally [1] [16],
except that there are two solutions for each {023} pole. Note that planes
like (032) and (302) are excluded. Totally, there are 16 possible habit
planes for LC-1. Eight habit planes lying on the edge of the projection
belong to the group of high shear strains while other eight near (001)
poles are with low shear strains. Remember that these conclusions are
drawn based on the results for LC-1. Different habit plane solutions may
be obtained if another lattice correspondence is considered. When all six
lattice correspondences are used, two sets of 24 crystallographically

equivalent habit plane solutions with low shear strains may be obtained.

In a reverse mode of calculation, twinning elements may be




obtained by using the habit planes as input data. As will be seen later
this reverse approach actually is more important than the forward one
for we are more interested in the structures of the martensite phase. The
values of the habit planes obtained from previous calculations were used
as input data. One case is shown in Table 5. There are four twinning
element solutions for each set of the habit plane and direction of shape
deformation. Two solutions have low shape deformation strains, 0.013,
while other two have high. Therefore, the later two twinning elements
are considered less feasible. Two twinning elements, (-0.707, 0.000, -
0.707)[0.707, 0.000, -0.707] and (0.698, 0.000, -0.716)[-0.716, -0.000, -
0.698] being considered to be crystallographically and energetically
equivalent, are possible for a given habit plane. As compared to the
previous calculations where only one degenerate solution is produced, the
degeneracy in the present case leads to two equivalent solutions. The
importance of these results must be pointed out: that each habit plane
results in two types of (twinning) substructure in the martensite phase,

which should be observed with the same probability.

Table 6 summarizes the calculation results for all 24 habit planes.
Each habit plane produces two equivalent {101}<101> twinning elements.
Habit plane variants in lead titanate can now be defined simply by these.
For each lattice correspondence, there are eight habit plane variants with
low shear strains and shape deformation. Totally 24 habit plane variants

can be defined in lead titanate when all the six lattice correspondences

are considered.
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4. Discussion

4.1 Habit Planes and Twin Planes in Lead Titanate

The relation between habit planes and twin planes in lead titanate,
in a sense, is analogous to the second undistorted plane, K2, and the
composition plane, Ki, of a mechanical twin. First, the loci of the habit
plane normals are not too far from the second undistorted plane, K3. The
separation between the {0.835, 0.549, 0.005) habit planes and {110} poles
is about 11.68°. Secondly, both habit planes and twin planes are invariant
in the martensitic theory, which are similar to the Kj and K2 planes in a
mechanical twin. A stereographic projection of the cubic structure
showing the relation between twin planes and habit planes of lead
titanate is drawn in Fig. 6. There are four habit planes lying in positions
about 11.68° from each of the {101} poles. Six {101} planes, therefore,
produce six four-habit-plane groups which give a total of 24 habit planes.
For each habit plane there are four twin plane solutions of which two
equivalent {101} twin planes locate about 53.78° from the habit plane.
For instance, the habit plane (023) has two equivalent twin plane
solutions, (101) and (1—01), with low shear sirains. Conversely, for each
twin plane there are four equivalent habit plane solutions, locating in the
positions close to the K2 planes. The twin plane (101), for example, has
four habit plane solutions of which planes (053) and (05—3—) are quite close

to the (011) an¢ (011) planes.

It was found from forward calculations that not all the 24 {023}

planes are the possible habit planes for a given lattice correspondence,




certain planes being excluded as habit planes. For example, (032) and
(302) are not possible habit plane solutions for LC-1. Considering the four
habit planes around the (011) pole in Fig. 6, for LC-1 the two on the left
are the possible ones whereas the other two on the right are not. For a
cubic-to-tetragonal transformation, if c/a>1 is the case then habit planes
always locate at positions to the left of the (011) pole. On the other hand,
if c/a is smaller than one then the habit planes are the ones on the right
of the (011) pole. The exact positions of the habit planes are determined
by the c/a ratio and the volume change or more specifically by the

principal distortions of the Bain deformation.

4.2 Degeneracy of the Habit Plane Solutions (Forward Calculation)

It is known from martensitic theory that either habit planes or twin
planes can be obtained by assuming the other counterpart is known. In
the forward calculation, in general, one twin plane results in four
different habit plane solutions. However, in some cases degeneracy may
occur which produces two or even one solution. Christian [17] and
Wechsler [18] discussed the general conditions under which the
degeneracy of the habit plane solutions for the cubic-to-tetragonal
transformation may occur. According to Wechsler's analysis [18]

degeneracy in the habit plane occurs when:

(1) K-degeneracy results when t(=dz x p2) is a twofold (or fourfold)
axis and is either parallel or perpendicular to the expansion axis of

the lattice deformation:

(2) g-degeneracy may result if d or p2 is a twofold (or fourfold)

14




axis of symmetry, depending upon the numerical values of the

components of dz and p2.

