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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:

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

(ii) 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 20001C 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
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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 m1/ 2 in zirconia-toughened
alumina (ZTA). In the A1203-CeO2 doped-SrO2-ZrO2 microstructures developed

by Ceramatec Inc., toughness values of 20 MPa m1 /2 have been obtained through
a combination of transformation toughening and SrO2 platelet bridging across

A120 3 grains. 0
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 mi1 /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 KNbO3 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
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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 0

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(ZrSnTi)O3. The order parameters were n~ow
spontaneous strain e and spontaneous polarization P. A martensitic-type 0
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 9
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 0
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 0
underway by the Kriven group, the systems studied included the perovskites
KNbO3 and the non-perovskites Ca2SiO4, Sr2SiO 4 and 2Ln203*A1203 type of

compounds. An in-depth understanding of the complex sequence of ferroelastic
phase transformations in the Ca2SiO4 system has been obtained. The cubic to 0
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 0

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 0
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."
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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)
I. Nettleship (Kriven and crystal growth facility)
0. 0. 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. J. 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)
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Theses completed:

* "Crystallography and Microstructural Studies of Phase Transformations in
Two Ceramic Systems: Dysprosia (Dy2O3) and Dicalcium Silicate

(Ca2SiO4)"
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
(Sr2SiO4),"
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. Mary 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

DXL03 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)03," 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 PbT1O3," M. Holma arnd H. Chen

(20 +10)
3.30 - 4.00 "Premonitory Phenomena and Transformation Kinetics from

Cubic-Tetragonl Phase in PbT1O3,"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
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Friday April 3rd 1992

8.30 - 9.00 Coffee and Donuts

KNbO Session Chairman: Prof. David Payne
9.00 - 9.20am "Crystal growth of KNbO3 by an Improved Kyropoulos Method,"

P. D. Han (15 + 5)
9.20 - 9.50am "Defect Structure in KNbO3," 0. 0. Popoola and W M. Kriven

(20 + 10)
9.50 - 10.20 "Thermal Conductivity of KNbO3," Daming Zhu and A. C. Anderson

(20+ 10)
10.20 - 10.50 "Temperature-Dependent Phonon Dispersion and Lattice Dynamics of

KNbO3," M. Holma and H. Chen (20 + 10 min)

10.50- 11.30 "Phase Transformations, Oxygen Mobility and Defect Clustering in
YBa2Cu306+x," J. R. LaGraff and D. A. Payne (30 + 10)

11.30-11.45 Discussion

11.45 - 1.15 pm Lunch in the Beckman Cafeteria

CCiaZSQandNiS Sess Chairperson: Prof. Trudy Kriven
1.15-2.00 "Mechanisms of Ferroelastic Phase Transformations in Ca2SiO4,"

Y. J. Kim and W M. Kriven (35 + 10)
2.00 - 2.20 "Phase Transformations in the Ni-S System," J. J. Cooper and

W M. Kriven (15 + 5)
2.20 - 2.40 "Deformation Behavior in NiS," B. Kim and C. M. Wayman (15 + 5)
2.40-3.30 Wrap up Discussion

0
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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 P' NiAl alloys and

the intermediate phase recently found just above the temperature of the fcc - f-t

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.
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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.
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Thermal Stability of Field-Forced and Field-Assisted
Antiferroelectric-Ferroelectric Phase Transformations

in Pb(ZrSnTi)03

Pin Yang and David A. Payne
Department of Materials Science and Engineering

Materials Research Laboratory
and Beckman Institute

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(ZrSnTi)0 3 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 (EA) field strengths are related to the transformation barrier

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

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.
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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 PbTiO3 single als

has been studied in both the forward and reverse modes and found to snow
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 PbTiO3 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 1800 domain boundaries were systematically
analyzed by various diffraction conditions. It is found that extreme fringes were
observed to vary differently in 900 and 1800 domain boundaries, indicating a basic
difference between these two types of boundaries. Although it was reported that 900
domain boundaries are 6-type boundaries in BaTiO 3, our results show that a
displacement plays an important role at boundaries in PbTIO 3 and the extreme
fringe contrast behavior of 900 boundaries becomes mixed type. 1800 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 1800 domain
boundary using the extreme fringe contrast (EFC) behavx- r. Using different
diffraction vectors, the EFC of 1800 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 (PbTiO 3) 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.
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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

BaTiO 3 and PbTiO 3 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 0

between the two structures is 0.58 eV/unit cell for BaTiO 3. 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 0

good agreement with experimental data related to the valence and conduction

bands. Results of the calculations for PbTiO 3 will be discussed.

0



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 PbTiO 3. 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 (Tc

= 462°C upon cooling, and Tc = 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 Tc 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 0

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, Cij, and also to examine the behavior 0

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 cijs, to be 0

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. 9

Thus far our efforts have concentrated on the monoclinic form of ZrO2, and

orthorhombic KNbO 3. Results on the elastic properties of these will be presented.

We have also obtained sound velocities of M-ZrO2 inside a diamond anvil cell. The 0

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 9

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 KNbO3. 0

0
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Lrystal 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 KNbO 3 were grown by an improved Kyropoulos

technique from a self-fluxed system. Imperfections of as-grown crystals of KNbO 3,

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 0

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 RB2ZnC14 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 Rb2ZnCl4 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 KNbO 3. The

thermal conductivity of a single crystal KNbO 3 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 0

Inelastic neutron scattering measurements of the transverse and longitudinal

phonon branches in the directions [100] and [110] are reported for the cubic

perovskite KNbO3. The results were obtained at temperatures 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.

40
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Phase Transformations, Oxygen Mobility,
and Defect Clustering in YBa2Cu3O6+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

oxygen 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.
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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

(Ca2SiO 4)--a, a'H, a'L, 0 and y. From structural and microstructural

characterizations of polycrystalline samples of pure Ca2SiO 4, Ba-stabilized Ca2SiO 4

and Ca2SiO 4-dispersed in ceramic matrices, phase transformation mechanisms of

these polymorphs were studied. The Sr2SiO 4 and Ba2SiO 4 systems were compared

with the Ca 2SiO 4 system.

Throughout the whole transformation sequence, a symmetry element of 2/m

was conserved. The a-- a' H (Pmcn?) transformation generated three rotation-

related domains, which su ggested the existence of a 6/m symmetry element for a,

with a space group of P63/mmc. In this case, the a -- a'&H transformation was

ferroelastic. The a'L - P(P21/n) transformation also generated two twinned

domains, (on {100} and {001}), and could also be ferroelastic.

The P3 -. 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 Ca2 SiO 4 as well as in the a'and P3 phases of Sr 2 SiO 4. Previous studies also reported

more than five different modulated structures in the Ca 2SiO 4-Ba 2SiO 4 system. The

stability of crystal structures in the A2SiO 4 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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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 - Nij.XS (0 < x< 0.034), rhombohedral A - Nil.xS (0 < x < 0.009)

and hexagonal y - Nij.XS (0 < x < 0.06). The temperature of the a -P I5 transformation

(2820 C - 3790 C) is dependant upon composition. The transformation is

accompanied by a volume increase of -3 vol. % (dependent upon composition). The

a phase may be metastably retained at room temperature by quenching. Upon

cooling, retained a phase undergoes a transition to y NiS at -- 8' C (dependant upon

composition). 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 ct -- 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.



19

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
0 11.20-11.45 Discussion

11.45- 1.00 Lunch in the Beckman Cafeteria

PbT10. Session Chairman: Prof. David Payne
* 1.15 - 2.00 pm "Thermal Stability of Field-Forced and Field-Assisted

Antiferroelectric -Ferroelectric Phase Transformations in
Pb(ZrSn,'Ti)O3," P Yang and D. A. Payne (35 + 10)

2.00 - 2.40 "Cubic to Tetragonal Transformation and Ferroelectric Domain
0 Structures in PbT1O3,"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

0
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Friday April 3rd 1992

8.30 - 9.00 Coffee and Donuts

KQ•Q3S in Chairman: Prof. David Payne

9.00 - 9.20am "Crystal growth of KNbO3 by an Improved Kyropoulos Method,"

P. D. Han (15 + 5)
9.20 - 9.50am "Defect Structure in KNbO3," 0. 0. Popoola and W M. Kriven

(20 + 10)
9.50 - 10.20 "Thermal Conductivity of KNbO3," Daming Zhu and A. C. Anderson

(20+ 10)
10.20 - 10.50 "Temperature-Dependent Phonon Dispersion and Lattice Dynamics of

KNbO3," M. Holma and H. Chen (20 + 10 min)

10.50- 11.30 "Phase Transformations, Oxygen Mobility and Defect Clustering in
YBa2Cu3O6+x," J. R. LaGraff and D. A. Payne (30 + 10)

11.30- 11.45 Discussion

11.45 - 1.15 pm Lunch in the Beckman Cafeteria

Ca2iQO4 and NiS Se Chairperson: Prof. Trudy Kriven
1.15 -2.00 "Mechanisms of Ferroelastic Phase Transformations in Ca2SiO4,"

Y. J. Kim and W M. Kriven (35 + 10)
2.00 - 2.20 "Phase Transformations in the Ni-S System," J. J. Cooper and

W M. Kriven (15 + 5)
2.20 - 2.40 "Deformation Behavior in NiS," B. Kim and C. M. Wayman (15 + 5)
2.40-3.30 Wrap up Discussion

0

0
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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

(Ca2SiO 4)----a, a'H, a'L, P and y. From structural and microstructural

characterizations of polycrystalline samples of pure Ca 2SiO 4, Ba-stabilized Ca2SiO 4

and Ca 2 0 4-dispersed in ceramic matrices, phase transformation mechanisms of

these polymorphs were studied. The Sr2SiO 4 and Ba2SiO 4 systems were compared

with the Ca2SiO 4 system.

Throughout the whole transformation sequence, a symmetry element of 2/m

was conserved. The a -- a' H (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 -- a'H transformation was

ferroelastic. The a'&L -- P(P21/n) transformation also generated two twinned

domains, (on {100} and {001}), and could also be ferroelastic.

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 P by the previous ferroelastic transformations, as well as the strong

repulsive forces between Si4+ and Ca 2+ ions are suggested to be the major driving

forces for the I -- y transformation.

TEM studies revealed various modulated structures in the aCL and P phases

of Ca2SiO 4 as well as in the a'and P phases of Sr2SiO 4. Previous studies also reported

more than five different modulated structures in the Ca2SiO 4-Ba 2SiO 4 system. The

stability of crystal structures in the A2SiO 4 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 0
Urbana, IL 61801

Five polymorphs have been reported for the pure dicalcium silicate

(Ca2 SiO 4)---a, a'H, a'L, A3 and y. From structural and microstructural 0

characterizations of polycrystalline samples of pure Ca2SiO 4, Ba-stabilized Ca 2SiO 4

and Ca2SiO 4-dispersed in ceramic matrices, phase transformation mechanisms of

these polymorphs were studied. The Sr2SiO4 and Ba 2SiO 4 systems were compared 0

with the Ca2SiO 4 system.

Throughout the whole transformation sequence, a symmetry element of 2/m

was conserved. The a -- a' H (Pmcn?) transformation generated three rotation- 0

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'H transformation was

ferroelastic. The a'L --I' i(P21/n) transformation also generated two twinned 0

domains, (on 1100} and {001}), and could also be ferroelastic.

The / - y (Pcmn) transformation, accompanied by a large volume increase

(-12%), was stress-induced. This transformation can be displacive in the sense of its 0

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 0

repulsive forces between Si4+ and Ca2÷ ions are suggested to be the major driving

forces for the A3 - y transformation.

TEM studies revealed various modulated structures in the al and P phases •

of Ca2SiO 4 as well as in the a'and P3 phases of Sr2SiO 4. Previous studies also reported

more than five different modulated structures in the Ca2SiO 4-Ba 2SiO 4 system. The

stability of crystal structures in the A2SiO 4 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

(Ca2 SiO 4)----a, a'H a'&, P and y. From structural and microstructural

characterizations of polycrystalline samples of pure Ca2SiO 4, Ba-stabilized Ca2SiO 4

and Ca2SiO 4-dispersed in ceramic matrices, phase transformation mechanisms of

these polymorphs were studied. The Sr2SiO 4 and Ba 2SiO 4 systems were compared

with the Ca2SiO 4 system.

Throughout the whole transformation sequence, a symmetry element of 2/m

was conserved. The a -- a'&H (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 -. a'&H transformation was

ferroelastic. The &'L -I P(P21/n) transformation also generated two twinned

domains, (on {100} and {OO1}), and could also be ferroelastic.

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 P by the previous ferroelastic transformations, as well as the strong

repulsive forces between Si4+ and Ca 2+ ions are suggested to be the major driving

forces for the f3 -, y transformation.

TEM studies revealed various modulated structures in the al and P1 phases

of Ca2SiO 4 as well as in the a'and P3 phases of Sr2SiO 4. Previous studies also reported

more than five different modulated structures in the Ca 2SiO 4-Ba 2SiO 4 system. The

stability of crystal structures in the A2SiO 4 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 S
Urbana, IL 61801

Five polymorphs have been reported for the pure dicalcium silicate

(Ca2SiO 4)---a, a'H, at'L, 0 and y. From structural and microstructural •

characterizations of polycrystalline samples of pure Ca2SiO4, Ba-stabilized Ca2SiO 4

and Ca 2SiO 4-dispersed in ceramic matrices, phase transformation mechanisms of

these polymorphs were studied. The Sr2SiO4 and Ba 2SiO 4 systems were compared •

with the Ca2SiO4 system.

Throughout the whole transformation sequence, a symmetry element of 2/m

was conserved. The a --• c'H (Pmcn?) transformation generated three rotation- 0

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'H transformation was

ferroelastic. The a'&L --* P(P2 1/n) transformation also generated two twinned 0

domains, (on {100} and {001}), and could also be ferroelastic.

The l -- y (Pcmn) transformation, accompanied by a large volume increase

(-12%), was stress-induced. This transformation can be displacive in the sense of its 0

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 Ca 2+ ions are suggested to be the major driving

forces for the .1- y transformation.

TEM studies revealed various modulated structures in the a'L and P phases

of Ca2SiO 4 as well as in the a'and P phases of Sr2SiO 4. Previous studies also reported

more than five different modulated structures in the Ca2SiO 4-Ba 2SiO 4 system. The

stability of crystal structures in the A2SiO 4 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

(Ca2SiO 4)----a, a'H, a'L, 0f and y. From structural and microstructural

characterizations of polycrystalline samples of pure Ca2SiO 4, Ba-stabilized Ca2SiO 4

and Ca2SiO 4-dispersed in ceramic matrices, phase transformation mechanisms of

these polymorphs were studied. The Sr2SiO 4 and Ba2SiO 4 systems were compared

with the Ca2SiO 4 system.

Throughout the whole transformation sequence, a symmetry element of 2/m

was conserved. The a-- a'H (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 --- a'H transformation was

ferroelastic. The a'L -* P(P21/n) transformation also generated two twinned

domains, (on {100} and {001}), and could also be ferroelastic.

The P --* 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 aL and P5 phases

of Ca2SiO 4 as well as in the a'and P phases of Sr2SiO 4. Previous studies also reported

more than five different modulated structures in the Ca 2SiO 4-Ba 2SiO 4 system. The

stability of crystal structures in the A2SiO 4 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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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,
cii ) 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 monocinic transition in ZrO2, 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 ZrO2, KNbO 3, 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-ZrO2, tetragonal PbTiO3, and orthorhombic KNbO 3. For M-ZrO 2 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 cij of M-ZrO 2 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

I
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Figure 1: Elastic moduli of M-Zr0 2 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.
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SS-wave
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Figure 2: Elastic moduli of M-ZrO 2 as a function of crystallographic direction in 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.



Single Crystal Elastic Moduli of Monoclinic ZrO2

Measured Calculated

Modulus This Studya Nevitt et al. Cohen et al.
(GPa) (1988) (1988)

C11  350.5±2.3 358 ±45 349
C 22  385.6±4.2 426 ±11 398
C 3 3  245.3±2.5 240 ±28 268
C44  101.0+4.8 99 ± 2 147
C55  80.0±1.1 79 ±10 131
C66  123.1±1.8 130 ± 2 180
C12  176.7±3.9 144 ±29 207
C13  74.9±3.1 67 ±64 125
C23  163.1±5.0 127 ±25 153
C15  30.5±1.7 -26 ± 5 64
C25  -5.7±3.9 38 ± 8 -27
C35  9.7±1.5 -23 ± 4 57
C46  -20.0±2.8 -39 ±10 -26

a Based upon 10J2 velocity measurements in 37 directions.

RMS error = 83 m/s.
b 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 PbTiO3 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
KNbO 3 . 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 KNbO 3,
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 PbTiO 3, 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.

2
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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 - e~xperimental data, full

line - compressional wave; dashed and dotted lines - shear waves polarized nearly

prependicular and parallel to the plane, respectively.
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Table 2. Elastic, piezoelectric, and dielectric constants of PbTiOs at room temperature.

This study Literature 0

Elastic stiffness constants (GPa)
241 160(

R4 70 63"
CEz 96
Cr 112 42*

52 46'

Elastic compliance constants (10- 3 /GPa)
SE 0.585 0.72' 0.75"

1.889 3.25' 0.80c
S 1.425 1 .2 2b 1.79"

1.043 0.79' 1.80c,
-0.228 -0.21' -0.15c

S -0.272 -0.11C

Piezoelectric strain constants (10-11 C/N) 0
dzs 1.74 0.65' 5.3c
d3N -2.6 -0.25' -0.44c
433 -3.0 1.2' 5.1c

Piezoelectric stress constants (C/m 2)
e15 1.22 3.554 0.50e •

eal -10.9 1.32a 6.50c
e33  -4.74 6.80a 3.00c

Dielectric constants
e T 102e 130" 210' 230a 0

e3 93e 120d 126' 170a

1el 100 100d 115' 210a
4 3 13 t 3 5 d 51' 140 a '

"Ceramics, 2.Smol%La 2O3 , 1.Omol%MnO 2, Ref.1.
'Single crystal, Ref.2.
c Ceramics, 1.25mol%La 2 0, 1.0mol%MnO 2 , Ref.3.

d Single crystal high frequency measurements, Ref.4. 0
6 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

0 spectrum of ruby (Cr doped A120 3), 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 Im) 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

9 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

*0 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

3



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 0
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, KNbO 3, and PbTiO 3 under ambient

conditions and at high pressures.
Optical absorption and phase transitions of PbTiO 3 at high pressures.

Elasticity and structure of silicate glasses and melts.
0
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AFOSR URI FINAL REPORT
(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 BaTiO 3 in both the cubic and tetragonal phases of
these materials using the extended Hickel 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 PbTiO3. The former system was
therefore used as a standard to verify the method employed for the electronic
energy calculation.

The calculated band structure for BaTiO 3 (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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33

10.00

5.00

0.00

' vo 4 ~ * 0o

Figure 2 Enlarged view of the valence band of cubic BaTiO3. Superimposed is
XPS valence band data.
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The results obtained for PbTiO3 show similar features to that of the
BaTiO 3. 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 0 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 ionicity 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 0
information. The results for Ti LII,jII XPS indicate little change in the Ti states
when Pb substitutes for Ba - this agrees with our current calculations. The 0 K-
level XPS data indicated there is a substantial change in the 0 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  0
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 0
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
KNbO 3. 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]rot 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
KNbO3; it also has an underdamped zone center soft mode. However, the soft
mode behavior is nearly isotropic in PbTiOý, but highly anisotropic in KNbO3.
Precursor effects have not been observed in PbTiO3.

We have conducted a series of inelastic neutron scattering measurements
on KNbO3 single crystals above the cubic-to-tetragonal transition temperature
(-4350C) using the HFIR neutron facility at the Oak Ridge National Laboratory.
A summary of the phonon dispersion relationship along the [001]cubic 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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Figure 3 Phonon dispersion curves of the cubic phase of KNbO3 at (a) 605*C and 0
(b) 525*C. The transition temperature is 4300C. The figures show the
phonon energy (THz) versus reduced wave vector along the [001]cubic
direction. (Lines are a guide to the eye.)
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Figure 4 Theoretical rigid-shell model calculation fitted to the experimental phonon
dispersion curves of KNbO3 along the [00I]cubic direction at 605*C.



38

S

•2.0
N
I--

>%A

0 ,000° T= 605 C
-LJ A "•• *T= 525 C

A -A -ha T= 471 C
+++++T= 445 C

A

0.0 I , I 0 I

0.0 0.1 0.2 0.3 0.4 0.5
q 0

Figure 5 Temperature dependence coupling of the [o0icubic transverse acoustic
(TA) mode with the transverse optical (TO) mode in KNbO3.

0

0



39

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 PbTiO 3 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 (Tc) of 4620C 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 Tc 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]tet peak until the latter is nearly
completely consumed. Most of the 900 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 800 above Tc as evidenced by the asymmetric
diffuse tails near the [002 ]cubic peak (Fig. 8). This diffuse intensity becomes more
pronounced near Tc. 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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Figure 6 The magnitude of thermal expansion normalized by the lattice constant at
5400C for PbTiO3 . Triangles are data points on heating cycle whereas
circles on cooling cycle.
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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 Tc. 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 Tc. Further investigation is needed in order to differentiate
these two possible scenarios.

The soft phonon modes in KNbO3 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 KNbO 3 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)

(a) OBMTVES OF THE R EFFO

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 APOSR grant on
"Transformation Toughening of Composite Ceramics" [AFOSR 89 03001 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 (Ca2SiO 4), 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 dicaldcum silicate as a
transformation toughener of ceramics.

Related to the monodinic (0) to orthorhombic (,0 transformation in
Ca2SiO4, thought to be most likely to yield transformation toughening, the
decomposition and subsequent transformation mechanisms in hillebrandite
(Ca2SiO 4 *H20), a hydrated form of Ca2SiO4, 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-f "qsor
Kriven's group were to make corresponding in situ TEM observations c -• r.,,sible
pre-transformational phenomena, as well as to document the complete
transformation sequence in KNbO 3. 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) STATS OF THE RESEARCH EFFORT

The work on dicalcium silicate (Ca2SiO4), hillebrandite, (Ca2SiO4 *H20), 0
strontium orthosilicate (Sr2SiO4) 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. 0. Popoola who is now a senior research 0
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
ICNbO 4 work is presented here as follows.

I | m n0



48

Status of Research Effort in Potassium Niobate (KNbO0 3)

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 KNbO 3.

Phase IV III II I Melt

State F F F P

Crystal System Rhomb Orthorhombic Tetragonal Cubic

Space Group R3m Bmm2 P4mm Pm3m

Polarization //[111] //1001] //[001]

Vector (P)
Transformation
temperature (°C) -10 225 418

Unit Cell Volume 64.77 64.73 64.92 65.18
(A3)

F = Ferroelectric, P = Paraelectric.
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Experimental Procedures
Thin slices were cut from flux grown single crystals and mechanically

polished to a thickness of 150 pm 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 p.A 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 5780C, 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.

E _xperimental Results
1. RT Microstructure of KNbO 3

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 900 are dearly visible. Other lines parallel to [011] are also
dearly visible. This indicates the presence of a complex domain structure in the
KNbO3 crystals studied. On a pseudo cubic (001) face, the 60° domain line can
appear either parallel to an edge or at an angle of 450 with it. The 900 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
dearly 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) dearly show the [0011p
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 900 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 = 50
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 1800
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 [Ol1ip direction. Other lines at 6 0'and 450are also shown.
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Figure 2. Higher magnification TEM bright field micrograph showing the
complex domain configuration in KNb03.
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* A

a

Figure 3. BF image and the associated <O01>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.
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Figure 5. Extreme fringe contrast behavior of the 180 'wedge shaped domains.

2. Phase Transformations in KNbO 3

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 4401C. The lattice parameter changes associated with a 0
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 4400C.
A further decrease in temperature resulted in the nucleation of ferroelectric
domain structures. These ferroelectric domains, nucleated independently, one 0
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 0
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 0
heating (tetragonal to cubic) started at 418 0C 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 cydes did not necessarily produce the same
microstructures. The tetragonal ferroelectric plates were divided into multiple •
thin plates (white "nes arrowed in Figure 7b).

0
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A Figure 6. TEM bright field image showting the microstructure of KNbO3 at various

temperatures: (a) 510 0C, (b) 4400 C and (c) 425 0C..



55 0

Figure 6. TEM bright field image showing the microstructure of KNbO 3 at various
temperatures: (a) 510C, (b) 440'C and (c) 425 0C.

Figure 7a. Typical microstructures in the tetragonal phase of KNb03.

tempratres:(a)510•, () 44K2 nd () 45q0
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Figure 8. Diffraction patterns at various temperatures (a) 510 IC, (b) 440'C and
(c) 396 "C.

Figure 8 shows the selected area diffraction patterns taken at 510'C (cubic 0
phase), 440°C (pretransition microdomains) and 3960C (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" 0
relation in which:

[110]c//[110] t and (001)c//(001)t.

Discussion and Conclusion
The theory of domainr I1 orientations [8,9] predicts that an uncharged

900 domain wall should coL with a (001)p type plane while the 1800 walls
should be parallel to a [001]1, ]p •ection. 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.

"• There was a certain displacement field R(n) of certain ions as the 0
extinction condition g*R(n) was fulfilled in certain cases. The nature
of the ion that was displaced remains uncertain. However, by analogy
to the mechanism in BaTiO 3, 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 0
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. Our 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 -25 soft phonon of the
transition. Cowley [12] showed that F25, 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 Pd 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 600, 900 and 1800 domains at room temperature.
"* The cubic -- tetragonal phase transformation started at 4380C, 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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* "Phase Transformations in Dicalcium Silicate. I1: TEM Studies of
Crystallography, Microstructures and Mechanisms," Y. J. Kim, I. Nettleship
and W. M. Kriven, J. Am. Ceram. Soc., 75 [912407-2419 (1992).

"Chemical Preparation and Phase Stability of Ca2SiO 4 and Sr 2SiO 4
Powders," I. Nettleship, J. L. Shull Jr. and W. M. Kriven, J. European
Ceramic Society, 11291-298 (1993).

* "Chemical Synthesis and Characterization of Calcium Aluminate Powders,"
M. A. Gulgun, 0. 0. Popoola and W. M. Kriven, J. Am. Ceram. Soc., (1994)
in press.

"* "Phase Stability of Chemically Derived Enstatite (MgSiO3) Powders," C. M.
Huang, D. I-. Kuo, Y. J. Kim and W. M. Kriven, J. Am. Ceram. Soc., (1994)
submitted.

"* "A TEM Study on the Decomposition of Synthetic Hilebrandite
(Ca 2SiO49H20)," Y. J. Kim and W. M. Kriven, J. Materials Research, (1994)
accepted.

"* "XPS Study of Bonding Between Polyvinyl Alcohol and a Titanate Cross
Coupling Agent," M. A. Gulgun, W. M. Kriven and 0. 0. Popoola,
J. Materials Research, (1994) submitted.

" "'Twinning in Structural Ceramics, "W. M. Kriven. (invited review paper) in
Twinning in Advanced Materials Edited by M. H. Yoo and M. Wuttig.
Published by The Minerals, Metals and Materials Society (TMS),
Warrendale, PA.(1994), in preparation.

"* "Crystallography of the Cubic --* Tetragonal Phase Transformation in

KNbO3," 0. 0. Popoola and W. M. Kriven. Phil. Mag., in preparation.

CONFERENCE PROCEEDINGS

" "Transformation Mechanisms in Dicalcium and Distrontium
Orthosilicates," Y. J. Kim, J. L. Shull, B. N. Sun and W. M. Kriven. Proc. Int'l.
Conf. on Martensitic Transformations, (ICOMAT '92). Publ. by Monterey
Institute for Advanced Studies, Monterey CA, USA. 683-688 (1993).

"*"Microstructure and Phase Transformation in KNbO 3," 0. 0. Popoola and
W. M. Kriven. Proc. 51st Annual Meeting of Microscopy Society of America.
Publ. San Fransisco Press, pp 956-957 (1993).
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* "Phase Transformations in Ceramics," W. M. Kriven (invited paper). Proc. 51s
Annual Meeting of Microscopy Society of America. Publ. by San Fransisco
Press, pp 952-953 (1993).

"*TEM Characterization of the Wzand 0 Phases in Polycrystalline
Distrontium Silicate (Sr2SiO4)'" Y. J. Kim, J. L. Shull and W. M. Kriven.
Proc. 50th Annual Meeting of the Electron Microscopy Sociey of America 0
(EMSA) Edited by G. W. Bailey, J. Bentley and J. A. Small, pp 354-355
(1992).

"In Situ TEM Study of Hillebrandite (Ca2SiO4*H2O) Decomposition," Y. J.
Kim and W. M. Kriven, Proc. 13th Int. Congr. on Electron Microscopy to be
held in Paris, France in July 17-21; pp 1-2 (1994), submitted.

"Phase Transformations in KNbO3 Perovskite Ceramic," 0. 0. Popoola and

W. M. Kriven. Proc. International Conference on Solid -+ Solid Phase
Transformations, Pittsburgh, PA, July 17-22 1994, in preparation. 0

* "The Mechanism of the Tetragonal to Monoclinic Transformation in
YNbO4," 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 Y4 A12 0 9, Gd 4AI20 9, and
Dy4A12 0 9," J. L. Shull and W. M. Kriven, Proc. International Conference on

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

"Displacive and Martensitic Transformations in Ceramics," W. M. Kriven.
(Invited overview paper). Proc. International Conference on Solid to Solid
Phase Transformations, Pittsburgh, PA July,1994, in preparation.

0

(d) PERSONNEL AND DEGREES AWARDED

PERSONNEL
* Professor Waltraud M. Kriven 0

Principal Investigator

* Youn Joong Kim (Ph. D. student)

* James Lee Shull (M. S student with stipend from an NSF fellowship and
operating costs covered by this AFOSR URI grant).

0
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Dr. Ian Nettleship (post doctoral research associate), now Assistant
Professor in the Dept. of Materials Science and Engineering, at the
University of Pittsburgh.

Dr. 0. 0. Popoola (post doctoral research associate) now Senior Research
Scientist in the Materials Systems Reliability Department at Ford Research
Laboratory.

Dr. Youg Joon Kim (post doctoral research associate), now director of the
Electron Microscopy Facility at the Korea Basic Science Center, in Taejeon,
South Korea.

* Dr. Chao Ming Huang (post doctoral research associate) currently still
working in our group under another AFOSR contract.

THESES
"Crystallography and Microstructural Studies of Phase Transformations in
Two Ceramic Systems: Dysprosia (Dy203) and Dicalcium Silicate
(Ca2SiO4)."
Ph.D. thesis, submitted in June 1991.

"Chemical Preparation and Phase Stability of Strontium Orthosilicate
(Sr2SiO 4),"
by James Lee shull, Jr.
M.S. thesis submited June 1993.

(e) INTRACTIONS

(i) PAPERS PRESENTED AT MEETINGS

"Preparation and Metastability of 03 Dicalium Silicate Polycrystals," I.
Nettleship*, Y.J. Kim and W.M. Kriven. Presented at 93rd Annual Meeting
of the American Ceramic Society, held in Cincinnati, OH, April 28th-May
2nd 1991.

"Crystallography and Microstructure of Polycrystalline a'L in KCa2SiO4,"
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 13 -* ' Transformation
in Ca2SiO4," Y.J. Kim, I. Nettleship and W.M. Kriven*. Presented at 93rd
Annual Meeting of the American Ceramic Society, held in Cincinnati, OH, K
April 28th-May 2nd 1991.

"Microstructural Studies of Ce2OS Precipitates in a CeS Matrix," Y.J. Kim,
0.0. Popoola* and W.M. Kriven. Presented at 93rd Annual Meeting of the
American Ceramic Society, held in Cincinnati, OH, April 28th-May 2nd 0
1991.

"Microstructure and Microchemistry of Nickel Sulfide Inclusions in Plate
Glass," J.J. Coooper*, 0.0. Popoola and W.M. Kriven. Presented at 93rd
Annual Meeting of the American Ceramic Society, held in Cincinnati, OH, 0
April 28th-May 2nd 1991.

* "Preparation of Calcium Aluminate Powders Using a Sol-Gel Method,"
M.A. Gulgun*, 0.0. 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 13 Phase in Polycrystalline Dicalcium
Silicate," Y.J. Kim*, I. Nettleship and W.M. Kriven. Presented at 49th Annual
Meeting of the Electron Microscopy Society of America (EMSA), San Jose, 0
California (1991).

"* "Microstructural and Microchemnical Characterization of Nickel Sulfide
Inclusions in Plate Glass," J.J. Cooper*, 0.0. Popoola and W.M.
Kriven.Presented at 49th Annual Meeting of the Electron Microscopy 0
Society of America (EMSA), San Jose, California (1991).

" "On Possible Origins of the Displacive 13 to y Transformations in Ca2SiO4:
Role of Lattice Strains and Non-bonded Forces," Y. J. Kim* and W. M.
Krivcn. Presented at Am. Ceram. Soc. Fall Meeting on Atomic Structure, •
Bonding and Properties of Ceramics as Abstract(#10-BF-91F). Held on Marco
Island in Florida on October 13-18th 1991.

"* "Preparation and Hydration Kinetics of Fine CaAl20 4 Powders," M. A.
Gulgun*, 0. 0. Popoola, I. Nettleship, W. M. Kriven and J.F. Young. •
Presented at Materials Research Society Fall Meeting, Dec 1991, Boston, MA.

"On Phase Transformation Mechanisms in Dicalcium Silicate (Ca2SiO4),"
Y.J. Kim and W. M. Kriven*. Invited talk presented at the Fall meeting of the
American Geolophysical Union held in San Fransisco, California, Dec 9-13th
1991. 0



64

"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
in Minneapolis, MN.

* "Crystallography and Phase Transformations of Modulated a'-Sr2SiO4, ," Y.
J. Kim*, J. L. Shull Jr. and W. M. Kriven. Presented at the Annual Meeting of
the American Ceramic Society, abstract # [198-B-92], April 12-16th, 1992 in
Minneapolis, MN.

* "Microstructure and Phase Transformations of Nickel Sulfide Inclusions in
Plate Glass," J. J. Cooper, 0. 0. Popoola and W. M. Kriven. Abstract # [27-
BP-92].Presented at the Annual Meeting of the American Ceramic Society,
April 12-16th, 1992 in Minneapolis, MN.

'- rransformation Mechanisms in Dicalcium Silicate and Distrontium
Orthosilicate-:" Y. J. Kim, J.L. Shull, B. N. Sun and W. M. Kriven*. Presented
at the International Conference on Martensitic Transformations (ICOMAT
'92). Held in Monterey, CA, July 20-24th 1992.

" "TEM Characterization of the a'and 0 Phases in Polycrystalline Distrontium
Silicate (Sr2SiO4)," 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, 0. 0.
Popoola and W. M. Kriven. Presented at Austceram '92, International
Ceramics Conference and Exhibition held in Australia, August 16-21st, 1992.

"* "Phase Transformations and Fracture Associated with Nickel Sulfide Stones
in Glass," W. M. Kriven*, J. J. Cooper and 0. 0. Popoola. Presented at 53rd
Annual Conference on glass Problems, Nov 17-18th 1992, Ohio State
University.

"Transformation Mechanisms and Induced Fracture in Ceramics," W. M.
Kriven*. Presented at the Materials Research Society, Spring Meeting, held
in San Fransisco, California in April 16-18th 1993.

"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.



65 0

" "Transformation Mechanisms in Distrontium Silicate (Sr2SiO 4)," 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.

" "The Orthorhombic (o) to Tetragonal (t) Transformation in KNbO3," 0. 0.
Popoola* and W. M. Kriven. Presented at the Annual Meeting of the
American Ceramic Society, held in Cincinnati in April 18-22nd, 1993.

"* "Calcination Behavior of Chemically Prepared Calcium Aluminate," M. A.
Gulgun*, 0. 0. Popoola and W. M. Kriven. Presented at the Annual Meeting
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, I. Nettleship and R. Russel. Presented at the 0
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*, 0. 0. 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, Illinois, 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," 0. 0.
Popoola and W. M. Kriven. To be presented at the International Conference
on Solid to Solid Phase Transformations, Pittsburgh, PA July,1994. 0
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* ~"The Mechanism of the Tetragonal to Monodlinic Transformation in
YNbO4," 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 Y4A120 9, Gd4A12O9, and
Dy4A1209," 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 LECTURES

0 "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.

* 0 "On Phase Transformation Mechanisms in Dicalcium Silicate (Ca2SiO4),"
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.

* 0 "Phase Transformations and Toughening Mechanisms in Composite
Ceramics," W. M. Kriven. Invited lecture presented at the Materials Science
and Engineering Depart. iental Colloquium, Universty 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.

0 "Toughening Mechanisms in Non-Zirconia Composites," W. M. Kriven*.
40 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
(IMT, on April 30th 1992.

0 "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 Symrn.osium 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 0
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.* 0
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.

(e) (ii) CONSULTATIVE AND ADVISORY FUNCTIONS TO OTHER
LABORATORIES AND AGENCIES

None

(f) NEW DISCOVERIES. INVENTIONS OR PATENTS
None

(g) ANY OTHER STATEMENTS TO PROVIDE ADDITIONAL INSIGHTS
None
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PHASE TRANSFORMATIONS IN FERROIC CERAMICS, D. A. PAYNE

a. OQbjectives 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 YBa 2CU306+x single crystals. In addition we made

contributions to the growth of ZrO2, 2CaO.SiO2, 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 0

antiferroelectric (AFE) -to- ferroelectric (FE) phase transformations. We prepared

materials in the Pb(Zr, Sn, Ti)0 3 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 0

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 S

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 0

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

YBa2Cu306+.. 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
0 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 YBa2Cu 3O7 -" 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 YBa 2Cu 3074" 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 YBa2Cu 3O7-,&" 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 YBa 2Cu 3O7Tj" 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," I. Appl. Phys., 71:1361-
1367 (1992).

J. R. LaGraff and D. A. Payne, "Chemical Diffusion of Oxygen in Single Crystal
* and Polycrystalline YBa 2Cu 30 6+x via Electrical Resistance Measurements," Physical

Review 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 PbTiO 3 up to 35 GPa:
Observation of the Tetragonal-to-Cubic Phase Transition ," I. AppI. Phys., 72:3705- 0
3707 (1992).

B. N. Sun, Y. Huang and D. A. Payne, "Growth of Large PbTiO3 Crystals by a
Self-Flux Technique," I. Crystal Growth, Proc 10th Int'l Conf. on Crystal Growth, San
Diego, CA 128:867-870 (1993). 0

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

YBa 2Cu 30 6 +x: Part I, Argon Annealing Studies," Physica C 212:470-477 (1993).

J. R. LaGraff and D. A. Payne, "Concentration-Dependent Oxygen Diffusivity in
YBa2Cu3O6+x: Part IH, Oxygen Partial Pressure Studies," Physica C 212:478-486 (1993).

J. R. LaGraff and D. A. Payne, "Concentration-Dependent Oxygen Diffusivity in
YBa2Cu 306+x: Part Ill, Diffusion Mechanisms," Physica C 212:487-496 (1993).

P. Yang and D. A. Payne, "Grain-Size Dependence of Ferroelectric-
Antiferroelectric Phase Transformations in Pb(ZrSn,Ti)0 3 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 PbTiO3 Single Crystals," App2. Phys. Letts. 62:146-148
(1993). 0

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(ZrSn,Ti)03 Ceramics," L
Am. Ceram. Soc. (submitted October 1993).

A. G. Kalinichev, J. D. Bass, C. S. Zha, D. A. Payne and P. Han, "Elastic Properties 0
of Orthorhombic KNbO3 Single Crystals by Brillouin Scattering," I. App1. 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)



72

B. N. Sun, Y. Huang and D. A. Payne, "Growth of Isometric Lead Titanate
(PbTiO3) Crystals from High-Temperature Solutions," I. 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," I. Appi. 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," T. 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," L. Appl. Phys. (to be submitted, 1994).

Y. Huang and D. A. Payne, "Crystal Growth of Potassium Titanyl Phosphate by a
Floating Seed Method," I. 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," T. 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," I. 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, J. Research Assistant
Chemical diffusion of oxygen in YBa2Cu306+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, charecterization and structure property relations for inorgarnc
oxide materials: LiB305, KTiOPO4 and PbTiO3. Ph.D. thesis, D. A. Payne,
advisor (1993).

e. Papers presented at Meetings. Conferences, Seminars. etc. (AFOSR Research
Group) 0

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.

0

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 Ba2Cu307-8," VII ISAF IEEE
Symposium, Urbana, IL, June 1990.

J. R. LaGraff, "Resistance Measurements Near the Orthorhombic-Tetragonal
Transition in Single Crystal Ba2Cu307-8" Science and Technology Center for 0
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-&5, 1990 Fall Meeting of the Materials Research 6
Society, Boston, MA, November 1990.

J. R. LaGraff, P. D. Han and D. A. Payne, "Electrical Resistance Measurements
Single Crystal, Bi-crystal and Polycrystal YBa2Cu3O7-8," 1991 March Meeting of the
American Physical Society, Cincinnati, OH, March 1991. 0

J. R. LaGraff, "Resistance Measurements and Oxygen Out-Diffusion near the
Orthorhombic-Tetragonal Phase Transformation in Single Crystal YBa2Cu3O6+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.



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 YBa2Cu307-8," 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 YBa2Cu306+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 YBa2Cu306+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 YBa2Cu306+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 YBa2Cu306+x," URI Workshop on Phase Transformations in Ceramics,
Urbana, IL, April 1992.

J. R. LaGraff and D. A. Payne, "Chemical Diffusion of Oxygen in YBa2Cu306+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 YBa2Cu3O6+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.



J. R. LaGraff and D. A. Payne, 'The Chemical Diffusion of Oxygen in 0
YBa2Cu3O6+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- 0
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 9
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
YBa2Cu306+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 Technology., 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, Illinois, 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
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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.

"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).

"0 "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).

"0 "Habit Plafie 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:
0 II. Experimental Observations," L. C. Yang and C. M. Wayman, Acta Metal.

et Mater., submitted.

'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 (PbTiO)

"* "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 Thtanate (PbTiO3) Single
Crystals," C. C. Chou and C. M. Wayman, Materials Trans. JIM 33[31
306-317 (1992).

"* "Pressure Dependence of Optical Absorption in PbTiO 3 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. ZZ(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

0 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).
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Growth of large PbTiO 3 crystals by a self-flux technique

B.N. Sun, Y. Huang and D.A. Payne
Department of Materials Science and Engineering, Materials Research Laboratory, and Beckman Institute,
University of Illinois at Urbana -Champaign, Urbana, Illinois 61801, USA

Pure lead titanate (PbTiO 3 ) crystals (5 x 5 x 5 mm 3) 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 2 + 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 shifted the transformation temperature to 460°C.
In the present contribution, we describe a method

Lead titanate (PbTiO 3 ) is a potential ferro- by which large equidimensional PbTiO 3 crystals
electric material with a high Curie temperature of were grown reproducibly without the addition of
approximately 490"C [1-51 and a highly polar foreign impurities.
structure (P4mm, P,(calculated) = 81 t.C/cm2)

[3], and is of considerable interest for potential
energy sensing and transducing applications. 2. Experimental procedure
However, little is know.ni about the basic proper-
ties of pure lead titanate due to difficulties en- 2.1. Crystal growth equipment
counted in the growth of crystals of sufficient size
for experimental measurements, although the The crystal growth experiments were carried
phase transformation behavior was reported as out in a vertical tube furnace (SiC heating ele-
early as 1950 [1,6]. The aim of the present work is ments) equipped with a programmable tempera-
to investigate the best conditions for the growth ture controller. For each growth run, a pure
of large single crystals of sufficient size for inelas- platinum crucible of 50 ml capacity was placed on
tic neutron scattering measurements. a refractory support. Two Pt/Pt-10%Rh thermo-

Crystal growth of PbTiO 3 has been attempted couples, in close contact with the Pt crucible,
by many workers. In most cases, small crystallites were connected to the temperature controller
or thin platelets were obtained [7-10]. Thicker and the temperature monitor, respectively.
plates of uranium-doped crystals were obtained The starting oxides were PbO (> 99.9%) and
by Remeika and Glass [11]. Recently, Suchicital TiO 2 (> 99.9%), both obtained from Aldrich. Due
and Payne succeeded in growing nearly equidi- to the high volatility of PbO, a so-called double
mensional crystals with an edge size of 3-4 mm crucible technique was used to reduce the evapo-
from a KF-based complex flux system [12,13]. ration of PbO. The platinum crucible was covered
However, the grown crystals contained a signifi- with a closely fitting lid and buried in TiO 2 pow-
cant amount of impurities (from the flux) which 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%.

22. Choice of growth parameters 9
For growth of highly pure PbTiO 3 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- |J -E-iT t 47,hc=VI!.,b t 1r1 " 0
ides including perovskites (see, e.g., refs. [14-191). Fig. 1. As-grown crystals of PbTiO3. The starting composition
In addition, PbO itself is a component of PbTiO 3, was 80 mol%PbO+20 mol% TiO 2 and the cooling rate was
thus avoiding the incorporation of foreign ions 0.8*C/h. 1 div - 1 mm.
into the crystal lattice. The system PbO-TiO 2
was investigated by Eisa et al. [201 who deter- mt
mined two eutectic temperatures, a higher at dendritic morphology, with internal cavities and1240 0C with 10% excess TiO 2 and a lower at inclusions within the crystals [ 191.

1240C wth 0% eces Ti2 an a owe at Crystals were separated from the resolidified
838"C. The lower eutectic, situated at the compo- Crysalere prated from the ofiedsition of 15 mol% TiO 2 + 85 mol% PbO is of flux by a leaching process through use of hot
partion of15mportn Tior f+ux 8 owth xperis of acetic acid and were identified by X-ray analysis.particular importance for flux growth experi- Elemental analysis by atomic absorption spec-
ments. The value of 8380C was taken as thelowest limit for the growth temperature. troscopy yielded the composition: 63.70 wt% Pb,

For a typical growth run, 150 g of the mixture 14.95 wt% Ti (Pb/Ti = 0.99), indicating that the(1- x) TiO2 +x PbO with x (in mol%) varying crystals were stoichiometric within the accuracyfrom 0.78 to 0.82 were pressed into the platinum of the analytical method.crucible. The temperature program of the fur- Optical examination under a polarizing micro-crucie. wasTasfollow)het atig frogam room them f scope revealed typical ferroelectric domains inperature to 1 100°C over 6 h; (ii) soaking at 1oo0 C the grown crystals. An example is shown in fig. 2,for a period of 12-20 h; (iii) step-cooling to indicating a- and c-type ferroelectric domains 0forape(iv) slow1220h;(iii)step-cooling to ataont (bright and dark bands respectively) in the head-rateof 0 0  hand(v) slow-cooling to r30'Catacoomtt to-tail arrangement, resulting in 90* domain wallsrate of 0.3-1.50C/h and (v) slow-cooling to room [2.
temperature in about 72 h. [211.