Thus twinning elements like {101}<101> will result in a double
degeneracy, K- and g-degeneracy, which reduces the number of the habit
plane solutions into one. K- degeneracy occurs when the great circle
containing both the normal of the twin plane, p2, and shear direction, d3,
is of the {100} or {110} type which results a reflection symmetry in the
invariant lines. Whereas the g-degeneracy occurs when either the twin
plane or shear direction is of {100} or {110} type which gives the same
principal values for two different inhomogeneous shear strains, gi and gs.
The K- and g-degeneracy in fact are determined by the symmetry of the
twinning elements, which can be well explained by using a graphic
representation [19] [20]. Figure 7 shows a plot of a stereographic
projection for the cubic-to-tetragonal transformation in lead titanate in
which the invariant lines, X; and X2, and invariant normals, Nj and Nj, are
located*. As known from the BM theory, the habit plane 1tions are
uniquely determined by the four sets of the invariant lines z  invariant
normals, which are produced due to the combined effect of the Bain
deformation B and lattice-invariant deformation S. Mathematically, the

relation between the invariant lines Xj habit plane p;, and twin plane pp

can be described as follows.

*The discussion of K- and g-degencracy in Wechsler's paper [18] was based on the
WLR theory. Here a new graphic representation from the BM theory is used. The
concept of K- and g-degeneracy is thus extended to the BM theory in which the
symmetry of invariant lincs and normals is considered.
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Xillp1 xp2 3)

Similarly, the invariant normals are parallel to the direction given by the

cross product of the direction of shape deformation, dj, and twinning

shear direction, d».
Njlldy x dp (4)

Using Eq. (3) and (4) and referring back to Eq. (2), the invariant lines
therefore locate in a stereographic projection at the intersections of the
twin plane and the initial loci of all the directions unchanged in
magnitude due to the Bain deformation, whereas the invariant normals lie
at the intersections of the initial loci of the plane normals and the great
circle of the twinning shear direction, dz, such that the condition dj - Nj=0
is satisfied. It will be shown later that the positions of these directions
and plane normals in a stereographic projection in fact are related to the
degeneracy of the habit plane solutions. Consider one case in which the
twinning element (101)[?01] is involved. Traces of the K;j and Kg planes
are labeled in Fig. 7. Two cones, C4 and Cp, representing the initial loci of
all the directions and plane normals, are drawn in Fig. 7. The semivertex

angles {18] [20] of these cones are given by

2 1
0 = tan- 1(2“_3.)2

L
Yy = tan’ 1(1_—_7\_}_)2 1’-)
-1

2 n
and ny-1/ '3

where O and W are for Cd and Cp respectively. The shear plane Kj
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intersects with Cq at X; and X2 which give the invariant lines. Whereas
the trace Kg, which is the great circle of the shear direction d2, intersects
the cone Cp at the invariant normals, N; and Nj. It is seen from Fig. 7 that
these invariant lines, X; and X2, and invariant normals, N; and N3, possess
a reflection symmetry about the (010) plane which results a case of "K-
degeneracy” discussed both by Christian and Wechsler wherein the
number of the habit plane solutions due to the K-degeneracy is reduced

to two.

The habit plane solutions are further reduced because the twin
plane and shear direction locate exactly at the {101} poles, which gives so
called "g-degeneracy”. This g-degeneracy results in another reflection
symmetry in the indices** of invariant lines and normals about the {101}
plane. Therefore, K- and g-degeneracy account for the double degeneracy

in our forward calculations.

4.3 Degeneracy of the Twin Plane Solutions (Reverse Calculation)

In the foregoing discussion, the degeneracy of the habit plane
solutions for a forward calculation is well explained by the K- and g-
degeneracy. However, there is a "quasi K-degeneracy" in our reverse
calculations which reduces the number of the twinning element solutions
to three, in contrast to one in the forward case. This kind of degeneracy,
in a sense, is not a true degeneracy, since each degeneracy should reduce
the number of the solutions into half. However, the indices of the first two

**A complete derivation for the generalized conditions of K- and g-degeneracy
from BM representation will be published in another paper.
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twinning element solutions with low shape deformation, as seen from
Table S5, are close enough to term it a degeneracy. This type of twin plane
degeneracy is quite interesting since degenerate microstructures may
have been observed in some metal alloys [21]. However, detailed

discussion on the degeneracy for the reverse calculations is not found.