3. Results and discussion

PbTiO 3 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 2 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 2. Undissolved TiO 2 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 Fig. 2. Ferroelectric domain patterns observed on a PbTiO1  S
rate had flat surfaces. High cooling rates induced platelet in polarized light, showing typical a-c domains which
growth instability, which caused either hopper or intersect at 90* domain walls.

Inna lml ma l Iwlamanw • •0
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S .50 suitable for inelastic neutron scattering experi-

ments, were reproducibly grown. The grown crys-
6- . .... 4913C. 5H--t1OJig 40 tals had a high purity and were equidimensional

in form. Lattice parameters (a = 3.896 A, c =
0 4.158 A) were in good agreement with the litera-

- -- -- ture. The crystals transformed to the polar tetrag-
• -20 T onal structure at 491.3°C on cooling.CL

0.112 '"10
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Cubic to Tetragonal Martensitic Transformation
in Lead Titanate (PbTiO3) Single Crystals

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

The cubic to tetragonal (C/T) phase transformation in PbTiO3 single crystals 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 transforma-
tion is seen. The twinning system involved was identified as a compound twin in the tetragonal phase with K,= 110),
i=l=<O)10>, K= (110), and q2=< 110). The phase boundaries (habit planes) were frozen by controlling the temperature
profile. It is found that the habit planes vary within a certain range. Not only different specimens show this real varia- .e_
tion, but also the same specimen under different transformations follows this, indicating the importance of local ar-
rangements 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 ap-
plies. Discussions on the microstructural features as well as previous work on perovskite materials are presented.

(Received October 28. 1991)

Keywordsn martensitic transformation, lead titanate, perovskite materials, phase boundary, habit plane,
phenomenological crystallographic theory

0A

charge available to provide a termination for the sponta-
1. Introduction neous polarization at the interface. On the other hand,

crystals with high resistivity, though showing sharp first
Martensite was originally used to designate the hard order phase boundaries, apparently do not follow theo-

microconstituent found in quenched steels. Since then, retical predictions(°x"t ). In their interpretation, the reason
other materials have been found to exhibit the same type for this is that the free charges present in (semi-)conduct-
of solid state phase transformation, known as a mar- ing crystals neutralize the bound polarization charges
tensitic transformation. The most distinct feature of a inside the crystal. Whereas in highly insulating crystals,
martensitic transformation is its crystallographic char- the absence of free charges imposes the restriction that
acteristics, which imply a "military" (as opposed to phase boundaries be free of any exess polarization charge.
"* "civilian") mode of atomic transfer from the parent to The accumulated polarization charge at a phase bound-
the product phase"'. These transformations feature a ary results in stored electrical energy which dominates
coordinated structural change involving a lattice cor- the crystallographic characteristics once it prevails.
respondence and a planar semicoherent parent-product However, the evidence here is thin because no other
interface which, during transformation movement, pro- crystallographic data were used other than very limited
duces an invariant plane strain shape deformation, habit plane data.
Microstructural inhomogeneities on a fine scale during Lead titanate has a ferroelectric phase transition teli-
a martensitic reaction-slip, twinning, or faulting-are perature, Tc, near 5000C0' 2x 3). PbTiO3 is cubic above T,
usually observed at the electron microscope scale. This and exhibits a strong tetragonal distortion at 20*C
secondary deformation provides the invariant plane c/a= 1.06 which persists up to T, (c/a= 1.01 )(1x35). The
condition at the macroscopic scale and *maintains a lattice constant a increases smoothly upon heating, while
semicoherent glissile interface between the martensite the constants c and c/a decrease. At Tc, the lattice con-
and the parent phase. stants c and a change abruptly and the structure becomles

The phenomenological crystallographic theory of cubic. Since the volume of the unit cell decreases sharplY
martensitic transformationst"-") is well established, and as a result of this transition, the linear expansion
has been applied successfully to many metallic alloy coefficient of a polycrystalline sample is negative below
systems("1-(", and more recently to ceramics and other T,(2")ts". The transformation is first ordertt"). PbTiOj
systemst"". It has been reported that the Wechsler- single crystals present a highly polar structure with verY,
Lieberman-Read (\VLR) theory can be applied to the high spontaneous polarization in the perovskite
cubic-tetragonal phase transition of semiconducting family"t'xIIXt). Because of its large tetragonality and
perovskite-type crystalst"', which have sufficient free detectable negative volume change near T,, PbTiO3 Pro*

vides a more sensitve indication of the role of lattice vari-
Department of Matcrials Science and Engineering. University of tion during transformation. In the present experimentS,
Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA. we study microstructural features to understand basic
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cr.y:_,lographic characteristics in this material, Table I Transformation temperatures of PbTiO3 specimens studied.

present a real scatter of the habit plane, and verify the
appplicability of the phenomenological crystallographic Specimen No. M, (0C) A, (C)

theory to this perovskite system. 1 451 460
2 450 455

11. Experimental Procedure 3 451 455
4 455 462
5 453 457

PbTiO3 crystals were growntt") by slow cooling from a 6 450 454
flux, containing KF, Pb301, PbF2, KBF4, and TiO2, at a 7 455 460
temperature below the transformation temperature in a
50cmI platinum crucible. A vertical tube furnace with
sealed-end quartz tube was programmed to give a con- shown in Fig. 1. Surface relief forms along two direc-
trolled cooling rate to below 300°C. Crystal growth pro- tions which are closely related to two variants shown in
ceeds in an oxygen atmosphere and at a very slow cooling this orientation. Surface tilting is clearly observed as
rate. The as-grown crystals were mostly cubic in shape or black and bright patches by appropriately adjusting theelongated cubic or orthogonal forms. After washing in specimen position and orientation. Note that interfaces
hot concentrated acetic acid, in order to dissolve any at- between variants are not exactly parallel, indicating a

tached solidified flux, and polishing with AI20., powders possible variation of habit plane trace during phase
of various sizes, the crystals show a transparent amber transformation.
tint. Figure 2(a) shows PbTiO3 lattice parameters as a func-

Transformation characteristics were studied using tion of temperature"t". At room temperature, the crystal
heating stage optical microscopy and conventional is tetragonal showing lattice parameters a=0.39029nm
transmission electron microscopy at room temperature. and c=0.41344 nm and the values of a=0.3961 pm,
Specimens for optical microscopy were ground by hand c=0.4012 nm and a0=0.3972 nm apply at Tctl t". Again,
to a thickness about 80prm or less and polished using the tetragonality is a little smaller than that reported in
A120. powder. Some coarser scratches were intentionally previous workt' 2KI t. Figure 2(b) shows the PbTiO3
retained as fiducial lines. In situ transformation ex- volume change as a function of temperature"t '). Note the
periments were performed using heating stage optical negative slope and rapid increase (and then decrease), of
microscopy. The specimens used were high quality crys- volume change below T, as the temperature decreases, in-
tals with sharp flat {100) surfaces and the microscope dicating an intriguing lattice structure variation, as dis-
used was a Nikon UM-2. The specimens were investigated cussed later.
using polarized light and put in a heating stage which The inhomogeneous shear was introduced as internal
was designed to be able to control the temperature twins in the tetragonal phase. A ferroelectric material has
profile quickly and to "freeze" phase boundaries, regions where the magnitude and direction of the
TEM specimens were hand ground and then treated by a polarization are the same in each region, though the
commercial dimpling machine down to 10pm. An ion polarization may differ in orientation in neighboring
miller was employed at 6 kV, 0.5 mA, each gun with regions. These regions are known as ferroelectric do-
tilting angle at 180 for further thinning. After perfora- mains which are separated by domain boundaries. From
tion, the specimens were further ion bombarded at reduc- symmetry, there are two types of domain boundaries in
ed voltage and tilting angle for several minutes. TEM PbTiO3 , that is, 900 and 1800 boundaries. The angles
investigations were conducted using a Hitachi H800 refer to the angle between the domain polarization vec-
microscope at 200 kV with a double-tilt specimen holder. tors on either side of the boundary. From a [100] orienta-

tion two different morphologies of 900 domain bound-
IMl. Results aries are usually seen. One is straight with sharp images,

and the other shows wavy morphology and fringe con-
The results obtained can be divided into two major trast, as shown in Fig. 3(a) and (b) respectively. The

parts: experimental determination of crystallographic sharp boundaries are termed a-a type domain bound-
characteristics, and theoretical calculations. aries, because the polarization vectors in two adjacent

domains are all perpendicular to the viewing directionI. Crystallographic characteristics and the a-axis in each domain points to the viewing di-
The single crystals used show lower transformation rection. On the other hand, the fringed boundaries are

temperatures than those previously reported"""'2 ). The inclined to the viewing direction and the polarization
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 The present X-ray data show slightly different characteristics from

those in previous work (Ref. (12)). which may be due to impuritiesresistance of the crystals measured is as high as in the crystals. Since we use the crystals from Ref. (17), the corre-.Ox 10- fl/cm' or more"t 7). Surface relief of the sponding X-ray data were adopted. The impurity effect may in-
tetragonal phase is often seen in as grown crystals and/or fluence the characteristic values of a phase transformation, such as
crystals after C/T transformation. A typical example is T,. tetragonality, etc.. but is believed not to affect its nature.
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F_ Optical mii crograph showing &urface relief of tetragonal hase
it)lt as-Frown PbTiO 3 single crystal. Similar features can b b

ýe 'd dafter otherT CIT transformations. Note that interfaces are not I(' dvl parallel.

S 0.42

* 1:0.4 c-Spacing

00

o Tel rogonol Cubic
E (P4mm) (Pm3m)

U

0 Fig. 3 Electron micrographs showing 90* domain boundaries. (a) a-C
domain boundaries; (b) a-a domain boundaries.

02CK__-Sp 4in 600 vectors in two adjacent domains are alternatively parallel

Tempratre, /*Cto ur perpendicular to the viewing direction. The a-axis
(a) and c-axis point to the viewing direction and hence the

domain boundaries are called a-c type. Actually, from$S
* 0.063'4 crystallographic viewpoint, a 900 domain boundary is a

twinning plane between two adjacent domains. For a- -9
Tetrgonli~bic domains, this is readily seen, as shown in Fig. 4(a). Thle

0.63 symmetrically distributed diffraction reflections imply
E 0 0that the two adjacent domains are twin-related. DiffrW-
0 tion patterns as shown in Fig. 4(b) were derived by tilting

> 0.0630 -a-c type domain boundaries from a 11001 zone to a111
zone. Again, a twinning relation was derived from the

't!0.028symmctrical distribution of diffraction reflections.I
both cases, the twinning planes, K,, are 4110) tye
planes. The corresponding schematic models showlltS0.0626( ' 1 atomic arrangements are in Fig. 4(c) and (d). Figure 4(c.)

200400 600I.Temperature, TI'C 11IO clearly shows that the twinning direction, P71, is along it
(b) (110> type direction due to the tetragonal distortion dolr-
(b) ing transformation. The invariant plane, K1, is the J110)

tie 2 X-ray daia showing (a) lattice parameterts; Qhtynit cell volume plane which is the other didgonal plant of the tetragOnfll
('f MAI O, at I function of temperature, cell. Figure 4(d) is more complex, but can be Immediately
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shear direction Twin plan/

6.6

mirror plane I' ] 1'1

(a) 111,,nl

Iý Ior I
I 0II

100 il0m " 0 region I atom

To 2 11 Tposition

0 region 11 before
Cio i twinning

oil 001 010
Trin Ik region 1a after

Ill twinning

100

Si shear direction

(bW (d)

Fig. 4 (a) Diffraction pattern taken from a il00lorientation showing a-a type domain arrangements; two adjacent domains 0
are twin related; (b) diffraction pattern derived by tilting an a-c domain to a [111) orientation 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 to (b).

realized by studying the stereographic projection in (b).
The result of the twinning system is the same as that K1 pole
derived from Fig. 4(c). Therefore the elements for the t)\z•
twinning system in PbTiO 3 crystals are determined. The 2
twinning magnitude can also be determined from split-
ting in the diffraction pattern, Fig. 4(a), or from X-ray 2
data. The results are shown in Table 2. It is found that K \\ K
this is a compound twinning system'. The result can be
seen in a stereographic projection, Fig. 5.

Phase transformation characteristics were partly deriv- 001
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 3  0
crystal during transformation as seen using polarized
light. The phase boundary is sharp and straight with an
angle about 300 to a 10101 direction. This sharp bound-
ary implies that the boundary is almost in an edge-on
Position. One can easily distinguish the cubic phase by

When K, is a rational plane and q,: a rational direction. this is twin-
ning of the first kind; when K: is a rational plane and qf a rational Fig. 5 10011 stereographic projection showing the relation between

direction, this is a twin or the secotd kind; whet all four elements twinning elements for PbTiO, tetragonal phase.

K1, K, r'i and q.. are rational. the twtin is compound.
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Fig. 6 Optical micrographs using polari7ed light showing (a) a sharp single C/T phase boundary during transformation, mak-

ing an angle about 30' from a 1 100) plane; (b) the same specimen rotated to a position %%here the cubic phase becomes ex-

tinct; (c) double C/T phase boundaries during transformation. showing distorted region at phase front intersection and
non-uniform conitast distribution in the tetragonal phase; (d) a habit plane affected by microstructurat inhomogeneity
%%hich is in the form of a-a type domains: (e) another single C/T phase boundary in a different specimen, making an angle
of about 35* front a (100) plane.

Table 2 Twinning elements in PbTiO3 tetragonal phase. contrast region; the contrast near the specimen center
. .. ...... ......... .... may be different from that of the edge. Figure 6(c) shows

K, 171 K, Si I
_....___ K_,__ a two-interface type phase transformation where the two

Room temp 1110) <!t0> (110) (110> 0A115 interfaces are not symmetrically distributed along a (010)
T, (110) <110) (110) (110> 0.0256 plane. The angles between the two interfaces and the

(010) plane are 38.50 and 35.70 respectively. It is clear
that at the intersection of the two phase fronts a distorted

rotating the crystal. The cubic phawe becomes extinct region with different contrast is generated, and this
because of isotropy, Fig. 6(b). One notices that the con- changes the original habit plane configuration. In the
trast near the boundary is dillerent from regions farther tetragonal region, one sees a non-uniform contrast
away, indicating that a local distortion exists. This distribution, indicating birefringence variation which is
dislorted region appears to vary case by case. For in- closely related to the lattice parameter variation. We
Stance, the intersection of two interfaces shows a broader point out that brighter patches sometime show up in the
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cubic rction before the habit plane approaches it, sug- Table 3 Angles of habit planes (during transformation) from fg
gesting ,ome local perturbation in the crystal. Figure 6(d) planes.
shows a typical situation where the habit plane may be Specimen No. Angle I Angle

affected by microstructural inhomogeneity, as indicated.
a-a type domains form at this region which show 450 I-I 59.3 30.7
stripes from a 1100) plane. The habit plane is bent when l-2 60.3 29.7

2-1 55.0 35.0
it reaches this region. Similarly, a habit plane may be 56.0 34.0 - -

influenced by other factors, such as temperature in- 2-2* 51.0(53.0) 39.0(37.0)

homogeneity, impurity effects etc., which may substan- 3-1 57.0 33.0

tially change the habit plane orientation during transfor- 3-2** 51.5 38.5 -54.3 35.7
mation. Other single crystalswere also used to measure 3-3 50.5 39.5

the habit planes. We found that the habit plane appears 4-1 55.0 35.0

to vary from crystal to crystal, Fig. 6(e); more interesting- 4-2 55.0 35.0

ly, the same crystal may show a habit plane a little 4-3 57.0 33.0

deviated from a previous one or even a little change in 5-1 56.0 34.057.0 33.0 :-
orientation during phase front movement. All the angles 52 58.0 33.0 -
from a 1100) plane to the habit planes were measured 6-1 65.0 25.0
and the results are collected in Table 3. 63.0 27.0

Because of the difficulty of performing two surface 6-2* 50.0 (57.0) 40.0 (33.0)
analysis of the habit plane in this case, we used another 55.0 35.0

method to derive three dimensional information. In 6-3 61.0 29.0
some transformations, the traces of phase boundaries are 58.5 31.5
parallel to 1100) planes or with several degrees deviation, 7-1*** 58.0 32.0

shown in Fig. 7. These boundaries often show inclined
features, i.e., the boundaries show a bright color at their Curved interface

Two phase fronts .
edges under polarized light as indicated. From such bound- Some phase front traces nearly parallel to 1100) type planesg,
aries, we derive the distribution of the third direction discussed in the text.

cosine, and accordingly the largest angle from a 1100)
plane is not more than 50, and most are within 20.
Therefore, we are able to construct the distribution of P,=RBP, (I)
the habit planes. The results are shown in Fig. 8. It is
clear that the habit plane during transformation scatters where P1, is the shape deformation, and P 2, B and R
around a range. represent the lattice invariant shear, the Bain distortion

To determine the shape strain, the scratch displace- and the rigid body rotation, respectively. Since both P,
ment technique is ordinarily used""" 9". However the and P 2 are invariant plane strains, they can be
displacements in the present case are extremely small, represented as:
Fig. 9. Straight fiducial lines were not seen bent across (2)
the boundary, indicating a very small shape strain during
transformation. where I is the unit matrix, nim is the magnitude of the

displacement, di is a unit column vwztor in the direction
2. Theoretical calculations of the displacement, and pi is a unit row vector repre-t
The crystallography of the cubic to tetragonal phase senting the normal to the invariant plane.

transformation was analyzed using phenomenological Bowles and Mackenzie utilized an equivalent exprn-.
crystallographic theory formulated by Bowles and sion to eq. (1)
Mackenzie"), but treatments of Wechsler-Lieberman- PP2-=RB=S V)
Read'21 and Bullough-Biby(2O are equivalent. A computer ' B.
program based upon the Bowles-Mackenzie formula- where the matrix S, the resultant of two invariant plane
tiont'" was used in this work. strains, is an invariant line strain. --

The fundamental basis of the phenomenological From the experimental lattice parameters of the parent.

theories is the experimental observation that the transfor- and martensite phases and the assumed Bain (lattice) .
mation is macroscopically a homogeneous distortion in correspondence, the principal distortions and thus the
which the habit plane between the parent and martensite matrix B are determined. Invariant lines and invariant
crystals is both undistorted and unrotated. Upon the normals are calculated from B, and their combinationtS
requirement that the martensitic transformation is ob- applied with the appropriate rigid body rotations R gill;v
served as an invariant plane strain, the theory also incor- four invariant planes. The rigid body rotation matrix toW.

- porates a lattice invariant shear, and a rotation with the put undistorted lines and normals into their original post.

Bain (structural) distortion to derive a final invariant tions is given by Euler's tlheorem. Once S=RB is deter,
plane strain. The basic equation of the phenomeno- mined, P, and P: can be determined from eq. (3) and the
logical theories can be expressed as assumed (or known) p,' and d2!

"."4.•
0•'
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Fig. 7 Optical micrographs using polarized light showing (a) phase boundary spikes nearly parallel to 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 j 100) planes or with only
se\cral degrees deviation.

In the present case, we assume transformation occurs transformation actually occurs, since the transformation
from cubic to teiragonal structures. The lattice cor- occurs swiftly and the nature of X-ray measurements is
respondences and lattice invariant shear systems in not really "on-time". We need to consider the local lat-
PbTiO, are listed in Tables 4 and 5. Since we know that tice conditions, such as: real lattice parameters when
PbTiO, has a negative linear expansion coefficient transformation occurs, lattice perturbations, tempera-
(therefore negative volume change) below 7,, and the lat- lure inhomogeneity, etc. However, we do not know the
lice parameter c decreases and a increases as the tempera- "real" conditions around the habit plane at transforma-
lure increases, we can derive tion, but can estimate the principal strains as follows.

/when C-T (4) Based upon the lattice constants mentioned before and

That is, thle increasing rate of ca is greater than that of ithe relation shown in eq. (4), we calculate possible habit
planes by holding illt constant ('itt = 'li, and varying 1133.

(a/a,)2. Considering the lattice parameters of PbTiO.3  The ranges of 'it and t133 are: 1>'ill>0.994949 and
carefully, one realizes that the "lattice parameters at T," 1 <'i.•< 1.012626. We find that the habit plane shows the
derived by X-ray may be different from those when same tendency for each set of ill, and 11. That is, the
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Calculated Table 4 Lattice correspondence (LC) and transformation nal l
cubic and tetragonal phases of PbTiO,.*

E 0.998317 1.004209 Lattice correspondence (UVW] luvwi T

S0.998317 1.005261 7'II 1 00 1 00 109
0 10 0 10 0Oi

o 0.998317 1.006313 00 0 00 1 001

0 0.998317 1.007365 II 1 00 0 1 0 OOj
010 001 O ll.

* 0.998317 1.009470 0 0 1 00 0OI
III 10 O0 0 01 010

010 1 0 0 001
001 010 100

IV 1 00 0 1 0 01 0

0 010 100 100

001 011 001 001 001
V 100 100 100

010 001 001
00 1 0 10 0 10ai

VI 1 00 001 0 0 1
0 1 0 0 1 0 010-'_"

F00 1 1 00 100

Experimental where

II [v =T[:"
Fig. 8 Experimental and calculated habit plane distribution shown in w --JT,,,.W c"

stereographic projection.

[101] to show the general characteristics of the calculated

habit plane scatters linearly over a range, and is very sen- crystallography, as listed in Table 6. The calculated habit

sitive to the relative values of (073- 0)/(1/1- I), i.e., the plane varies within a range similar to that observed in the

principal strains. Moreover, if r/tt is different from )/2 experiments if we input reasonable values of principal

when transformation occurs, the habit plane normal may distortions based upon available lattice parameters and

deviate sideways from the {O0 }1- (011 zone which ex- take into account a possible local lattice perturbation.

plains the lateral scatter of experimental data seen in Fig. Similar scatter characteristics can also be derived by

8. We sumarize a set of calculations using lattice cor- varying a dilatational parameter, 311 which describes a

respondence I and lattice invariant shear system (101) uniform lattice distortion at the boundary as discussed

4,.

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

due to the very small transformation shape strain.
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Table 5 Lattice invariant shear systems employed for PbTiO,. the precise orientation relationship between the two
.- -• phases is not determined quantitatively in the present ex-

LC 1iI10)I1011 LC 11 (011)0111 LC III (10)[1101 periments, the relationship between the principal axes in
til(01(I l0)(I101 (101)11011

0O1l)lo011 (01i)[011) (liOl)llO both phases is easily derived. That is, the three or-
(0i 1)o0111 (1h0)l110l (101)[1011 thogonal axes in the cubic phase are essentially parallel to

certain orthogonal axes in the tetragonal phase. All the
LC 1\1 (1O)1)1011 LC V (110)1110) LC Vt (110)11i0 above crystallographic features fall within the classifica-(101)(10i] ( I0)101) (1i01)!0- tion scheme for martensitic transformations" t 2

3.

(011)(01 I) (110)11101 (1 10)1-1101
(01i)(0111 (011)[0111 (10)1011 During the cubic to tetragonal transformation in

•- -.. .. PbTiO3, several features were observed. Most significant-
ly, some of the cubic-tetragonal interfaces (or habitTable 6 Effect of principal distortion values on the results of plane) show sharp, straight first order phase boundaries

crystallographic analysis (LCI-1). which scatter within a certain range, and some show

,1, 0.998317 0.998317 0.998317 0.998317 0.998317 bright and broader edges. If we consider this using a
17, 1.004209 1.005261 1.006313 1.007365 1.009470 three dimensional construction, as shown in Fig. 10, the

Solution I morphology of the habit plane depends on the viewing
v-V0  0.000652 0.001880 0.002929 0.003977 0.006075 direction. For instance, viewing from direction c, a sharp

interface can be seen; from direction a, a broad interface
m, 0.004022 0.005252 0.006302 0.007353 0.009454 appears; on the other hand, one may not see any phase

P1 -.762924 -. 824731 -. 856502 -.878487 -. 907004 boundary or only some faint feature from direction b.
-.646485 -. 565521 -. 516140 -.477761 -. 421117 Boundaries shown in Fig. 6 are those viewing from a
0.002263 0.002090 0.002053 0.001956 0.001945 direction similar to c, and Fig. 7 shows boundaries view-

ing from an a direction. Interpretation in this way ex-
d, -. 761653 -. 823282 -.855040 -. 877020 -.905487 plains fairly well the morphology of habit planes ob-

0.647981 0.567630 0.518559 0.480451 0.424370
0.002176 0.002026 0.001906 0.001900 0.001773 served in PbTiO 3, and the habit plane distribution can be

fit with theoretical calculations by considering local lat-
Angle tice parameter perturbations. However, previous works
from 40.30 34.40 31.10 28.50 24.90 on BaTiO3 claimed that in some high resistivity BaTiO3
10101 crystals the cubic-tetragonal phase boundary is of the W-

L-R type, but contrary to theoretical predictions"""xt'.
The cubic-tetragonal phase transition in about 20 BaTiO.,

later. The calculated shape strain magnitude in, is about single crystals was investigated""t"I and about 30% of
one tenth to one twentieth that in ferrous martensitic the crystals exhibited phase boundaries at angles very
transformations. This is the reason why we can hardly close to that predicted by theory; 60% of them showed a
see any obvious bending of fiducial lines. It is seen that broad phase boundary approximately perpendicular to
the theoretical calculations appear to fit experimental the 900 domain walls of the a-c domain structure and the
results quite well if we consider the interfacial properties remaining 10% changed from cubic to tetragonal via a
of the habit plane. A more complete set of calculations broad and complicated square net pattern" 1)

2
(1. In all

will be published elsewhere. cases the a-c domain structure was clearly visible right up

IV. Discussion

It has been suggested that the WLR theory should be I
applicable to perovskitc-type ferroelectric crystals"4'. _-'habit plane
DiDomenico and Wemplet"I did present evidence on
semiconducting perovskite-type crystals showing habit
planes quantitatively explainable in terms of the WLR
crystallographic theory. However, crystals with high resis-b
tivity were reported not always with predicted habit b
plane normalst"O)° . Since then, it has been considered
that the cubic to tetragonal transformation in perovskite
crystals with high resistivity can not be classified in the
family of martensitic transforniations'-2. However, the
microstructural characteristics of PbTiO3 in the present
experiment have shown: (i) reversible surface upheavals; a
(ii) irrational habit planes; (iii) a fine inhomogeneous 0
structure which is twinning in this case; (iv) that all atoms Fig. 10 Three dimensional arrangement of a habit plane. Viewing
move less than an interatomic distance; and (v) the from three different cube directions reveals different morphological
transformation process is clearly first order. Although characteristics. See text for discussion.

.•0
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to the pha~e boundary and in all cases a strain pattern sition, defects, temperature inhomogeneity, etc., which
with the same period as the a-c domain structure was may substantially influence the crystallographic charac.
clearly visible in the cubic phase on the high temperature teristics. In the present experiments, the same crystal
side of the phase boundary. Reviewing these previous sometimes showed habit planes with different angles
results carefully, we can see that the situation in BaTiO 3  from a (1001 plane, providing evidence for this considera.
is quite similar to that in PbTiO,. Besides the 30% habit tion.
planes which show sharp interfaces and are consistent Although the transformation strains in PbTiO3 are
with the theoretical calculations, the 60% habit planes ap- quite small (Table 6) compared to those of ferrous alloys,
proximately perpendicular to the 900 domain walls of the a small change in the relative values of the principal
a-c domain structure are ;..tually parallel to a 1100) strains introduces a dramatic shift of the habit plane.
plane since the traces of a-c domain boundaries should That is, the tetragonality of the C/T transformation is a
be parallel to a 1100) plane, which may be just the case major factor determining the crystallographic characteris-
shown in Figure 7 and can be derived viewing from an ap- tics. The tetragonality can be affected by impurities,
propriate direction, like c in Fig. 10. We do not see com- structural inhomogeneities, a temperature perturbation,
plicated square net patterns in PbTiO3 and therefore it is strain conditions, etc. The crystals used in the present
difficult to compare the remaining 10% of the habit case"') offer a good example. It is thus obvious that even
planes. It seems that the apparent inconsistency in a very small perturbation of lattice distortion during
previous works is because three dimensional considera- transformation will shift the habit plane. This is evidenc.
tions were not taken into account. ed by the shift of the same phase front at different posi-

If the specimen is thin enough, one sees a pronounced tions during transformation, Fig. 6(c)-(e). This considera.
contrast variation around the phase boundary under tion may explain the scattering of habit plane normals
polarlized light, as shown in Fig. 6. This is clearly related observed in experiments. The reason why the scattering
to a strain field and one further notes that this pattern phenomenon is not seen in BaTiO., and KTN is probably
appears at the tetragonal side, with a width of tens of due to the very small tetragonalities and distortions in-
microns. An interpretation of this is that a coherent volved.
unrotated interface forms with severe elastic strain over PbTiO.Q has a much higher polarization value than
an appreciable distance owing to lattice-matching. BaTiO., and KTNI") and the resistivity of the crystals
However, the contrast variation regions appear to vary used is much higher than a semiconductor. Therefore the
case by case, indicating a possibility that local lattice stored electrical energy should be much higher at the
distortions may vary depending on the ambient condi- phase boundary in this case according to an argument
tions. To reduce the misfit strain energy to a minimum, made by previous workers"'-l"'. If this is true, the elec-
the lower symmetry crystal phase should be twined so trostatic and/or electrostriction energy may overwhelm
that the sign of the strain reverses in going from one twin the strain energy, and dominate the transformation char-
to the next along the habit plane. This then defines a acteristics. We do not know the exact relation between
plane of "zero average distortion'"'1 . The theory of the strain and electrical energies in the present experi-
WLR is based on an interface plane between the mar- ment, and more detailed work is needed. However, if the
tensite and its parent which remains macroscopically electrical energy prevails and the transformation charac-
unrotated and undistorted as a result of the shape defor- teristics are solely dominated by this rather than by a per-
mation. It is implicit in this account that the "fit" of turbation of lattice arrangements, it appears that the
the martensite to its parent is isotropic. Bowles and same crystal could show identical habit plane characteris-
Mackenzie have shown that if the habit plane contains a tics because the stored electrical energy is the same. This
small scale isotropic distortion, the condition of an invar- is not the case we observe. Therefore we suggest a re-in-
iant plane strain for the habit plane is slightly relaxedt3". vestigation of the role of electrical energy.
Therefore, the Bowles-Mackenzie theory, on the other
hand, holds that the habit plane is unrotated but may be V. Conclusions
isotropically distorted by some 1 or 2 percentt". They in-
troduced a dilatation parameter, 6, which in effect slight- (i) The cubic to tetragonal (C/T) phase transfor-
ly relaxes the requirement that the habit plane is un- mation in PbTiO., single crystals shows martensitic cha-
distorted, but this modification is not without criticism'23 . racteristics. Microstructural features investigated using
We do not know in fact if the habit plane is isotropically heating stage optical microscopy and transmissibn
distorted (or not) during transformation from the pres- electron microscopy show a small hysteresis involved, the
ent experiments. However, we can think in another way difference between the A, and M, temperatures being
that the parameter 6 is more than a "correction factor", about 5*C. The phase front passes swiftly through the
and may contain substantial physical meaning. The crystal; surface relief accompanying the transformation
significance of this is that the parameter 6 may function is also seen. The twinning system involved has been iden-
as an indicator of local lattice arrangements causing a tified as a compound twin in the tetragonal phase with
habit plane change. This offers a certain degree of KA1= 110), 71=<1I0>), K2={IO}, 12=<llo>.
freedom: to take into account a perturbation or local (ii) The phase boundaries (habit planes) were
lattice distortion during transformation due to compo- "frozen" by controlling the temperature profile. It was



Cubit. to letragonal \lariensiti,. Transiormation in Lead Titanate tPbTiO,1 Single CrystaIh 317

found that the habit planes vary within a certain range. (5) C. Mi. Wayman: Introduction to the Cry-stallography of Marten-
* Not only did different specimens show this phenomenon, silic Transformations, Mlacmillan. New York,* (1964).

but ailso the same specimen under different transforma- (6) H. Warlimont and Delaty: Progress in Mfaterials Science. ed. by B.
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* distortion near the interfaces during transformation. The New Y'ork (1978).
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the role of stored electrical energy. (1974). 409.

(iii) Theoretical predictions with varying principal (9) M. DiDomenico. Jr. and S. H. Wemnple: Phys. Rev., 155 (1967).
539.

distortions show that experimental data appear to fit (10) T. J. Parker and J. C. Burfoot: Brit. J. AppI. Phys.. 17 (1966),
calculated results quite well, if one considers the effect 207.
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that the phenomeno~ogical martensitic crystallographic (12) G. Shirane, S. Hoshino and K. Suzuki: Phys. Rev., 80 (1950),

theory does indeed apply to PbTiO3.10.
(13) G. A. Smolenskii: Soy. J. Technical Physics, 21 (1951), 1045.

Acknoledgents(14) H. D. Megaw: Proc. Roy. Soc., A189 (1947), 26).
Ac~nweglens(15) G. Shirane and S. Hoshino: J. Phys. Soc. Japan, 6 (1951). 265.

The authors are grateful to Professor D. A. Payne and (16) G. Shirane, R. Pepinsky and B. C. Frazer: Acta Cryst., 9 (1956).
Dr. . T Sucicial or poviing rysalsand aluble 131.Dis Cusson. Tuhisia o projectisg suppoteds byd AirForeaOfie (17) C. T. Suchicital: Ph. D Dissertation, University of Illinois, (1988).

discssins.Thi proectis upprte by ir orc Ofice (18) J. S. Bowles and A. J. Morton: Acta Metall., 12 (1964). 629.
of Scientific Research under contract AFOSR-90-0174. (19) E. J. Efsic and C. M. Wayman: Trans. TMS-AIME, 239 (1967).

873.
REFERENCES (20) R. Bullough and B. A. Bilby: Proc. Phys. Soic., 869 (1956). 1276.

(1) J. W. Christian: The Theory- of Transformations in Mfetals and (231) H. M. Ledbetter and C. M. Wayman: Mater. Sci. Engr., 7 (197 1).
Alloys, Pergamon Press, Oxford, (1965) and (1975). 151.

(2) NI. S. Wechsler, D. S. Lieberman and T. A. Read: Trans. AIME, (22) M. Cohen, G. B. Olson and P. C. Clapp: Proc. ICOMAT (1979),
197 (1953). 1503. 1.

(3) J.5S. Bowles and J. K. Mackenzie: Acta NMetall., 2 (1954),.129, 138, (23) D. S. Lieberman: Phase Transformations, ASM, Metals Park,
224. Ohio (1970), Chap. 1.

(4) D. S. Lieberman, MI. S. Wechsler and T. A. Read: J. Appl. Phys., (24) P. W. Forsbergh: Phys. Rev., 76 (1949), 1187.
26 (3955), 473.



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 PbTiO3 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 k0.3
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 with the slope decreasing from -84 K/GPa at low pres-
sure to -50 K/GPa at 2.2 GPa. These results imply that

Lead titanate, PbTiO3, an important member of the Pc> 8 GPa at room temperature. Samara also noted that
perovskite family of ferroic materials, has a first-order the first-order character of the phase transition becomes
cubic-to-tetragonal phase transition on cooling through T, less pronounced with increasing pressure and suggested a
-763 K (Curie point) at atmospheric pressure.' The effect change from first- to second-order character with the tric-
of pressure on the properties of PbTiO 3, and their relation- ritical point at -4.5 GPa.
ship to the phase transtion, has been studied by several A second-order phase transition at P,= 12.1 GPa and
authors.2- However, unlike its Ba analog, BaTiO 3, accu-

rate values of the single-crystal ferroelectric properties of room temperature has indeed been identified from the
pure P3TiO 3 are unavailable because of experimental dif- high-pressure Raman study of undoped PbTiO3 crystals. 6

ficulties in polarization reversal measurements. In addi- On the other hand, dielectric and x-ray measurements for
tion, reduced values of electrical resistivity4 often dictates Nb-doped polycrystalline specimens5 suggest a first-order
the use of samples doped with U4.7.9 or Nb3 as charge phase transition at 5.8 GPa and room temperature. These
compensators.' As a consequence, some discrepancies in latter data are in contradiction with more recent x-ray dif-
reported data2,4,s57 may be partly attributed to the differ- fraction measurements for U-doped crystals7,8 up to 6 GPa
ences in crystal quality and composition. from which a second-order transition at - 13 GPa may be

The temperature of the polar-paraelectric phase tran- expected by extrapolation.
sition is known to decrease with increasing hydrostatic The pressure-temperature phase diagram of PbTiO3
pressure. From an x-ray study of pure PbTiO3 ceramics up and the position of the tricritical point have been recently
to 1.8 GPa Kabalkina and Vereshchagin 2 obtained a linear analyzed within the framework of a phenomenological the-
pressure dependence of Tc with a slope as steep as - 180 ory of ferroelectricity. 9 From this analysis the high-
K/GPa, which extrapolates to a transition pressure Pc pressure second-order phase transition is to be expected at

=2.7 GPa at room temperature assuming the transition room temperature. However, the Raman data of Sanjurjo
remains first-order. Later, from studies of the dielectric et aL6 remain the only direct experimental evidence for it.
properties of U-doped single crystals, Samara4 observed a Optical absorption has already proven useful for un-
significant nonlinearity in the pressure dependence of T, derstanding the properties and phase transitions of ferro-

electrics in response to changes in external parameters. 1-1 2

')Present address: Geophysical Laboratory, Carnegie Institution of In the present study we have attempted to identify the
Washington, 5251 Broad Branch Rd.. N.W., Washington, DC 20015-
1305. high-pressure phase transition in PbTiO3 from optical ab

b)On leave from: Institute of Experimental Mineralogy, Russian sorption data obtained over a wide range of pressure up to
Academy of Sciences, 142432 Chernogolovka, Moscow District, 35 GPa. Our intent is to resolve difference among previous
Russia.

')Present address: Department of Chemical, Bio, and Materials studies, and to extend the pressure range of investigation
Engineering. Arizona State University, Tempe, AZ 852S7. using nominally undoped crystals.
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II. EXPERIMENT tool

The PbTiO3 crystals used in our study were grown by
slow cooling from a temperature of 900"C in a KF-PbO-
PbF2 flux. Details of the crystal growth procedure are pre-
sented elsewhere.' 3 A qualitative chemical analysis of the
resulting crystals by dc arc emission spectroscopy showed I f 2
the presence of impurities at the 0.5 wt % level or lower, 9 50
with most impurities having substantially lower concentra- a - 4.0 Gpa

tions. These results were confirmed by quantitative elec- 9 2 - 9.0 GPa
tron probe microanalysis, which yielded 0.33 wt % K20 3 -12.2 GPa
and all other impurities below the detection limit. All sam- 4 -17.1 GPa
pies were multidomain on a length scale ranging from a 5 -23.4 GPa
few micrometers or less up to several tenths of a mm. 0 1, 5 . a

The optical system used in our experiments is similar 4000 5000 6000

to the one described by Welber.14 A Mao-Bell" type of Wavelength / A

diamond anvil high-pressure cell was used to compress the
samples. The gaskets with a central hole about 200 W m in FIG. 1. Transmittance spectra of PbTi0 3 single crystals at various pres-
diameter were made of 0.5-mm-thick stainless steel 301, sures, Dashed lines illustrate the definition of the absorption edge.
and preindented to between 50-70 Am. PbTiO3 crystals
approximately 80 Am in linear dimensions and - 10 Jm
thick were loaded into the cylindrical gasket hole together in the violet range of wavelengths, as could be expected
with several ruby chips used for pressure measurements by from its yellowish color. This intense absorption is clearly
the ruby fluorescence technique."6 The pressure transmit- caused by Ti ions, as judged by analogy with the known
ting medium was a 4:1 methanol:ethanol mixture, which fundamental absorption edge of crystalline BaTiO3 at a
provided a hydrostatic medium up to 10.5 GPa, and wavelength A = 4000 A, at room pressure. 12 Similar absorp-
quasihydrostatic pressure to about 20 GPa.17 In our exper- tion spectra have also been reported very recently for Pb-
iments, the R, and R2 peaks of ruby fluorescence were well TiO3 powder at ambient conditions."3 With increasing
resolved up to the highest pressure (35 GPa) indicating pressure, absorption shifts significantly to longer wave-
nearly hydrostatic conditions. lengths (Fig. 1).

A tungsten halogen lamp (IM) W OLYMPUS HAL- The observed pressure dependence of optical absorp-
L) has been used as a light source that gave an incident tion is most conveniently discussed in terms of an absorp-
beam in the 4000 to 8000 A range of wavelengths. Light tion edge. In our study, we define the absorption edge as
passing through a source aperture of 20 pm was focused to the maximum slope of the transmittance decline at lower
a smaller spot in the gasket hole by an objective lens. The wavelengths, extrapolated by a straight line to zero trans-
image formed was sharp and very well defined. At each mittance. This intuitively clear definition of the absorption
pressure the optical transmission spectrum (111o vs, A) was edge is illustrated by dashed lines in Fig. I for two pres-
obtained by comparing the intensities of transmitted light sures.
from two measurements: (1) with the light transmitted It should be noted that the definition of an absorption
through the pressurized sample (intensity 1); and (2) with edge is, to some degree, arbitrary. The definition used by
the light transmitted adjacent to the sample, through the us, as well as several other definitions, can be found in the
alcohol mixture and diamond alone (intensity 10). literature of previous studies by other investigators. 19-21

Radiation transmitted through the cell was analyzed We have analyzed our data using several of these defini-
using a 0.32 m scanning monochrometer and was detected tions, and each yields slightly different wavelengths for the
by a Hamamatsu photomultiplier tube R943-02 together absolute value of the edge. However, all definitions result
with photon counting electronics. A pinhole was put in the in the same pressure dependence of the absorption edge
imaging plane of the sample immediately before the mono- and do not affect the following discussion.
chrometer as a spatial filter to cut out extraneous radiation The pressure dependence of the optical absorption
and decrease the background light, edge of PbTiO3 is shown in Fig. 2 for the whole pressure

Thirty-six measurements have been made in the pres- range studied. The qualitative picture obtained is very sim-
sure region from 0.03 to 32.7 GPa in four separate exper- ilar to the temperature and pressure dependence of the
iments. Most of the measurements were carried out be- absorption edge of SbSI near its polar phase transition. °0l1

tween 7 and 17 GPa where the phase transition was The absorption edge shifts with pressure to longer wave-
expected. All measurements were made at room tempera- lengths with an initial slope of 15 A/GPa, increasing to 47
ture (-20 C). 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

Ill. RESULTS AND DISCUSSION to increase further to 32 A/GPa at the highest pressure of
the present study.

Typical transmission spectra collected at different pres- The sharp change in slope at 11.5+0.3 GPa (Fig. 2)
sures are shown in Fig. 1. The crystal absorbs visible light clearly indicates the presence of a phase transition at this
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5100 oo spectra in our experiments indicated that the pressure dis-
* ,tribution in the diamond cell was nearly hydrostatic.' 7

.9oo00 Moreover, the difference between our work and that of
Sanjurjo et aL6 is within the mutual uncertainties of the

470000 o two sets of experiments, and may not reflect any real dif-
* ference in the experimental conditions.

W In conclusion, we have measured optical absorption"4) 450O 00

,* spectra of polar PbTiO3 single crystals at room tempera-
S4 300 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

410000000.. 500 ,00o ,500 200o 2500 3000 3500 slope by a factor of - 3 at about 11.5k0.3 GPa, indicating
Pressure / GPa a phase transition in the material. This behavior of the

absorption edge is consistent with second-order character
FIG. 2. Pressure dependence of the optical absorption edge of PbTiO 3. for the transition.
The size of the symbols approximately corresponds to experimental errors
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Optical excitation of trivalent platinum (Sd7, t6e) 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, gi =2.478, A, =0.0164 cm- t , and
Ai =0.0324 cm-. Analysis of the EPR spectra using crystal field theory indicates that the Pt+'3

ions are in tetragonally distorted (elongated) octahedral sites, strongly suggesting that they
substitute for the central Ti+4 ions in the perovskite lattice.

Transition metal ions in type ABO3 perovskite com- defect is uniquely characterized by its hyperfine structure,
pounds have been widely studied by electron paramagnetic where the number of spectral lines is given by 21+ 1, where
resonance (EPR) and optical spectroscopy methods.l" In I is the nuclear spin. For an element with several isotopes
most cases it is believed that they behave as deep centers having different nuclear moments and spin, the EPR spec-
and can significantly affect the electronic and optical prop- trum will be a superposition of the electronic Zeeman and
erties of the ceramic involved. In recent years, PbTiO 3, and nuclear hyperfine spectrum of each isotope weighted by its
lead zirconate titanate (PZT), ceramics have attracted natural abundance.
much attention for use in nonvolatile semiconductor mem- We attribute the observed spectra in Fig. I to an im-
ories, displays, optical shutters, and infrared imaging de- purity with several possible isotopes having I=0 or
vices. However, unlike BaTiO3 and SrTiO3, very little is 1= 1/2. The central lines (marked by thearrows) are due
known about the nature or identity of paramagnetic cen- to the I=0 isotopes whereas the two satellite lines about
ters in PbTiO3.5 '6 In this study, we have used EPR to each central line are due to the 1= 1/2 isotopes. We find
obtain such information in PbTiO3 crystals; we find evi- that the experimental ratio of the double integrated inten-
denct; for pt+3 ions in the optically illuminated ceramics. sity of the central line to the satellite lines is 1.96, in ex-
The observation of Pt in the PbTiO 3 crystals may be of cellent agreement with that expected for platinum ions
considerable importance since it is widely used as the pri- (1.9586). Platinum has four stable isotopes of which '"Pt,
mary electrode in many of the aforementioned device ap- 'pt, and '"Pt are 66.2% abundant and have 1=0, while
plications. '"Pt is 33.8% abundant and has 1= 1/2. Platinum is the

The PbTiO3 crystals were grown by a self-flux method. only element in the periodic table that can explain the EPR
The starting method was comprised of 78-82 mol % PbO spectrum of Fig. 1.
(>99.9%) and 18-22 mol % TiO2 (>99.9%). The mix- Having determined that the EPR signal is due to a Pt
ture was placed in a pure platinum crucible (most likely impurity, we rotated the PbTiO3 crystal within the (100)
the source of Pt observed in this work) of 50 ml capacity plane to determine the magnetic anisotropy. The observed
and heated to 1100 TC for over 15 h, slowly cooled to anisotropy of the effective g-value is illustrated in Fig. 2.
930 C at a constant rate of approximately 0.3-1.5 c/h, The observed S= 1/2, I= 1/2 spectra can be fit by the
and then cooled to room temperature in approximately 72 following spin Hamiltonian,
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- 400
eter. An optical access EPR cavity was used to UV illumi- F94

nate the sample in situ with 2.8 eV monochromatic light. . 200 I

An Oriel 100 W Hg arc lamp in conjunction with a 2.8 eV C

narrow-band interference filter was used as the monochro- 0
matic light source. The light power density was 1 mW/ ccm2. I [

-200
The as-received PbTiO3 crystals were fairly free of ,.,,, I

paramagnetic transition metals (unlike BaTiO 3); however,
they did exhibit a fairly large axially symmetric Fe+ 3 EPR -400 2600 3000 34.00 3.00 42.00
signal; this center will be discussed elsewhere.' Following Magnetic Field (G]

2.8 eV illuminate at 77 K, a new EPR signal was activated, FIG. I. EPR spectrum showing the Pt+3 resonance following 2.8 eV
with clearly resolved hyperfine structure, as illustrated in illumination at 77 K. The external magnetic field is parallel to the [001]
Fig. I. In EPR, the chemical signature of the paramagnetic direction.
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FIG. 3. Schematic illustration of the chemical environment around the

FIG. 2. Angular variation of the effective g-value of the Pt+ 3 resonance; Pt+ 3 ion in the PbTiO 3 perovAkite lattice.
the resonance exhibits axial symmetry. The external magnetic field was
rotated about the [0011 direction within the (100) plane. strong octahedral fields, the g-tensors are predicted to be13

gn =g--3'•/A2'(2)

H,=g1 1 H.S.+g91 1(H.S.+HS,) +A ll S,/z 9l &-312/A 2,(

+Ai(. +lJ gi =g,( 1--3•./A) - 6,•/A2, (3)

where A is the spin-orbit coupling constant (A <0), and A
where g1l (g, ) is the g-value parallel (perpendicular) to is the crystal field splitting. From Eqs. (2) and (3) it is
the symmetry axis, P is the Bohr magneton, H is the mag- easy to see that g, > g1l , g1l <g, and g, > g, which are all
netic field, All (A, ) is the nuclear hyperfine coupling con- experimentally observed, and consistent with our assign-
stant parallel (perpendicular) to the symmetry axis, and S ment of pt+ 3.'4

(I) is the electron (nuclear) spin. The axial spin Hamil- At this juncture, it should be mentioned that these
tonian parameters are g1l =1.938+0.001, g =2.478 results also indicate that the oxidation state of the diamag-
* *0.001, All =0.0164:0.0002 cm- , and A, =0.0324 netic Pt ions in the virgin, unilluminated, PbTiO3 crystals
:-L 0.0002 cm-1. The identification of g1 was determined is +4. Since the greatest density of optically generated
by the rotation of the magnetic field around one of the Pt+3 ions was observed with photon energies around 2.8
crystal axes, i.e., rotation within the (100) plane yielded an eV (a photon energy of 2.8 eV roughly corresponds to the
orientation independent resonance line (Fig. 2) which re- optical band gap of these crystals), it is reasonable to as-
suits from paramagnets whose z axes always remain per- sume that it is the capture of the photogenerated electrons

* ! pendicular to the external magnetic field. Since the at diamagnetic P ions that makes them negatively
g-tensors exhibit axial symmetry, and it is well known that charged and paramagnetic.
PbTiO3 has a tetragonal crystal structure, we expect that It is also interesting to note that the optically generated
the Pt ion substitutes for the Ti+ 4 ion in the PbTiO3 crys- Pt+3 ions are metastable at room temperature, i.e., if the
tal. It is further reasonable that the Pt substitutes for the Ti UV-illuminated ceramic is warmed to 300 K, and then
since the ionic radii of the Pt+4 (0.77 AL) and Ti+ 4 (0.75 recooled to 77 K, the Pt+3 EPR resonance is no longer
, ) ions are very similar. observed. Last, the Pt+3 EPR signal could only be ob-

From crystal field theory it is possible to determine the served at temperatures < 120 K in accord with that ob-
structure, and oxidation state, of the optically generated Pt served for Pt+3 ions in A120 3,15 BaTiO3,"2 and yttrium
ion in this perovskite lattice. Since the ground state of the aluminum garnets;" this observation is believed to be due
Pt resonance can be fit using an S= 1/2, I=1/2 system, to the very short spin-lattice relaxation time ofPt+3 ions at
two oxidation states are possible for the Pt ion, Pt+3 (d, T> 200 K.17

t6e) and Pt+ (d9, t6e3 ) as long as the Pt ion is in a tetrag- In conclusion, we have been able to observe the optical
onally distorted, strong octahedral field as schematically generation of Pt+ 3 ions in PbTiO3 crystals. Since the EPR
illustrated in Fig. 3.9 Under the strong field limit, the oc- spectrum is axially symmetric, and can be described by an
tahedral crystal field must be greater than the spin pairing S= 1/2, I= 1/2 system, it has been argued that the Pt+3

energy; 5d ions are almost always under the strong field ions are in a tetragonally distorted strong octahedral field,
approximation.'l'o1 Since the Pt substitutes for the Ti+ 4 ion and have substituted for the central Ti+ 4 ions in this per-
in the lattice, it is more reasonable from charge consider- ovskite lattice.
ations to assume that the oxidation state of the Pt is + 3
rather than + 1, as was assumed for BaTiO 3 crystals doped 'R. N. Schwartz and B. A. Wechsler, J. Am. Ceram. Soc. 73, 3200

with Pt.' 2  (1990).
For d7 (:6 ,e) ions, i.e., Pt+3 , in tetragonally elongated, 2 P. Moretti and F. M. Michel-Claendini, Phys. Rev. B 36, 3522 (1987).
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4K. A. Muller, W. Berlinger, and J. Albers, Phys. Rev. B 32, 5837 12Z. Sroubek, K. Zdansky, and E. Simanek, Phys. Status Solidi 3, KI
(1985). (1963).
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ABSTRACT

Emerically induced deformations associated with aniemlcrc(AFE)-to-femrelecri (E phase
fs c tompr ins i mdfed lea() pn a deu strainm which crsat te p hasTce ramisf nao a nm •e w T otal strain

is comprised of a (1) spontaneous strain which occurs at the phase transformation and a (ii) gtrainassociated with domain alignment on poling. Therefore the total indluced strain is greater than the
Sconverse riesoelect€i effect nomally asoiae with fW•&d ma.dsL% and as such, is atractive

for potential device applicatin.D eedgonrvril d eeblchatesi,
with he • f ope ati n d thermal hysteresis, the Wbatoa Prues can be classified 'iwith relstic or shape memory behavior. Superelasticity is observd at temperatures abov the FE-

AF transformiation temeatr (TA) with immediate stain recovery upon release of the electric
fied.L Electrically induced irreversible mains, within the thermal hyseei region (Tp < T < TA). 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 ar explained in terms of competing thermodynamic stabilities for the AFE and FE phases.
Implications other ceramic systems are indicated.

1. INTRODUCTION

In this paper we report on phase transfomation studies in the Pb(ZrSnTi)0 3 system (i.e., PZST).
[1] Attention is paid to stizdn e 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 [21. The model included
thermodynamic barriers AG" to transformation and a region of associated thermal hysteresis AT.
Now we report (i) a shape memory effec and (0i) superelasticity for PZST electrical ceramics. TheseSphenomena depend upon whether the electrically induced strain deformations Occur (i) within the
thermal hysteresis region or (0i) at higher temperatures. Similar to metallic alloy systems [3,4], () the
shape memory effect occurs when the induced deformations at one temperature ar recoverable at a
higher temperature, and (ii) superelastic.y behavior is when the induced deformations at constant
temperature are recoverable upon unloading [5]. Both deformation and strain recovery processes
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usually involve martensitic-type phase tranOormations. By analogy with metallic alloy systems,
shape memory effects have been reported previously for mechanically deformed ZrO2 [6] and
(PbLa)(ZrT)03 M7] ceramics. We now report electrically deformed shape memory effects and
superelastic 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 APE phase.

2. EXPERIMENTAL METHOD

PZST compositions close to a morphotroric phase boundary [1] were prepared by a method
previously reported [2] according to the formula Pb(i.0o.. ..(Zrl-x.nx)-yTiy.]0.98O3. Throughout
the text an abbreviated notation is used: PZST X/YfZ (which is equivalent to 100x/100y/100z). A
small amount of Nb2O5 was added for dielectric strength purposes.

Field-induced deformations were measured normal to the field direction (Le., e31. transverse strain)
by a strain gauge bonded to the specimen. Induced polarizations were also determined at 0.3Hz on a
modified Sawyer-Tower ciruit. Care was talkn for temperature compensation 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 I0 .C/min.. Standard X-ray
diffracdon (XRD) techniques were used for phase analysis, and the determination of any strucural
orientation 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 (rhombohedral)
transformed into the high temperature APE phase (tetragonal) with an abrupt decrease in volume

0.06 PZST 43M
LENGTH: 7.370 m-

0.04 RATE: 10 CAT* .

IF TA
z 0 .0 p- FEM PE

.0.04 AG! F.oFo MWE I FE

-0.06 __ T T TA

so5 75 100 125 IS0 175TEME
TEMPERATURE (c) Fig=re 2. Thermodynamic stability for

the FE-AFE transformation, which
occurs spontaneously when the free

Figure 1. Thermal strains and hysteresis for the FE-AFE energy difference (AG) exceeds the
tnsfomadon in PZST 43/8M2 tasformaton barrier (AV).

0
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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 TA
and TF, on heating and cooling, respectively. Note, the region of thermal hysteresis. Figure 2 is a
schematic of the thermodynamic stabilities for the FE and AFE phases. The observation of thermal
hysteresis (figre 1) suggests the transformation does not proceed initially when the free energies ar
equivalent (Gib-GAl at T = TO), but that there are thermodynamic barriers to be overcome (AG0,
AG;) before the transformation can proceed. This leads to overheating (TA - TO) and undercooling
(To - TF) before the transformations can be initiated. Because of the region of thermal hysteresis (AT
"= TA - TF) the pathway passes through a region of metastability (higher free energy) before the

transformation occurs; therefore, the existing phase within this region (FE or APE) depends upon the
"previous thermal history of the specimen (heating or cooling). Consequently, thermally induced
transformational strains can only be recovered when the free energydifference between the two
phases is geat=r than the transformation barrier (i.e., for T < Tp AGA E > AGC and for T > TA,

Similar to the aforementioned case of mechanical stress a induced transformations in shape memory
alloys, the present case of electric-field-induced AFE-FE transformations (at T> TA) is accompanied
by shape and volume changes with plastic deformations (Le., a critical field EF 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 (AG) [2] ie.,

-PFdE > AGoF--x + AG;. (1)

When E is subsequently reduced for T >.TA, the free energy difference between the two phases
AGo0 --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 (" > TA).
The field-induced strain 831 develops as the FE phase evolves at field strengths greater than EF.
However, the strain is recoverable when E decreases to EA, 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 opera g T approaches TA, the field-induced strain deformations become
less recoverable, Le., as AGoFE*b approaches zero. Figure 4 illustrates the lack of 831 recovery

4 31(10 PZST 42/4r4 30 -C

8 TA-18*C

6-
4-

2- fEA EF

-60 -40 -20 0 20 40 60
E (kV/cm)

Figure 3. Superelasticity associated with the field-induced FE-APE transformation for P 4T 42/4/2.
". The field-induced strain above TA is recoverable when the holding field is released below EA.

I --
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T -92 -C Figure 6. Field-induced polarization and strains

2.5 Ofor the AFE-FE switching at temperatures above-;:5 2.5 • TA (92 *C). The strains and polarizations are
S2 for increasing field strengths. The linear

dependence indicates a negligible contribution
11from electrostrictive processes to the polarizable

.5110C " deformable behavior for APE ceramics.
S- Io 1200C.

o 130"C
0.5

14 16 18 20 22 24 26
Polarization (tiCcn?)

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)c
peak which splits into (444)r and (400)r rhombodehedral peaks at high angle. On application of an
electric field, the (444)r peak grows preferentially (figure 5 (iii)) with respect to the thermally induced
case (figure 5 (ii)), indicating field-induced reorientation and texturing effects. After thermal depoling
at T > TA, 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 ame somewhat confused in the
literature [8,9] for AFE-FE transformations, especially for measurements taken close to the
transformation temperature and within the field-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 observci in both the longitudinal and transverse directions [11],
where the transverse strain e31 should be negative for electrostriction [12]. We have consistently
shown in our work that the field-induced transverse strain P31 is positive for AFE-FE
transformations. Our re3ults are. co-;ster -,ith (i) a positive strain associated with an increase in
volume at the transformation and ,gio, an addctional strain associated with field-induced reorientation
and texturing effects. Within the regtde of !netamability (TA-TF),,the field-induced transformation
strain is irreversible (Figure 4 (iii)) ar.J inde 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 c at various T and E for PZST 43/8f" Th-. linear dependence negates an electrostrictive effect
which should have a quadratic dependeaice .

Figure 3 indicates the FE phase was fou.. to be transiently metastable under dynamic loading
conditions (0.3 Hz) above EF, but would revert back to the AFE phase below EA. Since the
spontaneous polarizations in the sublattice of the AFE structure are coupled in an antiparallel
manner(2], the reverse transformation field strength (EA) can be related to the extent of sublattice
coupling at a particular temperature. The sublattice coupling weakens as T approaches the
spontaneous transformation temperature (TF). This softening of the sublattice is indicatc1 in 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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elastic strain energy and the 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 transformations.

(2) Shape Memory Effects and Ferroic Materials

Certain ferroelectric ceramics are also ferroelastic [15] in that the orientation state of a 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 trinsformational strains and thermal hystereais, 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 mamor, behavior for
domain configurations in ferroic materials on thermal cycling. Future work is directed at
understanding these phenomena, and maximizing shape memory and superelastic properties for
potential device applications.
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ABSTRACr

The cubic to ttragonal (CT) transformatioia of 0=410"aw lead timlate single cr5stals has been investigae'd using
optica microsicopy (OM). transmission electron microscopy CMEM) and elecoun and X-ray diffraction. Theoretical
calculatim.onsa trusformadon characteristics ba.,cd upon te .marensiwe rayllogmthic theory Of Bowles and Mad=cni
were also canried out. Habit plane between thc parent and the f mdecr plus were studied by freezing the two phases
during tr fraIWO & sn in-satt hot6-11a8e OK. The habit PluMe vay witi a certain range Not Only differen
specimens show this real variation, bot also the surenssecimien unde diffrent Wamuufr~doue folows thkislndicatinv
the importance of local ar~ntiments neaw the habit plane inerfaces With only a minime chuang of lattice para0nmetr in
calculations, it is shown that experimental data appear to be consistent with calculated results, if one considers lattice
parameter variation. The results imply that the martensitic crystallographic theory applies. Discussions On the
micrustructural features as well as previous work an pecrowskhie materials wre presented

1. INTODUCMON

The phenomnicological crystallographic &auy of martensidc transformations [1.31 has been appied successfully to
many metallic alloy systems 14-6Q. gid more recently to ceramics and other sysems (7M The Wachler-Lieberman-Read
(WLR) theory can be applied to the cubic-cetragowl(Cfl) phase trassition of semicondoctn peravrkite-type crystals [81,
which have sufficient free charge available to provide a termitumioe for the spontaneus polariuation at the interface. On
the other hand. crystals with high resistivity. ithoug showing sharp funs order -hs boundaries, were reported not to
follow theoretical predictions [0.10). Supposely. Mhe reason for his is that the (free charges; prsntm (semi-)conducting
crystals neutraizea dhe bound polarization charges isside fte crystal. Whereas in highly insulating crystals, the absence of
free charges imposes the restriction that phase boumdaIes be free of any exess polarization charge. The accumulated
polarization charge at a phase boundary results in sotoed electrical energy which dominates the crystallographic
characteristics once itprcvails. However. the evidence here is thin because no other crystallographic dat were used other
than very limited habit plane data.

Lead tisanate has a ferroetectric phiase tr-;sition temperature. Tc. near SW0 C (11,121, is cubic above Tc and exhibits a
strong tetragonal distortion at 2t0C- da~-1.06 which persists up sooTc (da"1.Ol) (13.14]. Teltiecntn nrae
smoothly upon hecating. whi te the constans c anid ch; decrease. AtTe. c and a change abruptly and die structure becomes
cubic. Since the volume of the unit cell decreases s"aply as a result of this transition,. the linear expansion coell'acient of
a polycrystalline sample is negative below Tc 111-14). The transformation is first order (9). PbMi3 single crystals
present a highly polar structure with very high spontaneous; polarization in the perovskite family (11,.12.15). Because of
its large tetragonality and detectable negative volume change near Tc. PbT,03 provides a mor e ansltve indication of the
role of lattice variation during transformation, In this paper we presen calculations based upon the theory of Bowles and
Mackenzie. and the comparison with experimental data to verify the apipplicability of the phienomenololical
crystallographic theory to this perovskite system.
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2. EXPERIMENTAL PROCEDURE

PbTiO3 crypals were grown [17] by slow cooling fromn a flux, containing JC, Pb3O4. PbF2. KBF4, and TiO2 in a 50
cc platinum crucible, as described in our prcvious work [18]. The as-grown crystals were mostly cubic in shape or
elongated cubic or orhogonal forms and show a transparent amber tint. Transformation charactei•stics were studied using
hot-stage optical microscopy and conventional trasmlission electron microscopy. Specimen preparation was described
elsewhere [18]. The specimens used were high quality crystals with sharp, flat (100) surfaces and the microscope used
was a Nikon UM-2. The specimes were investiged uing pohrind light and put in a heating stage designed to control
the temperature profile quickly and to 'freeze phse boundauies. TIM investigations were conducted using a Hitachi
HS0 mir crosop 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 lanticee correspondence was assumed with the c-axis of the atragonal structure deriving from either the
a-, b-. or c-axis of the cubic parent. Experimental lattice parmete of the prent and martnsite phases at Tc ar basd on
those of Suchicital et. aL[17]: a-3.96 A1, c,,4.012A and ao-3.972A were used in the present work.

I RESULTS

3.1 Experimental '

The inhomogeneous shear was introduced as internal twins in the tetragonal phase of PbTiO3 crystals. A feroelectric
material has regions where the magnitude and direction of the polarization ame the same in each region, though the
polarization may differ in orientation in neighboring regions These regions are ferroelectric domains separated by domain
boundaries. From symmetry, there are two types of domain boundaries in Pb'"%: 900 and 1W boundaries. The angles
refer to 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 crystallographic viewpoint, a 900 domain boundary is a twinning
plane between two adjacent domains. Figure l(a) and (b) shows TIM 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. Her we consider local lattice purturbation, and meastre x values
at different regions. The x values vary from cue to coe with a ronge from 12 to 3.5. For instance, the x ratio in figure
l(a) is 3.06 and in figure 1(b) is 145. The twinning plane, KI, in both a-a and a-c type domains is (110). The

S c s ng schematic model showing atomic aangements ae in figures 1 (c) and (d). Figure l(c) clearly shows that
the twinning direction. 11, 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 Tc

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 306 from [010]. This
sharp boundary implies that it is almost in an edge-on position. One can easily distinguish the cubic phase by rotating

t the cry. i1; it becomes extinct because of isotropy. One notes that tde contrast near the boundary is different from
regions f.arther away, indicating that a local distortion exists. This distorted region appears to vary case by case. For
instance, the intersection of two interfaces shows a broader contra 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

I straight One notes that patches of bright bands form in the cubic region before the phase front posses dirou• h and do
slope of the phase front varies at each 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

Sis used, suggesting some local perturbation in the crystal. In the tetragonal region, one also sees a non-uniform contrast
distribution, indicating birefringence variation which is closely related to the lattice parameter variation as weIL Other
factors changing the original habit plane configuration have been reported elsewhere (1).] Other single crystals wtm
also used to measure the habit planes. We found that the habit plane appears to vary from crystal to crystal: and morm
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 256 to about 406 from a (100) plan.,

3.2 Calculations

The crystallography of the C/T phase transformation was analyzed using a computer program bimed upon the Bowla.
Mackenzie formulation (2]. In the present case, we assume transformation is from cubic to letaonal. ThaM a thmre
ways to assume the lattice correspondence, i. e. the c-axis of the tetragonal phase Is derived from either the -, b-, orf -
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Figure I (a) a-c type domains tilted to a (I1 I Ic zone show edge-on configuration used to measure matrix/twin ratio; (I
a-a domains at a <100>c zone showing (I 10)<l 10> twinning systerm and a different matrix/twin ratio. (E
atomic model desctibivq, twinning relation in (b); (d) scheme weed for twinning shear magnitude calculation.

7A

Figure 2 Micrographs showing phase fronts during CIT transformation. (a) a typical CIT boundary showin
birefringence difference at letragonal side due to strain field; (b) distorted phase front in a lattice purturbatio
region (black and bright patches) due to local lattice parameter varintion.
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axis of she cubic phase. However fors a fmlaecff ic material poaIim bisnvolved in theecdirection, which Isalso a
direction of the anion displacement. Theufom. tdo c-axis of doe usagool Phasn along positive or negative a-axis
diuections rP gese1 differa meaning So Ilevern esix Ionics cu msp1ndrP is totL The lattice invariant shear plan
was asumed sbe a(llO~cplanesince th p'- is- Ii ime pwm ian o of TEM, There is only one shear direction
ina twin plane; which I r I ce- the "wi amocasw, an there are
four possible twin -ln per blattce corrompondence; Therefore
die total number of lattice inva-ia- dim systems is twenty
four. The baktie correspoodences; =L and lattice Invrm -1 'i T3
dAw( systems in PbTIG3 wim r -,orted in teLS Since 1 0.999159 1.001052
PbTiO3 has a negative linear exanion eoeffcka (therefore is 1.002104
negative volumae cimege) below 7c. and de hlesk pm u 2 0-9918317 1.003157

nceesands MA de1rase cal 2ae 1.peat0edee2e09ea

2av 3 0.997475 1.00261
(Alo) (4dao :11. when C->T (1) B1031

4 0-996633 1.0736That is. the increasing value of claoj is greaser than dom of a1087
(a/ia) . Considering the lattice paameters of PbTlO3 s 0.995791 1.00970
carfdaly. ie "batke parameter at TC7 derive by X-ray my 521.010522
be differnt floS chow whent traisfornaton actually o0ccur6 09s.9 .117
shice the transformation occurs- swiftly and the X-say 6 .499 1.011574

mewue ensu nor real-time Midmar av~ea is anot. We 611022
need to consider doe local lattice conditions, sock as real latties Tol m dfodn c~ o aclto

Paaetes when trnsformation ocus.lttice ;Per teton 1 -'nca ditrin-mlydfrcluain
inhmoenetyem However we do nem know the'rcal condi

-shons at fth hbit plane at transformation, bet can estimate tdo princpal- sris as follows. Based upon the lattice
constants mentioned befoe Pand equation (1). the ragsOf 1111 ad 1133 MIre 1111 > 0.994949 and 1 < 1133 <
1.012626. Thie Values of 'Til and llyj can be aomued with asongl increment within the limit (Table 1). We calculate a
possible set of cryutallopraphic dama by holding 1111 constmn (qIj l112)Man varying 1133. Other calculations procee&dd

usig dffren cobisdosofl 1  an 113.We stiuarize two sem of calculations using LC l and LIS systemn (101)
11011 to show the general clumiccristics; of the calculated crystaflogniphy. as listed in Table 2. Here we list principal
disloruon corabisntion code OM"C dhe two omubers rquress the principal distortions 1111 and 1133 used for Calculation,
as in Table 1). magnitude of mrains ml Mi m2. habit plane normi pl, direction of shope strain dl and the angle of the
habit plan from a (100) plane. Since we know that them is a vahs inces fom cubtic to tenraonal, data with Vfito
smaller than I wte ignored. On the other hsand we can estimat the other li1" fi~m the volume change during

tiaformation. Using available x-ray data [17, the V/V. is calculated a 1.0015. indicating that the suitable principal
distortion combination in one =e of data ranging fromt 22a so 24a Md the corresponding calculated habit planies show
about 2r7a 4s01 from a (100) plane; the other sitshows a similar trend except for the smaller range of data points due to
limited input data. We rind that the habit plaesowsdu the sme tendenc r)freach sm ofl '1 aNd 7133. That is, the habit
plane scauttes linearly over&range anid is very sensitive uosthe relative values of ('33IY'l1ql-l). ie.., the principal
stains. A comparison of experimental Mid calculated data shows that the calculated data can explain the habit plane
variation in experiments. Moreover, if III Iis differet from An~ the habit plane normal may deviate sideways from the
(001)-(011) anre which xlan the hInentl snaoe of experimental dim [183

The calculated shape straini magnitude mIic about one math to one twentieth that in ferroas manwinsitic transfomastions.
This may be one of the reasons why we can w sono obvious beading of fiduicial lines. The experimental m2 value was
calculated baned upon equation [191

and the parcatftwin ratio x and twinning magnitude derived from experiments awe 1.2<xc3.5 andl 0.0256 respectively.
The 171 value is therefore Calculated as 0.00284<mPI4.01421. which fits theoretical values. Therefore It appears that
the theoretical calculations are consistent with experimental results quite well if we consider a lattice parameter

4. DISCUSSION

It has been suggested that the WLR theory should apply to perovsklt4yp ferroelectric crystals (3). DiDomtilco and
Wemple [3) presented evidence on semiconducting perovskite-type crystals showing habit planes quantitatively
explainable in terms of the theoy. However, crystals with high resistivity did not always show predicted habit plane
normals (9.101. Thus, It has been thought, that the CIT transformation In perovoikim crystals with high resistivity can
not be classifmed in the family of martensitic transformations (201. However, the microstrctura characteristics of
PbTIO3 during QT transformation have shows: (1) reverabl surfalce upheavals; 01) Irrational habit planes; (01i) a fIII
inhomogeneous structure (twInnlng); (v) all atoms meve less than an Interatomic distance;, (v) the transforteAtlo
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pacims is dwfy JIM orw. AhhouO h d peinch ehdmda. doibi S. plum kno qmdt~Wub~y
deseramead in die pum~ egpermmnt, de xdandmip bwIn do ph.1ip3 -x im, bod phmu n Is a3y I p ' ,t bl.
the dme 1 -1ogalp Imsin in due cubic b we alos pmW oa s onh. m el -m in do seal phw. AN ien

p V- gI op phi kataur (Ml wfthi due dainifiuadid whimms fo morenif vah aions C 121.21

During dm. ff umnafimadomfunPbIOT10. m. eefumme wmubm md M Ii -h somiefdainftbc
00kl ph.. show imp. muight 00 orde pome bowdrm wh Mswwb ammimumand sur sow buW
andl m-1, sips..Ifwe couldur dii. m a Sm -m - md nmiem dm. "s .uph I-obdw b Ii ~i Iga
an die viewing direction As discused JUL1 inm-mip - n SbF k a O hh my upubaim I I i s d - -
In Pbfl103 (aidy well, and die habit -b dimrbutim em be ft wM Smee cdmd cm m loci
biasce pammaw p Iinsd"s Howeve. pmWm un t DWIMS , i do fm -oe WO muimWby DaTIO3
crystals die Cfr pk boumwyisy o daie. WLA VMp bt cm~my wMm " pgnd P.231% w 7W p Sm Iubom
in abou 20) BOT103 sigie crysalswas inwapu~~*m0 ao ellos 3 --,'hs uE mVfio bweesm igany
close so ding 1p1 dl-sed by Simy 60% of diem ohm d a bon ha 1Im 3w; I ll papmenolm ID *a N
domain walls otldi c domala hsmca en fte mssinkingg WS~ Ik~ ftmbic e m, wamlvisa bowd ad
complicumd squire me pmm JIM1 -to all com is moc dowmb mea wn do*y whk et up so *aphs
bounday and a ode pasm wisOrdsense pole min ft w *6 d m musme cleary whm In ft cubic phus on
fue high ap -- m side atdie banuddo). Newimnwhg pinvim bmt, M. we an Sm ft simdsm le 3aT103 in

gmit sunde wo &a in, PbTKO3. aBesids ft50 habi pbs. %W&t show hmvp inam -mi andm anio wft do
dwhetusica calcubauomefdi W% hab" phnex gp aahIal papeI k mdis Wdomm ab otda. adomain

PDC l n33. We 0 2Ps d, Angi
soluteio I hoTsf
21 suosolution
21a 1.002104 -991735 .00201 .00336 ADM3 JO~SM-.4606 .0UM 35320-AM50 635
22 1.00157 AM978 I 003152 .00336.00243 .730653 -. 59 .8D67-.73W9 .31774 4669
22a IM04209 3?A01= ADM22.036 AWN .. £3245 A -31457 .0 1-63406-.77329 39.2
23 1.0526 1.0011180005252 .00334 .0006 .565-MM1 .01019 -. 67M7-AW316 34A4
M3a 1.0613 1.002929 .00630 .00336 .01 19 6164 -SUM4 .00191-33155-15506 31.1
24 1.007365 IM097 W00753 ACTIN3 AD .0196.775-3734 .00114 -AIDOW6.872 1 21.5
24a 1.008417 1.005026 .08403 X03369 .00187 .446719-81463 .012-AM9~-.893132 26.5
25 1.00470 1.006075 .00%34 AM&369.0186 A4213-3000.035 AU -.42361-SOM 24.9
25a 1.010522 1.007123 .010501 A03369.001M41399397-916776.0W?-AW915 -31536 2335
26 L.011374 1.006172 .011555 .003369 ARM82 .31071-~ t69 .00119-36d47-"1133 22.4
26a 1.012626 1.00922 .12605 .03369 OM01811 .6419.93123.0018W-36139-32~6 21A4
solution 2
21 ntosolution
21a 1.002104 991M3 OMIO11 .00336 AM64 .49501 A46M62 .003 35320 .MS3 63.5
22 1.003157 -99971 .00352 .00339 .00M3 -.730W -AIR"9 .0247 .73159.66$1774 46.9
22a 1.004209 1.0063 .004202 mm036 mm -~Am -37457 Anus1"5 .646-.7329 39.2
23 1.005261 1.001880 .0552 .00369 I0~ -36M5 436W9220.02 9 J67579 -M 136 34A
23a 1.0063:3 1.002929 .00630.00336.00196-5161616 M . 4t7.03967 510553 -235064 31.1
24 1.007365 1.003977 M07153 .00369.0194 -.47775-313419 WN019 4.4 6 -.372131 2135
24a 1.008417 1.005M026 .0060 .0339.017 -. 46739-J63 MOIM .44790-.93132 26.5
25 1.009470 1.00675 .M0954 .00369 .00130 -A421 110 -300= .0085 A424361 -.90548 24.9
25a 1.0 10522 1.007123 .010504 AM0P6 .001S41 -39939-916776.001137 AM0915 -915236 2335
26 1.011574 1.006172 .0131553 .03369 .081M27-310735--924691 .00119 366475 -"2133 22A4
26a 1.012626 1.009220 .012605 .003369 .0111 -34419 -93313 .00181 36M 3 ~2996 21.4

solution 1
65 1.009470 0.999299 .00922 .010123 .07471 .731373 -.6$1973 M0042 -.734509 -.67349 47.3
65a 1.010522 1.00340 .010469 .010128 .007066.93670-72025 .0072 -.6942 -.716620 44.2
66 1.011574 1.001381 .011516 .010123 AM078 .661224 -.7S015 .00650 -A66549-.746376 41.7
66a 1.012626 1.002422 .012562 .010123 .006571 .632915-374194.006441-67663 -.770233 39.A
solution 2
65 1.009470 0.999298 .00922 .010125 .0047 -.731373 -.661973 .00423 .74569 -.67149 47.3
65a 1.0 10522 1.00040 .010469 .010123 .007066 -A93670 -.72025 .070 A.97423-.716620 44.2
66 1.011574 1.001381 .011516 .010123 M06736 -.661224-.750152 .00675 .66549-.746376 41.7
66a 1.012626 1.00422 .012562 .010125 AN0571 -.63215 -.774194 .006544 .637663 -.77023 39.6

Table 2 CalcuLated czyuaigapluc ofsuts wo set of principal Qidis(III 0998837) out LCI-USI.
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structure are actually parallel to a (100) plane since the u= of a-c, jomin boundaries should be parallel to a (100)
plane, which can be derived viewing from the odier two directions which count 213 0f the definable habit planes, just like
60% out of 90% In earlier experiments. We we no complicated square net petterns in PoTiO3 and therefore it is difficult
to compare the remaining 101 habit planes. It meems dat the inconsistency in previous works comes from ignoring
three dimensional considets.

Although the transformation strain or PbTaO3 is quite small, from Table 2. compared to ferrous alloys, a small change
in the relative values 01 the principal srains Introdices a dramatic shift of the habit plane. That is. the tetragonality of
the CWr transformation is the mqr fac6 determining the aystaloaphic characteristics. The tetragonality can be
affected by impuity, structural knhomogeeity. umpemlma pertriam strain conditions, etc. Crystals used in the
present case offer a good example. It is thus clear that eve a very small perturbation on lattice distortion during
tamformation l sw i the habit Plane. This is PWevdced by the shift of do same phase front at different positions
during transformton (figures 6 (c)-(e) in rcf.8). Wbis ondeato may explain the scattering nature of the habit plane
normals observed in experiments.

5. COCLOUSIONS

The cubic to tetragonal phase transformatioa in PbTiO3 crystals shows martensitic characteristics. The phase front
passes swiftly through the crystat srface r f accompanying dt transformation is also seen. The twinning system
involved has been identified as a compound twin in the waragon phase of (110),ll0>type. The phase boundaries
(habit planes) were "foze" by controlling the temperaure profile. It was found that the habit planes vary within a
certain range. No only did ddien specimens show th bt also the wme specimen under different
transfrmations lo follows this, indicating the Importance of local lake parameter near the interfaces during
tansformation. Theoretical predictions with varying Vncipal dissortions show that experimental data appear to be
consistent with calculated results, if one considers the effect of loal lattice purturbations during transformation. The
results show a certain degree ofconsistency. which imply that the pI nmenologicaln mnski crysWliographic theory
may apply to perovskite materials.
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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 temperature 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.
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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 tetragonal/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 "900 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 (1101 planes as shown

in Fig. l(b). In metallurgical terminology Figs. l(a) and (b) would

correspond to single-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/cm2). Although it is still not clear if the tetragonal substructure

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

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

*Junction planes may be regarded as impingement planes between different habit
plane variants.
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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 temperature 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, at=3 .9 4 2 A and ct= 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
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(BM) [11] or Wechsler-Lieberman-Read (WLR) [12], describes the

crystallographic relations, the habit plane, 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.
0

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-Tl [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
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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, P1, such that the habit plane is

invariant,

Pi=8 RBS (1)

where 8 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
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PIP2= 8 RB (2)

where S' 1 is replaced by P2. The product PI P2 gives an invariant line

strain such that lines lying in both the habit plane and twin plane, i.e.,

their intersection, are invariant.

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

dilatation parameter 8, a scalar, we can write

PI=RSB =R B S (1 a)

where S designates that the inhomogeneous shear occurs after the Bain 0

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
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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 S has been used in Eq.

(1) but not employed in the present calculations. S represents a uniform

expansion or contraction ia the habit plane and in order to explain certain

transformations, notably in ferrous alloys, values of 8 =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 = li- 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]c=[100]t, [010c]=[010]t, and

[001]c=[001]t being the simplest one, was chosen first. Lattice parameters
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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 1 h1=at/ac, 112=at/ac, and 1l3=ct/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 0

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 0

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 0

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 (110) can not be a possible twin plane for a tetragonal phase [12], 0

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 planes but with opposite shear

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

#For internal consistency all calculations have been carried out using six

significant figures so that, for example, the scaiar product of two orthogonal unit
vectors u-v=0.000000, etc.



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. Ii a different Bain deformation or lattice

correspondence is used, then other (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

0
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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, K1, of a mechanical twin. First, the loci of the habit

plane normals are not too far from the second undistorted plane, K2. The

separation between the (0.835, 0.549, 0.005) habit planes and (110) poles

is about 11.680. Secondly, both habit planes and twin planes are invariant

in the martensitic theory, which are similar to the K1 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 11.680 from each of the (101) poles. Six (1011 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 53.780 from the habit plane.

For instance, the habit plane (023) has two equivalent twin plane

solutions, (101) and (101), with low shear strains. 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 (023) and (023) are quite close

to the (0Oi) and (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,
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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) 0

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: S

(1) K-degeneracy results when t(=d2 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 d2 or P2 is a twofold (or fourfold)

S -- , u n m n um nnnm n nnmm mnnnu m ummmn
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axis of symmetry, depending upon the numerical values of the

components of d2 and P2.

Thus twinning elements like (1011<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, d2,

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 g2.

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, X1 and X2 , and invariant normals, N1 and N2 , are

located*. As known from the BM theory, the habit plane itions are

uniquely determined by the four sets of the invariant lines a 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 Xi, habit plane Pl, and twin plane P2

can be described as follows.

*The discussion of K- and g-degeneracy 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-dcgcneracy is thus extended to the BM theory in which the
symmetry of invariant lines and normals is considered.
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Xi 11 PI X P2 (3)

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

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

shear direction, d2.

Ni 11 dl x d2 (4)

Using Eq. (3) and (4) and referring back to Eq. (2), the invariant lines 0

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 0

at the intersections of the initial loci of the plane normals and the great

circle of the twinning shear direction, d2, such that the condition d2 . Ni= 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)[i01] is involved. Traces of the KI and K0 planes 0

are labeled in Fig. 7. Two cones, Cd and Cn, 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

e -tan- __V = tan- -T' I 1_1

21_1] and 11 \_1

where 0 and V are for Cd and Cn respectively. The shear plane Ki
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0

intersects with Cd at X 1 and X2 which give the invariant lines. Whereas

the trace KO, which is the great circle of the shear direction d2, intersects

0 the cone Cn at the invariant normals, NI and N2 . It is seen from Fig. 7 that

these invariant lines, X1 and X2 , and invariant normals, NI and N2, 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

*0 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

0 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 5, 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 0

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. Therefore, one should see no degeneracy in 0

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 Hbit

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 type 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 (1101, 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-degeneracy
condition. It is found that when the indices of the habit plane are

increased to (0.05, 0.549, -0.835), which is about 2.860 from exact K-

degeneracy condition, then the difference in the twin plane solutions
P

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)1 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 too 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

'Habit planes have been recalculated for In-Tl alloys from which a different result
was obtained. As compared to the normalized 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 Xi's are

variants and Ni'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 0

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 0

result were the habit plane of the form [Old).

4.4 Habit Plane Variants and Domain Structures 0

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 0

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 doman, tructures 0

due to habit plane variant 1, for instance, two types of twin planes, (101)

and (101), may be observed in the tetragonal phase as a result of the
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movement of the habit plane (023). 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 (203) will result in a domain structure

with two twin planes, (011) and (011), 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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5. Conclusion

It is now clear that the domains 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
0

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 0

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 0

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 c axis, are the "a"

axes. A tetragonal unit cell is thus uniquely defined by the unit cell

parameters: c and a. A "c" domain is defined when the polarization vector,

the c 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
0

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 parallel to the viewing
0

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" 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.

0

0
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Figure Captions

Fig. 1: Schematic diagram representing two of Fesenko's results [2]. 0

A temperature gradient is maintained across the lead titanate

crystal which results an interface separating the cubic and

tetragonal phases. 0

Fig. 2: Surface morphology of an as-grown sample after chemical etch,

showing parallel banded-type domain structures in lead titanate. 0

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.

Fig. 3: Typical herringbone type domain structures in lead titanate.

Note the twin planes and junction planes as marked by "t" and "j" 0

respectively.

Fig. 4: 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.

Fig. 5: 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, XI and

X2 and normals, NI 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-I [100] [010] [001]

LC-2 [010] [001] [100]
LC-3 [001] [1001 [010]
LC-4 [010] [100] [001]
LC-5 [001] [010] [100]

LC-6 [100] [001] [010]

TABLE 2. Possible twinning elements for lead titanate

I. (101)[1"011 5. (011)[011) 9. (110)[I'101
2. (101)[16]" 6. (01 1)[011-] 10. (110)[11-0]

4. (101)[1011 8. (011)[0111 12. (110)[1100

4. 1"-1 )[1-1"] 8. 0T1[01--- 12 (]10)11-010



TABLE 3. Example for a forward calculation*

-Input Data
* Twinning Element : (101) [-01]

Bain Strain : 0.996, 0.996, 1.013

-Calculation Results
* Invariant Lines and Normals

Xl X2 NI N2
-0.480 -0.480 0.486 0.486

0.734 -0.734 0.726 -0.726
0 0.480 0.480 0.486 0.486

Habit Planes and Directions of Shape Deformation
P1 D1 Ml M2

1. -0.835 -0.832 0.013 0.026
-0.549 0.554

0.005 0.005

0 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

0 4. 0.005 0.005 0.013 0.008
-0.549 0.554
-0.835 -0.832

0
Note:
P1 habit planes
D1 directions of shape deformation
MI & M2 : magnitudes of shape deformation and inhomogeneous shear

*Although results arc reported to three decimal places, all calculations have been
carried out to six places for complete internal consistency.

0
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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

Xl X2 NI 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-I, LC-2, & LC-3

Habit Planes Twin Planes Variants

LC-1 (023)[023] (101)[101]-
(10O1)[101]

(023)[023] (101-)[101-] 2
(101i)[101]

(023)[023] (101 )[101] 3

(023)[023] (101i)[101] 4
(101')[106]

(203) [203] (0-1)[01]'o 5

(011)[011]

(203)[203] (011)[011] 6

(011)[011]

(203)[203] (011)[011] 7

(011)[011]

( 203)[203] (01-)[011] 8

(011)[011]

LC-2 (320)[320] (101)[101] 9
(101)[101]

(320)[320] (101)[101] 10

(101)[101]



S

(320)[320] (101)[101] 11
(1o01)[1Oli

(320)[320] ( 101)[101 12

(101)1101) ]

(Tio)[11o]

(302)[302] (i0o)[111] 14

(110)[110]

(302)[302] (110)[110] 15

(110)[110]

(302)[30C] (11O)[1 10] 16

(110)[11"0

LC-3 (230)[230] (01o1)10 11] 17

(011)[011] 0

(2 30)[2 30] (0)[o011] 18

(011)[011]

(230)[230] (011)[011] 19

(011)[011]

(230)[230] (01f)[011] 20

(011)[011]

(0632) [032] (T0) [ 11] 21

(110)[110]

(032)[032] (110)[ IO] 22

(110)1110] 0

.I



(032)[032] (110)[1101 23
(10) [11-01

(032)[032] (110)[110] 24
(110)[1110]



S

TABLE 7. Example of a reverse calculation with assumed

habit plane indices

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

•Calculated Results 0
Invariant Lines and Normals

X1 X2 N1 N2
-0.4.86 0.486 0.480 -0.480

0.730 0.730 -0.730 -0.730 0
0.480 0.480 0.486 0.486

Twin Planes and Shear Directions
P2 D2 M1 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
0

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.
MI & 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

crystallographically 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.
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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 microscopy (SEM) [3], or more advanced

transmission electron microscopy (TEM) [4] [5] are standard methods 0

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 S

the boundary is [1011. 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.
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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
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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 0

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]. 0

The fundamental mechanisms of EBSP differ from conventional SEM

or TEM techniques in several aspects. First, instead of using secondary 0

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 0

when the substrate is tilted. The tilting angle was presently chosen to be

70.50. One significant effect of tilting the substrate is that the diffraction

patterns obtained exhibit the characteristics of a gnomonic projection. The 0

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 0

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

• • •0
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lead titanate the domain sizes are around 0.5 - 1.0 gm, 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, 43.20, represents a "c" domain. Whereas if the interzonal

angle is 45.00 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 45.00 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 "a<-+" domain. On the other hand, if

the interzonal angle is 46.80, then the polarization direction is in the

joined line and is an "a$" domain. With this simple rule, the crystal
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orientations of each domain in the habit plane variants can be easily

identified. The meanings of a-4 and a$ 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 0

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 0

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 (101) 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 gm, 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

gm 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
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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 (01). Not only can one find two types of twin planes in two 0

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 0

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 "a$ c" type domain, whereas variant B on the right is an "a-a" type. It 0

is clearly seen that two types of twin planes are within variant B: (110)

and (110). 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 wi:tfin a few gtm 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 0

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



9

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 Key and 31 mm working

distance. Figure 5 shows an EBSP pattern from [100] silicon. Since the

substrate holder was tilted at 70.50, 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
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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 S

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 was established

from which the polarization vectors of each domain are uniquely •

determined. According to this rule, pattern 7(a) represents an "a*."

domain whereas pattern 7(b) indicates an "a$" domain; this gives band 1

a structure of "a-a" type domains. On the other hand, patterns 7(d) and S

7(e) are found to be "c" and "al" domains. Therefore band 2 consists of

"a$c" type domains. These results confirm the observations from optical

microscopy that parallel bands contain alternate 90 degree "a-a" and "a-c" •

type domains.

More interesting EBSP patterns are the ones from the twin 0

boundaries. Patterns 7(c) and 7(f) are for bands 1 and 2, respectively. It

is noted that these patterns, in fact, consist of superposed EBSP patterns

from each of the twins. The possible twin planes may be identified by S

comparing these superposed patterns to simulated ones with particular

attention to [101) planes. Schematics showing the simulated superposed

EBSP patterns from "a+-+", "a$" , and "c" domains are drawn in Fig. 8. These

patterns are obtained by aligning two EBSP patterns with the assumed

(1011 twin planes, whereas other planes are drawn accordingly. Due to
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the twinning shear, they may be offset, diverged or converged. For

example, Fig. 8(a) shows a superposed pattern with (110) twin plane in

which the (110) planes from two domains are aligned together whereas

the (110) and (010) planes diverge due to the twinning shear. Figure 8(b)

shows another example with (110) twin plane. The (110) and (010)

planes from two domains are now diverged. Comparing pattern 7(c) to

8(b), the twin plane of band 1 is thus identified as a (l10) type. A similar

consideration is applied to pattern 7(f) of band 2. Superposed EBSP

patterns showing (101) or (101) type twin planes are illustrated in Fig.