In a reverse calculation, in general, four twinning elements are
obtained from each habit plane. In the discussion of K- and g-degeneracy
in the habit plane solutions, Christian and Wechsler considered the
symmetry of the twinning elements. Similarly, the symmetry element of
the habit planes should be considered in order to account for the
degeneracy of the twinning elements in a reverse calculation. For lead
titanate, the habit planes {0.835, 0.549, 0.005) and direction of shape
deformation <0.832, 0.554, 0.005>, rigorously speaking, do not possess any
particular symmetry element. Thereforé, one should see no degeneracy in
the twinning element solutions. However, it is noted that the habit planes
{0.835, 0.549, 0.005} and direction of shape deformation <0.832, 0.554,
0.005> are not too far from planes {0.835, 0.549, 0.000} and <0.832, 0.554,
0.000>, and the twinning element solutions from this hypothetical habit
plane and direction of shape deformation degenerate into two groups, as
seen from Table 7. For each group, there are two crystallographic
equivalent twinning element solutions. This typé of degeneracy can be
identified as due to the K-degeneracy in Christian and Wechsler's cases.
Since both the habit plane and direction of shape deformation lie on the
(100) trace, this results in a reflection symmetry in the invariant lines

and normals about the plane (100). Neither habit plane (0.000, 0.549, -
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0.835) normal nor direction of the shape deformation [0.000, -0.554, -
0.832] is in {110}, therefore, there is no g-degeneracy. When the habit
plane is not exactly on the {100} or {101} traces but in a position slightly
deviated from this exact K-degeneracy, a condition of "quasi K-
degeneracy” may occur, as shown in Fig 8. On the other hand, there may
also be a case for "quasi g-degeneracy"” if the habit plane or direction of
the shape deformation is a little away from the poles {100} or {101}. Now
the question arises as how close the habit plane is to the traces of {100}
or {101} to result in a quasi K-degeneracy. A computer simulation was
thus carried out by assuming slight increases in the habit plane indices
such that the habit plane is away more from the exact K-dcgener.acyv
condition. It is ’found that when the indices of the habit plane are
increased to (0.05, 0.549, -0.835), which is about 2.86° from exact K-
degeneracy condition, then the difference in the twin plane solutions
starts to become apparent. The exact condition for the quasi K-degeneracy
to be valid is not determined at this moment. However, from In-Tl alloys
the habit planes are {0.016, 0.688, 0.725}ﬂ and a pair of twin-related
substructures [21] was found in the martensites, which gives a strong
indication that .the quasi K-degeneracy does exist especially when the
habit planes indices are not t;)o far from the exact K-degeneracy

condition, i.e., the traces of {100} or {110}.

The degeneracy of the habit planes and twin planes in lead titanate

1]Habit planes have been recalculated for In-Tl alloys from which a different result
was obtained. As compared to the nommalized value obtained by Burkart and Read
{14], {0.009, 0.700, 0.710}, current results are believed to be more accurate since six
digits were used during calculations.
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is summarized in Table 8. Twinning elements {101}<101> result a double
degeneracy which reduces the number of habit plane solutions in a
forward calculation into one. One the other hand, the habit plane system
{0.835, 0.549, 0.005}<0.832, 0.554, 0.005> produces a condition of "quasi
K-degeneracy” which gives three different twinning element solutions.
Among these three, however, only the one with low strain has two

crystallographic equivalent twinning elements.

It should be noted that in the forward calculation both Xj's are
variants and Nj's are variants and the four predicted habit planes are also
variants. This results because the twin plane is crystallographically
degenerate, i.e., {hOh}. On the other hand in the reverse calculation the
habit plane (input) is non-degenerate {hkl} leading to only one "proper"
twin plane of the form (hOh}; further, the invariant lines and normals are
not variants. Additional symmetries in the reverse calculation would

result were the habit plane of the form {Okl}.

4.4 Habit Plane Variants and Domain Structures

It is concluded from the above calculations that there are 24 habit
plane variants in lead titanate and for each variant there are two twin-
related substructures in the martensite phase. Martensites, in general, are
the end products of a martensitic transformation ‘due to these habit plane
variants, and therefore one should consider domain structures in lead
titanate according to these variants. Considering the doma'n tructures
due to habit plane variant 1, for instance, two types of twin planes, (TOT)

and (IOT), may be observed in the tetragonal phase as a result of the




movement of the habit plane (025). A simple schematic diagram
representing the surface morphology of this variant is drawn in Fig. 9(a).
Here, lattice correspondence LC-1 is assumed. While viewing from the top,
there are only parallel traces of twin planes appearing on the surface. It
is almost impossible to tell whether or not there are two different twin
planes within this band. But if viewing from the side, two different twin
planes may be observed, as shown in Fig. 9(a). Similar argument may also
be applied to the case where the domain band is running horizontally.
Considering variant 5, habit plane (503) will result in a domain structure
with two twin planes, (Oﬁ-) and (Ol-f), which intersect the crystal surface
and produce traces as parallel lines. The detailed domain arrangements
can only be distinguished by viewing the sample from the side, as drawn
in Fig. 9(b). According to the usual definition of domains, the structures
due to these two variants are 90 degree "a-c" type domains. Because one
twin which has the polarization pointing along the viewing direction is a
"c" domain, and the other which has a polarization vector lying on the
crystal surface is an "a" domain. A clear optical image contrast of these

two variants may be obtained if the sample is acid etched.