8(c) and 8(d). Two patterns from "c" and "a$" domains are aligned with

the assumed twin plane which results in the separation of (100), (110)

and (110) planes. It is noted that pattern 8(c) is different from 8(d).

Pattern 8(c) with (T01) twin plane shows converged (110) and (110)

plane traces, whereas these planes diverge in the case of a (101) twin

plane. According to this difference, the twin plane in band 2 is identified

as a (101) type. The domain structures examined here therefore consist of
"a-a" and "a$c" type domains, and the associated twin planes of each

variant are (110) and (101).

The magnitude of the twinning shear may be determined by

measuring the angle extended by the two (110) planes in the superposed

pattern in Fig. 7(c). It is known that due to the distortion in the gnomonic

projection the angle between the two conic pairs in an EBSP pattern does

not represent the true interplanar angle. The true angle must be

measured with respect to the pattern center. From simple geometry, the

interplanar angle is obtained by calculating the inverse cosine of two
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plane normals, while the plane normal of each plane is determined by a

cross product of any two vectors in the plane. Therefore, one may choose

two zone axes from each plane in an EBSP, and then determine the

coordinates of these with respect to the pattern center. After a cross

product calculation, two plane normals are thus determined: [0.560,

0.747, -0.358] and [0.677, 0.650, -0.346]. Taking the inverse cosine of the

scalar product of the two plane normals, one gets the twinning shear

angle, 8.680. The corresponding twinning shear magnitude is about 0.153,

in contrast to the value calculated from S(=c/a-a/c), 0.126. The difference

is about 0.027 (or 1.559). This is quite reasonable, since there is some

measurement error in determining the coordinates of the zone axes.

3.3b Herringbone Structures

Similar EBSP measurements were also carried out for the

herringbone domains. Two adjacent bands, bands 3 and 4, were

considered, and three EBSP patterns from each band were obtained. The

results are presented in Fig. 9. Patterns 9(a), 9(b), and 9(c) are from band

3, whereas the remaining three patterns are from band 4. Using the

simple rule, patterns 9(a) and 9(d) are easily identified as "c" domains

and patterns 9(b) and 9(f) are "a<-4" and "at" domains, respectively. Band

3 thus consists of "a(-+c" type domains and band 4 is of "a$c" type

domains. This gives the result that herringbone structures contain only 90

degree a-c type domains, which is quite consistent with the observations

from optical microscopy.

The twin plane of herringbone domains may be determined in a
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similar way as that for parallel bands. One can identify the twin plane by

comparing the superposed EBSP patterns to the simulated ones. Two

different superposed EBSP patterns, 9(c) and 9(f), were obtained for

bands 3 and 4 in herringbone domains. It is noted that pattern 9(c) shows

converged (110) planes on the left and diverged (110) planes on the

right. The (010) planes in the center are offset, whereas the (100) planes

are merged together. On the other hand, pattern 9(f) has converged (110)

and (110) planes. Only one merged (010) plane is seen in pattern 9(f). As

evidenced from Fig. 8 pattern 9(c) has a (011) twin plane and pattern 9(f)

a (101) twin plane. The herringbone domains examined here thus consist

of "a<--c" and "a$c" domain bands, with (011) and (101) twin planes.

4. Discussion

To treat a ferroelectric phase transformation as a martensitic type

transformation is still not conventional. One needs to investigate not only

the microstructures of the domains (the martensites), but also the

transformation characteristics as well. In part I, we have used the

crystallographic martensitic theory to define the habit plane variants, and

in part II, these variants were examined thoroughly by EBSP. However, it

is still desirable to discuss the characteristics of ferroelectric

transformations in detail to fully explore the differences or similarities

between the transformations in ferroelectrics and in metals. Several

aspects regarding the transformation characteristics in ferroelectrics, such

as transformation volume change, principal strains, hysteresis, and

* conductivity, will be addressed particularly in the following.

0
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Most ferroelectrics exhibit a small transformation volume change

and small principal strains during transformation. Lead titanate has a

0.52% volume change and 0.9959 (a/ao) principal strains [9], which in fact

resembles the cases in In-TI [10] and the R-phase in Ni-Ti [11]. Both In-Tl

and the R-phase have a martensitic transformation close to room

temperature, and the volume change during transformation is very small,

only -0.13% and -0.012% for In-T1 and the R-phase, respectively (Table

2). Moreover, the magnitude of principal strains in these materials are on

the same order. Therefore, there is no reason to disqualify ferroelectrics

as martensite, even if small volume changes and principal strains are

involved.

Secondly, the hysteresis in ferroelectric transformations is found to

be very small. Within 2-5 degrees lead titanate is completely transformed

into the ferroelectric state. However, one can not rule out the ferroelectric

transformation as being a martensitic type transformation because of this

small hysteresis, since the hysteresis in In-Tl and the R-phase is also very

small: only 1-4 and 2 degrees for the In-Tl and R-phase cases (Table 2).

Although the hysteresis in lead titanate is small, one can still see both

martensite and parent phase at the same time by a properly designed

heating stage in which a temperature gradient is maintained across the

sample. Then a single-interface transformation [12] [13] may proceed as

has been described before. At room temperature, lead titanate usually

contains only habit plane variants, separated by junction planes.
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One may argue that because of the electric charge effect there could

be some differences between a transformation in ferroelectrics and one in
S

metals. As observed by Fesenko et al. [12], the conductivity of an

undoped lead titanate crystal is very high at the transformation region,

e.g., 10"3(ohm-cm) 1 , while it drops off dramatically at room temperature.

Although one sees the ferroelectric effect at room temperature, the

transformation strain is evidently still predominant over the electric

charge effect during the high temperature transformation. At 490 °C, the

habit planes [0 2 3) predicted by the martensitic theory carry the parent

phase into a martensite structure, and the transformation twins, as

required in a martensitic transformation to accommodate the

transformation strain, are formed as a substructure within the habit

plane variants.

From these various experimental considerations, the treatment of a

ferroelectric transformation as a martensitic transformation is considered

to be appropriate. The domains in lead titanate, as discussed in part I,

may be correlated with habit plane variants through the considerations of

a martensitic transformation. Banded type domains have been observed

frequently in single crystal samples and ceramics [14] [15], however, it is

still untraditional to use a concept from martensitic crystallographic

theory to account for these microstructures. Only few papers have

reported the success of using martensitic theory to characterize a

transformation in ceramics, e.g., ZrO2 [16] and BaTiO3 [17]. A direct

connection between the domains and transformation in ceramics is still

very limited. The examination of domain bands by using optical
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microscopy, SEM, and EBSP clearly demonstrates the validity of habit

plane variants in ferroelectric materials. It is found from experiments

that alternate bands in parallel band domains consist of "a-c" and "a-a"

type domains. For herringbone domains, the domains are identified as

due to "a$c" and "a*-- c" type domains. These 90 degree domains are the

substructures of habit plane variants, as required by the martensitic 0

theory.

The twin plane of variants is determined from EBSP by comparing 0

superposed EBSP patterns to simulated ones. Four kinds of twin planes

were found in the examples discussed in this paper. It is also possible to

see all six twin planes in lead titanate. It must be pointed out that due to

a lack of rotation freedom during EBSP measurements, one can not rotate

the samples to the edge-on condition to get a more symmetrical EBSP

pattern as in TEM. However, the difference between the superposed 0

patterns is still large enough to distinguish between them. With all six

simulated patterns, as illustrated in Fig. 8, (1011 type twin planes for each

variant may be easily identified. 0

Up to now, the microstructure of variants, i.e., the domain

orientations and twin planes, have been thoroughly investigated. The

problem not discussed in detail is the determination of the "junction

planes" between the variants. Junction planes in lead titanate are deduced

here to be (101) type planes. Several papers have r-ported that the

junction planes for In-Tl [18] and Ni-Al [19] alloys, exhibiting a similar

cubic-to-tetragonal transformation, belong to (101) type planes.



17

Schroeder and Wayman [20] discussed the relationship between the

junction plane and twin planes in Cu-Zn alloys. They found that the

junction plane is a bisecting plane between two variants, which would

intersect the twin planes of each variant and provide a mirror reflection

between them. From EBSP measurements, we found that the twin planes

in parallel bands are (101) and (110) planes. The junction plane* in this

case must be the (011) plane. In a stereographic projection, Fig. 10(a), the

great circles of two twin planes from adjacent variants intersect at the

zone axis, Zi. The only (101) type plane which would pass through this

zone axis and provide a reflection symmetry for the two twin planes is

the (011) plane. Similarly, the junction plane for herringbone type

domains may also be determined from a stereographic projection. Since

the twin planes of herringbone domains are (101) and (011) type planes,

the junction plane for this herringbone structure, as determined from the

stereographic projection, is (110), Fig. 10(b).

5. Conclusions

In this paper, the microstructures of habit plane variants have been

investigated by using optical microscopy, SEM, and EBSP. Optical

micrographs clearly indicate that the images of "a$c" and "a-c" type

domains show more contrast than "a-a" type domains. SEM micrographs

provide further evidence on the three dimensional domain arrangements

and confirm that for each habit plane variant there are two possible

*The junction plane considered here is only limited to the examples which were
discussed in this paper. Other cases may be possible if different combinations of
twin planes are involved.
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S

twinning elements. By analyzing the interzonal and interplanar angles

from EBSP, crystallographic information regarding the domain

orientations and the twinning shear were obtained. The twin plane is 0

determined by comparing superposed EBSP patterns to simulated ones. It

is found that parallel bands consist of alternate "a-c" and "a-a" type

domains, and the twin planes belong to (101) type. On the other hand, S

herringbones are formed with alternate "a$c" and "at-)c" type domains.

The junction planes separating the habit plane variants in the parallel

bands and in herringbone domains are both identified as [101) type S

planes.

Therefore, given the above crystallographic characteristics, in 5

addition to the transformation hysteresis, principal strains, and volume

change, we consider the cubic-to-tetragonal transformation in PbTiO 3 to

be fundamentally martensitic in nature. •
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Figure Captions

Fig. 1 A "c" domain EBSP pattern for lead titanate. Note the two major 0

zone axes, (001) and (101). The interzonal angle between these two

determines the polarization vector of the domain.

Fig. 2 A schematic diagram showing the fundamentals of EBSP. Diffracted

electrons from a plane form a conic pair in an EBSP pattern. The

intersection of two conic pairs gives the position of the zone axis.

Fig. 3 An optical micrograph showing three habit plane variants of

parallel band domains. Variants "A" show more contrast, indicating

domains are of "a-c" type. Variant "B" shows very little contrast, and

is an "a-a" type domain.

Fig. 4 SEM micrographs showing three dimensional microstructures of

habit planet variants. As seen from side view and indicated by

arrow, (a)two different twinning elements occur in two variants.

(b)two different twin planes are within one variant. (c)two variants

with "a$c" domains on the left and "a-a" domains on the right. Two

twinning elements are noted in "a-a" domains. (d)Three dimensionai

domain arrangements showing the change of twinning elements

within one variant.

Fig. 5 An EBSP pattern from a [100] silicon crystal. The pattern center

locates at the [114] zone axis.
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Fig. 6 A lead titanate crystal with (a)parallel bands and (b)herringbone

domains. Note the optical micrograph image is reversed.

Fig. 7 EBSP patterns for a parallel bands. (a), (b), and (c) are from band 1

with less surface contrast whereas (d), (e), and (f) are from band 2

with more contrast. Domain structures of these patterns are: (a)"a44"

(b)"a$" (d)"c" (e)"a$", and (c)"a4-,a$" domain boundary with (110)

twin plane, (f)"a$c" domain boundary with (101) twin plane.

Fig. 8 Schematics showing the simulated superposed EBSP patterns. Note

the divergence or convergence of (110) and (110) planes. "Bold" line

indicates the twin plane position.

Fig. 9 EBSP patterns for herringbone domains. Patterns (a), (b), and (c)

are for band 3, and patterns (d), (e), and (f) are for band 4. Domain

structures of these patterns are: (a)"c" (b)"a*-" (d)"c" (e)"a$", and

(c)"a-c" domain boundary with (011) twin plane, (f)"a~c" domain

boundary with (101) twin plane.

Fig. 10 A stereographic projection illustrating the determination of

junction planes for (a)parallel bands and (b)herringbone domains.



TABLE I Interzonal Angles Between 100 and 110 Type Zone Axes in
Lead Titanate

001 - 101 100- 101 100- 110
001 - 011 010 - 011 010 - 110

X-ray 43.20 46.80 45.0°
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Thermal stability of field-forced and field-assisted antiferroelectric-
ferroelectric phase transformations in Pb(Zr,Sn,TI)0 3

Pin Yang and David A. Payne
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Institute. University of Illinois at Urbana-Champaign. Urbana. Illinois 61801

(Received 22 August 1991; accepted for publication 21 October 1991)

Antiferroelectric (AFE)-ferroelectric phase transformations in tin-modified lead zirconate
titanate, i.e., Pb(Zr,Sn,Ti)0 3 are reported. A martensitic-type approach is developed
to explain the observed thermal hysteresis and field-induced transformation behavior. A model
is proposed with transformation fields where the forward EF and reverse EA field
strengths are related to the transformation barrier to the ferroelectric state, and to the AFE
sublattice coupling, respectively. The thermal stability of the AFE state 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.

I. INTRODUCTION for the phase transformation to proceed. Phase stability is

In this paper we report on phase transformation stud- dictated by the phase with the lowest free energy G. Figure

ies in the Pb(ZrSn,Ti)0 3 system (i.e., PZST).'- 3 Atten- I illustrates the change in free energy and free-energy dif-

tion is paid to the effect of electric field E on phase stabil- ference AG as a function of temperature for FE and AFE

ity, with emphasis on the induction of the ferroelectric states. For example, at temperatures above To the AFE

(FE) state from the antiferroelectric (AFE) state as a state is more stable. At temperatures below To, the free-

function of temperature T. Previous studies have reported energy difference between FE and AFE states, AGIFE-AFE,

on induced polarizations P and strains E,1'4.5 and a general becomes progressively more negative, and the driving force
thermodynamic phenomenology" has evolved to explain for the transformation to proceed increases accordingly.
the transformation behavior. However, several experimen- However, because of the transformation barrier AG*, a
tal observations of phase irreversibility1, 2.9 (to be discussed region of thermal hysteresis exists and, the pathway passes
iater) have yet to be explained, and are the subject of this through a region of metastability (higher free energy) be-
study. The intent is to develop a model and formalism by fore the transformation occurs. The transformation tem-
which the thermal stability of field-induced FE-AFE trans- perature TF to the ferroelectric state occurs on coaling
formations can be explained. This could become important when AGFE'AFE>AG*. Similarly, a transformation to the
and significant for device applications, where shape and AFE state occurs on heating TA with a transformation
* volume changes accompany the induced transformation. barrier AGA*, and a region of metastability TA - To, where
For example, the thermal stability and.recyclability of elec- FE
tromechanical actuators and positioners,4,5, 0,'11 and elec- AGPEAF>0. The total thermal hysteresis AT is TA- TF,

tro-optical storage devices, 9 can be explained by this ap- where To- TF and TA - To represent the undercooling and

proach. overheating necessary to trigger the transformations over

The thermodynamic formalism that has developed is the respective barriers (AGF, AGA*) into the FE or AFE

particularly useful for describing the thermal stability of states. A barrier gives rise to a discontinuity in certain

FE and AFE materials which transform into a paraelectric properties at the phase transformation temperature, and is
(PE) state on heating. 12 For example, the induction of FE characteristic of a first-order transformation.
properties from a PE state, with increasing field strength, Below Tp in the FE state, there is spontaneous polar-
can be described and predicted.' 3 However, difficulty is ization P1, at zero field, that can be reoriented on applica-
experienced in mimicking the induced FE behavior from tion of an electric field of sufficient strength E, to give rise
an AFE state, especially if the transformation is of the first to dielectric hysteresis. Above TA, in the AFE state, there
order. 714 In this paper we propose a martensitic-type are equal but opposite spontaneous polarizations P. Pb on
approach'5 to explain the field-induced first-order phase interpenetrating sublattices (a and b) which are coupled to
transformation behavior from AFE to FE states, with em- give a net AFE polarization PA of zero at zero field. Close
phasis on thermal stability. to the phase transformation temperature (to be discussed

11. MODEL below) the FE state can be induced from the AFE state on

application of a suitable field strength.

The proposed model follows standard thermodynamic Kittel12 described the properties of AFE materials in

treatments with inclusion of a thermodynamic barrier AG* terms of a free-energy expression
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FIG. 2. The FE phase can be iiduced on cooling from the AFE state on
application of an electric field. Above TJ. a field-forced transformation

occurs when the electric work done is greater than the magnitude of the
free-energy difference between the two states and the transformation bar-
tier, -- PjdE> AE-AF + AG~. Below T2. where AG'Are <0, and

between TO and T4• the FIE state can be field assisted from the metastable
AFE AFE phase. Below T,• where the transformation barrier is exceeded, the0

. AG•phase transformation occurs spontaneously.

AG'F

I I0bP F

FE I I Iformation temperature is shifted, and the low-temperature
. I I F state becomes more stable. Under isothermal condi-

I II tions T, the FE state can be induced from the AFE state0
tI T IF To TAwhen

TF To TA E ERAGR, (4)

TEMPERATURE where AGo• - APE is the free-energy difference at tempera-

ture T (Fig, 2).
FIG. 2. Temperature dependence of free energy G and free-energy differ- We now consider three temperature regions for clari-
ence 4 GFEaAFE between ferroelctric (FE) and antiferroelctric (AFE) fication and definition purposes: (i) When T> TT, and
states. The phase change occurs spontaneously on cooling when the free- AGPEoAFE is positive, the electric field forces the transfor-
energy difference AGbeweFh is greater than the transformation barrier

r. mation, which we refer to as a field-forced transformation;
(ii) between To and T, , where AGAn.APE becomes negative,

the electric field assists the transformation (from the meta-

GAPE =f ( P~ + I'b) + gP,,P6 + h(.P~a + P)b) +J( P• + P~) stable AFE state), and we distinguish this by a field-as-(1) sisted transformation; and (iii) below Tl where AGFEyA

where f, g, h, andj are thermodynamic coefficients. Cross 16 is more negative than Aif, the transformation occurs

later considered the induction of the FE state from the spontaneously, as discussed before.
t We also define the field required to induce the FE state

AFEEPEATR state, an the toaireenryfrteEsaea

as E 1 which should be constant at constant temperature,
FIG.h1. Temperae a d epola ndzaonc o e energy nd f gy d and should increase with increasing temperature. For field-

energydiferee F is gree t h forced transformations and cyclic fields, the field at which
2GFE (I.+6P2P the material reverts back to the AFE state Ea should also

(ii) be constant at constant temperature, and also increase with

�the e increasing temperature ( > Ta). Both EF and EA are ther-
)+ + P 32 h + V + 15PbP)A(P2 +/PF)] modynamic parameters that should be independent of

maximum voltage oscillation level at constant temperature
- PFE, (2) and composition (see below). For example, EA can be re-

where f,=Pa + Ph and ar=e a -- Pa at E, and lated to the extent of sublattice coupling, when the poling
- Ah(field is released at a particular temperature. For field-as-

GFE- F GE -- GA(Ef -- PE +E) sisted transformations this is not the cae (i.e., constancy

Figure 2 illustrates the lowering of the free-energy dif- of E'A and EF) since this is a region of metastability and
ference between the two states, rGiEAFE, on application of irreversibility. The important issues of reversibility and

an electric field. Compared with Fig. 1, AGP'APE goes to temperature stability are discussed in a later section with

zero now at a higher temperature Ti, i.e., the phase trans- experimental results.

1362 J. Appl. Phys., Vol. 71, No. 3, 1 February 1992 P. Yang and D. A. Payne 1362

' VA
'P 32 15PF 1oy i parameters• tha shul bem indepnden of---



The stability of FE and AFE states can be considered Source materials (Alpha, Inc.) were mixed in a high
from the full Gibbs function shear blender. For 100-g batches of PZST product, the

requisite amounts of metallo-organic precursors, titanium
dG= - SdT - Ed - PdE, () n-butoxide [Ti(C 4H90)4] and a complex of zirconium n-

where S is entropy and a' stress. At equilibrium butoxide butanol [(C 4HqO) 4Zr(C4H 9OH)] were mixed in

dGFE = dG AFE, and under experimental conditions of con- isopropyl alcohol (100 ml) before introduction of the fine
stant or zero stress change (da = 0), a modified Clausius- ceramic powders (Pb 30 4, SnO2, Nb2O5 ). After sufficient
Clapeyron approach gives time for surface adsorption to occur, the mixed alkoxides

dE AS A.H were hydrolyzed by addition of a mixture of de-ionized
T-- - A -- -- TAP' (6) water in isopropyl alcohol (1:4 by volume). The shear rate

was increased to maintain fluid consistency. The final ho-
where AH and AP are the enthalpy and polarization mogeneous mixture of coprecipitated powder with mixed
changes at the AFE-FE transformation. From initial con- oxides formed a slurry that was later dried in vacuum at
siderations of free-energy changes near the equilibrium 150 'C for 4 h. After drying and size reduction in a mortar
condition To (Fig. 2), and assuming AH independent of and pestle, the composition was reacted at 860 "C for 4 h in
temperature and AP= (PF - PA) =PIN air. X-ray diffraction (XRD) confirmed the formation of

AH T dT single-phase PZST. The calcined powder was then size re-
dE= -- - (7) duced to a submicrometer consistency in a plastic ball mill

using zirconia media in isopropyl alcohol. After drying and
which gives granulation, pressed cylinders, 1 cm in diameter by 2 cm

thick, were formed in a cold-isostatic press at 25 000 psi.

E0= - (AH/PF)ln(T/To) + C (8) The preformed shapes were later hot pressed in an alu-
for the applied field E0 necessary to induce the free-energy mina-lined die at 1100 "C and 4000 psi for 2 h in air. Under
forathe (AplFE) fed E n ssa tonduceth free-energy those conditions, dense fine grain (0.4 ;im) ceramics were
change (AG 0  ) and C is a constant. Now consider the formed. Larger grain sizes could be obtained (up to 6 jm)
additional case of a transformation barrier AG* which re- by heat treating at higher temperatures ( 1200-1360 'C) in
quires a critical field E* to overcome the free-energy dif- an atmtrea tainig ex es A d2b0- inference between TF and T0, an atmosphere containing excess PbO. A double-inverted

crucible technique was used. Specimens were sliced from
E*= - [- (AH/PIP)ln (TF/To) + C] (9) the hot-pressed form by a diamond wafering saw. For elec-

tric-field studies the thickness was approximately 200 /im,
and, therefore, and the major surfaces were polished parallel with a sub-

EF=Eo + E*, (10) micrometer finish by diamond and alumina pastes. Speci-
ere- mens for study were annealed at 500 °C for 0.3 h in air

by comparison with Eq. (4). This gives the field EF re- before application of gold electrodes by sputtering.
quired to induce the FE state from the AFE state at awere
temperature close to To by reducing the free-energy differ- deter ined ona bnd tha strain geencebeteenthe wo tats (AýFEAFE) an ovrcoing determined on a Sawyer-Tower bridge with a strain gauge

ence between the two states (AGFE.AFE) and overcoming bonded to the specimen. Cyclic fields down to 0.3 Hz were
the thermodynamic barrier AG* by used to minimize internal heating. Care was taken for tem-

EF= - (AH/PF)ln(T/TF) perature compensation in the strain measurements by use
of a dummy gauge in the test cell. Electrical noise was

- (AH/PFTF) ( T - Tf). (11) minimized by using a dc heating system, with a program-

This field EF should increase linearly with increasing tem- mable controller. All measurements were made on speci-

perature difference T- TF, and this dependence will be mens that had been thermally depoled for 0.3 h at 30 °C

evaluated in Sec. IV A. above the FE-AFE transformation temperature TA before
cooling. Transformation temperatures (TA, TF) were de-
termined by differential scanning calorimetry (DSC) and
dimensional changes by thermal mechanical analysis

III. EXPERIMENTAL METHOD (TMA). The heating and cooling rates were 10 °C/min.

Compositions close to a morphotropic phase boundary
(MPB) 2 were chosen, and prepared by a hybrid coprecip- IV. RESULTS AND DISCUSSION

itation mixed oxide method,3"7 according to the formula Figure 3 gives DSC characteristics for 43/8/2, illus-
Pb(i - o.5z)NbZ[ (Zr1 - x, Sn.) 1 - yTiy]o.g80 3. An abbreviated trating a sequence of phase transformations as a function of
notation is used in the rest of the paper: PZST X/Y/Z temperature, from FE to AFE states and eventually PE on
(equivalent to 00x/100y/100z). For example, 43/8/2 heating [with a multicell cubic (MCC) region]. The onset
represents a typical composition to be discussed below, temperatures for the AF and FE transformations are indi-
This particular composition was FE at room temperature cated (TA = 92 °C, TF = 80 'C) for heating and cooling
and transformed to the AFE state on heating. A small cycles, respectively. The results are in accordance with the
amount of Nb2O5 was added (1 mol %, z = 0.02) for di- thermodynamic barriers AG* and dependent thermal hys-
electric strength purposes.1t8 teresis (AT= 12 °C) described in Fig. 1. Enthalpies of

1363 J. Appl. Phys., Vol. 71, No. 3, 1 February 1992 P. Yang and D. A. Payne 1363
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to E2, and reversible on switching, However, at greater field strengths (2),
FIG. 3. Phase transformations and thermal hysteresis for PZST 43/8/2. the FE phase is induced (E2 > Et ) with hysteresis on switching, but does

not revert back to the APE state when the field strength is reduced below
EF. Metastability and irreversibility of the field-assisted FE state are illus-transformation can be obtained from integration of en- trated for (3), where the field strength is reincreased, and the hysteresis

dotherms and exotherms, and TMA results (not shown) 4oop is reopened, for a field strength Es, comparable to the value at whichdetermined a volume shrinkage (A V = 0.16%) on trans- the APE state was initially stable.

forming from the FE to AFE states. That is, the AFE
structure had a smaller unit ceMl, and changes in Ai and the field-assisted tra -

AVidctdtetransformation can be oband fro ithegratio ofden r. e for (3), wherboe tF 8°)he field-srnt i erasted, tandtehsteresi

A V ndiate th trasfomaton o b of he irs orer. ation is irreversible between AFE and FE states. Ini-The results are typical for the composition studied, and the tisrpy , for th eAE state is st able to e vl an r siblAFE-FE thermal hysteresis ATwas greater (g 1l ) than 'be ( 1 ) t ialE sta ble.

thos themmonlhyassteredisAT with gEreansform(-10X hatns on switching; however, (2) the FE state is induced when 0those commonly associated with PE-FE transformations. E2 > El, and does not revert back to the AFE state when E
Figure 4 illustrates the field-forced switching charac- is decreased (<E 1 ). Remnant polarization exists at zero

teristics for a composition (42/4/2) which was AFE at field, and (3) the FE state persists at a field strength El at
room temperature. The opening up of the ferroelectric loop which the AFE state was initially stable. Irreversibility is
indicates the transformation field EF was independent of consistent with the proposed thermodynamic barrier
maximum cyclic strength, in accordance with the proposed model AG* in the region of undercooling (AGIE-AFE < 0,0
AG* model and Eq. (4). Similarly, EA was independent of T> TF). In this region, the sublattice AFE coupling is
E and can be related to the AFE sublattice coupling, as wk an th ie eli c wor done ( PE forces

previously outlined. The reversible and stable field-forced weak and the applied electric work done ( - PdE) forces
measremntsweremad atapprximtel 25 C aove the transformation over the barrier into the FE state. Since

measurements were made at approximately 25 'C above the sublattice coupling is weak, thermal energy alone can-
TF" not overcome the reverse transformation (back to the AFE

Figure 5 illustrates polarization-field measurements for state) and the FE state persists at weak fields. Irreversibil- 0
43/8/2 (Fig. 3) at a temperature (90 'C) just below T ity could be a problem for electromechanical actuator ap-

plications (for certain compositions and temperatures),
but could be of use in bistable optical information storage

P system (based upon differential light scattering).(pC/cm2 ) 40-
PZST 42/4/2 Induced polarizations and strains are illustrated in Fig.

13.5 'C, 60 Hz . 2 1/ 6 for 43/7/2 at lower temperatures. For the field-forced 0
TA=-12C 20E transformation [Fig. 6(a)] close to TA (72 'C) the temper-

ature is shifted To into the thermal hysteresis region

(82 'C) on application of the electric field and metastabil-
490 - 20 40 60iniaefothfrs

E (kWcm) ity and irreversibility are now clearly indicated for the first
'20 -two poling cycles (at 0.3 Hz). The transformation field EF

and permanent shape change (indicated by induced trans- •
formation e) are in accordance with the thermodynamic

-40T model for a first-order transformation. Compared with Fig.
6(b), for purely FE switching, at a temperature (26 °C)
well below the spontaneous transformation temperature

FIG. 4. Example of a field-forced transformation above TA, illustrating T, there is now no transformation strain (since there was
forward and reverse field strengths, Erand E,4, necessary for reversibility, no the ous now ume chansforman trainince the w

which are independent of E, consistent with the thermodynamic model. spontaneous volume change), and the magnitude of the

Ercan be related to the barrier, a FE-AFE + AG*, and E, to the sublattice field-induced e was less than the field-assisted case [Fig.
AFE coupling. 6(a)].
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7t2(c ,M PZST. . .43/7/2,0.3 Hz
C, B.3 Nz 10. TA = 72C, TF = 49CT-72"C (1iEF '

) ' 5-- Ec
f 0
460 8"0 1,00 120

5 Temperature (IC)

E-(k0/cm) FIG. 7. Temperature dependence of transformation fields on cooling.
Note at temperatures approaching TF, EF< E, i.e.. the field-assisted
transformation strength was less than the field required for domain

( Ccmswitching.

PZST 4317/2
26"C, 0.3 Hz

"TF= 49°C 10. (1)

,EF/(T TF) -AH/PFTF, (12)

- -10 10 (k/cm) and compared with experimental data in Fig. 7. From DSC

-10 (AH = - 2.3 J/cm3 ) and Sawyer-Tower data
(PF= 23.94 /zC/cm2) for 43/7/2 at TF= 49 °C, the esti-
mated value (AH/PFTF) = 0.30 kV/cm K is in good
agreement with experimental data [EF/(T - TF) = 0.15
kV/cm K]. This supports the proposed thermodynamic
model for field-induced transformations.

/' M For field-forced transformations to occur, the change
in free energy must be greater than the combined thermo-

10 20 dynamic barrier AG* and the free-energy difference
.2 1 E(kV/cm AGFE-AFE between the two states [Eq. (4)], for the FE

phase to nucleate and grow. The extent of FE phase devel-
opment will depend on the magnitude of the excess field

" (b) over Ep Figure 8 illustrates the magnitude of the induced
polarizations and strain, fer 43/7/2, at a temperature

FIG. 6. The first two poling cycles for (a) field-assisted polarization and ( 100 C) greater than TA (72 °C) for a field-forced trans-
strain from AFE to FE states (T= TTA), and (b) ferroelectric polarization formation. The polarizations and strains increase linearly
and strain (T<TF). Note: (a) the sudden transformation strain was with field, in accordance with the thermodynamic model,
greater than (b) the strain associated with domain switching, and are recoverable. The reversible behavior would be im-

portant for reproducible electromechanical actuator appli-
The temperature dependence of transformation fields cations where continuous displacements are necessary and

(EF, EA) is illustrated in Fig. 7, for 43/7/2, which was attainable with recoverable transformation strains.
determined on cooling from the AFE to Fe states, and A. Thermal stability and field-induced properties
through the region of thermal hysteresis. The results are

again in accordance with the proposed thermodynamic The proposed thermodynamic model has classified the
model [Eq. (4)], in that EF and EA increase linearly with field-induced FE behavior in terms of two distinct thermal
temperature, with a shift in EF as EA goes to zero on cool- regions: (i) above T0, where AGFE'AFE> 0, for field-forced
ing into the region of metastability. The shift may be asso- transformations; and (ii) below To, and between To and
ciated with AH heating on cycling through the induced TI, where AGFE-Ar< AG*, for field-assisted transforma-
phase region. Note, for increasing undercooling, the field tions. The former are reversible for temperatures above TA,
EF required to trigger the instantaneous transformation and irreversible for temperatures between To and TA (un-
(with remnant strain) is less than the field required to less Tý is shifted above TA). The latter are irreversible with
coerce ferroelectric switching E, temperature for field-assisted transformations. Consider

An estimate can be made of the temperature depen- the former case (i) where the electric work done
dence of EF from Eq. (11), (- PdE), must be greater than the nucleation barrier
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FIG. M0, Temperature dependence of field-induced transverse strain at
20 C I 2constant field strength, illustrating reversible ( > TF) and irreversible re-

E (kVlcm) gions for strain recovery. The maxi um strain induced was in the ther-
mal hysteresis region (TTA>> T> Tr) close to T .i h

FIG. 8. Field-forced (a) polarizations and (b) strains as a function of
field strength above TA. An increasing dependence of induced polarization metastability and irreversibility, and once the transforma-
and strain with field above Er relates to the extent of the induced ferro- tion barrier AGF is exceeded, energy is released and corn-
electric phase. pensates for the strain energy associated with the sponta-

neous displacive transformation. Consequently, there
should be a weak dependence of polarization and strain on

(AG + AGIE-AI) for the induction of the FE state. Ex- electric field in the FE state for the field-assisted case. This
cess field (E-EF) will aid in the growth of the FE phase is clearly indicated in Fig. 9 where the 9(a) polarization
and the development of field-forced properties. Eventually, and 9(b) strain saturate with increasing field. For the for-
at high field strengths, domain switching will occur, but ward bias case, the field-induced transformation strain
this contribution to the overall properties will be less than reaches a constant value of approximately 6.4 x 10 - and
the field-forced transformation behavior, is independent of field strength above EF (where El 5.72

Consider now case (ii) for a field-assisted transforma- kV/cm, E2 = 12.61 kV/cm, E3 = 16.01 kV/cm, E4
tion. Figure 9 is for 43/7/2 in the thermal hysteresis region = 18.16 kV/cm). In the ferroelectric state an additional
(50 °C) close to TF (49 °C) where the AFE sublattice cou- strain is induced on field reversal. The strain associated
pling is weak. As described previously, this is a region of with domain reorientation reaches a maximum value

which is dependent upon the previous poling strength. For
example, the total remanent strain at E = 0 is 10.3 X 10 - '
for the E4 condition, compared with 8.0X 10- 5 for El [as 0

P 3U indicated in Fig. 9(b)]. On complete reversal (- E4) the
PZST 43'7/2 strain decreases and saturates at the constant value of
TF0 490 C 6.4 X 10- 5. Therefore, the total strain at any field strength

T 9 fo is comprised of a constant field-induced transformation

strain (6.4X 10- 5) and a field-dependent domain reorien-
-10 tation strain (up to 3.9x 10- 5). Similar behavior has been 0

reported for magnetic-field-induced martensitic transfor-

-30 (a) mations in ferrous alloys.' 9' 20 In the present case, and ther-
c31(10 (b) mal regions, the properties (P, E) associated with field-

SDomain assisted transformations are nearly independent of E above
6.- entto ~E unlike the former case of field-forced transformations,

EiE3 'E, E, -'- where P and c were clearly dependent on E above E,
E 4...... EnW4o Figure 9 also indicates that Ep the field required to assist.. . .E transform ation

.....E32 E s•aain the transformation and displacements, is less than E, the
-E, E field required to switch the ferroelectric domains in the

-20 -10 0 10 20 thermal hysteresis region. This was mentioned previously
E (kV/cm) with respect to the data in Fig. 7 and the discussion on

FIG. 9. Field-assisted (a) polarizations and (b) strains as a function of irreversibility.
increasing field strength above T, By comparison with Fig. 8 (i.e., above The question of reversible and irreversible field-in-
TA) the polarization and strain saturate for ferroelectric switching. duced transformations is summarized in Fig. 10 for 43/7/2
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as a function of temperature. The field-induced strain is shown to be stable above TA, with reversible polarizations
reported for a constant field level of 19.86 kV/cm. At high and strains, and the latter were metastable, with irrevers-
temperatures (T> TA), outside the region of thermal hys- ible polarizations and strains. The magnitude of the field-
teresis, the field-forced strain is reversible, in that it is re- forced strain increased with increasing field level, in accor-
coverable and cyclable between E and Ep The strain would dance with the proposed model, but was less than the field-
be greater at higher field strengths (Fig. 8). Inside the assisted strain at an equivalent field strength. However, at
region of thermal hysteresis (TA- T-) the field-assisted temperatures above TA, the field-forced strain was recov-
strain is irreversible, in that it is not recoverable or recy- erable (unlike the field-induced strain in the region of ther-
clable on reduction of E, unless To becomes > TA. The mal hysteresis) and suitable for electromechanical posi-
magnitude of the field-induced strain is greatest in the re- tioning. The thermal stability of the AFE region is an
gion of thermal hysteresis, close to TA, but irrecoverable, important criterion when considering reproducible actua-
For certain electromechanical actuator applications, where tor applications, and the proposed thermodynamic model
recyclable positioning is important, compositions and op- should aid in the design of future compositions and work-
crating conditions within the AFE region are necessary for ing conditions ( T, E). Issues relating to kinetic factors and
recoverable strain, even though the magnitude of the field- microstructural effects are treatable by this model and will
forced strain, at a comparable field level, would be less than be reported in due course.
the field-assisted strain. That is, the thermal stability of the
AFE region becomes important when considering repro- ACKNOWLEDGMENTS
ducible actuator applications.
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GRAIN-SIZE DEPENDENCE OF FERROELECRIC-ANuIFERROELECrIC
PHASE TRANSFORMATIONS IN Pb(ZrSnTi)03 DIELECTRICS 0

P. Yang and D. A. Payne
Department of Materials Science and Engineering and
Materials Research Laboratory
University of Illinois at Urbana-Champaign, Urbana Illinois 61801, U.S.A.

ABSTRACT

Phase transformations and nicrostructures in tin-modified lead zirconate
thianate (PZST) ceramics were studied. Emphasis was placed on the effect of
grain size on :eroclectric(FE) -antiferroelectric(AFE) phase transformations
which could be induced by changes in temperature or electric-field strength.
Differential scanning calorimetry (DSC) and thermal mechanical analyses (TMA)
were used to determine the transformation temperatures, and Sawyer-Tower
measurements were used to determine the field strengths necessary to induce the
FE phase from the AFE phase. The transformation temperatures were found to
decrease with decreasing grain size, and the field strengths increase somewhat
with decreasing grain size. The results are discussed in terms of a strain energy
model for a first-order transformation in a confined fine-grain ceramic
microstructure.

INTRODUCTION

It is well known that structural changes at FE-AFE phase transformations 0
(e.g., rhombohedral-tetragonal) lead to sudden changes in charge', heat2 and high
nonlinearities in field-induced polarizations 3,4. These property changes can be
used for voltage generation5 , energy storage6 , and conversion7 .5. Future
applications may include optical information storage9.10 and ceramic
actuators11. 12. In this paper we report on the effect of microstructure on phase
transformation behavior, especially transformation temperatures (T and field-
strengths (E). The results indicate the importance of ceramic processing
conditions on the development of ceramic microstructumres for reproducible and
reliable properties in PZST dielectrics.

EXPERIMENTAL METHOD

PZST compositions close to a morphotropic phase boundary (MPB) 13

were prepared by a hybrid coprecipitation mixed oxide method14 according to the
formula Pb(l.0.Sz)Nbz[(Zrl.x,Snx)l-yTiy]0.9803, abbreviated by PZST X1Y/Z

To the etent auftri, unae wd lwof the UIe State od A Drk& ouh•cuts in tds PMa propty
of The Amerim CaamicSdey Any dupitoilon.rproductim~ or mpN ~adoII this pkbDion or any pi&am& thro~witout
the exps wrttenat wnuoMdh Ameanr CuamkSodety or fe plad to the O ghUUZ C1= uchf, h F "t
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(equivalent to 100x/100y/100z) in the rest of the paper. A small amount ofNb203 was added for dielecric strength purposes]15.1

The source materials were mixed in a high-shear blender. The requisite
amounts of metallo-organic liquid precursors, titanium n-butoxide [Ti(C4H9O)4]
and a complex of zirconium n-butoxide butanol [(C 4 H90) 4 Zr(C4H9 OH)] were
mixed in isopropyl alcohol (100 ml) before introduction of fine ceramic powders
(Pb 30 4 , SnO2, Nb20 3 ). After sufficient time for surface adsorption to occur, the
mixed alkoxides were hydrolyzed by addition of a mixture of deionized water in
isopropyl alcohol (1:4 by volume). The shear rate was increased to maintain fluid
consistency. The final suspension of coprecipitated powder with mixed oxides
was concentrated on a hot plate at 80C before drying in vacuum at 150"C for 4
hours. The powder was size reduced in a mortar and pestle, sieved through a
nylon mesh and calcined at 860 *C for 4 hours in air. X-ray diffraction confirmed
the formation of single phase PZST. The calcined powder was then reduced to a
submicron consistency in a plastic ball mill with zirconia media in isopropyl
alcohol. After drying and granulation, cylinders, 1 cm in diameter by 2 cm thick,
were cold-isostatically pressed at 25,000 psi. A flow diagram is given in Figure 1.
The preformed shapes were later hot pressed in an alumina-lined die at 1100 *C
and 4000 psi for 2 hours in air. Under those conditions, dense ceramics were
formed with fine-grain microstructures (0.4 jim). Larger grain sizes (up to 6 PIM)
were obtained by heat treatment at higher temperatures (1200-1360 0 C) in an
atmosphere containing excess PbO. A double-inverted crucible method17 was
used.

Specimens for DSC were sliced and ground to 200 gim and prepared 0.45
mm in diameter for maximum contact area with the test cell. The thin geometry
minimized thermal resistance problems and enhanced the response of enthalpy
changes. Transformation temperatures are defined at the onset of the endotherm
or exotherm, on heating or cooling, respectively (Figure 2). Dimensional changes
were characterized by thermal mechanical analysis (TMA). The heating and
cooling rate for DSC and TMA was 10 C/rmin. A Sawyer-Tower method was
used to determine the transformation field strength (EF) required to induce the FE
phase from the AFE at constant temperature. Cyclic fields down to 0.3 Hz were

C.H0 Z,.H0k ~Sn'0 NbO PZt0

R T11ratod wilh 4:1 IPA :01

Freparn ohf Tp100

4 hours |

Poo III $4l IoI

treof: d..."A k-W a

Figure I Preparation of P7_ST powder.
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S

used to minimize internal heating. EA was the field below which the FE would
revert back to the AFE at temperatures above TA.

RESULTS AND DISCUSSION

(1) Transformation Characteristics 0

Figure 2 gives DSC characteristics for PZST 43/8M2. The sequence of
phase transformations is FE, AFE, multicell cubic (MCC) and finally, simple
cubic paraelectric (PE) on heating. The onset temperatures for the AFE and FE
transformations, on heating and cooling, are TA and TF respectively. Note, the
region of thermal hysteresis (TA-TF). Enthalpies for transformation were
obtained by integration of the endotherms and exotherms. Figure 3 gives TMA 0
characteristics which indicate similar hysteretic behavior. The slope of these
curves is the thermal expansion coefficient, and the results are similar to those
reported by Berlincourt et al.4 who showed that both the MCC and APE phases
had higher thermal expansion coefficients than the FE phase. An abrupt linear
shrinkage of 0.053% was observed at the FE-APE transformation. This indicates
the AFE phase had a smaller unit cell than the FE phase. Therefore, the AFE-FE

1.0
PZST 4M S4A0 rag. 10 "Cadna

- Figure 2 Phase transformation
0.5 and thermal hysteresis for PZST 0FE AFE ..•CC PE 43/8/2.

60 so 100 120 140 160 10
Tempentauro (*C)

0.06 PZST 43W2
SAMPLE HEIGHT: 7.370m

0.04 SCAN RATE: 10dogmin. PE

0.02 FE

o.0 Figure 3 Thermal strain and

7 hysteresis for PZST 43/8t2.

-0.06 I _ I __I

50.0 75.0 100.0 125.0 ;t.o 175.0
TEPER•ATURE MC)
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Figure 4 SEM photomicrograph of
hot-pressed PZST 43/8/2 after heat
treatment at 11500C for 10 hours.

0
transformation shows discontinuities in enthalpy and volume and is of the first-
order. These observations are typical bf other compositions evaluated. However,
the thermal hysteresis (-10C) associated with the FE-AFE transformation is
much greater than the hysteresis normally associated with FE-PE transformations
(-IOC). The large thermal hysteresis associated with PZST provides a unique
opportunity to study the effect of shape memory and superelasticity in ferroic
ceramics. Details are reported elsewhere18.

(2) Phase Transformation and Microstructure

The hot-pressed ceramics were dense and translucent. A typical
microstructure is given in Figure 4 for PZST 43/8/2. DSC and dielectric
measurements determined a decrease in transformation temperature (TF and TA)
with decreasing grain size (Figure 5). This behavior was typical of all
compositions studied in the PZST system. Somewhat similar behavior has been
reported for BaTiO319 and ZrO220 ceramics. Although a surface area and energy
contribution has been proposed for the transformation barrier in fine grain
BaTi1319, it is believed that in the present case, a confined elastic strain energy is
responsible for the observed features 20. 21 . This would be especially so for a large
discontinuity in ferroelastic strain at the transformation temperature. Thermal
hysteresis and a constrained transformation - from a smaller unit cell AFE phase
to a larger volume FE phase - would reduce the transformation temperature.

The effect of microstructure on internal stress can be considered from a
thermodynamic point of view similar to arguments for electric field-forced AFE-
FE transformations. Previous analysis22 has shown that the transformation field
EF represents the minimum electric work done (-PdE) necessary to induced the
transformation, i.e.,

-PFdE > AGo0 A +AG (1)

where PF is the field induced polarization, AGoFE-AFE is the free energy
difference between the two phases, and AGF* is the thermodynamic barrier for
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the first-order transformation. An increase in stored elastic strain energy in fine-
grain ceramics would increase the total transformation barrier (AGp*), therefore,
an increase in transformation field (EF) would be expected. Figure 6 gives the
effect of grain size on transformation fields (EF and EA) for PZST 42/4/2. The
forward (El) and reverse field strength (EA) are related to AG?, and to the AFE
sublattice coupling, respectively22. An increase in internal stress favors the •
smaller volume AFE phase, therefore, AGp* and the sublattice coupling, increase
accordingly. As a result, transformation fields (Ep and EA) increase with
decreasing grain size. Details of the thermodynamic treatment for confined
microstructures will be published elsewhere23.