On the other hand, a different surface morphology may be observed
if a habit plane variant has twin planes of the (110) and (110) types.
Habit plane variants 13 to 16 and 21 to 24 belong to this case. Since the
domains due to these variants are 90 degree a-a type, much lower image
contrast will be developed even if the sample is etched. However, for
these type of domains it is possible to observe a substructure with two

different twin planes from the surface, as seen from Fig. 9(c).
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§. Conclusion

It is now clear that the domafns in the ferroelectric lead titanate
should be considered as martensites while the phase transformation
follows the crystallographic martensitic theory. The important results
from theoretical calculations indicate that there is a double degeneracy, K
and g, in the forward direction such that there are four crystallographic
equivalent habit plane solutions for each twinning element. The habit
planes are grouped around ({101} poles and form six four-habit-plane
groups which gives total 24 habit plane variants. In the reverse
calculation, for each habit plane variant the quasi K-degeneracy produces
only two crystallographically equivalent twinning elements within one
domain band. The probability of observing these two twinning elements
will be the same, since they are strain energetically equivalent. The
theory thus predicts that there are total of 24 habit plane variants in the
ferroelectric lead titanate materials. All the domain structures observed
should comply with the habit plane variants even though the prominently
banded structure is comprised of junction planes as a result of a merging

of variants during transformation.
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Appendix

Some basic definitions of the domains and domain boundaries

Basic definitions [4] for the domains observed in a tetragonal
ferroelectric material are simply based upon the orientation of the
polarization vector within a tetragonal unit cell relative to the viewing
direction. A polarization is produced within a tetragonal unit cell since the
positive charge center does not coincide with the negative one. The
polarization vector, in this case, is along the "c" axis of the unit cell
whereas other two unit cell edges, perpendicular to the ¢ axis, are the "a"
axes. A tetragonal unit cell is thus uniquely defined by the unit cell
parameters: ¢ and a. A "c" domain is defined when the polarization vector,
the ¢ axis, is along the viewing direction. On the other hand, a region
called an "a" domain is defined when one unit cell edge, the a axis, is
parallel to the viewing direction. In other words, the polarization vector
for an "a" domain is always perpendicular to the viewing direction,
whereas for a "c¢" domain the polarization vector is paralle] to the viewing
direction. Therefore, two different types of domains, "a" and "c", may be
observed in a tetragonal ferroelectric material.

Two different domain boundaries are formed when "a" and "c
domains meet. A 180 degree domain boundary is formed when "c"-"c¢c" or
"a"-"a" domains appear side by side but with polarization vectors which
are 180 degrees relative to each other. It should be pointed out that the
boundary for 180 degree domains is not a twin plane. Another kind of

domain boundary, the 90 degree type, is formed when the polarization
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vectors of the two domains, roughly speaking, are 90 degrees relative to
each other. The domains form a twin structure and the domain boundary
is a twin plane. It is seen from Fig. 10(b) that 90 degree domains can be
either a-c or a-a type, depending upon the relative position of their

polarization vectors with respect to the viewing direction.
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Figure

Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5:

Captions

Schematic diagram representing two of Fesenko's results [2].
A temperature gradient is maintained across the lead titanate

crystal which results an interface separating the cubic and

tetragonal phases.

Surface morphology of an as-grown sample after chemical etch,
showing parallel banded-type domain structures in lead titanate.
Note the difference in the image contrast between "a-c" and "“a-a"

type domains. The twin planes and junction planes are marked

by "t" and "j" respectively.

Typical herringbone type domain structures in lead titanate.

Note the twin planes and junction planes as marked by "t" and "j

respectively.

The variation of PbTiO3 lattice parameters as a function of
temperature [11]. Lattice parameters near the transformation

region, as marked by an arrow, were used in the martensitic

calculations.

A stereographic projection of a cubic structure, showing the
relation between the habit planes and the twinning elements in

lead titanate for LC-1.
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Fig. 6: A stereographic projection showing six four-habit-plane groups
around each {101} pole, which gives total of 24 habit plane

variants.

Fig. 7: A stereographic projection showing the invariant lines, X) and
X2 and normals, N1 and N2, which possess reflection symmetry
about the plane (010). Negative poles, h3 and h4, are situated on

the back side of the stereographic projection.

Fig. 8: Possible locations for quasi K- and g-degeneracy in twinning

element solutions observed, as marked by the dotted lines.

Fig. 9: Schematics of domain bands due to habit plane variants,
showing the possibility of two twinning elements within one
variant. (a), (b), and (c) are domains which contain twin planes

(101), (011), and (110) respectively.

Fig. 10: (a)An example of "a" and "c" domains where viewing direction

is from the top. (b)An example of 90 degree a-a domains.




TABLE 1. Six parent-martensite lattice correspondences
parent [100] [010] [001]
LC-1 [100] [010] [001]
LC-2 [010] [(001] (100]
LC-3 [001] [100] [010]
LC-4 [010] (100] [001]
LC-5 [001] [010] [100]
LC-6 [100] [001] [010]

TABLE 2. Possible twinning elements for lead titanate

1
2
3.
4

(101)[101]
(101)[101]
(101)[101]
(101)[101]

00 3 O\ W

(011)[011]
(011)[011]
(011)[011]
(011)[011]

9.

10.
11.
12.

(110)[110]
(110)[110]
(110)[110]
(110)(110]




TABLE 3. Example for a forward calculation*

sInput Data _
Twinning Element : (101) [101])
Bain Strain : 0.996, 0.996, 1.013

*Calculation Results
Invariant Lines and Normals

X1 X2 N1 N2
-0.480 -0.480 0.486 0.486
0.734 -0.734 0.726 -0.726
0.480 0.480 0.486 0.486

Habit Planes and Directions of Shape Deformation

P1 D1 M1 M2

1. -0.835 -0.832 0.013 0.026
-0.549 0.554
0.005 0.005

2. -0.835 -0.832 0.013 0.026
0.549 -0.554
0.005 0.005

3. 0.005 0.005 0.013 0.008
0.549 -0.554
-0.835 -0.832

4. 0.005 0.005 0.013 0.008
-0.549 0.554
-0.835 -0.832

Note :

P1 : habit planes

D1 : directions of shape deformation

M1 & M2 : magnitudes of shape deformation and inhomogeneous shear

*Although results arc reported to threce decimal places, all calculations have been
carricd out to six places for completc internal consistency.
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TABLE 5. Example for a reverse calculation

Input Data
Habit Plane : (0.005, 0.549, -0.835)[0.005, -0.554, -0.832]
Bain Strain : 0.996, 0.996, 1.013

*Calculated Results
Invariant Lines and Normals

X1 X2 N1 N2
-0.480 0.493 0.486 -0.474
0.734 0.726 -0.726 -0.734
0.480 0.480 0.486 0.486

Twin Planes and Shear Directions

P2 D2 M1 M2

1. -0.707 0.707 0.013 0.008
0.000 0.000
-0.707 -0.707

2. 0.698 -0.716 0.013 0.008
0.000 -0.000
-0.716 -0.698

3. 0.430 0.440 0.019 0.025
0.674 -0.676
-0.601 -0.592

4, -0.460 -0.469 0.019 0.039
0.685 -0.686
-0.564 -0.555

Note :
P2 & D2 : twin plane normals and shear directions.
M1 & M2 : magnitudes of shape deformation and inhomogeneous shear




TABLE 6. Habit Plane Variants in Lead Titanate for LC-1, LC-2, & LC-3

LC-1

LC-2

Habit Planes

(023)[023)
(023)[023)
(023)[023]
(023)[023]
(203)[203]
(203)[203]
(203)[203]
(203)[203]

(320)[320]

(320)[320]

Twin Planes

(1on)[101]
(101)[101}

oDy101)
(101)(101]
(10D)[101]
(101)[101]

(101)[101]
(101)[101)

(011)[011]
(011)[011]

(011)[011]
(011)[011]

(011)[011]
(011)[011]

(011){011]
(011)[011]

(1o1)101]
(101)[101]

(101)(101]
(101)[101]

Variants

1

10




LC-3

(320)[320]

(320)[320]

(302)[302]

(302)[302]

(302){302]

(302)[302)

(230)[230]

(230)[230]

(230)[230]

(230)[230]

(032)[032]

(032)[{032]

(101)[101}
(101)[101]

(101)[101]
(101)[101]

(110)(110]
(110)[110]

(110)(110}
(110)[110]

(110)(110]
(110)[110]

(110)[110]
(110)[110]

(011)[011]
(011)[011]

(011)(011]
(011)[011]