Figure 7 gives X-ray diffraction data for PZST 43/7/2 heat-treated to
different grain sizes. The samples were catefully polished (to 0.3 pM) to avoid
any surface damage. Different stress levels in different microstructures are
indicated by the progressive merging of the split (4 44)r and (400)r peaks for FE
rhombohedral PZST at room temperature. Specimen A (3.62pm) had a well
defined pattern but as grain size decreased (and internal stress increased from B to
D), the peaks eventually merged into a pseudocubic structure. The intensity of the
(444)r peak decreased with decreasing grain size, which suggests the increase in
internal stress in fine-grain ceramic inicrostructures tended to retard the FE-AFE •
transformation. Therefore, microstructure control is necessary for reliable and
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Figure 7 X-ray diffraction data for PZST
43/7/2 as a function of grain size. The
structure becomes less rhombohedral and
more pseudocubic as the grain size decreases.

s0 81 82
20 (dsgis

reproducible properties in PZST dielectrics, and could be important in future
clectromechanical actuator systems.

CONCLUSIONS

Phase transformations in the PZST system were studied. The FE-AFE
transformation was shown to be first order with significant ferroelastic strain. The
AFE state had a smaller unit cell than the FE state, and on cooling into the FE
state, the transformation strain could be clamped by the fine-grain ceramic
microstructure. Experimental data indicate the transformation temperature
decreased with decreasing grain size (6-0.5 gim) and the transformation field
strength increased with decreasing grain size. The results are in accordance with a
proposed thermodynamic model in which the stored elastic strain energy
(resulting fim the confined transformation) would favor the stability of the AFE
state (i.e., a decrease in TA and an increase in Fp with decreasing grain size).
Therefore, microstructure control is important for FE-AFE transformations which
exhibit significant thermal hysteresis.
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1 Abstract

The electronic structure of Barium Titanate is determined according to the extended Hiickel

tight binding method (XHTB) using atomic data based on a self-consistent field calculation. 0

The effects of the phase transition on the partial density of states are studied. The electronic

contribution to the phase stability of the compound is calculated from the total density of

states. The tetragonal phase is found to be stable as compared to the cubic phase. The

density of states is compared with available x-ray photoemission spectra and is found to be

in good agreement with the experiments.
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2 Introduction

The electronic structure of perovskites containing titanium has been the subject of a number

of theoretical [11 - [5] and experimental [6] - [9] studies focussing primarily on BaTiO 3 and

SrTi0 3. Matthiess [2] calculated the electronic structure of perovskite-type crystals using

a linear combination of atomic orbitals-augmented plane wave method but did not include

the contribution of the barium states. Michel-Calendini and Mesnard [3] have calculated the

structure of both cubic and tetragonal barium titanate using a modified linear combination

of atomic orbitals with non-orthogonal orbitals. However, the contribution of the barium

states has not been included. The focus of this report is to evaluate the contribution of the

electronic structure to the phase stability of BaTi0 3.

In an attempt to examine the phase stability of Barium Titanate, we have performed a

series of calculations using the extended Hfickel tight-binding method [10] to calculate the

total density of states, the partial density of states and the electronic total energy for the

cubic and tetragonal phases of BaTiO 3. The XHTB method has been applied previously to

ionic perovskite-type compounds such as KMF 3 (with M = Mn, Fe, Co, Ni, Cu, and Zn)[11]

and a K2PdCI6 crystal[11. The band structure calculations show good agreement with

experimental data relating to both the valence band as well as the conduction band. The

XHTB method has also been applied to determining the phase stability of the inter), , ilic

compound A13Nb as a function of nickel additions[12]. The electronic structure and total

energies were calculated for both D0 22 and Li 2 structures of Ni-doped Al3 and were found

to be in good agreement with x-ray diffraction experiments. This paper presents calculations
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for BaTiO3 based on the XHTB method. The results of the calculations are compared with

relevant experimental data.

3 Theory

In this section we briefly describe the extended HMickel tight-binding method and the cal-

culation procedure. Details of the theory and calculation for perovskite-type compunds are

found in the paper by Kitamura and Muramatsu[13]. We solve the following Schroedinger

equation:

(1) %P 'k(r) = EkO k

where II is a one-electron Hamiltonian consisting of the kinetic energy term and a crystal

potential, with the periodicity of the lattice. The one-electron wave function %Pk is specified

by the wave vector, k, restricted to the first Brillouin zone (BZ). According to the Bloch

theorem in the tight-binding method the wave function is written:

(2) 'k(r) = U (k)XL2u (k,r)

(3) XL')(k, r) = y exp(ik. r,)O(')(r - ru)/N'/
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where the summation over 1 is taken for the five independent Ba, Ti, 0(1), 0(2) and 0(3)

ions; r1 denotes their positions throughout the crystal. The atomic orbital 0(')(r - r')

is denoted by the collective index L = (l,m) for the 1A ion located at r,. The quantum

number I denotes both the principle quantum number in addition to the usual orbital-angular

momentum quantum number and m denotes the degenerate components in a real base. N"

is the number of theyp ion, being equal to N/5, where N is the total number ions forming the

compound. The expansion coefficient u(')(k) and the energy Ek as a function of wavevector,

k, are obtained by solving the secular equation given in equations (3a), (3b) and (3c) of

reference[13!. In evaluation of the matrix elements of II given in equation (3b) in reference

[11] the Wolfsberg-Helmholtz approximation [14] is used,

(4) L4[)(r)IJlO•(r- ru)) = (G/2)(el"• + e) "r)IC4)(r - rL)L

where G is an adjustable parameter taken to be 1.75 and eL() is the atomic energy of the L

state of the 1 ion. The overlap integral

(5) (eL (r)IC'(r- rL))

can be transformed into basic overlap integrals by the use of direction cosines (a, 3, -) of

r,, as shown in the table of Slater and Koster[15]. The primary objective of this paper is

to calculate the total density of states and compare electronic total energies for the cubic

and tetragonal phases. The electronic total energy Etota, is given by fEJ g(E)EdE using the

S 5



total density of states D(E) where E1 is the Fermi energy of the compound. 0

In the calculation procedure input data are atomic data of Herman and Skillman[16],

lattice constants, and the value of the adjustable parameter G. The atomic positions of the

ions in the tetragonal phase were taken from neutron powder diffraction refinement data.

Using a self-consistent-field calculation based on the prescription of Herman and Skillman

and with the use of Schwarz's exchange-correlation parameters[1 7], we obtain atomic orbitals.

In the band structure calculation the atomic orbitals used are 5p and 6s for Ba+2 ,3p, 3d and

4s for Ti+4 and 2s and 2p for oxygen (-2).

4 Results and Discussion

The band structure Total Density of States for barium titanate shown in Figures 1 and 2

for the cubic and tetragonal phases respectively, shows the characteristic features of titanate

perovskites. The total calculated occupied band consists of widly spaced subbands that result

from (in order of increasing energy) Ti 3p, 0 2s, Ba 5p and 0 2p states. The contributioun to

the unoccupied band consists primarily of Ti 3d, Ti 4s and Ba 6s states. The density of states

show a band gap of 3.0 eV in good agreement with measured values of 3.2 to 3.4 eV. From

the electronic total energies calculated for the cubic and tetragonal phases it is shown that

the tetragonal phase is stable as compared with the cubic phase and the energy difference 0

is 0.58 eV/unit cell. The primary change between the cubic and tetragonal phases can be

seen at the highest energy of the occupied states. This change results from a change in the

2 p partial density of states of the axial oxygen atom as shown in Figure 2: this corresponds
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to a change in the oxygen 2 p state along the tetragonal c-axis.

The density of states have beeni compared to the relevant experimental data. Figure

3 is an enlarged view of the valence band region of cubic BaTiO3 . Four distinct features

can be observed in the XPS spectra (5] that agree with the calculated result: two high

energy peaks and two shoulders on the low energy side of the valence band. The calculated

results agree in the relative peak heights as well as the widths. Figure 4 shows the wide

range of XPS spectra[5] for cubic BaTiO3 superimposed on the total density of states. The

XPS spectrum mainly consists of five structures, and from the comparison of this spectrum

with the calculated one, we can assign that in order of increasing energy. These structures

correspond to Ti 3p, Ba 5s, 0 2s, B 5p and 02p states. There is agreement with the

valence band (composed primarily of the oxygen 2 p states), the oxygen 2s states and the

Ti 3p states. The Ba 5s states are not shown since they were not used in the calculation

procedure. The inclusion of these states would, due to coulomb repulsion, raise the energy

of the Ba 5p states. X-ray emission spectra can be related to the partial density of states

of the corresponding emitting ion. Oxygen K x-ray emission is proportional to the oxygen

2p partial density of states: experimental data [9] is superimposed in Figure 5. There is

good agreement with the calculated structure. In Figure 6, the emission spectra for Ba Nv

x-ray emission [9] with the Ba 5p partial density of states is shown. The three features are

apparent; however the observed shift of the central peak is again due to the omission in

the calculation of the Ba 5s states as already mentioned. In Figure 11, x-ray absorption

spectra of Ti [8] is superimposed on the Ti 3d partial density of states. The titanium L2,3
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absorption spectra results from transitions from the Ti 2 p states to unoccupied levels derived

primarity from the Ti 3d states. In the low energy region there is good agreement between

the experimental and calculated results: for the high energy region there is some discrepancy.

In the calculation, atomic states are not expected to be good approximations to conduction

band states due to their large interaction and spatial extent. In the x-ray absorption process,

multiple scattering theory leads to a result much better that the result obtained from the 0

band structure calculations based on the XHTB method.

0

0

0

0

0

0
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5 Conclusions

Band structure calculations for both the cubic and tetragonal structures of barium titanate

have been performed based on an extended Huckel tight-binding method and the total den-

sity of states, partial density of states, and electronic total energies have been calculated.

The tetragonal structure is shown to be stable as compared with the cubic phase based on

electronic total energy. The agreement between theory and experimental results is excellent.

The inclusion of further atomic states (Ba 5s orbital) would improve the small discrepancies

observed with respect to the barium sites.
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List of Figure Captions

Figure 1. Total density of states per unit cell versus energy (eV) measured relative to
vacuum level for cubic and tetragonal BaTiO 3. Shaded regions indicate occupied states.
Energy difference, Etotoi(tetra) - Etota:(cubic), of the electronic total energies Eot~t. between
tetragonal and cubic phases is 0.58 eV/unit cell.

9 Figure 2. Partial density of states per unit cell versus energy (eV) of the axial oxygen 2p
states measured relative to vacuum level for the cubic (a) and tetragonal (b) phases. Shaded
regions indicate occupied states.

Figure 3. Enlarged view of the valence band of the cubic phase for G = 1.75. Superimposed
is the XPS valence band spectrum. (Pertosa et. al., 1978).

Figure 4. Total density of states per unit cell versus energy (eV) measured relative to vacuum
level for the cubic phase. Superimposed is XPS spectrum. (Pertosa et. al., 1978).

0

Figure 5. Partial density of states of oxygen 2p states for the cubic phase. Superimposed is
oxygen K x-ray emission spectrum. (Nemoshkalenko et. al., 1985).

* Figure 6. Partial density of statcr of barium 5p states for the cubic phase. Superimposed is
Ba Nv x-ray emission spectrum. (Nemoshkalenko et. al., 1985).

Figure 7. Partial density of states of titanium 3d states for the cubic phase. Superimposed
is Ti L11,111 x-ray absorption spectrum. (Shveitser et. al., 1983).
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X-Ray Thermal Diffuse Scattering Study of Soft Modes in Paraelectric BaTiO3
N. Takesue and IL Chen

SDepartment of Materials Science and Engineering,
University of Illinois at Urbana-Champaign,

Urbana, llminois 61801, U. S. A.

Distribution of the x-ray thermal diffuse scattering intensities from the panelectric RaTiO3

has been observed as a function of temperature. The sheet of the diffuse scattering which had
been observed previously was well reproduced on a (100) plane in a reciprocal lattice space.
showing characterized intensity distribution from the TA and overdamped TO modes with the
[100] polarization. The distribution and temperature dependence of the diffuse intensities also
agreed with the results from the previous neutron inelastic scattering experimem. In addition,
the phonon dispersion curves of the TA modes with a [100] polarization were first found out to
be also anisotropic with the modes with other polarizaions.

The two-dimmensional sheets of the diffuse scattering on ( 100) planes in a reciprocal
lattice space were observed from KNbO31),2),4) and BaTiO31)-3) in the x-ray diffraction
experiments. Because of their significant intensities it has been thought that the observed
diffuse sheets might show a precursory effect which would play an important role on the
ferroelectric phase transformation in those perovskite materials. There have been two
theoretical models explaining the origin of the diffuse sheets; one is Hiller's model 5),6)

based upon the soft-optic dipole interaction and the other is R. Comes, M. Lambert and A.
Guinier's modell), 2) of the order-disorder type. Models were both suggested to reasonably
produce the diffuse sheets on ( 100) planes.

The ferroelectric phase transformation was originally studied by W. Cochran7), based
upon the lattice dynamics. It was mentioned that at least one of the TO modes must decrease
its energy in proportional to (T-TO), where TO corresponds to the paraelectric Curie
temperature. As a result, the anomaly of the low-frequency dielectric constant appears near
the critical temperature. The neutron inelastic scattering experiments were thenperformed by
Y. Yamada, G. Shirane and A. Linz8), and J. Harada, J. D. Axe and G. Shirane9 ), to
observe how the actual vibrational modes in the paraelectric phase, which exists at
temperature T>TC=I30 *C, are related to the subsequent ferroelectric phase transformation.
It was clearly showed that the TO mode with the polarization along the <100>-type direction
is overdamped8),9),10),ll) with a significant temperature. dependence 8) of the scattering

0



intensity at small q around the zero neutron energy loss. Furthermore, there was a

suprisingly strong anisotropy9 ) between the uncoupled-phonon dispersion curves with the
<100>-type and any other polarizations of the TO modes. The uncoupled dispersion curves
were calculated from the experimental data by using the analytical approximation form

expressing the phonon energy near4j=0 with the'--dependent expansion coefficient Aj(•)

explicitly included as follows,

h2w2eq)=h20D2(0)+Aj(4I2+.. (1).

The expansion coefficient Aj(6) for any q vector with the <100>-type polarization have low

values all over the'q, while the one with aother polarization, for example , <110> steeply

goes up. They concluded that due to this anisotropy between the dispersion curves, the

diffuse sheets on the (100) planes might exist with the low values of the expansion
coefficient reflected. The results of the neutron inelastic scattering experiments, whose

feature is similar to one of HUller's model, phenomenologically suggested the overdamped
optic motion of atoms along the polarization directions <100> to make the predicted chain

structure along the same <100> directions on which the motions of atoms are strongly

correlated with each other9).
We used a poled crystal of BaTiO3 with size 4.1x2.8xl.0 mm3 and a surface normal

almost along a [100] direction. It has a quite small amount of impurities. In this study, the
x-ray diffuse scattering measurement was made by using the synchrotron radiation source at
National Synchrotron Light Source in Brookhaven Ntional Laboratory. A wavelength here
used is 1.1808 A. The x-ray diffuse scattering measurement was successively done at 200,
150 and 135 0C on a cooling cycle. From abrupt change in an intensity of a Bragg peak the

transition temepratures were def'med as 132.5 and 129 0C on a heating and cooling cycles.

Intensity distribution of the sheet of the diffuse scattering on a (100) plane at 200, 150 and
135 'C is mapped in figures 1 (a), (b) and (c), respectively. In each figure there are two

kinds of diffuse scattering distributed around a (400) and (410) reflections. We clearly see
the sheet of the intensities around a (400) zone center reproduced at all the three temperatures.
It is noticeable that at I-j>about 0.25 the intensity distribution is quite flat and almost cicular,

while it is considerably steep within 1q1=0.25 and elongated along [010] and [001] directions.

On the other hand, distribution of the diffuse scattering around a (410) zone center is weaker
than the other. Especially, there is almost no significant scattering at IqI>about 0.25. Only 0

the steep intensity distribution is recognized at 1ql<about 0.25. As mentioned by J. Harada
and G. Honjo3) in the previous paper, a reason is mostly related to a difference in static
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crystal structure factors between a (400) and (410) reflections which measure the diffuse

scattering intensities from the acoustic modes around each reflection.

The diffuse scattering intensities from the acoustic modes around a (400) and (410)

reflections are each proportional to their static structure factors. They are expressed at each
reflection as F(400)=fBa+fTi+3f0 and F(4 10)=fBa-fTi-fo, where fBa, fTi and fo are atomic

scattering factors of elements. We see that the structure factor of a (400) reflection is much

larger than the other since an atomic scattering factor of a Ti atom is relatively large in all the
elements of this substance and a difference of 4f0 can not be neglected. As a result, the

intensity distribution is not significant around the (410) zone. Consequently, it is understood

that the flat intensity distribution around a (400) reflection at Iql>about 0.25 is caused by large
contribution of the diffuse scattering intensities from the TA modes with the [100]
polarization in the lowest branches. In fact, wee see continuously slight reductions of the
diffuse scattering intensities of the flat and circular distribution with temperature decreased
from 20• 0C to 135 °C as shown in the figures. Since there is no significant temperature

dependence of the freq -ncies of the TA modes along the [010] direction as concluded in the
previous neutron inelastic scattering study8 ), it well agrees with Warren's theoryl 2 ) shown

by a factor of temperature T. The phonon dispersion curves of the TA modes with the [100]

polarization along any q on the (100) plane must be quite flat at Iql>about 0.25 with low
energies and independent of temperature. Whereas it is already known that there is the strong

0 anisotropy of the phonon dispersion curves between the TO modes with the <100>-type and
the other polarizations as shown by the 4-dependent expansion coefficient Aj(q)9 ), the flat

and circular distribution of the diffuse scattering at g>about 0.25 was also here found out to
be due to anisotropy of the dispersion curves between the TA modes in BaTiO3 with the

40 <100>-type and the other polarizations. This new discovery of the anisotropy of the TA
modes is quite similar to the results in the previous neutron inelastic scattering experiment
about KTaO31 3 ), from which the diffuse sheets were also observed in the x-ray diffraction

experiment. However, the TA modes seem not to play an important role as a pretransitional
* effect for the ferroelectric phase transformation.

On the other hand, the steep intensity distribution at Iql<about 0.25 results from strong
contribution of the diffuse scattering intensities from the overdamped TO modes. As shown
in. figures 1, the steep intensity distribution of the diffuse scattering at all the three
*..mperatures is elongated along the [010] and [001] directions. In the previous experiment of
the neutron inelastic scattering 8 ), the similar intensity distribution of the highly damped TO
modes with the [001] polarization was observed by Q scanning with the energy fixed to zero,
giving narrow ridges of the neutron scattering intensities along the [100] and [010]

directions. It corresponds to the intensity distribution at rql<about 0.25 in our measurement.

0



The intensity distributioai from the overdamped TO modes well reproduced. Figures 2

shows cross-sectional intensity profiles at 200, 150 and 135 *C on the (100) plane along the

[010] direction around the (400) zone center. The figure was extracted from the contour

maps of figures 1 (a), (b) and (c). Since there is only a small temperature dependence due to

the contribution of the diffuse scattering intensities from the TA mode, the profiles at k=0.3

through 0.5 are not shown in the figures. We see temperature dependences of the diffuse

scattering intensities from the overdamped TO mode at k<about 0.25. As well as the neutron

scattering intensities from the overdamped TO mode measured by E scanning with Q constsnt

are increased with temperature lowered 8), the x-ray diffuse scattering intensities similarly
behave as temperature is decreased from 200 oC to 135 OC. The change in the intensities is

not so significant since the contribution from the TA mode giving high background intensities

is reduced in proportional to T12 ) as temperature is decreased and Debye-Waller factors,

which usually indicate negative temperature dependences in the paraelectric region as is

shown in a case of PbTiO314), also lower the diffuse scattering intensities. In spite of these

effect, the temperature dependence in the figure was well reproduced.

As mentioned above, in the previous neutron inelastic scattering experiment 9 ) it was

concluded that Hiller's model5 ),6 ) reasonably agreed with the experimental results since the
strong anisotropy as shown by the"A-dependent expansion coefficient Aj(q) was found out,

meaning that atoms in the rubstance optically vibrate strongly correlated with each other

along the subsequent polar axis. Our observation of the distribution of the thermal x-ray
diffuse scattering represented the characteristics of the results in the previous neutron inelastic

scattering experiments. Especially, the intensity distribution from the overdamped TO mode

was well reproduced, as well as the distribution of the sheet of the diffuse scattering.

Furthermore, its temperature dependence is reasonably understood. Consequently, the study

here supports HiUler's model of the dynamical atomic chain structure. The overdamped TO

modes with the <100>-type polarization plays an important role as a precursory effect toward

the subsequent ferroelectric phase transformation. Details will be described in a later paper to

be published1 5 ).
The present study is supported by Materials Research Laboratory in University of Illinois

at Urbana-Champaign. We wish to thank Dr. Mario Maglione for providing the excellent

single crystal of BaTiO3. The experiment was made by using the synchrotron radiation

source at MATRIX beam line X, 18A at National Synchrotron Light Source in Brookhaven

National Laboratory.
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Figures 1. Contour maps of the intensity distribution of the x-ray
diffuse scattering on the (100) plane at 200, 150 and 135 0C shown in

(a), (b) and (c), rspectively. Figures clearly show the sheet of intensity
around a (400) reflection on the plane. An approximate resolution
function at a (400) reflection is indicated by a round-shaped mark

above. A unit of the intensity is arbitrary.
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Figure 2. Temperature dependences of the diffuse scattering intensities
from the overdamped TO mode around the (400) zone center. Intensity
profiles at 200, 150 and 135 *C are cross sections of the contour maps

of figures 1 (a), (b) and (c). They are all on the (100) plane along the

(0101 direction at 1=0.
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Elastic properties of orthorhombic KNbO 3 single crystals
by Brillouln scattering
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Brillouin light scattering was used to obtain elastic and piezoelectric constants for a single
domain orthorhombic KŽb03 single crystal at room temperature and pressure. More than 320
measurements of longitudinal and transverse acoustic wave velocities were obtained in 160
different crystallographic directions. An inversion of these data using the literature values for the
dielectric permittivity of KNbO 3 resulted in the full set of elastic and piezoelectric constants for
the material. It is suggested that the difference between piezoelectric constants obtained by high-
and low-frequency methods could be explained by the high-frequency relaxation-type dispersion
for the dielectric constant E33 in the GHz region by analogy with BaTiO3 . The directional
dependence of electromechanical coupling for longitudinal and transverse acoustic waves in
KNbO3 was analyzed. The obtained elastic constants were (in GPa): d=-224(4),
Of-=273(5), C333=245(5), C --=-75(1), Csss=28.5(5), &66=95(2), CR2=102(5),
CF13= 182(10), C•23= 130(6), where E denotes constant electric field strength.

I. INTRODUCTION stability criteria. Wiesendanger13 determined seven of the
nine elastic moduli and two piezoelectric constants. Three

Potassium niobate KNbO3 is an important ferroelec- remaininj piezoelectric constants were measured by
tric material with the perovskite structure.1- 3 Similar to the Giinter.1 Both measurements were carried out in the kHz
more extensively studied isomorphous analog, BaTiO 3 , it and MHz range of frequencies.

* shows the same sequence of structural phase transforma- In this paper we present the first results for the corn-
tions on cooling from high temperature with the crystallo- plete set of elastic and piezoelectric constants for an ortho-
graphic symmetry being reduced from cubic rhombic KNbO3 single crystal measured using the high
-. tetragonal-.orthorhombic--rhombohedral. The mecha- frequency (7-50 GHz) Brillouin light scattering tech-
nisms for the phase transformations (i.e., their displacive nique. We will also discuss the possible influence of the
or order-disorder character) are still under discussion.4-7  high-frequency relaxation on the electromechanical prop-

* Unlike tetragonal BaTiO3 , KNbO3 is orthorhombic at erties of this material.
room temperature, with space group Bmm2 and the crys-
tallographic lattice parameters a=5.695 A, b=3.973 A, I!. EXPERIMENTAL
and c=5.721 A-9 The spontaneous polarization vector is
parallel to the c axis (i.e., parallel to the [110] direction of The KNbO3 single crystals used in our study were
the prototypic high-temperature cubic state). The dynam- grown by a modified Kyropoulos method,""'7 using a

* ical properties of the orthorhombic phase have been stud- {100) seed and pure chemicals of K2C0 3 (99.99%) and
ied by various techniques, including Raman,4.6"710  Nb2O5 (99.99%). As-grown KNbO3 crystals up to 30
infrared,s inelastic neutron," and diffusive x-ray 2 scatter- X 30X 10 mm in size were usually multidomain at room
ing as well as dielectric 13"14 measurements. According to its temperature due to phase transformations on cooling. Sin-

symmetry, orthorhombic KNbO3 has nine independent gle domain KNbO3 crystals were obtained by a poling pro-
elastic and five piezoelectric constants." The entire set of cess at 500 V/cm (dc) and 198 C in silicone oil. The single

* elastic constants was first calculated by Phatak et aL2  domain crystals were colorless and transparent. X-ray

from diffuse x-ray scattering data. Using dielectric mea- analysis of the KNbO3 crystals at room temperature gave

surements, Wiesendanger13 later showed, that the values of orthorhombic lattice parameters a-5.697 A, b=3.971 A,
Phatak et aLt 2 were in error, as they contradicted the and c=5.722 A. Qualitative chemical analysis indicated

slopes of acoustic phonon branches," differed considerably the total impurity level was less than 100 ppm. These re-

from stiffness constants in related materials, and violated suits were confirmed by quantitative electron probe mi-
croanalysis of the crystal studied, which yielded the homo-
geneity of almost 1:1 for the K:Nb atomic ratio at three')O leave from: Institute oftEapedimenud Mineralogy, Russian Academy different points in the crystal with no traces of other ele-

of Sciences. 142432 Chernogolovka, Moscow District. Russia.

t)Present address: Geophysical Laboratory. Carnegie Institution of Wash- ments at the 0.2% level. Excellent optical homogeneity in
ington, 5251 Broad Branch Rd., N. W. Washington, DC 20015-1305. single domain crystals was confirmed by Twyman-Green
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interference measurements, and the inhomogeneity of re- 160 different crystallographic directions. For most of the
fractive indices was less than 10-6 for a 5X5X2 mm runs, the polarization of the incident and analyzed light
KNb0 3 crystal. was controlled by a pair of Glan-Thompson polarizers and

The specimen chosen for the Brillouin measurements a Fresnel Rhomb polarization rotator to help reduce the
was a clear and colorless single crystal with dimensions of background noise and distinguish between different acous-
0.3 X 5X 1.6 mm along the orthorhombic a, b, and c axis, tic modes.
respectively. The crystal faces were polished smooth with a
0.5-p•m A120 3 precision lapping film. Polishing was mini-
mized because it tended to introduce a slight curvature to III. RESULTS AND DISCUSSION
the sample surfaces, especially near the edges. The speci- The velocity V of a plane acoustic wave propagating in
men was oriented using an x-ray diffractometer and deter-
mined to be single domain, a direction q is related to the elastic properties of the crys-

A full description of the Brillouin apparatus used in tal via the Christoffel equation:2
this study can be found elsewhere.'" 9 We present here IrIk-5-1 pV -0, (2) =
mainly the experimental details specific to the data collec- where
tion of KNbO3 .

The light from an Ar-ion laser with a wavelength of r&=={c k,+ I (eq,,,) (ekqk)/(eSqq,) ]q,,,q)qRq,,
A==514.5 nm was scattered from the crystal and collected (3)
in a 90" scattering geometry. The scattered light was ana- and p=4.62 g/cm3 is the density of KNbO3 . C&," e,•.
lyzed by a six-pass tandem Fabry-Perot interferometer, and 4n are the elements of the elastic stiffness, piezoelectric
detected by a photon counting photomultiplier, and was stress, and dielectric permittivity tensors, respectively. The
output to a multichannel scaler. superscript E indicates the condition of constant electric

As is well known, Brillouin scattering occurs due to field, while the superscript S indicates the condition of
the inelastic interaction of light with acoustic phonons in constant strain, or clamped permittivity.15 The q1

1s are the
the crystal. This results in a frequency shift A) of the direction cosines of the direction of wave propagation.
incident light, which is related to the velocity of the acous- In matrix notation, the nonvanishing constants for
tic phonon Vq propagating with the wave vector q by orthorhombic KN'bO3 (Bmm2) aref' &11, r, CE., Z

AcA e55- c66- 412, c&1-, ,. e5 e24, e3l, e32- el, 4d, , and
Vq- (n- +n2-2nj, cos 8)1/2' (1) The piezoelectric stress coefficients eij are related to the

more familiar piezoelectric strain coefficients d,1 by
where nj and n, are the refractive indices for the incident ens=dj5Css' (4a)
and scattered light, and 9 is the scattering angle. The sub-
scripts i and s refer to the directions of light inside the e24-=4d24 C4, (4b)
crystal which, in general, do not coincide with the direc-
tions of the incident and scattered light outside the crystal. e3 =d3II+4 32 &1+4 33 CE3 (4c)

As a result 0=90" despite the adopted 90r scattering ge- e32=d31412.+ d32Cn+d334, (4d)
ometry. The orientations for all surfaces of the crystal were
measured using optical goniometry before the Brillouin e33=d 3 1C&13+d32C3+d33C33, (4e)
measurements were made, so that the effects of refraction
of the laser light at the sample boundaries could be and the clamped dielectric constants are related to the
calculated. 20 ,21 more easily measurable constant stress, or free dielectric

The refractive indices of orthorhombic KNbO3 single constants 4 by
crystals at room temperature have been measured by sev-, Eo0 I=•o• --dI=ec_, (ra)

eral authors2,-24 with very good internal consistency. In

the present work, values of n,=2.3337, nb=2.3 9 5 1, and C0 522=e 0  --d2 02 4e. (Sb)
n-=2.2121, reported recently by Zysset et aL2 4 for light at fo•3•=1Eor- (d 31e3 1+d 32e32+d 3 3e3 3), (5c)
wavelength A=514.5 rn were used. 10--2 E/

In order to reduce the amount of light scattered from where eo= 8.8542 X 10- F/in is the dielectric permittiv-
the surfaces, to decrease the background noise in the spec- ity of vacuum.
tra, and to minimize the effect of refraction on the phonon Equation (2) has, in general, three different solutions
direction and scattering angles,21 most measurements were pJA, 1- 1,2,3, associated with one compressional and two
carried out with the crystal immersed in oil (Cargille Stan- shear waves propagating in a given direction. The mea-
dard Refractive Index Fluid) with a nominal refractive sured velocities were inverted for a best fit set of elastic and
index of nD= 1.535. However, some of the measurements piezoelectric constants by minimizing the sum of squares
were carried out in air as well. We obtained very good of differences between the measured velocities and those
consistency between these two sets of data, proving the calculated from a trial set of constants using Eq. (2). The
reliability of the refraction correction procedures. direct simplex method2 ' of minimization was used, which

A total of more than 320 measurements of longitudinal allowed for rapid calculations with any number of inea-
and transverse acoustic wave velocities were obtained in surements and any combination of fitting parameters to be
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FIG. 1. Sound velocities in the n-b crystallographic plane. Best fit using FIG. 3. Sound velocities in the n-c crystallographic plane. Beat fit using
the reported set of the elastic and piezoelectric constants. Symbols- the reported set of the elastic and piezoelectric constants. See Fig. I for
experimental data full line--compressional wave; dashed and dotted the notation.
lines-shear waves polarized nearly prependicular and parallel to the
plane, respectively

taken into consideration. Available data on elastic, piezo-
electric, and dielectric constants 13,1

4 were used as a starting
point for minimization. TABLE 1. Elastic, piezoelectric, and dielectric constants of KNbO2 at

The comparison of measured velocities with the froom temperature
computer-generated fit to the data is shown in Figs. 1-3 for This study Literature'
the a-b, b-c, and a-c crystallographic planes, respectively.
It should be noted that the discrepancies between mea- Elastic stiffiness constants (Gia)
sured and calculated velocities are slightly exaggerated on 4.244226*2

the plots, because all the data for waves directed within & 7:: 7*
43 245*5

k:5' of the plane are projected on the corresponding CE 75 *1.5 75.3*0.5
C5525.5*0.5 25.0*0.2
&"95*2 95.5* 1

CS102*5 96*3
cf~r 182:k10

CO C263130:16

CIO, 282* 5 280*4
C.o 93*2 94 *0.5

.... C0 110*2 113*1

Piezoelectric strain constants (10k' C/N)
O)ds19.2*0.5 .21.5*0.5

d24  15.5*0.5 15.9*0.5
0O C 1 2.7 to 4.3 0.98*-0.2

d3  -8S'-. - 1.95*0.2
4)Md, 3  - 2.S to +1.5 2.45*0.15

.2 .- Piezoelectric stress constant (C/in2)
es5.3 *0.2 5.3 *0.15

0e411.7*0.5 11.7*10.4
0 U 0.2 to 1.3

C en - 18.3 to - 6.2
e3 - 3.4*0O.4

8 6 4 2 0 2 4 6 8 Dielectric constants
Acoustic velocity (kmn/sec) r7 1o* 1o

th 1000*50
FIG. 2. Sound velocities in the b-c crystallographic plane. Best fit using .7 55*5
the reported set of the elastic and piezoelectric constants. See Fig. I for
the notation. 'The data are from Ref. 13. except for d4l which are from Ref. 14.
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planes. The results of the fitting procedure are given in b=[103]0

Table I along with the values reported previously in the 250

literature. The uncertainties reported in Table I combine
experimental and computational uncertainties and are 200
based on the root-mean-square deviation (RMSD) of the 'I , o \

as~ gie by nestndrddeiaton+ a. 00measured velocities from the best-fit model of). 11 kmi/s, \as given by one standard deviation, *-lu. I°i"o o
The overall agreement with the set of constants mea-

sured previously by Wiesendanger13 using piezoelectric res- 50

onance method is remarkable. Minor di~erences can be 0 .
attributed to the different types of crystal used in both 0 50 100 150 200 250 s=ioo]

studies. The so-called stiffened elastic constants, which are GP&

related to the unstiffened constants by b-1[010) (b)

2 0100

5's(6a) 80 - 1t

e'24  a.80 *
.,b 40 1 S j

433 (6c) 20

0 20 4 0 60 80 100 &-[l00]
have been measured along the crystallographic directions 2p 1
a, b, and c, respectively, and are also in good agreement
with Wiesendanger's measurements. 0

The present set of measured velocities was found to be FIG. 4. Compressional (a) and shear (b) moduli pPA in the 0-b plane.
extremely insensitive to the variations of the three piezo- The dashed curve is for the 52 shear mode with piezoelectricity inored.

electric constants 431, 432, and 433 (or e3 l, e32, and e33). The longitudinal and Si shear modes are uncoupled to piezoeleatrdity.

Virtually the same quality of the fit (RMSD =0.11 km/s)
can be achieved within the given error bars for all elastic,
piezoelectric d13 and d24, and dielectric constants with the 0
three remaining piezoelectric constants being less resolved b-[010] " o" "es J "' i()
and varying within very broad limits, which are given in 250 cm

Table I for illustrative purposes only.
The poor resolution for these constants may be caused 200

by the fact that they are all strongly dependent on the a. 150
dielectric constant along the polar direction in the crystal, 0
E3 3 , [see Eqs. (5c) and (4c)-(4e)]. The dielectric constant 100
E3 3 of crystallographically similar BaTiO 3 is known to have
high-frequency relaxation-type dispersion over the fre- 50

quency range 167-1010 Hz. 27 Li et aL.28 have recently o ..
shown that this high-frequency relaxation is responsible for 0 50 100 150 200 250 c-[o001

the difference between piezoelectric constants of BaTiO3  GP-

measured by Brillouin light scattering technique and low- b-(O[O]
frequency methods. There are indications10 ' 27 that such re- 100 (b)

laxation exists for KNbO3 crystals as well. However, direct
measurements of dielectric permittivities of KNbO3 in the o0
GHz range of frequencies are required to resolve this prob- 60

lem. Alternatively, impurities in an amount ofO.l at. % %
may also significantly change the dielectric properties of 40

KNbO 3 29 S2

The effects of electromechanical coupling on the direc- 20 S sI

tional dependence of the compressional and shear moduli 0

(p1 2) in the a-b, b-c, and a-c crystallographic planes are 0 20 40 80 80 100 C-[001J
demonstrated in Figs. 4-6, respectively. The SI shear GPa

waves have displacements in the corresponding plane,
while the S2 shear waves have displacements perpendicu- FIG. S. Compression&] (a) and shear (b) moduli pO in the b-c plane.
lar to the plane. The dashed curves in the figures represent The dashed curves are for piezoelectricity inored. The S2 shear mode is
the same moduli with piezoelectricity ignored, i.e., calcu- uncoupled to piezoelectricity.
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Se-[o0011 IV. CONCLUSIONS
compinalonal (a)I

250 -- = The complete set of elastic constants for a single do-

200. main orthorhombic KNbO3 single crystal at room temper-
ISO .. Iature has been determined by a Brillouin light scattering

. )s technique using literature data for the dielectric permittiv-
• iity of KNbO.Q. The difference between piezoelectric con-0 stants obtained by low- and high-frequency methods sug-

gests there may exist a high-frequency relaxation-type
dispersion for the dielectric constant c33 in the GHz range

50 100 150 200 2 _0so jI0] of frequencies, similar to that found earlier for analogous
Us, BaTiO3 crystals. High frequency dielectric measurements

.C-00] for KNbO3 are needed to resolve this problem.
The directional dependence of electromechanical cou-

100 , pling for longitudinal and transverse acoustic waves in

0j KNbO3 was analyzed. The coupling is at maximum when
the displacement is parallel to the c (polar) orthorhombic

0. 60 S2 . axis and there is zero coupling when the displacement is40 S perpendicular to this axis. Several other directions of wave
40 1propagation corresponding to extrema of electromechani-
SI",cal coupling have also been determined.

0! Sl _ Note added in proof- After acceptance of this article, we

0 20 40 60 80 10O a-[100o became aware of the recent article by Zgonik et al.3" who
GP& present a complete set of materials constants for KNbO3

consistent with the available low-frequency measurements.

FIG. 6. Compressional (a) and shear (b) moduli plA in the a-c plane. Our results are generally in very good agreement with the
The dashed curves are for piezoelectricity ignored. The S2 shear mode is suggested set of constants, except for those constants
uncoupled to piezoelectricity. strongly dependent on e33, the dielectric constant along the

polar direction in the crystal. The possible existence of
relaxation-type dispersion for C33 in the GHz range of fre-
quencies, as discussed in the present article, may explain

lated from the elastic constants only. It can be seen from this disagreement.

these figures that, as in the case of BaTiO3,28 the electro-
mechanical coupling has a maximum when the displace- ACKNOWLEDGMENTS
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PRE-TRANSITIONAL BEHAVIOR IN CUBIC POTASSIUM NIOBATE
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ABSTRACT

Pre-transitional behavior prior to the onset of the cubic-to-tetragonal phase transformation
in KNbO3 has been studied with synchrotron x-ray scattering at NSLS, Brookhaven National

Lab. Measurements of the Thermal Diffuse Scattering (TDS), Grazing Incidence X-ray
Scattering (GIXS), and precursor Bragg scattering have been performed at a series of
temperatures on a single crystal sample in the cubic phase (Tc = 405 OC). The TDS was

measured in the (001)', (011) and (111) cubic planes. The GIXS was measured above, at and
below the critical scattering angle of the sample. Based on localized soft mode theory,
dynamic tetragonal fluctuations may be expected prior to the onset of the phase transition
initiated by defects or surfaces. The GIXS data indicate that the tetragonal phase is apparent
prior to the phase transition of the bulk - - consistent with the notion that nucleation
originates from potent defect sites during a martensitic-like displacive transformation. The
TDS intensity distribution is disk-shaped; arising from a localized, low energy transverse
optic mode in the [100] directions extending out to the Brillouin zone boundary (reduced
wave vector, q --0.5 ). Scans made in the (011) planes show TDS intensity extending out to
a reduced wave vector of q - 0.2. Preliminary analysis indicates that a low energy transverse
optic mode extends in the [011] direction as well. The TDS intensity decreases as the

transition temperature is approached from above. Comparison of the TDS results with
inelastic neutron scattering data will be made.

I. INTRODUCTION

The oxygen perovskite, potassium niobate, is known to undergo successive phase
transitions from cubic to tetragonal to orthorhombic to rhombohedral structures.[l ] Together
with barium titanate, which undergoes the same set of successive phase transitions, an
extensive number of studies have focussed on these ferroelectrics. The major objective is to
investigate the physical origin of the phase transtions. In 1960, soft mode theory was
proposed as a lattice dynamical model in that one or many normal modes of oscillation
becomes increasingly unstable as the temperature is lowered.[2,3] The dynamic
displacements become frozen in, resulting in the formation of a new structure. The symmetry
of the new low temperature phase is a subgroup of the parent phase and there is a symmetry

relation between the soft mode and the pattern of atomic displacements of the product phase.
This model has found success with many materials, most notably SrTiO3.

Many studies since then have displayed results inconsistent with some of the features of
soft mode theory. In particular, an x-ray scattering study of KNbO3 revealed diffuse sheets

of intensity in the (100} reciprocal lattice planes.[4,5] The results suggested that a model

Mat. Res. Soc. Symp. Proc. Vol. 307. 01993 Materials Research Society
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on local static disorder -- due to several possible statistical positions available to the center
(Nb) ion -- was appropriate. More recent results indicate the existence of dynamic disorder
in the Nb ions in the orthorhombic phase of KNbO3 with highly anisotropic properties. [6]
The results also suggest, in the case of BaTiO3, that the appearance of a central peak and
other anomalous behavior in neutron scattering and x-ray scattering studies as the phase
transition is approached from above indicates evidence of precursor clusters of the product
phase. The current work focusses on a quantitative study of the diffuse sý,attering in KNbO3

and possible evidence for similar precursor behavior prior to the onset of the cubic to
tetragonal phase transition.

11. EXPERIMENTAL RESULTS

The x-ray scattering measurements were made at beamline X14 at the NSLS using a
wavelength of 1.512 A on a single crystal sample of KNbOy3 Scans were made for seven
temperatures above the phase transition temperature. The phase transition temperature was
observed to occur at 405 oC (+/- 10) on cooling. The measured lattice parameters agreed with
previously reported values. [7] The sample was oriented with the [011] of the cubic axis
normal to the surface and was heated from below. The sample temperature was monitored to
within 1 degree and the thermal gradient calculated to be no more than 1 degree. The
Thermal Diffuse Scattering was measured primarily from the 004 cubic Bragg peak but also
from the 002, 022 and 030 cubic peaks. The Grazing Incidence X-ray Scattering was
measured from 200 surface peak at grazing incidence angles of 0.15, 0.3 and 1.5 degrees.
The data are presented for the angles of 0.3 and 1.5 which correspond to scattering from the
top 250 A and 2500 A, respectively. Figures 1 and 2 show representative surface plots and
contour plots of the TDS in the transverse configuration. The scans were obtained at a

Thermal Diffuse Scallering of Potassium Niobate
10000 "V !K

ITDS 0
1000

IO0

10.•

> -------....

..... ..........-....... .... . ....... 4-.-1-5
0.1 0..4- .2 .954S

0.2 0.3 0.3 3.

Figure 1. Thermal Diffuse Scattering of the

(1 00) plane in the transverse configuration
from the 004 Bragg peak.
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Figure 2. Thermal Diffuse Scattering of the

(010) plane in the transverse configuration
from the 004 Bragg peak.

LThem~ali Offuse Scarterft of Potassium Niatiate

*,TDS

0.0 .1 - 3.05 L
0.5 0.25O 0.3 US 35 3.85 3.9

K 0.45 0.5 3.8

temperature of 4090 C, corresponding to 4 degrees above the phase transition temperature.
These scans were done from the 004 cubic Bragg peak with the net momentum transfer
nearly perpendicular to the scattering vector. The scattering geometry is shown in the inset.
The intensity distribution shown includes a first order correction to Bragg scattering, fitting
the broadened peak with a gaussian distribution. The TDS intensity distribution, which arises
from low energy transverse phonon modes, extends strongly to the zone boundary (q = 0.5).

The width of this intensity distribution, 8q, is 0.075.

Themna(l Diffuse Scattennt of Polass.i,, Niobale L

ITDS
100.-

10• 0.2

00

00.2

0.5 -0.2.

Figure 3. Thermal Diffuse Scattering of the
(001) plane in the transverse
configuration from the 004 Bragg peak.
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Figure 4. Thermal Diffuse Scattering of the
(011) plane in the transverse configuration
from the 022 Bragg peak.

Figure 3 shows a representive surface plot and contours for the purely transverse
configuration (see inset). There is no structure in the intensity distribution, however the
magnitude of the TDS scattering intensity is large for all values of momentum transfer. The
contribution to the TDS in total is a disk-shaped sheet of intensity in the (100) reciprocal
lattice planes. Figure 4 shows the contribution of two mutually perpendicular intensity
distributions. The diffuse intensity versus temperature is plotted in Figure 5 for reduced
wave vectors of q = 0.15 0.25 and 0.45. The intensity of the diffuse sheet decreases as the
transition temperature is approached from above. This is consistent with a low energy
transverse phonon mode that stiffens into static displacements at the phase transition
resulting in the new product structure.

Figure 5. Diffuse scattering intensity versus
temperature at reduce wave vectors , q, of

0.15, 0.25 and 0.4.
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Figure 6. Grazing Incidence Scattering at

angles a = 0.3 and a= 1.5 for T= 4130C.

The results for the GIXS are shown in Figures 6, 7 and 8 for three temperatures above
the transition temperature. Well above the transition temperature (Figure 6) both the bulk
scattering and surface scattering peaks correspond to the cubic phase only with measured
lattice parameters of 4.023 A and 4.027 A respectively. A few degrees above the phase
transition the main peaks correspond to the cubic phase, however the surface scattering peak
displays a small satellite peak which may correspond to fluctuations of the tetragonal phase
initiated from the surface. Just above the phase transition (Figure 8) the bulk scattering peak
is cubic however the surface scattering dis- lays the tetragonal phase.
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2M* T-.AC
c.*t-A~Dd7

30e oMM C~tia.41M~~ue
a 0* j aloeI.4J12

is5 I I si 2 iAe 11 2.15 12 is 1*5 1 M~ 2.1 ItS

* Figure 7. Grazing Incidence Scattering at

angles a = 0.3 and ac= 1.5 for T= 4090OC.
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Figure 8. Grazing Incidence Scattering at

angles a= 0.3 and a= 1.5 for T= 4070C.
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III. DISCUSSION

The pre-transitional behavior of potassium niobate has been studied using -
synchrotron x-ray scattering. The measurements of the TDS indicate the existence of a low
energy diffuse mode in the [100] directions. The intensity of the TDS decreases as the
transition temperature is approached from above which is consistent with a stiffened soft
mode corresponding to the static displacements of the new transformed phase. The
inconsistency with soft mode theory occurs in the distribution of the TDS intensity. This
peculiar type of disk-shaped intensity distribution indicates a small correlation length
between phonon modes in real space. This behavior cannot be simply described in terms of
first or second order TDS theory. The results of the GIXS provides evidence of precursor
behavior related to the new product phase. Nucleation of the new product phase occurs at
defect sites, interfaces and surfaces. In comparison, inelastic neutron scattering results (not
shown)[8] support the conclusion of strongly anharrnonic behavior in addition to evidence of
disorder. The inelastic neutron scattering results show low energy transverse optic modes in
the [100] directions only and strong broadening in energy and wave vector of phonor. modes
as the transition temperature is approached from above. These results suggest that a different
model than soft mode theory is necessary, that includes anisotropic behavior and
anharmonicity.
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MICROSTRUCT'URE AND PHASE TRANSFORMATION IN KNbO3

Oludele 0. Popoola and Waltraud M. Kriven

Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign, 105
South Goodwin Avenue, Urbana IL 61801

KNbO3 is a pcrovskite ferroelectric ceramic material with important electro optical and non linear
optical properties (1 - 2]. It can be used in an optical parametric oscillator, secondary harmonic
generator and photo refractive holographic storage devices. Its macroscopic properties depend on a
number of inter-related features such as crystal structure, domain structure, defects and impurity
content. KNbO3 has four known solid phases with decreasing symmetry with temperature:

Cubic 418"C )Tetagonal 22--• b-Orthorhombic -10,C Monoclinic. The paraelectric to
ferroelectric transition occurs during the cubic to tetragonal transformation. The dielectric properties
of KNbO 3 have been extensively studied and related to the various phase transformations. The aim
of this investigation is to study the onhorhombic to tetragonal phase tansformations using TEM.

Thin slices were cut from a flux grown crystal and mechanically polished to a thickness of 100 pim
with a Ipin surface finish using diamond paste and isopropyl alcohol as the lubricant. Discs (3 mm

in diameter) were then ultrasonically drilled, dimpled on one side to a thickness of about 50 gn, and
mounted on Cu grids for support. Final perforation to electron transparency was achieved by argon
ion beam milling under an accelerating voltage of 6 kV and a gun current not exceeding I mA.
Under these conditions, no domain boundary motion, domain or defect (dislocations) nucleation was
expected. Hot stage TEM experiments were performed on a Philips EM 420 using a single tilt
specimen holder. The heating rate was about 100C / minute. A dwell time of 20 minutes was
allowed after each 50*C increment to allow for structural relaxation.

Figure la is a bright field (TEM) image of the domain configurations commonly observed in
KNbO3. The associated diffraction pattern (Figure Ib), taken across many boundaries, shows no
spot splitting in [001] direction and contrast behavior similar to Friedel's law failure was frequently
observed. These are characteristics of 1800 domains. 900 domains, characterized by spot splitting in
the [001] diffraction patterns are also frequently observed. On heating a [011] foil, the orthorhombic
to tetragonal transformation started at 188`C and was completed at 192*C. The reverse
transformation (i.e. tetragonal to orthorhombic) occured between 174*C and 167*C. In Figure 2, the
microstructural modifications that took place during the transformation of an area containing 1800
domains is seen. The transformation manifested itself by the disappearance of the domains at 192'C
(Figure 2a). On subsequent cooling, many domain variants reappeared (Figure 2b). This behavior,
observed during repeated experiments, indicated that the transformation had no microstructural
reversibility. The diffraction patterns associated with Figures 2a and 2b are seen in Figure 3. The
[011] orthorhombic direction changed to the [001] tetragonal without any tilting or rotation of the
specimen. Although no orthorhombic / tetragonal phase boundary could be imaged due to the
rapidity of the transformation, these two patterns were sufficient to establish the reversible
orientation relation between the two phases. This relation was [01 1o / [0 0 1]t and (100)o fl (10 0 )t.
Since the (10 0 )t and the (010)t were interchangeable, two symmetry equivalent options at 900 to
each other could be expected in the tetragonal phase, as observed in the microstructure (Figure 4).
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Linear Chain Structure in Cubic KNbO3t
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Among the ferroelectric perovskites, BaTiO 3 and KNbO 3 have received the most
theoretical attention, and may be regarded as prototypical materials. As a function of
ascending temperature both materials undergo rhombohedral to orthorhombic, to
tetragonal and to cubic transitions, with all non-cubic phases being ferroelectric. Both
systems were reported to show two-dimensional diffuse intensity sheets in the
reciprocal space, indicating the presence of one-dimensional correlation in real space.
In late sixties Comes, Lambert and Guinier proposed the eight-site static model which
suggested the transitions are of order-disorder type. In this model, the potential energy
surface has a maximum for the cubic perovskite structure and eight (degenerate)
minima for the <111> displacements of the body-centered transition metal ion. In this
picture, the relevant dynamics consist mainly of hopping among these eight minima.
At low temperatures, only one of the minima is occupied, corresponding the
rhombohedral phase, while at high temperatures the barriers between the minima are
more easily surmounted leading to equal occupation of all eight sites and an average
cubic structure. The cubic symmetry is broken as the temperature is lowered through
preferential occupation of four sites lying in a plane in the tetragonal phase and two
adjacent sites in the orthorhombic phase. Comes et al. also proposed the presence of a
linear chain static structure for all three high-temperature phases in order to describe
the two-dimensional intensity sheets observed in the diffraction pattern. The current
investigation emphasizes the use of high-resolution synchrotron x-ray measurements to
resolve the fine features associated with the 2D sheet intensity profile. Intensity
simulation is performed to check against the static eight-site model as well as the
dynamical model based upon a shallow, soft phonon branch. Inelastic neutron
scattering was also performed to confirm the required flat soft phoi on branch. Our
results favor the dynamical model over the static one, although a combined effect from
both cannot be totally ruled out.

t Research supported by the U.S. AFOSR URI grant No. 90-0174.
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Phase Transformations in Potassium Niobate Perovskite Ceramics
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Potassium niobate ceramics undergo the phase transformations:

Cubic (Pm3m) -V Tetragonal (P4mm2) -. Orthorhombic (Bmm.2)

4250C 2340C
The cubic to tetragonal transformation is accompanied by a ferroelectric phase
transition. In situ TEM studies reveal that this transformation starts (on cooling) at
438'C and ends at 4101C. It is preceeded by the appearance of stable microdomains at 0
440'C. These microdomains are arranged at 120', 90'and 300 to each other. Ferroelectric

domains nucleate at the intersection of these microdomains and grow during cooling.
The transformed fraction is temperature dependent. This transformation is

characterized by the reversible orientation relation: 0
1110}c / / {ll0t and (001)c / / (001)t.

The reverse transformation (on heating) starts at 418 0C and does not show any

microdomain formation once completed. The tetragonal to orthorhombic

transformation occurs at exactly 2340C. Once initiated, the transformation front sweeps 0
through the whole microstructure within seconds. The orientation relationship is:

[0011t / / [0111o and (100)t / / (100)0.
While the cubic to tetragonal transformation occurs via a dilatational process, the

tetragonal to orthorhombic transformation involves a shear mechanism. The details of 0
these transformations will be presented.
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Phase Transformations in Dicalcium Silicate: II, TEM Studies of
Crystallography, Microstructure, and Mechanisms
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The crystallography, microstructures, and phase transfor- working model for this study, one space group is chosen for
mation mechanisms in dicalcium silicate (CaSiO4 ) were each polymorph, and these polymorphs are correlated to one
studied by TEM. Three types of superlattice structures another. Figure I schematically displays the geometries of these
were observed in the otL and P3 phases. Almost all 13 grains polymorphs and the reported lattice correspondences among
were twinned and strained. Symmetry-related domain them. Figure 1 shows the interchange of b and c axes between
structures inherited from previous high-temperature trans- the two orthorhombic phases (ac' and -y) and the monoclinic 0
formations were observed in 03 grains. Both the ot--cL and phase. Since the b axis of the 03 phase is the highest symmetry
a,'-.[3 transformations were considered to be ferroelastic, axis in conventional crystallographic notation, which corre-
and spontaneous strains were calculated. In terms of the sponds to the c axes of the other phases, there is actually no
crystal structures, the major driving force for the [3-,y switching of axes by the transformation in this system.
transformation is proposed to be strains and cation charge The following points summarize some of the current prob-
repulsions in the 13 structure. This mechanism can be dis- lems in the crystal structures and microstructures that are rele-
placive, but it needs to overcome a comparatively high vant to this study:
energy barrier. (1) The crystal structure of ax has not yet been firmly deter-

mined. Three space groups for the structure have been sug-
1. Introduction gested: P63Immc,6 P63mc,' or P3ml .1

(2) No report of a structural refinement of cc, exists, but a
ICALCIUM SILICATE (Ca 2SiO 4) is a major component of space group of Pmcn has been assigned' based on high-temper-
portland cement that has been studied for a long time. ature powder XRD data.

However, considerable confusion and lack of understanding (3) Two superlattice models have been proposed for the aL'
exist in the literature regarding the crystal structures and micro- structure referring to the act lattice: (i) doubling of the a and b
structures as well as transformation behavior between its poly- axes (x 2a,2b-type) with a space group Pmcn5 and (ii) tripling
morphs. As an orthosilicate, Ca2SiO4 has an unusually large of the c axis ( x 3c-type) with a space group P2tcn. "
number of polymorphs, viz., a, cia, ta, 13, and -y. For compari- (4) Two different twinning modes of 13-Ca 2SiO4 have been
son, olivine (Mg 2SiO 4), a typical orthosilicate mineral, has reported: (i) both {100}-type and {00 l}-type twinning"' or (ii)
only one stable phase (the orthorhombic y phase) throughout only {100}-type twinning. 13.19

the entire temperature range, from room temperature to the (5) The suggested transformation mechanisms among the
melting point. Most microstructural studies of Ca 2SiO4 have polymorphs are generally (i) a semireconstructive mechanism
been limited to the stabilized 03 and aL; phases, because of the between a and ciA;"7 (ii) an order-disorder transformation
difficulty in retaining solid samples of the other phases at room mechanism between cam and aL;' (iii) a displacive, possibly
temperature. The dusting effect due to a large volume increase martensitic mechanism between ae' and 13; 17.20 and (iv) a recon-
accompanying the 03--y transformation has been observed, but structive'" or displacive 2

1 mechanism for 13--y.
the transformation mechanism itself is poorly understood. The objective of this study is to address the above-listed

There are many different reports on the polymorphism, problems through an in-depth TEM characterization of various
microstructures, and phase transfo, nations in Ca2SiO4 ,' possi- Ca2SiO4 samples. The approach is to understand these problems
bly due to (i) different macrostructures and microstructures of as a part of the entire sequence of phase transformations in the
the starting materials, such as different grain sizes;2" (ii) differ- Ca 2SiO4 system. A special intention is to understand the 13--y
ent chemistry of the starting materials, especially the presence transformation in terms of crystal structures and the mecha-
of impurities;4 and (iii) different processing conditions, in par- nisms involved. It is an unusual, low- to high-symmetry trans-
ticular, cooling kinetics.3 Nevertheless, five polymorphs of formation accompanied by a large volume increase (- 12%) on
pure Ca2 SiO4 have been widely observed, including the meta- cooling.
stable, high-pressure P3 phase. Table I lists crystallographic data
of each polymorph from the literature.5-"6 Several different
choices of crystallographic axes have been used in describing II. Experimental Methods
these polymorphs, especially the orthorhombic structures. As a Three groups of samples were studied: (i) pellets of fine-

grained, single-phase Ca 2SiO,, sintered between 13000 and

M. P. Harmer-contributing editor 1450'C for I min to 12 h;22 (ii) pellets of Ca 2SiO4 , doped with I
to 5 mol% Ba2SiO4 and sintered between 13000 and 1400°C for
I to 3 h;23 and (iii) composites of Ca 2SiO4 (15 vol%) in an MgO

Manuscript No. 196055. Received January 13. 1992; approved May 11, 1992. matrix, sintered at 1600°C for 3 h,24 and composites of Ca2SiO4
Presented at the 93rd Annual Meeting of the American Ceramic Society. Cincin- (10 vol%) in a CaZrO3 matrix, sintered at 1600°C for 2 h .25

nati. OH. April 29 to May 2, 1991 (Basic Science Division, Paper Nos. 122-B-91
and 123-B-91). Also presented at Fall Symposium of the American Ceramic Soci- All pellets were examined by TEM (Model EM-430
ety. Marco Island. FL. October 15-18. 1991 (Basic Science Division. Paper No. (300 kV), Philips Instruments, Inc., Mahwah, NJ; Model
lO-BP-9I F).

Supported by the U.S. Air Force Office of Scientific Research through a URI EM420 (120 kV), Philips Instruments, Inc., with EDS Model
Grant No. AFOSR-90-0174. EDAX-9900, EDAX International, Inc., Prairie View, IL;

"Member. The American Ceramic Society. Model EM-400T (120 kV), Philips Instruments, Inc.; and
'Present address: Department of Materials Science and Engineering, University Model EM-(00 kV), H hi Instruments, Inc. o nr

of Pittsburgh. Pittsburgh, PA 15261. Model 600 (100 kV), Hitachi Instruments, Inc., Conroe, TX,
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Table 1. Crystallographic Data from the itamure hr CaOS1, Polymomphs

P Iy~morip Spi Lattice p "a'r "

(crywl sysem) gr"p a (A) b (A) C (A)V)(deg) Smple' Reftees

P~m 1 5.526 7.307 1500 Powder 5
P63/mmc 5.579 7.150 RT Single xP 6

Pmcn 5.593 9.535 6.860 1250 Powder 5
Pnma 6.748 5.494 9.261 1330 Powder 7

? 11.227 6.865 19.110 1270 Powder 8
Pcmn 9.49 5.59 6.85 1200 Powder 9

SPmcn 11.184 18.952 6.837 1000 Powder 5
? 11.207 6.849 18.952 1020 Powder 8

11.150 6.820 18.822 770
Pcmn 9.48 5.59 20.49 1000 Powder 9

9.41 5.53 20.43 800
Pmcn? 5.48 9.27 20.40 RT Powde? 10
P2,cn 5.566 9.355 20.569 RT Single xl' I I
Pna2, 20.863 9.500 5.601 RT Single xl 12

P2,1n 5.554 6.813 9.421 93.60 650 Powder 5
5.506 6.749 9.304 94.62 RT

? 5.544 6.802 9.419 93.28 720 Powder 8
5.512 6.752 9.294 93.34 RT

P2,1n 5.502 6.745 9.297 94.59 RT Single xl 13

'Y Pcmn 5.085 6.773 11.237 RT Powder 5
Pbnm 5.091 11.371 6.782 RT Single xi 14
Pbnm 5.078 11.225 6.760 RT Single xI 15
Pbnm 5.081 11.224 6.778 RT Single xl 16

*a is hexagonal. atý. aL. and -1 are othodhombic and 0 is monoclinic. 'I = 10- 'nm 'RT is orn temperature. Ixi is crystal, a is barium-stabilizwd CazSiO.. b is Na-P,Ostablaized
Ca2SiO,. and c is strontium-stbilized Ca2SiO,.

with EDS Model TN-5500, Tracor Northern Co., Middletown, [E]
WI) to study the crystal structures, microstructures, and micro-
chemistry. Ion-thinned foils (Model 600 dual ion miller, Gatan, 2150'C
Inc., Pleasanton, CA) were prepared from all specimens forI I b
TEM observation. a (hexagonal) ,

c
!II. Results 14250C

(I) Overview
Of the five polymorphs of Ca2SiO4 , a;, 13, and -y were studied Fa0H (onhorhombic)

by TEM. The two types of superlattice for ct,' were both present: ,
(i) the x 2a,2b-type in composites of Ca2SiO TiCaZrO e and (ii)the x 3c-type in Ba2SiO,-doped Ca.,SiO, samples. Twinned [3 1177-Cl I

grains were found throughout the samples, but all showed a
superlattice structure that was not previously reported. Trans- [CL (orthorhombic)I
formed -y grains retained in single-phase Ca 2SiO, samples L b

showed the known y crystal structure. Interfaces of aL,'/3, 0 '% :. E ... ...........
untwinned-0/twinned-[3, and 3I/- phases were identified and 675% ...........
studied to establish lattice correspondences. "-..- . ..........-....

Untwinned, euhedral ac grains were found in Ba 2SiO,-doped - - - -""--"-------

samples. In single-phase Ca2SiO 4, twinned 13 grains were -------............ .....
mostly euhedral, but their grain boundaries were highly a b
strained. Most 13 grains showed {100} twinning, but some
clearly showed {001} twinning. Two twinned domains coex- /
isted in some P3 grains. Microcracks tended to develop along y-f (orthorhombic)
grain boundaries as the grain size increased at longer sintering
times. 13 grains in composites sintered in the a region were also
twinned. They were more elongated and strained as compared Fig. 1. Schematic diagram of the geometries and lattice correspon-
to those in the single-phase Ca2SiO4 . High concentrations of dences for the five CaSiO, polymorphs, including the metastable
defects and numerous microcracks were observed. In addition, P phase.
symmetry-related domain structures of 13 grains were often
observed. Large cracks were frequently present around the
transformed y grains. Whereas P3 grains were mostly twinned,
y grains were untwinned and strain-free, but the latter usually these microstructures. The [00 1] ] SADP indicated the pres- 0t;L

contained some planar defects. ence of the x 2a,2b-type superlatice of aL. Doubling of the
{100} and {010} planes was evident by comparison with the cor-

(2) Crystallography responding [010]1 SADP. By tilting the specimen along the b
(A) u' Phase: Remnants of the untwinned at phase sur- axis of aL, only a doubling of the { 100} planes was detected.

rounded by the twinned 13 domains were occasionally observed This was clearly displayed in the 10141., SADP compared to the
in composites of Ca2SiO4/CaZrO3 . Figure 2 illustrates one of corresponding [021]J SADP. The surrounding 13 domains were



01461 F~ ig. 3. Untwinned cuhledral itt ±r~ain. and ihe SAD11% tit the-
l-3t'-IPC (k, ,.urrlattice: 11001. 11 201. and IIMiI I fromi ~a Ra-SiO,-

doped 45 inIICa:SiO, '.ampk ,-isterctd at I 31KI1C for 3 h).

Fig. 2. lntertacc% t'ucteen the tintwsnnewd it,' and tile twinned
it tdo inun% and the correqxj~nding S .. DINI": I (11 1010. ~l)1,. and
111141., %% (0211, i~rt'i a Ca.Si( , Ca/.r( , co0mp1'.itc %rintered at
IE.ItI C bor 2 Iii

suimetrical I% related b% a 1 20 rotation. These domain micro-
structure% are ecjilained in the next sectionl.

SAD)I\ iroin untwinned (t, ' rain% of a Ba SiO,-doped speci-
mtent %howed another t% pe of %uprvrattice reliection%. In Fi-e. 3.
tile I I Of I I., SADI)P clcarI% d kplayedI a tripi ing of Ithe 10111
plane%. that is. thle 3i-type (%; %upterlatlice. These %Ltperlattice
reflcctioti. %%ere %hown %% henever the 100 11,, planes were in the
rellectint. condition. %.ueh a% in the 11 1201." *'lhe 10011 . SAM)
indicated tile absh L!~ of "the " 1.2111%.tpe .uperlattice in this
%pecinilen.

lB) p~ 1'/sm'. The %uperlattice structure ot'1l phawe was
totaII% unec pected. not only hecau%e it had not been reported
hvlore. but also hecaum thle ý phas'e had been m~os't e-ten--ivck
\tuidicd in fthe Ca i, %\%tcm. 13 g~rains from all the a~ailahle
saniplc% oblwrveLi. hiwe%er. '.hs'ued %Luperlaittice reflectio'ns, In
contras.t to thle %twpcrilattce rellections o 'which %%ere evi-
d, ilt in SADI)Ps of Ilth principal /tine awes. %uch as tOO 11,, or
I11001,I.--thosc of pi did not appear in SADI)' of the principal
,(itle a~e%. such ;i I, 11001,~ 10101Il,, or 10011 I I tImce~er. when
the specim1ens u crc tilted to intler'.et either thle II 10'w%:, or ; 103),
planes . %uch as thle 13 111,' or 1) 111 o ~rientat iont%. %uperlattice
retleetisin' were % isile at the 1 3 ox%ition'. alongtil~te I(101, or
111131; di reetio n%. *FIigure 4 d pI a\ % thle i\ m najo r orient at ion'.
%.hit\ in I f~lhew. suvip altlice re Ileti in'..

f ( *) y I'/ui %c: Solid '.atple'. of y phaw. were nornmaII\ not
i-cla inable becaus.e oftihe --hatterin le elIecl ol t he l arge ' ol ume
increawe ates utlpam i ng tilie i *-y traisl tOtnat ion. Ii iottever. a

te~ s a'.Iomedy or~tains " ci retained anione the 11 j'raiin% il Fill. 4. 1311111 3111 1,12111 .110 I111l 1111 II lNI VI N A\\~
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'jm

lO00ili 1010]11211

Fig,. 5. Interface between the 13 pliase and the transformed -j phase Fig. 6. Interface between the untwinned 3 phnase and the 4001I)-
and the oc4spoIxndinL- SAI)Ps in two different orientations: [WI~ 1, vs tind 3ha.Corpnin[21ad[1ISDP aehw.
It)Ittkandt[M IL, %s [illI

which also agreed with previous sing-le-crystal X-ray preces-
sion work.-'

.- ~tins w~ere consistent with the reported structure and the XRD The untwinned 13 phase h'id not been previously reported.
re'ults. Occasionallv, the transfobrmed -y phase and the untrans- However. several 13 grains containing an i-itwinned portion and
k~rred 13 phase coexlisted in a single grain, as shown in Fig. 5. a twinned portion were obscrved iný thi udy. Figure: 6 illus-
The SADPs f'rom these two parts showed the orientation rela- trates one such grain, in which both port :slhad simnilar orien-
tionship between the two phases to be [001 11411[I0L.. The tations. As shown in the [5o0], SADP. the twinned portion

it I , SD' bane y itigth ae rincosl rsm typically had the 100I 1}-typc twinning instead of the more popu-
bled the [011l], SA DR except for the additional I 10O}p-type lar {I 00-tvpe twinning. The [3TT],, SADPs from boithrportioins
twinned rellections. also showed the previously mentioned superlattice reflections.

MI))Iiracsi,1IaicCrepdnc: The inter-
tIaces between (t; ( x 2a.2b1 and 3 were sharp and straight, as (3 Mficrostructures
shown in Fig. 2. and not noticeably strained or cracked. The (A) al' Phase: The euhedral al' grains observed in
hollowing relationship was observed: 5-rnoIf-BaSiO,-doped samples (sintered at I 3(X0C for 3 h)

[MI 01,suc tht (20),,1((Rý),and(20)jj2(X),, were not twinned. Grain boundaries were well-defined and
[ttl1.If~lt)~ uc tat(00), ~t(t~ nd(20), 1 t(oI , strain-free (Fig. 3). No apparent grain-boundary phases were

As a rcsult, a possible lattice correspondlence could be noticed. EDS analvses showed barium peaks wvithin grain%.
indicating that bariumn was in solid solution.

a,, 1a*" kj!i - I11, and (%Jl,I' tfB) 0 Phase In single-phase Ca:SiO,, almost all cuhte-

which agreed with previou-i %ingke-cr% stal X-ray precession dral 13 grains were twinned. and their grain boundaries wevre
work. ý"highly strained (Fig. 7(A)). Grain g!rowth on longer %intering

The interf'accs between 13 and -y were also sharp hut always times gave rise to a development of mim'roracks along the gratin
showed sotme inicrocracks. The interlacee shown in Fig. S has boundaries WPg C),Bt wntps IE)adIKl.wr
the fllhowing relationtship: observed, but thc I I MI0-tyiie was observed morm Cmetuently.

To study thle reative populations olt' tile two nintn twin types
Itm0 ]I I10101, such that iIO),lW4 j0)t!) and (I10O),,II(2(X)W, occurr ing'in 0, 10 W rains wevre ratndomly1 chosen Nrot variouS

'[his result va%c rise to a possible lattice; corrvesponde:nce: samtples and examitned by TFNi, ('rain sýms and awvrage, twin
widths were also meas'ured and correlated. The result\ show.ved

1:1W,., b"11£ ~ ald 4 1 hthat 87 grains were I 1001 twinned, and 1.1 grains were% J001)
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01

F'ig. 7. iwinned euhiedral (3grains sho%%ing %trains and microcracks ailong gra in hnundaric> (tniin single-phase CaSiO, samples sinitered at !400 C
toir (A) I and (11) 3 h).

tw~inned, The tm in " idths correlated positively \kith thle gramn contained numerous niicrocracks, both wkithin and around
sies. [For the same -,rain size, the twin "~ idth (lIfith J,00 I ý-tvpe (3grains (Fig. 12).

ais generatlly a little larger than that of- the I I 0ý-tvpe (lie. 8 ). (C) -y Phuxie: 1-'req enlt I. -Y grains in single -phase
Several P3 orains tronm the pure Ca2 S iO,. wxhich experienced CaSiO, vAere surrounded by lari-e mierocracks because of thle

!he ixL '(P trainsformaition. showed domain struIctures of the two laroe vol ume increase ot the 3 transfoirmat ion (Hp e. 1 3).
tw Iin types. IFigure 9 shows at singe I grain comnposed o*fithe two Tix innine tin (3 grains disappeared during this transhiOrmation.
s~x In 1% pe.s t hat had thle Name [01 )J orientatuion. Tw in lame Ilac at -y era ins usual I shoi wed a c lear appearance wit hAbout strain coinl-

the intert'aice terminated in wedies. trast and produced sharp SAlJIs. iiowcser. the -y grains con-
Samples front thc comiposites thatl ex\perienced the ( it talled some planar def'ects. These planar defects wvere possibly

translirniat ion displawvd another type (it domlain structure oil related to thle prey ions11 twins in thle (3 structure. I-iure 14A) A
tsk inredI (3. Fiyure 1 Ilo. ( his at typical domain structure wkhere shows apparent simi larit\ betw,;een twin planes of thle untrans-
Ithree doimai ns had tilie sani ie (10 1 orient at ioni but were related h irined (3 part and at planar defect of the t raniisfo rmed -y part Iin a

to one aniother by 120) riotations- Each domlainl wa s I I00ý- singleI grain. Fi-i ure 14t 11) also indicates that tw.kin lamnellae in
twrinned and its tsm i lamelilac wAere matched with thle lamel lae one Lraini tended to nmatch across the iiei ehhoritne grai ns
of thle adjacent domains. The domain boundaries. howecver. (arrowecd). The cionplex shapes and f'ringe patterns, of planar
wecre rather curved. detects in Fie. 1 4)C) sUIi'CeSed that thle nature of the defect was

Fuhedc~ral 13 -rains iii single-phase Ca .Si() were internial lv related to faults formed b\ thle dexwi nning process duiring, the
straine~d and sometimes shoved streakine, in thle SAI)Ps. InI j --y transl'irnatiOn.

S Co0tipulsites. twkinned (3 grains wkere moire eloneated and inore
internally straned. Figure I I displays the internal strain (if a (3
cramn in line sueh composite that gave rise to wii-di reet ional I ~suso
streakine, in the [I (010 SADRI both parallel and perpendicular iti

))~ ecause of this internal strain, the cramns were sii unsta- (1) (riystallograpliv
file (hider thle electron beamn that amorphous ring patterns, were (A ) u(XIM 1huuAu: ThIs stids has' shownl that twAo superlattices
iapidlN proiduced (c.ge. . [ig. 1t0). Whereas the CaS i( %)-, (ig( oIt' are present indepenldcnik~. This is eiintrar% to the previius

0 ci inicopo s ites co n ta inted a I hi.-hei cionceent ratioin of defCcts. suCh as S g ge sti in that tlie hi g, It -temperatutre X -ra% ditfraetocrams oii
dislocat ions wkith f3 gristhe Ca.Si() CaZr() comnposites (X,' con Id be m1dC sed inl tw way t\S. i.e. , based e ithier (in the

x 211.2l-typt: cell (ir on thie , 3u--tuPC cell."'> Calcium displace-
mients have been suggeýýsted to be a poissible origin Irm tile

4001 2.1tpesn perlatticec."IThe ' 3(-tvpe superlattiee inu" has
3501 If)) TIAM been attributed to tiltimne or ruutation of 54), tetrahedra." It is, still

i~ii ii~iiiuncertain ats t10 VOliether there is, ali\ relat onshin betv ccii these
superlattice t vPes and their ehemiustrv. I los% eser. this stud\ anid

S50prey thus reports s h ow\, sonie tendenes tuir tile
0 2 t I . 2/u)-tyvpc i n p Ure r Ca i ()S 0 anIId I or theI 3utvp PCin dupe)cd

-. (Bi) (3 Mi'uuvs A tripling (iii boithi 1,103k and 1o3; plane', In
10 co. 3 iuld has e hiri ginated front thle tripling, tit the (I axiN. 1[i- re

50 1) SA) show\s this _,cormltrieti rIaiisi.Sic h0 transforniatioin inviulsed the interchanee of/Il and t ax~es. thle
0 2 3 superlattice structure occurring, inl (i ), as, not the sanmc typle as'

Gri tiz 2 3 4 that occurring Iii o,~'. Ciinsideriiic that All of the solid samlples
studied s hioulId have eperienced thle (v, (3 transFirm at ion. thisl

F-ig. M. Mt tuit 'I) riun si/s ersuIs m.1 in \ uidbs mcasiircd from in Lgrains sUperlattiec nma havoe orietnated Itrim another unreported tI\ PC
(4 s ýruussaplesN ( I :li(1.-iIvIL titid rimI ýllj01 9 00 I it%% ulc u superlaittee .nt o,' .i.e,.. the - 3uu-tvpe. *\ltrnatiels., it couLld
grain'i has eIiC imitied dunlM fgite o, '( -i ranstimrniat loll
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(A) (C)

Fig. 9. Two twin domainsof the 3 grains and SADPs from (A) (I(XM)-twinned domain. (B) (001)-twinned domain, and (C) interface (from asingle-
phase CaSiO, sample sintered at 1400 C for 12 h).

The (010) projection of the 03 structure in Fig. I 5(B) dis- (C) y Phase: The crystal structure of y was well estab-
played {1073 and (103} planes, which may have been responsi- lished. The diffraction data obtained from the -y phase corre-
ble for the superlattice reflections. In fact, both planes were spond well to previous reports. No superlattice reflections were
closely related to the arrangements of silicon in SiO, tetrahedra observed in "y-CaSiO,.
and adjacent calcium. Being analogous to the X 3c-type of C&, (2) Microstructures
systematic tilting of SiO, tetrahedra aLtom the direction perpen- A) hntergranular Strains in 3: The intergranular strains

dicular to { 103} or { 103} planes may have been an origin of this observed in single-phase 3-Ca,SiO4 could be attributed to an
threefold modulation. The lack of superlattice reflections along anisotropic and large thermal expansion. From the lattice
the a* direction was possibly related to the predominant { 100} parameter datas given in Table I, the calculated thermal expan-
twinning' or to systematic absences. sion coeflicients of the 3-CazSiO4 are

0

o.5,0

Fig. I1I. Thrcc thfnmaint, related hK "(t' rotatio along the h ais if o1 (Irilo a ('a .i( ) i Ng( ) N .compsitc snltrcfd at I (+()C ( or 3 h).
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Fig. 13. Transformed -y rain retaine~d in grains. Large cracks gencrated during the P3--y transformation (fromt single-phase Ca.SiO, sample sin-
tered at 14(K)VC for 3 h).

.063)

.(103)

-- d(16-3) =2.79A *---> 8.37A

I ~d(103) = 2.60A --- > 7.80A
-C

(A)

-00

Fig. 14. (A) planar defects developed in -y grains of single-phase(B0
Ca -SiO, samples. Note the resemblance hetween the defect in trans-
formed -y part and twin planes of the untranslorined P part. (BI *win Fig. 15. (A) Geometrical explanation showing that the tripling of
lamnellae in one grain tend to match those of the neighboring grain 1 103) and) 10.3) planes miaN he , dite tripling of a axis, of the 3 ]at-
iarro"s[) W A mnagnified Image of planar defect in) B1) showing, corm- lice. I li (010)) projection of Ill iCIUre Showing- j 103} planes that
plicated frinee pattemrn ma\ be responsible for the nii in the strujcture
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(a) CIO () some extrapolations to account for thermal expansions, a vol-

b2` ume shrinkage of -4.4% was estimated for the a-a-, transfor-
mation (at - 1425°C). In the a' region, the volume change was
small and steady, involving a -3.3% shrinkage from 1425' to
650TC. The L-O13 transformation (at -650°C) was accompa-
nied by a small volume shrinkage of 0.4%. If the 13 phase was
to be retained down to room temperature, it would experience a
significant amount of volume shrinkage (-3. 1 %). Therefore,
the total volume decrease from a (at 1425'C) to 13 (at room tem-

bi perature) was estimated to be as much as - 11.2%, which was
b3i unusually large for ceramic materials. In some sense, then, the

large volume increase of - 12.3% during the 13--y transforma-
tion at room temperature could be a recovery process for the

(A) volume shrinkages accumulated on cooling from the a phase at
1425TC.

(B) Symmetry Changes and Ferroelastic Transfor-
S(a') - (I) mations: From a symmetry point of view,"' a ferroic transfor-

I.' mation requires a group-sWuT'rup symmetry relationship
-C1  (001) between the parent phase a roduct phase. In addition,

twiniiing there should be a change ( i system between the two

tal sieanng ------- phases to satisfy the criteria , roelastic transformation.
* Even though no direct stuic,: of the a structure have been

b made to date, it is possible to deduce the symmetry ofa from
ai- the data obtained in this study. Combining the establishecu Ym-

metry of 13 (P2,/n; point group 2/m) with the observed symme-
try-related domain structures (threefold rotations along the b
axis of 13), a possible symmetry element along the c axis of a
may be 6/m. Since twin-related domain vtructures in 13 may be a

t1001 resulIt of the loss of pre vious m irror p. ,nes ({ 1001 an d {00 1
b] Sh.earuig iwmmg planes) during the aL--13 transformation, the point group of the

a'-type structure (a,' or a,, or both) is assumed to be mmm. In
this case, a probable symmetry for the a phase may be 6/mmm
as a point group and P6,/mmc as a space group. Actually, the
most reliable structural studies of A2BX 4-type compounds(B) shows a space group of P6,1mmc. This includes K.,SO4: " and

Na2SO 4,2 which are believed to be isostructural with
Fig. 16. Schematic drawing of possible domains formed during the a-CaSiO4. Space group P6,Immc is the highest possible sym-
a-.13 transformation: (A) a--,x, transformation and (B) a,--.13 metry (prototype) for ABX4 polymorphs. This requires orien-
transformation. tational disorder of the BX, tetrahedra along the c axis, which

results in an additional mirror plane perpendicular to the axis.
If the a phase of CaSiO4 has a point symmetry of 6/mmm

[ 0.0087 0 -0.0314" (hexagonal) and the aH phase has a point symmetry ofmmm

E, 0 0.0012 0 (orthorhombic), the at-a,, transformation can be classified as

-0.0314 0 -0.0030] ferroelastic, belonging to an Aizu species'4 6/rnintnFinnm. In
the case of KSO, and K,SeO4, this ferroelastic transformation

for aet-13 by [b..] shearing has been directly proved to exist by movement of domain
boundaries under an external stress. " A measure of ferroelas-

(C) Twinning in 13: The twins observed in 13 grains ticity is usually expressed in terms of spontaneous strain (E).
belonged to the type of "twinning by reticular pseudo- Utilizing formulas given by Aizu. ' the spontaneous strain gen-
merohedry."- The predominent population of { 100} twins over erated by the aotýa' (pseudoorthorhombic--orthorhombic)
1001) twins in 13 grains was related to (i) shearing during the transformation could be approximated as
a-O13 (orthorhombic--monoclinic) transformation and (ii) for-
mation of twins after the shearing. The shear-strain components ([EI - +[[j (l E,,)] [ (E,, - +E [!.E )]I
(E= ) for the ao-p-13 transformation indicated that the [a,.] 2 2
shearing mechanism was slightly lower energy than the [b,.]
shearing mechanism. To release the strains, twin formation Following this equation, Es - 0.046. which is quite a large
would be energetically favorable. As shown in Fig. 16(B), value.
{001 }, twinning would be a natural consequence of the [aj If the a,',--at transformation were a disorder-order transfor-
shearing, whereas the 1b,.I shearing would lead to {100}1 twin- mation without change of symmetry, the a,'--13 (orthorhombic
ning. The coexistence of the untwinned and the twinned part (mmnni)--monoclinic (2/rn)) transformation would also be ferro-
(mainly {001 }-type) in 13 grains (Fig. 6) supported this sequen- elastic, belonging to an Aizu species' 4 mmmF2/m. F, for

tial development of twinned structures. It also suggested that mrnnj, tit is simply expressed as3'

the formation of the 1001 J, twin was energetically more difficult Es= \/2 JIE,
compared with that of the { 100}1 twin. A wider twin width of
the {001 }1 twin for the same grain size (Fig. 8) suggested that Then, ES - 0.044, which is again quite a large value. The fer-
the twin boundary energy of the {00 1 }i twin was higher than roelastic nature of the a,'--13 transformation has also been
that of the {100}1 twin."' reported for SrSiO,, with Es = 0.033. ' Shift of domain walls

caused by a lateral stress has been observed in twinned
(3) Phase Transformations 13-Sr.SiO 4 crystals.

(A) Molar Volume Changes: CaSiO, experienced con- (C) Crystal Structure Changes: From a crystal structural
siderable volume changes throughout the phase transforma- point of view, the CaSiO, structure is remarkably flexible to
tions. Referring to the lattice parameter data- in Table I and to endure the large strains produced by the phase transformations.
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Fig. 17. Schematic projection of(A) a structure (from K2SO). (B) a' structure (from KS0), (C) 03 structure of CaSiO,, and (D) y- structure of
CaSiO. Cation (Ca") arrangements are emphasized. (After O'Keeffe and Hyde. ")

One possible reason for this flexibility is that the structure is an during the ct'-13 transformation. The kinked arrangement of
inhomogeneous mixture of relatively large, but loosely-bonded the calcium prisms is straightened by the P3-.y transformation.
CaO, polyhedra and small, but rigid, SiO4 tetrahedra. Further- From structural refinement data of CaSiO4, the cation-anion
more, in this orthosilicate, the SiO4 tetrahedra are not linked to bond lengths and the nearest cation-cation bond distances have
one another and can easily be moved, been calculated (Table I1). Note that. while there are minor

Figure 17 displays essential features of the sequence of changes of Si-O bond lengths throughout the transformations,
Ca2SiO4 crystal structures in terms of the cation arrange- the changes of Ca-O bond lengths are significant. On cooling,
ments. 2•.38 rather than the conventional view of an oxygen the CaO, polyhedra rapidly collapse because of the diminishing
framework stuffed with cations. All the polymorphs of CaSiO, of the effective calcium vibration. The neighboring SiO tetra-
have similar arrangements based on the CaSi alloy structure. "8  hedra adjust their positions with respect to the CaO,.
They consist of regular, edge-linked trigonal prisms of calcium Comparison of the nearest bond distances between cations
atoms with SiO 4 tetrahedra in the center. Although edge-linked shows that the P3 structure has the shortest bond distances for
calcium prisms have a linear arrangement in the a and "y struc- both Ca-Ca and Si-Ca. Referring to ambient pressure data for
tures. they have a kinked arrangement in the a' and 03 struc- nonbonded radii of silicon and calcium.," the ideal Ca-Ca dis-
tures. During the a--a' transformation, collapse of the CaO, tance is -3.40 A and the ideal Si-Ca distance is -3.23 A (I A
polyhedra results in kinking of the calcium-prism arrangements = 10-' nm). This means that the shortest Si-Ca bond distance
and movement of SiO 4 tetrahedra to new positions. Subsequent in 13 (-2.97 A) is too short to maintain the stability of the struc-
tilting of the SiO4 tetrahedra is a major change in the structure ture at ambient pressure. As a consequence, strong repulsive



Table [U. Average Bomd Lengths of Si-O and Ca-O and the Shortest Bond Distances between Silicon and
S Calcium Atoms for CaSiO, Polymorphs

Bond length t(A)

Polymo*l Si-O Ca-O Ca-Ca Si-Ca Si-Si Reference

1 1.81(?Y 2.70(?)' 3.49 3.12 4.81 6
1.63 2.63 3.48 3.13 4.39 II
1.63 2.50 3.43 2.97 4. II 13

* 1.64 2.38 3.39 3.67 4.09 16
Ai A = 10 nm. 'Because ofthe uncertainty of one oxygen position (0(2)). tkcsc dama nmy have significani errors.
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Fig. 18. Conventional projections of Ca,SiO,: (A) a structure, (B) a' structure, (C) 13 structure, and (D) -, structure.
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composites sintered above the a-al, transformation tempera-
ture showed higher intragranular strains, as well as a high con-

' () centrahion of defects and microcracks.
*AA These large, built-in strains in the 13 structure and strong

repulsive forces between silicon and calcium may be a possible
000 reason why the 03-.-y transformation can occur instantaneously,

10 despite the fact that the transformation necessarily involves the

breaking of some oxygen bonds in the 03 structure. It suggests a
800 % reexamination of Buerger's classification" of displacive versus O

0 reconstructive transformation mechanisms. The higher symme-
try and larger volume of the transformed -y phase are, therefore,0 0probably related to the process of straightening of the 13 lattice

600 0o • * to release strains and maximization of the volume to reduce
charge repulsions.

,00- 0 V. Conclusion

1 2 3 4 5 P/G From TEM studies of the Ca2SiO4 system, three types of
superlattice structures were observed: (i) x 2a,2b-type in a;

Pressure (GPa) (ii) x3c-type in a,; and (iii) x3a-type in P3. Almost all
03 grains were twinned and strained. Microcracks tended to
develop along grain boundaries as the grain size increased.

Fig. 19. p-T diagram of CaSiO, determined by DTA. X-ray, and Some transformed -y grains coexisted with 13 grains, producing
optical measurements. Metastable form is designated in square brack- large intergranular microcracks. 'y grains were strain free, but
ets. (After Hanic et al.") detwinning-related planar defects were usually present. The

{100}) twinning occurred more favorably than did {00 1} twin-
ning. Two types of symmetry-related domain structures were

forces are expected to be developed in the 13 structure. The observed in P3 grains: (i) two twin-related domains for samples
modulated structures observed in both a' and 13 may be related that experienced the aL--,3 transformation and (ii) three 1200
to some effective ways of calcium and SiO4 arrangements to rotation-related domains for samples that experienced the
relieve such electrostatic repulsions between them. a-.aA transformation.

Conventional projections of the Ca:SiO4 polymorphs in Based on symmetry considerations, both a--aA and a,'-.p3
Fig. 18 illustrate that all of the a, a', and 13 structures show appeared to be ferroelastic transformations. The aL--13 transfor-
close association of silicon atoms in SiO, tetrahedra with adja- mation could be achieved by shearing along the a., direction or
cent calcium atoms. However, in the y structure, the silicon and along the b.. direction leading to {00 1}) or { 100}1 twinning,
calcium atoms are no longer closely associated because of large respectively. The P3-Ca,SiO 4 structure resulting from this
displacements of both the SiO, and calcium by the 03--.y trans- sequence of ferroelastic transformations was inherently
formation. The displacements are not a simple shuffling move- strained. This strained 03 structure was not stable at ambient
ment of atoms, but involve a considerable amount of SiO4 pressure because of the strong electrostatic charge repulsions

b axis of the-y between silicon and calcium, which were too close to each
rotation. All major movements occur along the rentxisojec- other. In terms of the crystal structure, the major driving forcesstructure. Compared with the ay structure in a different projec- for the 3--.y transformation, therefore, are considered to be the
tion (Figs. 17 (A) and (D)), the "t' structure has silicon in a more reasoftaisndcrgrpuinsnth13tutr.Te

balanced but distant position with respect to calcium. In other release of strains and charge repulsions in the ta structure. The
respcts th maor onfiuraion ofbot strctues re ery higher symmetry and larger volume of the transformed -y phase

respects, the major configurations of both structures are very are probably related to the process of straightening of the 13 lat-
similar. tice to release strains and maximizing of the volume to reduce

(D) Stability of 13 Structure and 13--'• Transfor- repulsions. The 13-ty, tranformation can be displacive in the

mation: From the crystal structure point of view discussed in reuso .Th0-ytafmtincnb spcv nte
the previous section, the rs structure is expected to be unstable sense of its instantaneous reaction, but needs to overcome athe revoussecion th [3strctur isexpcte tobe nstble comparatively high energy barr ier due to the breaking of some

at ambient pressure because of the cation charge repulsions. As omate l hin the b ofrsome
shown in Fig. 19, however, this structure has been reported to
be more stable than both the 'y structure and the ao' structure at Acknowledgments: Dr. T. I. Hou and Mr. E. Mast are thanked for fabri-
very high pressures.'° For example, at 675°C, which is sug- cating the composite samples used in this study. We acknowledge valuable dis-
gested to be the transformation temperature of a,'-03, the 13 cussions with Prof. A. H. Heuer of Case Western Reserve University. Use of the

structure may be more stable than the "y structure only above I electron microscopy facilities at the Center for Microanalysis of Materials in the
Materials Research Laboratory and at the Center for Electron Microscopy, both

GPa. In this case, it is difficult to understand why the [3 phase at the University of Illinois at Champaign-Urbana. is gratefully acknowledged.
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sure. This observation implies that the structure should be in a References
highly stressed condition on cooling. One possible reason may W. M. Kriven. "Possible Transformation Tougheners Alternative to Zirconia:
be the influence of the spontaneous strain generated during the Crystallographic Aspects," J. Am. Ceram. Soc.. 71, 1021-30 (1988).
ferroelastic a,-,13 transformation. That is, the 13 structure is 1W. M. Kriven, C. J. Chan, and E. A. Barinek. "The Particle-Size Effect of

mrhstrain than the ystructure Dicalcium Silicate in a Calcium Zirconate Matrix": pp. 145-55 in Advances inmore suitable for accommodating the Ceramics, Vol. 24A, Science and Technology ofZirconia Ill. Edited by S.
for certain temperature ranges. In this respect, the metastable 13 Sbmiya, N. Yamamoto, and H. Yanagida. American Ceramic Society, Wester-
structure is inherently strained. This may be a reason why all ville, OH, 1988.

the 13 grains observed in this study show intragranular strains. 'C. J. Chan. W. M. Kriven. and J. F Young. "Physical Stabilization of the 13
Since the a-a,' transformation also appeared to be ferroelas- to -y Transformation in Dicalcium Silicate," J. Am. Ceram. Soc.. 751611621-27

(1992).
tic, the 13 grains that experienced both o--.a, and a,-.p3 trans- 'C. J. Chan. W. M. Kriven, and J. F Young. "Analytical Electron Micro-

formations should have a higher internal strain than the 13 grains scopic Studies of Doped Dicalcium Silicate."J. Am. Ceram. Soc., 71, 713-19

that only experienced the a,---3 transformation. This built-in (1988).

strain may be a reason why (i) solid pellets of single-phase 'M. Regourd. M. Bigare, J. Forest. and A. Guinier. "Synthesis and Crystallo-
graphic Investigation of Some Belites": pp. 44-48 in Proceedings of the 5th

Ca2SiO 4, which were sintered above the a--aý transformation hIternationalSymposium on the Chemistry of Cement, Part I. Supplement Paper

temperature, could not be retained intact22 and (ii) 13 grains in 1-10 (Tokyo. Japan. 1968). Cement Association of Japan. Tokyo, Japan, 1969.