(011)[011]
(011)[011]

(011)[011]
(011)[011]

(110)(110]
(110)[110]

(110)(110]
(110)[110]

11

12

13

14

15

16

17

18

19

20

21

22




(032)[032)

(032)[032]

(110)(110]
(110)[110]

(110)[110]
(110)[110]

23

24




TABLE 7. Example of a reverse calculation with assumed
habit plane indices

Input Data
Habit Plane : (0.000, 0.549, -0.835)[0.000, -0.554, -0.832]
Bain Strain : 0.996, 0.996, 1.013

*Calculated Results
Invariant Lines and Normals

X1 X2 N1 N2
-0.486 0.486 0.480 -0.480
0.730 0.730 -0.730 -0.730
0.480 0.480 0.486 0.486

Twin Planes and Shear Directions

P2 D2 Ml M2

1. -0.702 0.712 0.013 0.008
-0.000 0.000
-0.712 -0.702

2. 0.702 -0.712 0.013 0.008
-0.000 0.000
-0.712 -0.702

3. 0.445 0.455 0.019 0.031
0.680 -0.681
-0.583 -0.574

4. -0.445 -0.455 0.019 0.031
0.680 -0.681
-0.583 -0.574

Note :
P2 & D2 : twin plane normals and shear directions.
M1 & M2 : magnitudes of shape deformation and inhomogeneous shear
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Habit Plane Variants in Ferroelectric Lead Titanate Crystals
II. Experimental Observations

Li-chang Yang and C.M. Wayman

Department of Materials Science and Engineering,
University of Illinois at Urbana-Champaign, Urbana, IL 61801

Abstract

A detailed study of the domain structures and habit plane variants
in lead titanate is reported. From crystallographic martensitic calculations,
it is found that there are twenty-four habit plane variants. For each
variant, it is possible to observe a microstructure with two
crystallographiéally equivalent twinning elements. A complete
investigation regarding the three dimensional domain arrangements,
domain orientations, and possible twin planes, has been conducted using
optical microscopy, scanning electron microscopy (SEM) and electron back
scattering patterns (EBSP). The results indicate that the most common
domains, such as parallel bands and herringbone structures, consist of
simply habit plane variants as predicted from the crystallographic

martensite theory.




1. Introduction

In part I [1], theoretical martensite calculations were carried.out to
redefine the domain structures in lead titanate. It was found that twenty-
four habit plane variants exist and that the 90 degree domains are
substructures of the variants. Previous work also suggests two possible
twinning elements for each domain band (or variant). They are

energetically and crystallographically equivalent.

To verify the concept of habit plane variants, it is necessary to
observe the twinning elements and variants experimentally. Several
techniques were reported to be effective in observing domains and
domain boundaries in the ferroelectric materials. For instance, optical
microscopy [2], scanning electron micfoscopy (SEM) [3], or more advanced
transmission electron microscopy (TEM) [4] [5] are standard methods
employed for studying ferroelectric domains. Using these techniques,
some fundamental understanding of domains has been achieved. As
discussed in part I [1], in a tetragonal ferroelectric material there are only
four different domain boundaries: 90 degree a-c and a-a, and 180 degree
a-a and c-c types [3]. 180 degree domains do not form a twin structure
whereas the 90 degree type forms a twin-related domain structure and
the boundary is {101}. This information provides a basic understanding of
the domain structures as well as the terminology "domains" and "domain
boundaries” which have been used for years. Our interests in studying
lead titanate crystals have been mainly on the characteristics of the

transformation and its relation to the observed domain microstructures.




Therefore, the focus is on the domain structures which are closely related
to the transformation, or martensitically speaking, the habit plane

variants.

In this work, both optical microscopy and SEM were used to
investigate the habit plane variants. From surface image contrast, one
may be able to distinguish "a-a" and "a-c" type domains under the optical
microscope. The high magnification of SEM helps in improving the
resolution and, as will be shown later, may possibly provide some
information on the three dimensional domain arrangements. On the other
hand, crystallographic information on domains is obtained, not by TEM,
but by electron back scattering patterns (EBSP) in an SEM. EBSP gives as
much comparable structural information as from a TEM, i.e, the
orientations of each domains and the possible twin planes. The

fundamentals of EBSP are thus reviewed in the following section.