September 1992 Phase Transjorinatiotts in Dicalciurn Silicate: /1, TEM Studies 2419

'S. Udagawa. K. Urabe, and T. Yano. -The Crystal Structure of a-Ca.Sio," 2'E. S. Mast. "Development and Possible Use of Dicalcium Silicate in the
(in Jpn.). Cern. Assoc. Jpn. Rev., Gen Meet.. Tech. Sess.. 31, 26-29 (10i7). Transformation Toughening of Magnesia'% M.S. Thesis. University of Illinois at

'G. Yamaguchi, Y. Ono, S. Kawamura. and Y. Soda. "Synthesis of the Modi- Urbana-Champaign. 1990.
fications of CaSiO, and the Determination of Their Powder X-ray Diffraction 2rT. 1. Hou and W. M. Kriven. "Processing. Microstructures. and Mechanical
Patterns" (in Jpn. ). J. Ceramn. Assoc. Jpn.. 71, 21-26 (1963). Properties of Dicalcium Silicate-Calcium Zirconate Composites." to be pub-

.P. Barnes. C. H. Fentimen, andiJ. W. Jeffery, "Structurally Related Dicai- lished min. Am. Ceram. Soc.
cium Silicate Phases." Acta Crystallogr.. Sect. A: Crvst. Phvs.. Diffi'.. Theor. 2'S . Udagawa. K. Urabe. T. Yano. and M -Natsume. "Studies on the Phase
Gen. Crystallogr.. 36, 353-56 (1980). Transitions of Ca.SiO, by X-ray Single-Crystal Camera with a High-Tempera-
*H. Saalfeld. "X-ray Investigation of Single Crystals of P-Ca.SiO, (1a mite) at ture Apparatus- (in Jpn. I. J. Ceram. Assoc-. Jpn.. 88, 285-91 (1980).

High Temperatures." Am. Mineral., 60, 824-27 (1975). "'R. M. Hazen and L. W. Finger. Comparative Cr~ssfl Chemistry: pp. I115-
`I. Jelenic and A. Bezjak. "Electron Diffraction Evidence for Superstructures 46. Wiley. New York. 1982.

in ct'-Modification of Dicalcium Silicate,� Cent. Concr. Res., 12, 785-88 2'J. L. Schlenker,.G. V. Gibbs. and M. B. Boison. "Strain-Tensor Component
(1982). Expressed in Terms of Lattice Parameters." Acta Crsstallogr.. Sect. A: Crvst.

'S. Udagawa. K. Urabe. T. Yano. K. Takada. and M. Natsume. "Studies on Phys., Diffr.. Theor. Gen. Cr 'istallogr.. 34, 52-54 (1978).
the Dusting of Ca.SiO4-The Crystal Structure of nt-CaSiO4" (in Jpn.). Cern. 'J. W. Cahn. "Twinned Crystal," Adv'. PhYS.. 3,363-1"5t(1954).
Assoc. JPn. Rev.. Gen,. Meet.. Tech. Ses.. 33, 35-38 (1079). "T. Roy and T. E. Mitchell. "Twin Boundary Energies in YBa.Cu,O, * and

"2A. M. lI'inets and M. Ya. Bikbau. "Structural Mechanism of Polymorphic L.a.Cuq."- Philos. Mag. A. 63, 225-32 (1991 t.
Transitions of Dicalcium Silicate. Ca..SiO,. Part It: Refinement of Crystal Struc- "V. K. Wadhawan. "Ferroelasticity and Related Properties of Crystals.'
ture of High-Temperature at, Modification of Dicalcium Silicate. Ca.SiO,." Soi'. Phase Transitions. 3, 3-103 (1982).
Pltvs.--Crystallogr. (Engi. Transl.). 35, 54-56 (19901. `

2M. Miyake. H. Morikawa. and S.-l. lwai, "Structural Reinvestigation of the
"K. H. Jost, B. Ziemer, and R. Seydel. "Redetermination of the Structure of High-Temperature Form of K ,SO,," Ad-a Crsstallogr.. Sect. B: Struct. Crs'stal-

P3-Dicalcium Silicate." Acta Cryssallogr.. Sect. B: Si'ruct. Cr'.stallogr. Crc st. logr. Crvst. Chem.. 36, 532-36 t 1980).
Chem.. 33, 1696-700(1977). "W. Eysel. H. H. Hofer. K. L. Keester. and Th. Hahn. "Crystal Chemistry

I'D. K. Smith. A. Majumdar. and F. Ordway. "The Crystal Structure of and Structure of Na.SO,( It and Its Solid Solutions." Acta CrYstallogr.. Sect. B:
'y-Dicalcium Silicate." Acta Crvstallogr.. 18, 787-95 (1965). Struct. Scj.. 41, 5-11 (1985).

"R. Czaya. "Refinement of the Structure of -y-Ca.S iO." -Acta Crvstallogr.. 'AK. Aizu. "Possible Species of Ferromagnetic. Ferroelectric. and Ferroelastic
Sect. B: Struct. Crystallogr. Cryst. Chem.. 27, 848-49 (197 1). Crystals." PhYs. Rer. B: Solid State. 2, 754-72 (1970).

"S5 Udagawa. K. Urabe. M."Natsume. and T. Yano. "Refinement of the Crys- "S. Shiozaki. A. Sawada. Y. Ishibashi. and Y. Takagi. "Hexagonal-Ortho-
tal Structure of'-y-CaSiO,." Cernt. Concr. Res., 10, 139-44 (1980). rhombic Phase Transition and Ferroelasticity in K.SO, and K.SeO,." J. Phi's.

"WA. Eysel and T. Hahn. "Polymorphism and Solid Solution of Ca,GeO, and Soc. Jpn., 43, 1314-19 (1977).
Ca,SiO,," Z. A'ristallogr.. 131, 322-41 (1970). 'K. Aizu. "Determination of the State Parameters and Formulation of Sponta-

"'C. M. Midgley. '1'he Crystal Structure of P-Dicalcium Silicate." Arta Crvs- neous Strain for Fen'oelastics," J. PhYSr. Soc. Jpn.. 28, 706-16 (1970).
tallogr.. 5, 307-12 (1952). "'M. Calti and G. Gazzoni. "The 03 '- c' Phase Transition of Sr.SiO.. IL.

"G. W. Groves. "Twinning in P-Dicalcium Silicate." Cern. Concr. Res.. 12, X-ray and Optical Study, and Ferroelasticity of the f3 Form." Acta CrYstallogr.
619-24(1982). Sect. B: Struct. Sci.. 39, 679-84 (1983).

"`G. W. Groves. "Portland Cement Clinker Viewed by Transmission Electron "'M. O'Keeffe and B. G. Hyde. "An Alternative Approach to Nonmolecular
Microscopy," J. Mater. Sci.. 16,1063-70 (198 1). Crystal Structures with Emphasis on the Arrangements of Cations,�"Struct.

"J. Barbier and B. G. Hyde, "T1he Structures of the Polymorpha of Dicalcium Bonding (Berlin). 61, 77-144 (1985).
Silicate. Ca,SiO,." Acta Crs'stallogr.. Sect. B: Struct. Sci.. 41, 383-90 (1985). "M. O'Keeffe and B. G. Hyde. "The Role of Nonbonded Forces in Crystals":

"I". Nettleship. K. Slavick. Y. J. Kim. and W. M. Kriven. "Phase Transforma- pp. 227-54 in Structure and Bonding in Cry'stals. Vol. 1. Edited by M. O'Keeffe
tions in Dicalcium Silicate: 1. Fabrication and Phase Stability of Fine-Grained and A. Navrotsky. Academic Press. New York. 1981.
13-Phase, "J. Amn.Ceram. Soc.. 75 191 2400-406 (1992) . 'IF Hanic. J. Kamarad. J. Stracelsky. and 1. Kapralik."*The p-T Diagram of~'T Nettleship. K. Slavick. Y. J. Kim. and W. M. Kriven. "Phase Transforma- CaSiO,."* Br. Ceramn. Trans. J.. 86, 194-98 (1987).
tions in Dicalcium Silicate: Ill. The Effects of Barium on the Stability of Fine- "M. J. Buerger. "Phase Transformations." Sov. Phvs.-Crvstallogr. (Engi.
Grained a,. and P3"; unpublished work. Transl.). 16.959-68 (1972).0



Journal of the European Ceramnic Socief1 I I (1993) 291-298

Chemical Preparation and Phase Stability of
Ca 2Si0 4 and Sr2Si0 4 Powders

Ian Nettleship,* James L. Shull, Jr. & Waltraud M. Kriven

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

(Received 29 January 1992; revised version received 23 June 1992; accepted 10 July 1992)

Abstract surface sp&cifique Olev&e, avec de la silice collofdale
comme prdcurseur du silicium. Cette mnthode est

A process has been developed to produce high surface relativement directe et 6vite les techniques de prbcipit-
area Ca2SiO4 and Sr2SiO,4 powders using colloidal ation et l'usage d'alcoolates instables. Les carbonates
silica for the silicon precursor. This method was de calcium et de strontium ont itb dtect&s en tant que
relatively straightforward and avoided the use of compos&s transitoires et les silicates paraissent se
precipitation techniques and unstable alkoxides. .fbrmner par rcaction 6 l'tat solide 6 basse tempdrature.
Calcium carbonate and strontium carbonate were Les auteurs rapportent l'influence de la teneur en
identified as intermediate compounds, and the silicates rcsine et des conditions de calcination sur la distri-
appeared to .form by a low-temperature solid-state bution de phase et les propri&týs physiques des
reaction. The effect of resin content and calcination poudres. Les rcsultats ddmontrent, enfin, que Ia
conditions on the phase distribution and physical stabilitW de la phase fl-Ca2SiO4 apres calcination 6
properties of the powders was examined. Finally, the 1400'C est influencde de fa'on significative par la
sodium content of the colloidal silica was found to teneur en sodium de la silice colloidale.
have a significant effect on the phase stability of
fl-Ca2 Si0 4 after calcination at 14000C.

I Introduction
Es wurde ein Verfahren Zur Herstellung von Ca2SiO 4 -

und Sr2SiO4-Pulvern mit grofier freier Oberfldche The polymorphism of dicalcium silicate (Ca 2SiO04 )
entiwickeit. Als Silizium-haltiger Prekursor wurde has been well studied"' 2 because of the considerable
Siliziumdioxid verwendet. Diese verhdltnismidflig importance of this compound in the cement and
direkte Methode erspart die Anwendung von Aus- refractories industries. The currently accepted se-
scheidungstechniken und nicht stabiler Alkoxide. quence of phase transformations is illustrated in
Kalziumkarbonat und Strontiumkarbonat konnten als Fig. 1. In most cases work on the material has been
intermediiire Verbindungen identfiziert werden. Die directed at avoiding the disruptive 12 vol. % expan-
entsprechenden Silikate scheinen sich durch eine sion associated with the fl-y transformation,
Festphasenreaktion bei tiefen Temperaturen Zu commonly referred to as 'dusting'. The a4- and #-
bilden. Die Auswirkungen des Anteils an Binderhar: phases are also important hydraulic phases in
und der Kalzinierungsbedingungen auf die Phasen- Portland cement, but the T-phase is undesirable
verteilung und die physikalischen Eigenschaften der because it does not hydrate.
Pulver wvurden genauer untersucht. Schliefllich konnte Dicalcium silicate powders have usually been
gezeigt werden, daft der Natrium-Gehalt des kolloiden fabricated by a high-temperature solid-state reac-
Siliziumdioxids einen betrdchtlichen Einflufl auf tion between CaO and SiO 2. The kinetics of this
die Stabilitdt der fl-Ca2SiO4-Phase nach der Kal- reaction are slow, and temperatures of 1450'C and
zinierung bei 14000C ausiibt. above are commonly used to drive the reaction to

completion. The resulting powder is predominantly
Un procMdý a &tý d~veloppý pour synth~tiser des y-phase after cooling to room temperature. Reten-
poudres de Ca2SiO4 et Sr2SiO4 prbsentant une tion of the high-temperature polymorphs is achieved

* Present address: Department of Materials Science and by the addition of stabilizing additives or

Engineering, University of Pittsburgh, Pittsburgh, Pennsylvania impurities.'
15261, USA. The #-phase of Ca 2SiO 4 can also be retained after
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ai transformation has also stimulated research into the 0
21-WCpreparation of high surface area Ca 2SiO 4 powders.
, I Icb In comparison, Sr 2 SIO 4 has been less well studied.

[ t (he,.aoa) The 3c'--+f transformation in this compound is
structurally analogous to the 3L --# ft transformation

b in Ca 2SiO 4 , but the transformation occurs at 90cCcompared to 675°C for pure Ca2SiO 4. This makes it

fac (o.thorhombic) i: . easier to study the ferroelastic Y' - fl type transform-
II i 'J • '• ('f' ation in Sr~O''"0° Consequently, fine Sr2.SiO"

117M powders are required to process dense polycry-
stalline Sr 2SiOA.

c4 (orthorhombic) In this study a quick and comparatively easy

&VT * b 0 -method is reported for the chemical preparation of
"... . Ca2 SiO 4 and Sr 2SiO, powders. The method has

r - previously been used to prepare Ca 2SiO 4 powders
.... •.ooclinic. for incorporation into a calcium zirconate (CaZrO3)

.4Cb matrix."' It involves a 'Pechini-type' process in
,," --- which one of the constituents is colloidal. The effect

"(t mi of resin content and calcination conditions on the

physical properties of the powder and the phase
distribution are presented. The effect of the sodium

Fig. 1. The polymorphism of Ca2 SiO.4  content of the colloidal silica on the phase distribu-
tion of the Ca2SiO 4 is also studied.

low-temperature heat treatment of 7'-powders, 4 or

by chemical preparation.' Both studies have linked
the retention of the fl-phase to a particle size effect on 2 Experimental Procedures
the fl --- - transformation.

The chemical preparation route5 involved either A flow diagram detailing the preparation method is
spray reacting or direct gelling of colloidal silica in shown in Fig. 2. The resin content of the resulting gel
the presence of Ca(N0 3 )2. This was an extension of is defined as follows:
the method used for the preparation of other % resin content = 100 We~i/(W0xde +WreJ
silicates, as reviewed by Luth & Ingamells.6 These
chemical ...ethods allowed preparation of fl- where W0 id, is the weight of the oxide after
Ca,SiO4 powders at temperatures as low as 750'C.s calcination, calculated from the known weights of
Powders of fl-Ca 2SiO4 have also been prepared by the precursors, and W,,,,,, is the weight of resin
solid-state reaction of CaC 20 4 and amorphous SiO 2  added. In all cases the resin was composed of 60 wt %
at 950C in a CO 2 atmosphere.7 The advantage of citric acid monohydrate and 40wt% ethylene glycol.
the latter method is that no corrosive salts, which Firstly, the calcium and strontium precursors,
produce acidic fumes on calcination, are used in the which were Ca(N0 3 )2 .4H 20 and Sr(N0 3)2 respec-
powder production. All the low-temperature tively, were assayed and stored in desiccators. The 0
methods already mentioned produced powders with
hi-,her surface areas than those produced by high- Ethyln fiticAcidr -i Ca(NO3)2 4H,0

temperature calcination. Another advantage of the Glol t!a• or Sr(N0 3 2

low-temperature routes is that the fl-phase is
retained and hence the powders are reactive in terms
of their hydration behavior. Unfortunately, the Boll-of

nature of the chemical reactions that formed Water

Ca 2SiO, has not been studied in detail and the
physical properties, including the particle size, have .L
not been fully reported, even though they are (Esterlfication)

important to the hydration behavior. I

Dicalcium silicate has recently been considered as Cruh

a candidate for a possible alternative transformation 'ne
toughener to zirconia.a This was based on the large _e o_

volume change (12 vol.%) associated with the i-Homogeneow s

transformation. The desire to fabricate dense, Fig. 2. Flow diagram showing the processing route for both

polycrystalline Ca 2SiO 4 in order to study the Ca,SiO, and SrSiO, powders.
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use of the hydrated nitrates, which can have variable so
moisture contents, did not affect the phase distri- 45

butions obtained in the final powder. The required 40

amount of the nitrate precursor was dissolved in 35 7

water and then added to colloidal silica. In order to 3 a
prevent flocculation of the silica, the pH of the 2s

20
colloidal silica was adjusted to below 1-5 with nitric 15

acid prior to the addition of the nitrates. In this 10 _... ... ... ...........
study, two colloidal silicas with different sodium 0 200 400 6oo goo 1000 1200

contents were used. The first, which was designated TeMeature (C)

Silica 1 (Ludoxl SM, Du Pont Chemical Company), (a)

contained more sodium than the second, which was so
called Silica 2 (Ludox'I AS-40, Du Pont Chemical 40

Company). Silica I was used for all the Sr 2SiO 4 and
Silica 2 was used for most of the Ca 2SiO 4 prepar- I3
ations. After the nitrate solutions and colloidal silica 20

had been mixed, the resin was added and the mixture 9 1o
was heated. As the water boiled off, the gel formed -. 0
without flocculation of the colloidal silica, and the I -

viscosity increased. The remaining water then ,12evaporated, expanding the gel into a foam. Finally .0 . . , ... B0 1200
0 200 400 600 800 1000 10

the foam was dried and crushed before calcination at Temperature (°C)
temperatures in the range 200'C to 1400'C. (b)

Some of the crushed Ca2 SiO, gel was subjected to Fig. 3. (a) TGA and (b) DTA of a Ca2 SiO, gel containing 85%
differential thermal analysis (DTA) and thermogra- rcsin.
vimetric analysis (TGA) while heating at 5°C/min,
the same heating rate used for calcination. The phase pyrolyzed. Further weight loss at higher tempera-
distributions in the powders were evaluated by X-ray tures was attributed to the removal of carbon
diffraction (XRD). This was after calcination for formed during the pyrolysis. The thermal decompo-
I min at temperatures in the range 200'C to 800'C sition behavior of all the Ca 2SiO 4 and Sr 2Si0 4 gels
and also after calcination for I h in the temperature in this study had the same characteristics as already
range 800'C and 1400'C. described.

The effects of resin content and calcination The phase distributions for the Ca 2SiO4 gel
conditions on the specific surface area and the containing 85% resin at different temperatures
particle size of the powders were determined by during the calcination are shown in Fig. 4(a). Each
nitrogen adsorption (BET) and sedigraph techni- sample was heated at 5°C/min, held at the requisite
ques respectively. Some of the powders were also temperature for I min and cooled. At temperatures
examined by SEM. below the pyrolysis stage the samples were X-ray

Finally, chemical analysis by plasma emission amorphous, but after the pyrolysis at temperatures
spectroscopy was performed on some Ca 2SiO 4  between 500'C and 650'C, the crystalline calcite
powders to check the calcium to silicon ratio, which phase of CaCO 3 could clearly be identified. As the
was found to be in the range 2 to 2-1. temperature was increased, the amount of calcite

appeared to diminish and the amount of Ca 2SiO 4
increased. By 700'C the sample was single phase ._-

3 Results and Discussion Ca 2SiO 4. When the calcination temperatures was
increased to 800'C, the presence of f#-Ca 2SiO 4 was

3.1 Phase development on calcination observed. To further show that CaCO 3 was an
Figure 3(a) shows the TGA results for a Ca2SiO 4 gel intermediate compound, a sample of gel was
containing 85% resin. The first major weight loss calcined for I h at 600'C and then recalcined at
took place just above 250'C and could be correlated 800'C. As can be seen in Fig. 4(b), after calcination at
with the first low exothermic peak in the DTA curve 600WC the only observable crystalline phase was
of the same material, shown in Fig. 3(b). This was CaCO 3, whereas after a second calcination at 800'C
thought to be associated with the decomposition of the sample was single phase j3-Ca 2SiO 4. The exact
the gel. The other major weight loss occurred at nature of the reactions by which the CaCO3 was
about 450'C and corresponded to a large removed and the Ca 2SiO 4 formed was unclear.
exothermic DTA peak in Fig. 3(b). This was the stage Similar behavior was observed for the Sr 2SiO 4 gels
at which the remainder of the gel decomposed and with SrCO3 being positively identified as an
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I The phase distributions of Ca 2SiO 4 prepared with
0-(-'2W4 Silica 2 and calcined at high temperature are shown

in Fig. 5(a). From 800'C to 1200'C the powders
remained single phase fl-Ca 2SiO 4 , but the sample
calcined at 1400'C showed single phase y-Ca 2SiO 4.
This could be attributed to enhanced grain growth at
higher temperatures which decreased the stability of

Sthe #-phase. A particle size effect for this transform-
ation in powders has been reported previously.4 '14- 1 8

U) 700"C

00

"" L ¥-Ca2S'04
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Fig. 4. (a) X-Ray diffraction traces showing the phase distri-
bution in a Ca2SiO 4 gel containing 85% resin, at different
temperatures after the pyrolysis. Each sample was heated to
temperature at 5 C/min and held at temperature for I min. (b) A
comparison of X-ray diffraction traces of a Ca 2SiO 4 gel a:
containing 85% resin, after calcination at 600'C for I h, and then 800"C

after further calcination at 800' C for I h.

intermediate phase. Carbonates, specifically BaCO 3, 390 340 290 240

have been identified during calcination of chemically <-- 20
derived powders in other studies. 12.13 They were (b)

Fig. 5. X-Ray diffraction traces of(a) Ca 2SiO 4 (containing 85%
intermediates in the formation of BaTiO 3, for resin) and (b) Sr2SiO 4 (containing 90% resin) gels calcined for

example. I h at temperatures in the range 800'C to 1400 C.
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Figure 5(b) shows the development of the phase temperatures caused the agglomerates to densify
distribution for Sr 2Si0 4 prepared with Silica 1 and and the crystallites to grow. Figure 6(b) shows
fired in the temperature range 800'C to 1400'C. The powder calcined at 1400'C in which the agglome-
resin content was 90%. At 800C the powder was rates were dense and the grains were substantially
single phase Y' but as the temperature was increased larger than 1 m. The SEM and X-ray diffraction
fl-phase was detected. The amount of #l-phase results indicate a particle size dependence for the
increased with temperature until after 1400C the Y-13[ transformation in Sr2 SiO 4 .
sample was almost entirely #-phase.

The morphology of Sr 2SiO 4 powder calcined at 3.2 Effect of resin content
800'C for I h is shown in Fig. 6(a). The agglomerates It is well known that the resin content can have an
were highly porous and comprised crystallites effect on the physical characteristics of powders
approximately 80nm in size. Calcination at higher produced by the Pechini process."9 Hence the effect

of resin content on the powders was investigated in
this study. Resin contents from 50% to 93% were
investigated and found to have no effect on the phase
distribution in CaSiO4 for a specific calcination
condition. In contrast, the resin content did affect the
phase distributions in the SrSi.04 powders. Lower
resin contents (50% and 70%) produced significant
amounts of SrCO3 or SrO along with SrSiO 3 after
calcination at 800-C and 1000-C. This was at-
tributed to strontium nitrate observed in the dried
gels by X-ray analysis.

SThe presence of Sr(N0 3)2 in the dried gels was
attributed to incomplete chelation of the strontium
ions during heating of the mixture and consequent
precipitation of the nitrate. However, at the high
resin contents required to obtain high surface area.
this behavior was not observed.

Figure 7 shows DTA traces for SrSi0 4 gels with
different resin conten It can be seen that those
gels which contained crystalline Sr(N0 3 )2 (50% and
70% resin) clearly exhibited a broad endotherm at
approximately 650 C, which could be linked to the
melting and decomposition of Sr(NO 3)2. Such
segregation would be a source of chemical inhomo-

20.o0 nig 1.5 mg- 50%/ Resin

"070% Re

.• 85% Resin

790% Resin
0

j, 95% Resin

I
Fig. 6. SEM micrographs of SrSiO.4 powder derived from a gel 0 200 400 600 800 1000
containing 90% rcsin calcined at (a) 800 C for I h (the individual
crystallites have sintered together into highly porous agglome- 0 2°0)

rates), and (hN 1400 C for I h (the agglomcrates have fully
sintered). Fig. 7. DTA of SrSiO. gels containing different resin contents.
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geneity that could lead to the formation of SrO Figure 8(b) displays the effect of resin content on the
during calcination. It may also have been respon- surface area of Sr 2SiO 4 powders. As was the case
sible for the retention of the SrCO 3 intermediate at with Ca2SiO 4 , gels with higher resin contents
temperatures above 700"C. In order to avoid produced powders with higher surface areas. This
reprecipitation of Sr(NO3 )2 in the gels during drying, plot clearly showed that resin contents above 85%
resin contents of 90% or above were used in the must be employed to produce high surface area
preparation of Sr 2SiO 4 . powders.

The physical characteristics of the powder were The particle size of the powders was also affected
also affected by the resin content of the gel. Figure by resin content. The results of different resin
8(a) shows the surface area of Ca2SiO4 powder as a contents for Sr 2SiO 4 powders calcined at 800CC are
function of calcination temperature for different shown in Fig. 9(a). rhe 50% and 70% resin contents
resin contents. Above 1000°C, the resin content did gave powders with large median values of 20 pm and
not appear to have any significant effects on the 11 m respectively. Further increases in the resin
surface areas of the powders. However, at lower content shifted the distributions to smaller particle
temperatures the situation was very different. After sizes. The median value for 85% resin was about
calcination at 800'C the 85% and 93% resin 6pm and the largest particles in the distribution
contents showed the highest surface areas were approximately 20jpm. This trend to smaller
(- 17 m2/g), while the gels made without resin by sizes may have been due to the more violent
direct casting of the colloidal silica in the presence of pyrolysis in gels containing higher resin contents,
Ca(N0 3)2 .4H 20 had the lowest surface area leading to smaller, highly porous agglomerates. The
(6 m2/g). This increase in surface area with resin highest resin contents used, including 90% and 95%,
content was attributed to the extensive internal gave powders with the lowest median particle sizes.
porosity seen in the powders made using high resin However, the largest particles in the distributions
contents (Fig. 6(a)). When the calcination tempera- were of a similar size to the largest particles in the
ture was increased, sintering and grain growth of the powders made from gels with 70% resin. Interest-
powder agglomerates reduced the internal porosity ingly, both of the higher resin contents give bimodal
(Fig. 6(b)) and led to lower specific surface areas. distributions and 40% of the powder was submi-

20 
100

1 A 80

E
( 60
0 ao

10

o 40

0) E
0 I 20 7 ::re

0 . . . . in 9 5 % r esr

600 800 1000 1200 1400 1600 0
Temperature (0C) 100 10 1 0.1

(a) Particle Size (pm)

25 . . (a)

100

• 20

. E at 80
-ts

U010 • 60 93% resin 50% resin10o
-) 40 85% resin

0 2 20
0 10 20 30 40 50 60 70 80 90 100 0%-resin-

Resin Content (%) 0

(b) 100 10 1 0.1

Fig. 8. (a) Surface areas of CaSiO, powders containing Particle Size (pm)

different resin contents and calcined in the temperature range (b)
800 C to 1400 C. (Zý) 0%, (0) 50%, (Q"1) 85%, and (0) 93% Fig. 9. Effect of resin content on particle size distribution of(a)
resin. (hN Effect of resin content on the surface area of SrSiO, Sr,SiO, and (b) CaSiO, powders calcined at 800C for one •
powders calcined at ([3) 800 C and (0) 1000 C for one hour. hour.
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cron. This biomodal characteristic was reproducible Consequently, there was evidence to suggest that the
although difficult to explain, difference in phase distribution for samples prepared

Figure 9(b) shows the effect of resin content on the with Silica 1 and Silica 2 was due to the sodium
particle size of the Ca 2SiO 4 powders. The trend with content of these colloidal silica precursors.
resin content was not as systematic as in the Sr 2SiO,
powders. With no resin, the distribution was wide.
The 50% resin sample had a narrow distribution, 4 Summary
between 10 pm and 1 m with a median of approxi-
mately 2 pm. This was in contrast to the trend in Fig. A quick and relatively simple method for the
9(a), but may be explained by the fact that during preparation of both Ca2 SiO 4 and Sr 2SiO 4 powders
calcination, the Ca 2SiO4 gel with this resin content of high surface area has been developed. The method
exploded at about 200'C. This was thought to be a avoided the use of unstable alkoxides and precipit-
consequence of the sudden and violent release of ation techniques. The powders so produced were
moisture, leading to smaller particles. When the very porous and friable and could easily be milled
resin content was increased to 85%, the particle size into submicron particle sizes.
distribution shifted to smaller particle sizes. For this The development of single phase powders at
powder, the large particles were about 6pum in size 700'C or above appeared to involve the formation of
but there was also approximately 30% of submicron CaCO3 or SrCO3 as intermediate compounds. The
powder. Further increase in the resin content to 93 % desired silicate then developed by a low-temperature
gave a very wide particle size distribution from solid-state reaction between 500'C and 700'C.
submicron to 100pm. This contrasted with the When the temperature was increased in this range,
results for Sr 2Si0 4 using similar resin contents. In the silicate developed and the carbonates disap-
this case interagglomerate sintering was thought to peared. The exact nature of the reaction was
have taken place during pyrolysis and calcination. unknown.

Single phase powders of aý-, #- and y-CaSiO 4
3.3 Effect of sodium on the phase distribution in could easily be produced by this route. The method
dicalcium silicate powders has also been used to prepare single phase ot'-
The phase distributions in Ca 2SiO 4 powders pre- powders of Sr 2Si0 4 for the first time.
pared with Silica I and Silica 2 were markedly The physical characteristics of the powders
different after calcination for 1 h at 1400'C. This was could be controlled by the resin content of the gel
attributed to the difference in sodium content, since and the calcination conditions. In the case of
sodium is known to be a stabilizer for fl-Ca 2SiO 4 .-2 0  Sr 2SiO 4, the resin content was also used to control
Calculation showed that Silica 2 would give chemical inhomogeneity caused by the reprecipita-
Ca2SiO4 with 0.14wt% Na 2O and Silica 1 would tion of Sr(N0 3)2 during drying of the gel. The effect
give Ca 2SiO 4 with 0.67 wt% Na 20. Sodium was of resin content on surface area was generally the
added in preparations of Ca 2SiO 4 with Silica 2 in same for both systems, but there were marked
the form of NaNO 3  dissolved with the differences in how the resin content affected the
Ca(N0 3 )2 .4H 20. In this way, powders containing particle size distributions.
up to 1 wt% Na 20 were prepared, and calcined at Finally, the difference in the phase distributions
temperatures ranging from 800'C to 1500'C. The observed in the Ca 2SiO 4 powders prepared with
results of the phase analysis are shown in Table 1. All Silica 1 and Silica 2 was attributed to the difference
the powders exhibited #-phase after calcination at in the sodium content of these colloidal silicas.
temperatures below 1400'C. However, after calcin-
ation at 1400'C, samples containing less than
0.5 wt% Na 20 transformed to ),-phase on cooling, Acknowledgements
while the other compositions remained fl-phase.
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ABSTRACT

The asafongrah. m oscra nd - trmsfonmadm mechnimis in dicidum silicate
(Ca2SiO4) and other orthosilicates have been studied. Both the 0 toa'H mad a°L to 0
transformations in Ca2SiO4 wre considered to be feroelst and 4spontMeus san we
calculated. Grinding-induced Phan tsom ions occ6se in a-4 ad P-.y. Mlcosuunzrs
shown in the transformed 0 grains in Ca2SiO4 and Sr2SiO4 sugessed that the a'--

ansfomat is possibly martensakc A single ayl study or" 2  0 4  a In
transormation temperams of about 1O"C (73"C for P and 6,C for a'-4P). Ho-stage
optical microscopy of Sr2SiO4 showed the rapid appearance or disappefaance o P-twins upoo

m atIon In terms of the crystal strucums, the major driving frm for the I V
transfomao in Ca2SiO4 is proposed to be strains due to prvious feroeuic am ations
and cation char repulsions in the P stucume. This mechanism can be displacive, but needs to
oveinoac a compmatively high energy barnet due to the braking ofsome oxygen bonds.

i. INTRODUCTION

Dicalcium silicate (Ca2SiO4) is a major comronent of portand camnen As an ofthosilcas of the
general fornula of M 2SiAN (where M is a divalent cation). Ca2SiO4 has an unusually large number
of polymorphs. viz., a, aeH, C'L. P and y. As the cation siz in the M site inreases, high
temperature phases tend to be mom stabl. That is. e and P in Sr2SiO4 and ce in Ba2SiO4 have
been reported as stable phases. In contrast, the low-teme ordrhombic - phase is dte only
stable phase in the mineral olivine (IMg2SiO4) which hs sll catonss in the M Site. The
schematic diagram in figure I compares the stable polymmphs in thes four orthosilicates

The crystal structures of Ca2SiO4-pobmwrphs hav not yet been firmly dearmined except for the P
andy phases. The suggested tnfor mechanisms among the polymorph in CaSiO4 atre
generally: (i) a semi-reconstructive mechanism between g and a'H [11; (id) an dimder-order
trnsformation mechanism between 'H and o'L [11; (li) a displacive, possibly martensitic
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Figure 1. A schematic diagram comparing stable polymorphs and their transformation temperatures
in different orthosilicates (M2SiO4).

mechanism between CE'L and 13 [1,2]; and (iv) a reconstructive [1], semi-reconstructive [3] or
displacive [4] mechanism for 13 toyf.

The objective of this study was to understand the mechanisms of polymorphic phase
transformations in these orthosilicates through structural and microstructural characterizaton of
various ceramic samples primarily by TEM and optical microscopy. Two special intentions were to
study (i) the mechanism of the 13 to 'y transformation in Ca2SiO 4 , which is an unusual, low- to
high-symmetry transformation accompanied by a large volume increase (-12%) on cooling; and (ii)
the martensitic nature of the c' to 13 phase transformations in Ca2SiO 4 and Sr2SiO4.

Ceramic samples studied were: (i) pure Ca2SiO4, sintered between 800 and 15000C for 1 minute to
72 hours [5]; (ii) Ca2SiO4, doped with 1 to 5 mol% Ba2SiO4 and sintered between 800 and
14000C for I to 3 hours [6]; and (iii) composites of Ca2SiO4 (15 vol%) in an MgO matrix, sintered
at 16000C for 3 hours and composites of Ca2SiO4 (10 vol%) in a CaZrO 3 matrix, sintered at
1600*C for 2 hours; (iv) pure Sr2SiO4, sintered betwen 900 and 14000C for I to 5 hours; and (v)
pure Ba 2SiO4, sintered at 1400*C for 1 hour. All powders and pellets were examined by XRD,
SEM and TEM to study crystal structures, microstructures and microchemistry. In addition, hot-
stage optical microscopy of single crystals of 13-Sr2SiO4 was conducted to study the oe'E-+3 phase
transformation.

2. PHASE TRANSFORMATIONS IN DICALCIUM SILICATE

A TEM study of the interfaces between Ca2SiO4-polymorphs resulted in the following possible
lattice correspondences: [7]

aAL /A*p, baLt/-cp and aL # ,
f*A/Ih bp//-r-y and GpI#/b
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which agreed with previous single crystal X-ray precession work [8]. Almost all I3 grains were
twinned and strained. Microcracks tended to develop along grain boundaries as the grain size
increased. In pure Ca2SiO 4 03 grains were internally strained, and sometimes showed streaking in
the SAD~s. In composites, twinned 03 grains were usually elongated and internally more strained, 0
giving rise to two directional streaking in the [010]p SADP, both parallel and perpendicular to
(200)}*. Some transformed y grains coexisted with P3 grains, producing large intergranular
microcracks. y grains were strain free, but detwinning-related planar defects were usually present.
The [ 100)p twinning occurred more favorably than did (001})p twinning. Two types of symmetry-
related domain strctures were observed in 3 grains: (i) two twin-related domains for samples
which had experienced the a' to (3transformation; and (ii) three 1200 rotation-related domains for
samples which had experienced the a to c'H transformation. XRD studies indicated that grinding-
induced phase transformations occurred in both a'L-p3 and P3--y.

Based on symmetry considerations deduced from microstructures of P-Ca2SiO4, the a (hexagonal,
6lnmmm) to a'H (orthorhombic, mmm) transformation appeared to be ferroelastic. The spontaneous
strain (es) generated by this transformation was estimated to be 0.046. If the a'H-Ca'L were an
disorder-order transformation without change of symmetry, the a'L (orthorhombic, mmm) to 03
(monoclinic, 2/m) transformation would also be ferroelastic and its spontaneous strain was
estimated to be 0.044. Therefore, the P3-Ca2SiO4 structure resulting from this sequence of
ferroelastic transformations should inherently be strained.

From structural refinement data of Ca2SiO4, the cation-anion bond lengths and the nearest cation-
cation bond distances were calculated. While the changes of Si-O bond lengths throughout the
transformations are minor, the changes of Ca-O bond lengths are significant, indicating the rapid
collapse of the CaOx "cage" on cooling. Comparison of the nearest bond distances between cations
show that the P3 structure has the closest bond distances for Si-Ca. Referring to ambient pressure
data for nonbonded radii of Si and Ca [9], the ideal Si-Ca distance would be -3.23 A. This means
that the nearest Si-Ca bond distance in 3 (-2.97 A) is too close to maintain the stability of the
structure at ambient pre-sure. As a consequence, strong repulsive forces are expected to develop in
the (3 structure. This rniay be a reason why the 03 structure is unstable at ambient pressure.
However, this structur- was reported to be more stable than both the Y structure and the a'WL
structure at very high 7ressures (10]. Conventional projections of the Ca2 SiO 4 polymorphs
showed that all of the a- a and (3 structures have close association of Si atoms in SiO4 tetrahedra
with adjacent Ca atoms. However, in the y structure, they are no longer closely associated due to
large displacements of both the SiO4 and Ca by the P3 to y transformation. The displacements are
not a simple shuffling rmovement of atoms, but involve a considerable amount of SiO4 rotation.

In terms of the crystal ;tnructure, the major driving forces for the f3 to y transformation, therefore,
are considered to be thc release of strains inherited from previous high temperature transformations
and Si-Ca charge repuisiodns in the D3 structure. The higher symmetry and larger volume of the
transformed y' phase are probably related to the process of straightening of the P3 lattice to release
strains and maximization of the volume to reduce repulsions. The 3 to y transformation can be
displacive in the sense of its instantaneous reaction, but needs to overcome a comparatively high
energy barrier due to the breaking of some oxygen bonds in the (3 structure.

3. MODULATED STRUCTURES IN ORTHOSILICATES

From TEM studies of the Ca2SiO4 system, three types of superlattice structures were observed, (i)
the x21L2b.-type in pure 0'L (space group, Pmcn; At.<h) (ii) the x3r-type in c'L doped with
Ba2SiO4 and (iii) the x3a-type in all P3 (space group, P21/n; a<h~c,) On the other hand, pure
Sr2SiO4 showed incommensurate modulations in both a' and P phases: (i) q- 0.30 r*c*t and (ii) q
- 0.30 k*'. No significant changes of these modulation vectors were noticed in both Ca2SiO4a



686

Sr 2 SiO4 samples sintered under different conditions. No modulation was observed in pure a'-
Ba2SiO4.

Similar modulated structures were frequently reported from other orthorhombic A2BO4
compounds (P-K2SO4 type) which are believed to be isostructural with a'L-Ca2SiO4 and a'-
Sr2SiO4 [ 11]. Five different modulated phases were also reported in the Ba2SiO4-Ca2SiO 4 system
[12]. Modulated monoclinic phases were not common but a three-fold modulation was observed in
monoclinic [N(CH 3)4]2ZnCI4 [13]. These varieties of modulated phases in A2 BO 4 suggest the
inherent instability of the orthorhombic structure which is an inhomogeneous mixture of relatively
large, but loosely-bonded AOx polyhedra and small, but rigid, B0 4 tetrahedra. These B04
tetrahedra are not linked to one another and can easily be moved and rotated. Actually, the origin of
many modulated structures in A2 BO4 compounds can be attributed to the three-fold rotation of B04
tetrahedra.

It is interesting to note the changes of modulated structures in c'-M2SiO4 as the size of M cations
changes (Ba 2 +: R - 1.35A, Sr 2 +: R - 1.18A, Ca2 +: R - 1.00,): that is, no modulation in
Ba2SiO4, incommensurate modulation in Sr2 SiO4 and commensurate modulation in Ca2SiO 4
(figure 2). This trend suggests that the modulated structures in c'-M2 SiO4 are directly related to
the stability of the MOx polyhedra. Smaller cations in MOx apparently destabilize the c' structure
and produce modulations. As discussed before, the modulated structures observed in both &'L and
1 in Ca2SiO4 may be related to some effective ways by which CaOx and adjacent SiO4
arrangements relieve electrostatic repulsions between Ca and Si atoms.

0a

Figure 2. The [010] SADPs of orthorhombic (a') orthosilicates showing modulations along p*:

(a) pure Sr2SiO4 and (b) Ca2SiO4 doped with 5 mol% Ba2SiO4.

4. MARTENSITIC NATURE OF THE a'--+p TRANSFORMATION

Microstructures shown in the transformed P grains in Ca2SiO4 and Sr2SiO4 suggest that the ce'--p
transformation is probably martensitic as well as ferroelastic. The development of P-laths which
resembled P-twins were often observed in Sr2SiO4 (figure 3). These laths were possibly formed
by a stress-induced martensitic transformation during TEM specimen preparation. Grinding-
induced cc'--, phase transformation was evident in both Ca2SiO4 and Sr2Si04. Because of the
similarity of the lattice dimensions as well as the low transformation temperature, the P--,a'

0
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transformation in Sr2SiO4 could be induced by electron beam heating of the twinned j phase. The
lattice correspondence between ci' and 3 was identical to that in Ca2SiO4.

For a more direct study, single crystals of [5-Sr2SiO4 were grown using a flux melting technique
[14]. DSC measurements of transformation temperatures indicated a hysteresis of -10*C (75*C for
3-4a' and 65*C for ce'-3). Hot-stage optical microscopy displayed changes in interference colors

and the rapid appearance or disappearance of P-twins upon transformation (figure 4). Some
crystals transformed in a series of sudden bursts with a propagating interface while others
transformed in a sing!e event. A few crystals fractured on, or shortly after undergoing the reverse
ce'-*3 transformation.

Figure 3. TEM rnucrographs displaying the resemblance of p-twins (a) with P-laths (b), both
developed in the ce phase of Sr2SiO4. ThI [001]a.+[IO]p3 SADP's are shown in the insets.

Figure 4. Transmitted light micrographs under crossed polars of the 0-+x' transformation at
73.6°C on heating in Sr2SiO4. The twinned fl-crystal (a) transformed in a series of bursts via an
interface (arrowed in b) to untwinned ct' phase (c).
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The c'L-4- transformation in Ca2 SiO4 was reported to occur instantaneously, but with a
hysteresis of 25°C [15]. From an in situ hot-stage TEM study, Groves [161 observed the twinning-
detwinning process by cooling and heating of Ca2SiO4 and suggested a martensitic mechanism for
the a'L--p transformation. The great rapidity of the twin formation on cooling may indicate that
this martensitic transfonmation did not require an additional lattice invariant shear strain to produce
an invariant plain strain [16]. Martensitic calculation of the o'L--+ transformation in Ca2SiO4 also
showed that a small lattice invariant shear would be necessary and the choice of lattice invariant
shear system had little effect on the results [17].

5. CONCLUSION

Both the Q to C'H and ctL to 0 transformations in Ca2SiO4 are considered to be ferroelastic. The
spontaneous strain (es) generated by these transformations was estimated to be -0.046 for a--&'H
and -0.044 for a'L--4. The cz'-- transformations in Ca2SiO 4 and Sr2SiO4 are also possibly
martensitic. The hysteresis in transformation temperatures in Sr2SiO4 was about 10°C (75°C for

--+a' and 650C for ot'-+). The rapid appeareance or disappearance of P-twins upon
transformation was observed in Sr2SiO4. In terms of the crystal structures, the major driving force
for the P toy transformation in Ca2SiO4 is proposed to be strains accumulated during previous
higher temperature ferrocelastic transformations and cation charge repulsions in the 0 structure. This
mechanism can be displacive, but needs to overcome a comparatively high energy barrier due to the
breaking of some oxygen bonds. The modulated structures observed in both cxe and 0 in Ca2SiO4
and Sr2SiO4 appeared to be directly related to the instability of the CaOx and SrOx polyhedra and
their interaction with adjacent SiO4 tetrahedra.
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TEM CHARACTERIZATION OF THE a' AND P3 PHASES IN

POLYCRYSTALLINE DISTRONTIUM SILICATE (Sr2SiO4)

Y. J. Kim, J. L. Shull and W. M. Kriven

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

Two polymorphs, a' and 10, are known to be major phases in pure distrontium
silicate (Sr2SiO4) at atmospheric pressure. 1 Fully dense pellets were fabricated by
sintering chemically prepared powders in the temperature range of 900° to 14000C
for 1 to 5 hours. Their phases and microstructures were studied by TEM. At lower
sintering temperatures such as 9000C, the major phase was orthorhombic ax' (space
group, Pmnb). The euhedral a' grains had a size of about 1 p.m diameter (Fig. la).
As the sintering temperature increased, the amount of monoclinic 03 phase (space
group, P21/n) tended to increase. These J3 grains were usually irregular and twinned
on {100)}p or (001 )}p planes. Concentration of the electron beam on the grains gave
rise to a disappearence of twins (Fig. lb).