2. Electron Back Scattering Patterns

To enhance the capability of SEM, electron back scattering patterns
(EBSP) were developed to provide structural phase information as well as
the usual surface images. Venables et al. [6] were the first to install an
EBSP in the SEM. In their system, a high energy electron beam (25 KeV)
was focused onto the sample surface, and the diffracted electrons were
collected by a fluorescent screen. The resulting Kikuchi-like diffraction
patterns consist of several conic pairs, representing the intersections of

diffracted cones (which satisfy Bragg's law), with the screen. Figure 1




shows a typical EBSP pattern from lead titanate. It is noted that there are
several conic pairs and some intersections between the pairs. The
corresponding diffraction plane of each conic pair locates exactly between
the two conics. The intersections of the conic pairs give the positions of
zone axes. A schematic diagram, Fig. 2, explains the fundamentals of conic
pairs and zone axes in an EBSP. Structural phase information regarding
the crystal orientation, phase identification, and lattice parameters can be
extracted from the EBSP patterns by analyzing the interzonal angles and

interplanar angles between the zone axes and conic pairs [7].

The fundamental mechanisms of EBSP differ from conventional SEM
or TEM techniques in several aspects. First, instead of using secondary
electrons, EBSP uses high energy back scattered electrons. And secondly,
the substrate ot an EBSP specimen is usually tilted with respect to the
beam, since the generation of back scattered electrons is more efficient
when the substrate is tilted. The tilting angle was presently chosen to be
70.5°. One significant effect of tilting the substrate is that the diffraction
patterns obtained exhibit the characteristics of a gnomonic projection. The
distance between any two zone axes in a gnomonic projection is not in
proportion to the interzonal angles. The interzonal angles must be
measured with respect to the pattern center, or the beam center, which
requires the use of a standard sample to locate the pattern center.
Another effect of the tilting substrate is foreshortening of the image along
one side, which limits the uses of EBSP. It has been found that the effect
of foreshortening becomes more critical when the sizes of the

microstructures are within the spatial resolution of EBSP, i.e., 200 nm. For




lead titanate the domain sizes are around 0.5 - 1.0 um, which is about the
spatial resolution of EBSP. Sometimes, it is difficult to obtain an EBSP for a

particular domain.

Although there are limitations, EBSP is very effective in identifying
domain structures in lead titanate [8]. The tetragonal phase of lead
titanate at room temperature has a c/a value of 1.06, which is just above
the limitation of EBSP, i.e., 4% measurement error in the lattice
parameters. Three different EBSP patterns representing three possible
polarization directions of a tetragonal unit cell have been obtained. A
simple rule regarding the identification of domain orientations from these
EBSP patterns has been developed [8], based upon the measurement of
interzonal angles between two major zone axes. Detailed analysis of EBSP
patterns is not repeated here, however, the results from previous work
[8] are summarized in Table 1. In an EBSP pattern of lead titanate, as
illustrated in Fig. 1, there are two major zone axes, <100> and <110>. The
interzonal angles between the two major zone axes gives sufficient
information to determine the domain orientation. For instance, a small
interzonal angle, 43.2°, represents a "c" domain. Whereas if the interzonal
angle is 45.0° or larger, then the domain is an "a" domain. The possible
polarization direction of an "a" domain depends on the exact value of the
interzonal angle. For the 45.0° case, the polarization vector of this "a"
domain locates perpendicularly to the line joined by ‘the two major zone
axes and the domain is denoted as an "ac" domain. On the other hand, if
the interzonal angle is 46.8°, then the polarization direction is in the

joined line and is an "al" domain. With this simple rule, the crystal




orientations of each domain in the habit plane variants can be easily

identified. The meanings of ae< and al are also shown in Table 1.

Other important crystallographic information which may also be
obtained from EBSP are the possible twin planes and twinning shear. As
discussed above, an EBSP pattern of each domain is obtained by focussing
the electron beam onto an individual domain area. However, when the
electron beam straddles a domain boundary, a superposed EBSP pattern is
obtained. This superposed pattern consists of a pattern from each domain,
and shows symmetry about the twin plane normal. Thus the possible twin
plane and twinning shear may be determined by analyzing the symmetry
of EBSP patterns and their relative rotation. Determining the twinning
shear from an EBSP pattern is a little different than in TEM. Due to the
distortion introduced by the gnomonic projection, it is inappropriate to
measure the interplanar angles directly from an EBSP. One must instead
measure them with respect to the pattern center. Detailed analyses of the

interplanar angles and twin planes will be discussed later.
3. Experimental Observations on Habit Plane Variants

3.1 Image Contrast Revealed from Optical Microscopy

According to theoretical calculations [1], two crystallographically
equivalent twin planes may occur in each habit plane variant. Therefore,
it is of interest to observe these twin planes experimentally. Some
evidence on habit plane variants from optical microscopy is presented in

Figure 3 in which the microstructure of three variants is shown. Sharp




image contrast was observed in variants "A", indicating that the domains
are of the "a-c" type, and according to Fig. 9(a) from part I [1] these
variants must have either (101) or (TOI) twin planes. The twin planes in
variants A, however, are not perpendicular to the plane of the surface,
but are tilted at 4. degrees to the surface. Variant "B" shows very little
contrast, but with some faint lines running at 45 degrees across the
variant. According to Fig. 9(c) [1], this is a variant with a (110) twin plane.
The twin planes in this case are perpendicular to the plane of the
micrograph. The junction planes separating variants A and B, as marked
by "j", are noted to be not very straight, in contrast to the straight traces

of twin planes.

3.2 Three Dimensional Domain Arrangements Observed by SEM

There is a limitation of using optical microscopy to observe domain
structures in lead titanate. The sizes of variants, as seen from Fig. 3, are
between 20 to 100 um, which can be easily recognized under an optical
microscope. However the fine structures in each variant, especially those
in the "a-a" domains, are hardly distinguished, because they are about 1
um or smaller, which is beyond the resolution of optical microscopy. Also
the depth of focus of the optical microscope is low, and it is almost
impossible to see three dimensional domain arrangements. Scanning
electron microscopy, however, provides the advantages of high
magnification and high depth of focus. Three dimensional domain
structures may be easily observed with SEM. A micrograph of an etched
sample is shown in Fig. 4(a). The interesting finding here is that the twin

planes of two variants, as seen from the side, are different, although they




all show parallel trace lines on the surface. Comparing to Fig. 9(b) [1], one
variant is thus identified with an (011) type twin plane and the other
with (0—1-1). Not only can one find two types of twin planes in two
variants, but also it is possible to observe two different twin planes
within one variant. As illustrated in Fig. 4(b), there are two different twin
planes in this variant. These SEM results clearly support the ideas of habit
plane variants as predicted from theoretical calculations: that for each
variant there are two crystallographically equivalent substructures. As
mentioned in part I [1], it is easy to see two different twin planes for
variants with (110) and (110) type twin planes only from the surface.
One case is Fig. 4(c), where two variants are shown. Variant A on the left
is an "alc" type domain, whereas variant B on the right is an "a-a" type. It
is clearly seen that two types of twin planes are within variant B: (110)

and (TIO). Both are in the edge-on orientation.

Three dimensional domain arrangements in lead titanate are not as
simple as implied from the surface. Due to the possibility of forming two
types of twin planes in one variant, the twinning elements may change
from one type to another just within a few um below the surface. Figure
4(d) illustrates the changes of twin planes within one variant. As a result,
for an as-grown lead titanate crystal it is almost impossible to claim that
a variant with only one type of twin plane is obtained, even if only one

type of twin plane is observed on the surface.

3.3 Domain Orientation and Possible Twin Planes Identified by EBSP

Crystallographic aspects of domain structures in parallel bands and




herringbone type domains are considered in this section. EBSP, as
discussed in the above, is very effective in revealing the domain
structures. The domain orientation as well as the twinning shear can be
obtained by analyzing the interzonal angles and interplanar angles.
However, both of these analyses require the position of the pattern
center. It is thus necessary to have an EBSP measurement made on a
standard silicon crystal first to locate the pattern center. The conditions
for all measurements were chosen as 30 Kev and 31 mm working
distance. Figure 5 shows an EBSP pattern from [100] silicon. Since the
substrate holder was tilted at 70.5°, the electron beam from the
prominent [114] zone of the cubic crystal will hit the phosphor screen
perpendicularly. Therefore, the pattern center locates exactly at the
position of the [114] zone from a silicon EBSP pattern. A lead titanate
single crystal with both parallel bands and herringbone type domains, as
shown in Fig. 6, was then inserted into the SEM. All EBSP measurements
were conducted on that sample without taking out the sample or

recalibrating the system.

3.3a Parallel Bands

As seen from optical micrographs, parallel bands contain alternate
domain bands. The examination of domain structures in parallel bands
was conducted by focussing the electron beam at the individual domains
and the twin boundaries of each of the bands. Three EBSP patterns from
each band, as shown in Fig. 7, were taken. Patterns 7(a), 7(b), and 7(c) are
from band 1 with less image contrast, whereas patterns 7(d), 7(e), and

7(f) are from adjacent band 2 with parallel trace lines. Detailed analyses




on these EBSP patterns for domain orientation identification were carried
out by measuring the interzonal angles [8). The angles between two <100>
and <110> zone axes were obtained by determining the coordinates of two
zone axes with respect to the pattern center, and then calculating the
inverse cosine of the scalar product of the two zone axes vectors. Using
this method, three different interzonal angles were obtained, representing
three possible domain orientations. A simple rule [8] based on the
interzonal angles between <100> and <110> zone axes wa