SADP's from the c' grains showed an incommensurate modulation along the b*
direction. In the [001]a- orientation, the modulation was almost commensurate, with
satellite reflections located at -1/3 of the principal reflections (Fig. 2a). When the
specimen was tilted to the [1021a' orientation, the number of satellite reflections
increased (Fig. 2b). This modulation could be interpreted in several different ways,
one of which suggested that the satellite reflections around {OkO) were extinct, when
k is even, in the [00I]a' orientation. In this case the modulation vector, q, would be
about 0.3 b*. A previous study reported q = 0.303 ± 0.005 b*.2 SADP's from the
twinned 13 grains also showed a similar incommensurate modulation along the b*
direction. Fig. 3a shows the [100]p SADP, which is almost identical to the [001]ca'
SADP except for the appearance of {010}13 principal reflections in the former. The 0
[I 101 SADP of the same area (Fig. 3b) did not display any modulations, but (001 }1
twinned reflections were observed (arrowed). Because of complications and
variations of the modulated structures of both the a' and 13 phases in samples
processed under different conditions, further study is needed, particularly in
conjunction with the transformation mechanism between the a' and P3 phases.
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[1021a' 10,

Fig. 1. (a) Euhedral a' grains and (b) twinned J grains. Bar = 1 pim.
Fig. 2. SADP's from an a' grain showing an incommensurate modulation:

(a) [0011a' and (b) [102 ]a-

Fig. 3. SADP's from a twinned 13 grain: (a) [10015O showing an incommensurate

modulation and (b) [1 1013 with (001 p[ twinned reflections (arrowed).
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Abstract

The decomposition mechanism of hillebrandite (Ca2SiO4-H20) to larnite (1-

Ca2SiO4) was studied by conventional and in situ hot-stage TEM methods. The

hillebrandite structure is suggested to be a composition of parawollastonite

(CaSiO3) and portlandite (Ca(OH)2) adjoining on {001 } planes. The decomposed

larnite fibers showed occasional bending and kinking as well as internal defects

such as dislocations and domains. No transformation-related microstructures such

as twinning were observed. The preferred orientations in the larnite fibers were

not distinct. The decomposition route of hillebrandite in air and in a vacuum may

be different. In air, the decomposed CaO from the portlandite layer directly

participates in the process of SiO4 chain breaking to form larnite. In the TEM

this decomposed CaO is removed and reprecipitated, so that hillebrandite

converts directly to parawollastonite. A possible lattice correspondence between

hillebrandite (C2SH) and larnite (P-C 2S) is proposed to be: hC2SH // kfrC2S, aC2SH

/- [10 2 ]0C2S, and Cc2sH // [4 01i]1c2s.

0
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I. INTRODUCTION

Hydrothermally produced hillebrandite (Ca2SiO4-H20) has recently been

introduced as a new energy-saving source material for very reactive larnite (Ii-

Ca2SiO4), which is a major ingredient of portland cement.(1) On heating in air,
0 fibrous hillebrandite starts to decompose at about 500'C and produces fibrous IP-

Ca2SiO4. A high specific surface area (about 7 m2/g) and chemical purity without

any chemical stabilizers are major characteristics of fP-Ca2SiO4 produced from
0 this hillebrandite. (1)

Although the structure of hillebrandite has not been refined, our previous

transmission electron microscopy (TEM) study on the structure and
microstructures of the synthetic hillebrandite revealed their close similarity to

those of the mineral wollastonite (CaSiO3).( 2) As in wollastonite, hillebrandite

fibers showed their fiber axes to be aligned to the b axis, which is the single chain
0 direction of SiO4 tetrahedra ("dreierketten"), and a prominent stacking disorder

perpendicular to this axis. The decomposition of synthetic hillebrandite to P-

Ca2SiO4 has been investigated by thermogravimetric analyses (TGA), differential
thermal analyses (DTA), powder x-ray diffraction (XRD), 29Si nuclear magnetic

resonance (NMR) and TEM.(1, 3 ) However, the TEM result was still very

preliminary in establishing the decomposition mechanism. On the other hand, a
0 considerable number of TEM studies on P-Ca2SiO4 produced by conventional or

chemical methods have been reported. (4,5)

It was our purpose to investigate the decomposition mechanism of
hillebrandite using mainly conventional and in situ hot-stage TEM techniques. A

special interest was to find the structural relationship between hillebrandite and

P-Ca2SiO4. A comparative study on microstructures in P-Ca2SiO4 produced by



the decomposition of hillebrandite with those produced by conventional or

chemical methods was also attempted.

II. EXPERIMENTAL PROCEDURE

Powders of synthetic hillebrandite prepared by Ishida et al. (1) were used in

this study. Two different TEM experiments were performed. First, three batches

of the as-received powders were furnace-heated for 1 hour at 5000, 6000, and

700'C in air, respectively. Each batch of powders was dispersed ultrasonically in

alcohol. A formvar-supported holey copper grid was dipped into the solution and

dried. Hitachi 600 operated at 100 kV and Philips EM-420 operated at 120 kV

microscopes were used for conventional TEM studies. These solutions were also

examined by XRD (Siemens, operated at 30 kV - 30 mA) to check the degree of

decomposition and the existence of preferred orientations at different

temperatures. Second, in situ TEM studies of the as-received hillebrandite

powders were carried out using double-tilt heating stages with Philips EM-420

and AEI EM-1200 (operated at 200 kV, Argonne National Laboratory) 0

transmission electron microscopes. Severe electron beam damage of hillebrandite

was minimized by using low beam currents and long exposure times.

III. RESULTS

111.1. Furnace-heated Powders

In spite of the previous decomposition study on synthetic hillebrandite that

reported the decomposition started at about 500'C and was completed at about

2
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6600C(1), TEM examination of all the furnace-heated powders in this study,

including the 700°C-heated one, showed a considerable amount of undecomposed

hillebrandite. This hillebrandite had characteristic fibrous forms whose widths

usually ranged from 0.1 pm to 0.4 pm, as reported before( 2). In selected area

diffraction patterns (SADP's), distinct streaking due to stacking disorder

perpendicular to the fiber axis was present. Such a fiber from the 700°C-heated

sample displayed strong strain contrast as well as characteristic linear defects

along the fiber axis (Fig. la). The [001] SADP (Fig. Ib) clearly indicates that the

fiber was still undecomposed hillebrandite. Its extinction condition and weak

streaking parallel to the a* direction reflected the characteristic stacking disorder

in hillebrandite, as in the case of wollastonite. (2,6)

In addition to hillebrandite, there were two new phases observed in the

furnace-heated powders (Figs. 2 and 3). The fibrous morphology and the [001]

SADP's of both phases resembled those of hillebrandite. Coexistence of the new

phase with hillebrandite was often reflected by extra spots along the a* directions

together with the hillebrandite spots.

One of these new phases had a larger d-spacing of about 9.89 A (the

corresponding spot is arrowed in Fig. 2a) than the largest d-spacing of

hillebrandite, where d200 = 8.30 A, along the a* direction. No d-spacing values

of both hillebrandite and P-Ca2SiO4 exactly matched this value. In addition, there

was a weak but distinct reflection at the {020} position of hillebrandite (d-spacing

= 3.63 A; arrowed in Fig. 2a) which is extinct in pure hillebrandite. The

corresponding image shown in Fig. 2b suggests that this fiber is composed of

alternating bands of hillebrandite and the new phase in contact on the {200} plane

of hillebrandite. This phase was occasionally observed in specimens taken from

both the 500'C- and 600°C-heated powders, and even from the unheated powders,

0 3



but not from the 700°C-heated powders. We designated this new phase as "the L

phase" ("L" for larger) for further description.

The [001] SADP of the other new phase was also very similar to those of

hillebrandite and the L phase (Fig. 3a). However, it had a smaller d-spacing of

about 7.64 A (the corresponding spot is arrowed in Fig. 3a) than the largest d-

spacing of hillebrandite, where d200 = 8.30 A, along the a* direction. No d-

spacing values of both hillebrandite and P-Ca2SiO4 matched this value. The

corresponding image of the heated fiber apparently contains a band of this new

phase (arrowed in Fig. 3b) within the undecomposed hillebrandite. It was aligned

in the same direction with the hillebrandite fiber and had a thickness of = 150 A.

This phase was not observed in specimens taken from both the 500'C- and 600'C-

heated powders, but occasionally observed in specimens from the 700'C-heated

powders. We designated this new phase as "the S phase" ("S" for smaller) for

further description.

Fully decomposed hillebrandite, that is, P-Ca2SiO4 was not observed in

specimens taken from the 500°C-heated powders, but infrequently observed from

the 600°C-heated powders, and more frequently observed from the 700°C-heated

powders. Throughout the decomposition process, the fibrous morphology of

hillebrandite generally remained, but with some modifications. Figs. 4a and 4b

illustrate two morphological changes in fP-Ca2SiO4: (i) bending of fibers which

was repeatedly observed and (ii) kinking or knotting of fibers. In addition, the

decomposition process also changed the internal microstructure of hillebrandite.

Instead of the characteristic linear defects in hillebrandite as shown in Fig. Ib, P3-

Ca2SiO4 fibers have many defects such as dislocations (Fig. 4c) and domain

microstructures within a fiber (Fig. 4d). Partly because of this high defect

concentration, and partly because of the low crystallinity of P-Ca2SiO4 fibers,

most SADP's of f3-Ca2SiO4 appeared as quite diffuse reflections. However, the

4
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transformation-related microstructures such as twinning or modulated structures,

which were prevalent in P-Ca2SiO4 formed by conventional or chemical

methods, (4,5) were not detected in this decomposed powder.

In contrast to the hillebrandite fibers which lay mostly on the {001 }

* cleavage planes, there were no distinct preferred orientations in the P-Ca2SiO4

fibers. Examination of 20 individual I3-Ca2SiO4 fibers resulted in the following

orientations. Within ±100 of tilting, f5-Ca2SiO4 could be oriented to [101] (4

* fibers), [100] (3 fibers), [201] (2 fibers), [001] (2 fibers), [210] (1 fiber), [110] (1

fiber), [011] (1 fiber), and [010] (1 fiber). Among the other 5 fibers, 4 fibers

could be oriented to [100] and 1 fiber to [101] with a larger tilting of about ±30°.

* SADP's of two frequently observed orientations, [ 100] and [ 101 ], are shown in

Figs. 5a and 5b.

The XRD results for these powders can be summarized as follows: (i) The

* as-received powder showed some weak peaks that did not belong to hillebrandite.

The phases responsible for these peaks were not positively identified; (ii) At

500TC, f3-Ca2SiO4 peaks were moderate and hillebrandite peaks were weak. Low

peak intensities and high background suggested a low crystallinity of both

hillebrandite and P-Ca2SiO4, and the possible existence of amorphous phases; (iii)

The peak intensity of [3-Ca2SiO4 became stronger and sharper as the heating

temperature increased from 6000 to 700'C. However, weak intensities of

hillebrandite were still present in specimens from the 700'C-heated powders; (iv)

Any preferred orientations in P3-Ca2SiO4 were not clearly detectable.

111.2. In Situ TEM Study

Direct observation of the decomposition process was attempted by in situ

TEM heating of several hillebrandite fibers up to 900'C in a vacuum. The
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average heating rate was usually about 3°C/min. Since the thermocouple was

attached to the heating furnace, the real specimen temperature was uncertain. No

internal standard was used to calibrate the temperature. As seen in Figs. 6a and

6b, the unheated fiber showed the characteristic [001] SADP and microstructures

of hillebrandite. At 500'C extra spots started to appear along the a* direction (a

spot near the (2 0 0)hillebrandite is arrowed in Fig. 6c). Examination of the d-

spacings of these extra spots revealed that they were the same as those of the S

phase mentioned above. They were a little diffuse and weaker than the {200}-

type reflections of hillebrandite at 500'C, but intensified more and more as the

temperature increased (Fig. 6e and 6g). At 8001C the {200}-type reflections of

hillebrandite completely disappeared and only the extra spots were present (Fig.

6i). No change in the SADP was observed at 900'C (Fig. 6k). Another change in

the SADP at 500'C (Fig. 6c) was the appearance of diffuse rings. These rings

were more diffused and weakened as the heating temperature increased, but still

remained at 900'C.

Characteristic microstructures of hillebrandite, such as linear defects and

strain contrast, shown in Fig. 6b, still remained at 500'C (Fig. 6d), but were not

apparent at 600'C (Fig. 6f). The overall microstructures of the samples from

600'C to 900'C were very similar. They were relatively featureless and showed

disturbed strain contrast (Figs. 6h, 6j, and 61). However, there was one major

change in morphology at 700'C: a lateral shrinkage of the fiber of about 8%

occurred. This shrinkage was commonly observed from several fibers, even

though the amount of lateral shrinkage was variable, ranging from 6% to 23%. It

was interesting to observe precipitation and growth of the cube-like crystallites

outside the fiber during the heating experiment. The crystallites appeared at the

same time when the reflections of the S phase appeared. They grew as the

intensity of the S reflections increased (Figs. 6c to 6k). It was uncertain as to

6
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whether these crystallites were products of decomposition or some kinds of

contaminants.

In order to observe direct decomposition to P-Ca2SiO4, one fiber which

was a mixture of hillebrandite and the L phase was deliberately chosen from the

600'C furnace-heated powders. In situ heating of this fiber, however, resulted in

almost the same trend of variation as those of the hillebrandite fiber described

above. The spots of the L phase were weak at 500TC and completely disappeared

at 600'C. Instead, the spots of the S phase appeared at 600°C and intensified as the

temperature increased. At 800'C the hillebrandite spots completely disappeared

and only the spots of the S phase remained. Variation of microstructures

including the cube-like precipitates outside the fiber, were similar to those of the

S phase described above.

Throughout this in situ TEM study, our attempts to convert the

hillebrandite fibers to the P3-Ca2SiO4 fibers were mostly not successful, except

only in a few cases. As a example of the successful cases, Fig. 7 displays the

images and SADP's of a fiber which was unheated (7a and 7b), and heated to

700'C in the TEM (7c and 7d). Unfortunately the unheated fiber was not exactly

in the zone axis but considerably off from the [001] zone axis. Compared to that,

the heated one was exactly in the [101] zone axis of fP-Ca2SiO4. Additional

reflections shown in SADP's indicated that this fiber was not a single grain. From

the corresponding images, a slight movement (rotation) and lateral shrinkage

were detectable. Other fibers which were completely converted to P-Ca2SiO4 by

heating at 7000 C had drifted and were bent so severely that an unambiguous

determination of orientation relationship was not possible.

0 7



IV. DISCUSSION

IV.1. Structural Relationship

In order to study the decomposition mechanism in terms of the structural

change from hillebrandite to larnite (P-Ca2SiO4), it is necessary to have reliable

information about the crystal structures of both materials. Unfortunately, there

has been no report on the structural refinements of hillebrandite, whereas the

structure of P-Ca2SiO4 has been well studied( 7 ,8). It is possible, however, to

deduce the hillebrandite structure qualitatively, based on powder XRD, electron

diffraction and microstructural data for hillebrandite. Our previous TEM

study( 2) strongly indicated a similarity of the structure and microstructures

between hillebrandite and wollastonite, especially monoclinic parawollastonite. In

terms of chemistry, hillebrandite (Ca2SiO4 -H2 0) is an exact compound of

wollastonite (CaSiO3) and portlandite (Ca(OH)2).

Lattice Geometry

Table 1 lists the crystallographic data of parawollastonite( 9),

portlandite(lO), hillebrandite(I 1) and lamite(8) from the literature. Comparison of

the lattice geometries among them gives rise to the following results:

(1) The hillebrandite structure could be a composition of

parawollastonite and portlandite adjoining on the { 001 } planes. The

length of the a and b axes of hillebrandite and parawollastonite are

very to close each other. The length of the c axis of hillebrandite,

11.788 A, is close to the sum of the c axes of parawollastonite and

portlandite: 7.066 A + 4.906 A = 11.972 A. Similar relationship can

be applied to their unit volumes (Vz=i): 118.4 A3 versus 66.29 A3 +

8



54.82 A3 = 12 1.1 1 A3. The symmetry of parawollastonite and

hillebrandite is the same (#14, P21/a).

(2) Larnite also has the same space group symmetry (#14), but the

lattice was described in a different crystallographic orientation

* (P21/n) (Fig. 8), where the b axis is common; the a axis is parallel to

the c axis of P21/a ; and the c axis is parallel to the [101] direction of

P2i/a.( 12 )

0 Atomic Structures

To compare the atomic structures, Fig. 9 displays the [001] and [010]

projections of parawollastonite and the [010] projections of portlandite and
0 larnite, based on their structural refinement data.( 8-11) For clarity, the Si-O

bonds (i.e., SiO4 tetrahedra) and O-H bonds are marked. The relative ionic size

of each element is not strictly applied and the Ca 2+ size is exaggerated for
emphasis and the 02- size was minimized. The solid lines indicate the projected

unit cell of each structure.

In the [001] projection of parawollastonite, the single-chains of SiO4
tetrahedra ("dreierketten") running parallel to the b axis are directly noticeable.

If the hillebrandite structure is a simple composition of parawollastonite and

portlandite on {001 } planes, the prominent {001 } cleavage of hillebrandite
probably results from the inherent cleavage plane of portlandite, dividing the OH

layers (designated in Fig. 9c).

On the other hand, direct comparison of the [010] projections between

parawollastonite and larnite provides several important pieces of information

related to the decomposition of hillebrandite to larnite:

* (1) In parawollastonite, all Ca atoms form the Ca layers, but in

larnite only half of the Ca atoms form the Ca layers. The other half

9
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of the Ca atoms in larnite are located directly above and below the

SiO4 tetrahedra.

(2) Assuming that the Ca layers in both structures are parallel to

each other, their lattice correspondence is estimated from the

projected unit cells of parawollastonite (CaSiO3 or abbreviated to

CS) and larnite (P-Ca2SiO4 or abbreviated to P-C2S) such that:

bCS//.bkfC2S, _acs//= [10 2]-0C2s, and H s/= [4 01].c2s

(3) The Ca atoms not forming the layers in larnite are so close to the

SiO4 tetrahedra( 5) that they should have strong bonding with the

oxygen atoms of SiO 4.

If the hillebrandite structure is a composition of parawollastonite and portlandite,

then the lattice correspondence deduced above between parawollastonite and

larnite should also be true for hillebrandite and larnite.

However, a more quantitative determination of the hillebrandite structure

in three dimensions, including the exact positions of atoms on the contact plane of

parawollastonite and portlandite, is quite difficult without more direct 0

experimental data. It is even not certain whether hillebrandite really has its own

structure or not. Instead of the fixed structure suggested above, hillebrandite may

be composed of several layers of wollastonite and several layers of portlandite in 0

a stoichimetric manner such that the total number of both layers is the same.

IV.2. Decomposition Mechanism 9

Decomposition of Portlandite

Considering the proposed structure of hillebrandite, its decomposition

process is expected to be closely related to the decomposition of portlandite

10



(Ca(OH)2). Quite extensive studies have been done on the decomposition of

0 portlandite( 13-18) and its isostructural material, particularly brucite(Mg(OH)2)( 19-

22). In general, three decomposition steps have been proposed( 16): (i) formation

of H20 molecules from OH- ions; (ii) elimination of the H20 molecules from the

9 structure of the hydroxide; and (iii) transformation of the hydroxide structure

into the oxide structure. The decomposition temperature of portlandite is

reported to be about 450'C in air and about 230 0 C in a vacuum of 10-6 mm

* Hg.(14 ) Before any loss of water, a contraction of the layers was observed and the

resulting distortion and disorientation of the layers to accommodate the newly

created defects was reported.(16, 17)

The decomposition of portlandite by electron beam heating showed two

stages of change in terms of SADP's(13): (i) at the initial stage the spots of

Ca(OH)2 split into two sets; (ii) on further heating one set of spots belonging to

Ca(OH)2 disappeared and the other set belonging to CaO remained. The

decomposed CaO showed a topotactic relationship with the undecomposed

Ca(OH)2. Formation of a porous microstructure was noticed in the decomposed

CaO( 15,18), but studied in more detail for the decomposed MgO using

TEM(19,21, 22 ).

Basically two different mechanisms responsible for the porous

* microstructure in MgO have been proposed. The first mechanism, so-called the

homogeneous mechanism, involves two stages of microstructural generation(1 9):

(i) a small shrinkage of the basal plane due to the homogeneous formation of H20

molecules from OH- ions, which causes a maze of cracks in the crystal; and (ii) a

collapse of the basal plane that results in the formation of porous,

microcrystalline MgO. The second mechanism is related to a nucleation and

growth process to form the microstructure of MgO.( 2 1,22) MgO nuclei formed

coherently with the Mg(OH)2 matrix introduce large strains and cause extensive

11



fissuring of the matrix before all water was expelled. This second mechanism

well explains the small crystallite size of MgO as well as the observed shift of

MgO spots in SADP's, which indicates a gradual decrease of the Mg-Mg distance

during the decomposition process.

Decomposition of Hillebrandite S

Although the decomposition mechanism of hillebrandite is expected to

resemble the portlandite decomposition, there must be some differences, since

hillebrandite fibers inherently have a different structure and microstructure from

those of portlandite. The characteristic SiO4 chains and numerous linear defects

parallel to the fiber axis may constrain the real decomposition behavior of

hillebrandite fibers. The wide range of decomposition temperature, which was 0

previously reported as 5000 - 660'C(1), but which appeared to be much wider in

this study, may reflect the inhomogeneous nature of the decomposition process.

While the decomposition of portlandite produces microcrystalline CaO as a 0

final step, the decomposition of hillebrandite requires one more important step.

In hillebrandite, the decomposed CaO from portlandite is expected to directly

participate in the process of SiO4 chain breaking to form larnite. In this case the 0

bridging oxygens of Si04 should first be released and form independent Si04

tetrahedra with the supply of oxygens from the decomposed portlandite layers.

As seen in the [010] projection of the larnite structure (Fig. 9d), the strong 0

bonding between Ca and 0 in larnite seems to reflect this decomposed CaO that

participates in the SiO4 chain breaking process. Due to the Si-O bond breaking,

the hillebrandite decomposition needs to overcome a high energy barrier. In 0

addition, the stoichmetric requirement, Ca:Si = 2:1, seems to also limit the range

and completion of the decomposition process for individual fibers. The presence

12
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of undecomposed hillebrandite, the L phase, the S phase and larnite in the

furnace-heated powders illustrates the complexity of the real process.

The L Phase

The [001] SADP and the image shown in Fig. 2 suggest that the structure of

the L phase should be very similar to the hillebrandite structure having the same

fiber b axis. Surveying candidates from different calcium silicate hydrates results

in one possible phase whose structure is still unknown but the chemistry is known

as Ca2SiO4 - 2-4 H20. The positions and intensities of the major XRD peaks

(JCPDS #11-211) generally resemble those of hillebrandite(1 1) and the largest d-

spacing listed is 9.8 A which is close to the observed value, 9.89 A.

This phase may be accidentally formed during the synthetic process, or

formed by further hydration of hillebrandite in air later. The occurrence of this

phase in the unheated sample and the disappearance of this phase at 600'C by in

situ TEM heating support this idea. However, precipitation of the H20-rich L

phase along the linear defects of hillebrandite on heating is also possible,

considering the presence of this phase in specimens taken from the 500'C- and

600°C-heated powders and the availability of water molecules from the

decomposed portlandite at this temperature.

The S Phase

The [001] SADP and the image shown in Fig. 3 suggest that the structure of

the S phase is also similar to the hillebrandite structure. Since this phase has been

observed in specimens taken from powders furnace-heated at 700°C, the S phase

should be a dehydrated phase or at least a H20-poor calcium silicate phase. The

distinct lateral shrinkage of the fiber at 700'C observed from the in situ TEM

study suggests that the dehydration is accompanied possibly by a distortion or

rearrangement of the previous lattice. The gradual development of the S phase at
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the expense of hillebrandite strongly indicates a nucleation and growth process,

probably along the linear defects in hillebrandite (refer to Fig. 3d). Among the

H20-poor calcium silicate hydrates, however, no compound shows a close match

to this S phase. The dellaite, 6CaOo3SiO4.H20, which is known to be a stable

phase above 800'C at moderate water pressure(23), would be a good candidate.

But the reported d-spacing of dellaite does not match well with the experimental

data of the S phase.

Suprisingly enough, parawollastonite matches as one possible phase for the

S phase, because its [001] SADP is similar to that of hillebrandite and the d-

spacing of the (200) plane is about 7.7 A, which is close to the observed value of

7.64 A. Two supporting pieces of evidence for this identification are: (i) no

further changes in SADP and morphology occurs even at 900'C-heating, which

indicates that the S phase is stable above 800'C; (ii) the simultaneous appearance

of the cube-shaped crystallites and the S phase, and their simultaneous growth 0

with increasing temperature (Fig. 6). If these crystallites are CaO formed from

the decomposition of the portlandite layer in hillebrandite, the appearance and

growth of both wollastonite and CaO should be simultaneous. However, since the

chemistry of the S phase and the crystallite phase have not been examined, this

identification is still tentative.

Larnite from the Synthetic Hillebrandite 0

The previous XRD study( 14 ) clearly indicates that the decomposition

temperature of portlandite in a vacuum is much lower than in air. The same trend

is expected for the decomposition of hillebrandite. Our experimental results, 0

however, are contrary to this expectation, even though the in situ TEM results

are difficult to generalize. There are two possible explanations for this

discrepancy. First, the decomposition route in air and in a vacuum may be 0

14
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different. In air, the decomposed CaO from portlandite directly participates in

the formation of larnite. On the other hand, in the TEM this decomposed CaO is

removed and reprecipitated, so that hillebrandite converts directly to

parawollastonite. Second, there may be a microstructural change upon the

decomposition of the portlandite layer, which inhibits the decomposition of

hillebrandite to larnite. Considering the porous microstructures of the

decomposed CaO and MgO, a plausible microstructure is strain-related

microcracking of the hillebrandite matrix, although no direct evidence is

available. It is frequently reported that a smaller grain size tends to prevýent the

expected phase transformations in material.(4 ,24 ) In this case the S phase should

be a H20-poor dicalcium silicate phase with microcracks. Further investigation is

needed to test these possibilities.

The morphology and microstructures of larnite should reflect its

decomposition process. The fibrous forms in larnite suggest that the overall

structural integrity of hillebrandite was not severely modified by decomposition,

even though the silica chains were broken. As expected from the [010] projections

of parawollastonite and larnite shown in Fig. 9, however, the decomposition of

hillebrandite to larnite is probably not exactly topotactic. The theoretically

expected lattice correspondence, shown in the [010] stereoprojection of Fig. 10,

predicts the c axis of hillebrandite to be approximately parallel to the [401]

direction of larnite. This requires about 130 clockwise rotation of the

hillebrandite structure along the b axis. Although the experimentally observed

orientations of larnite (refer to the Results section) are scattered, they have some-

tendency to lie on the plane perpendicular to the [401] orientation. The

scatterring of data is probably due to the drifting and bending of hillebrandite

fibers during the heating.
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Numerous internal defects in larnite may also originate from this structural

change, especially from the breaking process of silica chains in hillebrandite.

Alternatively, these defects may be a remnant of microstructures produced

during the decomposition process of portlandite mentioned above.

These microstructures of the fibrous larnite (P-Ca2SiO4) are obviously

different from the microstructures of the equiaxial 13-Ca2SiO4 formed by

conventional or chemical methods.( 4 ,5) The lack of transformation-related

microstructures such as twinning indicates the low temperature synthesis of

larnite without any polymorphic transformations. The presence of domain

microstructures within the larnite fiber, shown in Fig. 3D, may reflect the

inherent, ferroelastic nature of P-Ca2SiO4, which was studied in more detail in J3-

Ca2SiO4 formed by conventional or chemical methods.(5)

V. CONCLUSION 0

The decomposition mechanism of hillebrandite (Ca2SiO4*H20) was studied

mainly by conventional and in situ hot-stage TEM methods. Furnace-heating of

hillebrandite fibers at 700'C in air mostly resulted in larnite (I3-Ca2SiO4) fibers

which showed occasional bending and kinking as well as internal defects such as

dislocations and domains. In contrast to the hillebrandite fibers which lay mostly

on the {001 } cleavage planes, the preferred orientations in the larnite fibers were

not distinct.

The in situ TEM heating study to observe the direct convertion from 0
hillebrandite to larnite was mostly unsuccessful. Instead of larnite, in situ heating

sometimes produced another phase whose structure is similar to the hillebrandite

structure but has a smaller d-spacing for the (200) plane, = 7.64 A, than that of
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hillebrandite, --- 8.30 A. This phase was stable even at 900°C heating. Tentative

identification of this phase is parawollastonite.

Based on the theoretical consideration and the experimental results, the

hillebrandite structure is suggested to be a composition of parawollastonite

(CaSiO3) and portlandite (Ca(OH)2) adjoining on the {001 } planes. Therefore,

the hillebrandite decomposition is also suggested to be closely related to the

portlandite decomposition. In hillebrandite, the decomposed CaP from the

portlandite layer is expected to directly participate in the process of SiP4 chain

breaking to form lamite. A possible lattice correspondence between hillebrandite

(C2SH) and lamite ([•-C2S) is proposed to be:

hC2SH//.b-•-C2S, _aC2SH//= [I02]•C2S, and CC2SH//= [401]•C2S.

The decomposition route of hillebrandite in air and in a vacuum may be

different. In air, the decomposed CaO from the portlandite layer directly

participates in the formation of larnite. In the TEM this decomposed CaP is

removed and reprecipitated, so that hillebrandite converts directly to

parawollastonite.

The microstructures of the fibrous larnite formed by decomposition of

hillebrandite are obviously different from the microstructures of the equiaxial

larnite formed by conventional or chemical methods. The lack of transformation-

related microstructures such as twinning indicates the low temperature synthesis of

larnite without any polymorphic transformations.

I

ACKNOWLEDGEMENTS

This research was supported by the US Air Force Office of Scientific

research under grant number AFOSR-URI-90-0174. We are grateful to Drs. T.

Mitsuda and H. Ishida who provided us their synthetic hillebrandite powders. A

17



part of our in situ TEM heating experiments were done by generous support

from the electron microscopy facility in the Argonne National Laboratory,

Chicago, Illinois. The use of TEM facilities at the Center for Microanalysis of

Materials in the Materials Research Laboratory at the University of Illinois at

Urbana-Champaign is also gratefully acknowledged.

REFERENCES

1. H. Ishida, K. Mabuchi, K. Sasaki, and T. Mitsuda, J. Am. Ceram. Soc., 75,
2427 (1992).

2. Y. J. Kim and W. M. Kriven, J. Mater. Res., 8, [8] 2948 (1993).

3. N. A. Torpov, Kh. S. Nikogosyan, and A. I. Boikova, Zh. Neorg. Khim., 0
4, 1159 (1959).

4. C. J. Chan, W. M. Kriven and J. F. Young, J. Am. Ceram. Soc., 75, 1621
(1992).

5. Y. J. Kim, I. Nettleship, and W. M. Kriven, J. Am. Ceram. Soc., 75, 2407
(1992).

6. H.-R. Wenk, W. F. Miiller, N. A. Liddell, and P. P. Phakey (eds.),
Electron Microscopy in Mineralogy (Springer, Berlin, Heidelberg, New 0
York, 1976), p. 324.

7. C. M. Midgley, Acta Cryst., 5, 307 (1952).

8. K. H. Jost, B. Ziemer and R. Seydel, Acta Cryst., B33, 1696 (1977). 0

9. F. J. Trojer, Zeit. fuir Krist., 127, 291 (1968).

10. W. R. Busing and H. A. Levy, J. Chem. Phys., 26, 563 (1957).

11. L. Heller, Mineral. Mag., 30, 150 (1953).

12. N. F. M. Henry and K. Lonsdale (eds.), International Tables for X-ray
Crystallography V. 1 (The International Union of Crystallography, 1952).

13. S. Chatterji and J. W. Jeffery, Min. Mag., 35, 867 (1966). 0

18



14. N. H. Brett, Min. Mag., 37, 244 (1969).

15. D. Beruto, L. Barco, A. W. Searcy, and G. Spinolo (1980), J. Am. Ceram.
Soc., 63, 439 (1980).

16. 0. Chaix-Pluchery, J. Bouillot, D. Ciosmak, J. C. Niepce, and F. Freund, J.
Solid State Chem, 50, 247 (1983).

17. 0. Chaix-Pluchery, J. Pannetier, J. Bouillot, and J. C. Niepce, J. Solid State
Chem, 67, 225 (1987).

18. D. Beruto, M. G. Kim, and A. W. Searcy, High Temperatures-High
Pressures, 20, 25 (1988).

19. J. F. Goodman, Pro. Roy. Soc., A247, 346 (1958).

20. M. C. Ball and H. F. W. Tayler, Min. Mag., 32, 754 (1961).

21. R. S. Gordon and W. D. Kingery, J. Am. Ceram. Soc., 49, 654 (1966).

22. M. G. Kim, U. Dahmen, and A. W. Searcy, J. Am. Ceram. Soc., 70, 146
(1987).

23. D. M. Roy, Am. Min., 43, 1009 (1958).

24. W. M! Kriven, J. Am. Ceram. Soc., 71, 1021 (1988).

19



Table 1. Crystallographic data for major materials investigated in this study.

Mineral Para-Mnerae woaas Portlandite Hillebrandite LarniteName wollastonite
ChemicalFormula CaSiO3 Ca(OH)2 Ca2SiO4-H20 Ca2SiO4

Space P21/a Pim I P21/a P21/n
Group _______

#Formular
Unit (Z) 12 12 4

a = 15.426 A a = 3.592 A a= 16.588 A a = 5.502 A
Lattice b = 7.320 A c = 4.906 A b = 7.267 A b = 6.745 A

Parameters c = 7.066 A V =54.82 A3 c = 11.788 A c = 9.297 A

0 = 94.400 P = 90.230 P = 94.590
V = 795.53 A3 V = 1420.97 A3 V = 343.91 A
Vz=i = 66.29 A3 Vz=i = 118.4 A3 Vzrl = 85.98 A3

Reference 9 10 11 12

0

0

0

0



Figure Captions

FIG. 1. (a) Morphology and (b) the [001] SADP of an undecomposed
hillebrandite fiber taken from the 700'C furnace-heated sample.

FIG. 2. A new phase occurring with hillebrandite from the 6001C furnace-heated
powders: (a) The [001] SADP and (b) the corresponding image of a fiber. Along
the a* direction, one of the extra spots near the (2 0 0 )hillebrandite is arrowed in (a).
A weak reflection at the (020) position of hillebrandite is also arrowed in (a).

FIG. 3. A new phase occurring with hillebrandite from the 700'C furnace-heated
powders: (a) the [001] SADP and (b) the corresponding image of a fiber Along
the a* direction, one of the extra spots near the (2 0 0 )hillebrandite is arrowed in (a).
A band of a new phase within the undecomposed hillebrandite is also arrowed in
(b).

FIG. 4. Microstructures of 1P-Ca2SiO4 fibers: (a) bending and (b) kinking or
knotting of fibers as well as (c) dislocations and (d) domains within a fiber.

FIG. 5. SADP's of jP-Ca2SiO4 fibers in two orientations, (a) [100] and (b) [101],
which are frequently observed.

FIG. 6. The [001] SADP's and the corresponding images from the in situ TEM
heating study of a hillebrandite fiber heated up to 900*C ((a) to (1)). A newly
appeared spot near the (2 0 0 )hillebrandite in the SADP's and a cube-like precipitate
in the images are arrowed.

FIG. 7. The images and SADP's of a fiber which is unheated, (a) and (b), and
700'C-heated inside the TEM, (c) and (d).

FIG. 8. Two different lattice choices for space group symmetry (#14): (a) P21/a
(b) P21/n. Note the interchange of the a and c axes.



FIG. 9. (a) The [001] and (b) [010] projections of parawollastonite; (c) the [010]
projections of portlandite; and (d) the [010] projections of larnite. The Si-O
bonds and O-H bonds are marked. The Ca 2+ size is exaggerated for emphasis and
the 02- size was minimized. The solid lines indicate the projected unit cell of each
structure.

FIG. 10. The [010] stereoprojection showing the theoretically expected lattice •
correspondence between hillebrandite (open square) and larnite (solid square).
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FIG. 1. (a) Morphology and (b) the [001] SADP of an undecomposed hillebrandite

fiber taken from the 700'C furnace-heated sample.
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FIG. 2. A new phase occurring with hillebrandite from the 6001C furnace-heated

powders: (a) The [001] SADP and (b) the corresponding image of a fiber. Along

the a* direction, one of the extra spots near the (200)hillebrandite is arrowed in

(a). A weak reflection at the (020) position of hillebrandite is also arrowed in (a).
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FIG. 6. The [0011 SADP's and the corresponding images from the in situ TEM
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appeared spot near the (200)hillebrandite in the SADP's and a cube-like

precipitate in the images are arrowed.
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FIG. 7. The images and SADP's of a fiber which is unheated, (a) and (b), and

700°C-heated inside the TEM, (c) and (d).
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ABSTRACT

The forward (alpha to beta) and reverse transformation characteristics of NiS have been studied using the hot-stage x-ray
diffraction, hot stage optical microscopy, dilatometry, and electrical resistivity measurements. The hot-stage x-ray
diffraction patterns confirmed the structural change-from beta to alpha during the heating cycle and alpha to beta during
the cooling cycle. The structural change of NiS was observed as surface relief through hot stage optical microscopy.
Both the dilatometry and resistivity measurements revealed a large hysteresis, spanning a temperature range of
approximately 200° C. The shape of the hysteresis resembled those found in martensitic materials and shape memory
alloys. Also, from the dilatometry measurements, the volume change associated with the transformation was calculated
to be approximately 4.7%. All experimental results appear to fit the characteristics of a martensitic transformation.

1. INTRODUCTION

In the Ni-S binary system, many compounds exist at various compositions. At 35.33 weight percent sulfur, the
compound NiS is the stable phase, where the atomic ratio for nickel to sulfur is 1:1. The low temperature phase is the
beta phase, commonly called millerite. This phase has a rhombohedral crystal structure, with three nickel and three
sulfur atoms per unit cell. The structure of millerite was first recognized by Alsen (1] and Kolkmeijer & Moesveld (2).
The high temperature phase is the alpha phase, and it has a hexagonal crystal structure with two nickel atoms per unit
cell. Millerite has an unusual five-fold coordination of the Ni atoms by S atoms, whereas alpha NiS has a six-bld
coordination of the Ni atoms by S atoms. The five-fold coordination requires less bonding energy to form than the six-
fold coordination, which is the reason why millerite is the stable phase in nature (3].

It was reported that "artficially made" stolchiometric NiS transforms from beta to alpha at approximately 396 C 60rin
heating [4]. The forward transformation occurs during cooling at approximately 350" C [4). This transition is first orde,
exhibiting considerable hysteresis which spans a temperature range of approximately 50 degrees. The volume chae
accompanying the transformation i1 approximately 4% (5]. There is a volume Increase during the forward Inversion w4 a
volume decrease during the reverse. Due to the large volume discrepancy, micro.cracks am Introduced durn *
transformations. These may be undesirable for potential practical applications. Besides the volume chnMe, tho we do
changes In electrical at id magnetic properties during the transformation (6].

Recently, NIS ceramics became of Interest to many people because of Its reversible transfbimatdo at a veatv* l*
temperature span. It was suggested that this material can be used as a transformation toughener In composites bse am
Its tampe-'iture conversion from beta to alpha NIS at 3791 C [7), It Is believed that NIS has many of the charamtrWics
of zirconia, commonly used as a transformation toughener for composite material& By now, the mochahm of
transformutlon loughening with zirconia Is somewhat well undewtood, The constaed dimoa partickles In a cm
undergo a martensitic transformation due to stress fields close to the crak tips, As the alionla parti c*3 tAs
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energy, energy-deficient crack tips no longer propagate through the matrix. If NiS can perform the same functions as
zirconia. it will have many applications, which is the main reason for studying this compound.

In order to determine whether NiS is a potential candidate for a transformation toughener, basic mechanisms of the
transformation must be understood. The first condition NiS must meet is that it has to undergo a martensitic
transformation. Secondly, this martensitic transformation must be able to be produced from induced stress. Up to date,
no one has studied and identified the NiS transformation mechanism. Therefore, in order to elucidate this, the following
experiments were performed: (a) hot stage x-ray diffraction, (b) optical hot stage microscopy, (c) electrical resistivity
measurements and (d) dilatomety measurements.

2. EXPERIMENTAL PROCEDURE

Equal atomic ratios of Ni and S powders were sintered in evacuated quartz tubes. For most runs, 3 mm (I. D.) by 1.5
mm (wall thickness) quartz tubes were used. The wall thickness was crucial because high vapor pressures of sulfur
during sintering can explode the tube. Furthermore, the atmosphere in the tube was minimized in order to control the
loss of sulfur through vaporization. In general, the charge was sintered at 7000 C for 48 hrs, 10000 C for 2 hrs, and 9000
C for 96 hrs, successively. Slow furnace cooling was utilized to obtain beta NiS. For alpha NiS, the temperature was
first reduced to 7000 C and left at that temperature for 24 hours, followed by a quench in cold water. After each sample
was sintered, a powder x-ray diffraction test was performed to determine the nature of the specimen. In most cases, only a
single phase was presenL

A Philips x-ray diffractometer unit with a copper target was used at 40 kV and 10 mA for powder NiS x-ray diffraction.
Specimens were scanned at a rate of 5 degJmin in the 20 range of 15 to 65 degrees. For hot stage x-ray diffraction
experiments, a Rigaku unit was used in conjunction with a hot stage. A diffusion pump vacuum system was attached to
the hot stage to avoid possible oxidation during heating cycles. Parameters were similar to the ones described previously.
The temperature range of thermal cycling was from 250 C to 4000 C. The heating rate was approximately 10 degJmin.

For hot stage optical microscopy, one polished slice (approx. 3 mm X 3 mm X 0.05 mm) was put in the hot stage at a
time, which was set up with a Nikon microscope. The Nomarski interference contrast system on the Nikon microscope
was utilized in order to see the surface relief, as specimens were heated and cooled through the transformation
temperatures. The heating rate was approximately 30 deg./min, whereas the cooling rate was approximately 10 dcg./min.
For viewing the specimen in the hot stage, a magnification of 100 times was normally used. For experimental
procedures on electrical resistivity and dilatomeu3y measurements, see reference [8].

3. RESULTS & DISCUSSION

3.1 Hot Stage X-Ray Diffraction
Figure I illustrates the results from heating and cooling cycles for alpha
NiS,the high temperature phase. The alpha phase was "frozen" by A

quenching in cold water from 750° C after sintering. The thermal cycle
spanned a temperature range of 250 C to approximately 4000 C. At
room temperature, only alpha peaks were present during the 20 t C

scanning from 15 to 60 degrees. At approximately 2000 C. some beta
peaks were observed, and at the same time, alpha peaks decreased in
intensity. Since alpha NiS is unstable at this temperature, the to
presence of beta peaks is not a surprise. In nature, the five-fold "
coordination in beta NiS requires less bonding energy to form than the &
six-fold coordination in alpha NiS, which is the reason why millerite is A

the stable phase at temperatures such as 2000 C. Upon further heating,
beta peaks started to disappear while alpha peaks were increasing in
intensity. The alpha peaks at 400( C were almost identical to those at
25? C. which indicated that the retained phase at room temperature was
a single phase alpha NiS. With increasing temperatures, the free energy
barrier was overcome, enabling the change from a five-fold into a six-
fold coordination. The main driving force in this case is the thermal
energy. During the cooling cycle, both alpha and beta peaks were is r;, W.
observed. Even at room temperature, x-ray diffraction readings showed
both alpha and beta peaks. This was caused by an "improper" cooling 20, degree"
rate. When a proper cooling rate (ess than 100 C/min) was used, only
beta peaks were obtained at room temperature. Fig. 1 - Hot stage x-ray results from heating

and cooling cycles for alpha NiS.
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For NiS, the cooling rate from 400° C must be about 10" C/min or lower if the forward transformation is to occur. At
cooling rates greater than 300 C/min, alpha NiS will be retained at room temperature. This behavior is not common in
martensitic materials because they normally transform athermally. According to Cohen [9], "A martensite transformation
cannot be suppressed by quenching: the fastest cooling rates hitherto achieved (approx. 18,0000 C/sec.) have shown no
indication of being able to avoid the reaction or of appreciably lowering the temperature, Ms, at which it starts." For
instance, martensite transformations rapidly come to a halt when the rate of cooling or heating is brought to zero, and the
transformation process is resumed only if the temperature change is resumed. Surprisingly, some iron alloys, such as
Fe-C-Mn [10] and Fe-Ni-Mn-C [11] follow C-curve behavior where the martensitic reaction can actually be suppressed by
fast cooling. Moreover, a substantial amount of martensite can be formed isothermally on holding at the quenching
temperature. Like these alloys, a slow cooling rate is required for NiS in order for the forward reaction to occur.
Therefore, the possibility of classifying as a martensitic transformation for NiS is not ruled out. •

3.2 Hot Stage Optical Microscopy
The phase transformation behavior was also investigated using in-situ hot stage optical microscopy. With the aid of
Nomarski interference contrast, it is possible to see very minute roughness changes during transformations. At an
appropriate grain orientation, phase fronts were seen passing swiftly through the whole grain, or sometimes the new
ph=se nucleated and grew scatteringly in the matrix (they showed different contrast) and surface upheavals were revealed.
In Fig. 2. photomicrographs of beta NiS (specimen #33) during thermal cycling in the hot stage are illustrated. All were
taken using polarized light. Figure 2A shows three large grains of beta NiS at room temperature. Upon heating, surface 0
relief began to appear at 381° C, as shown in Fig. 2B. This one showed clear variants within a single grain. With
further heating, the microstructure began to appear dull and almost monochrome, as shown in Fig. 2C. In this figure,
micro-cracks are illustrated, which were caused by a large volume change during the reverse transformation. By
comparing with the hot stage x-ray results, it was concluded that the microstructure shown in Fig. 2C was alpha NiS.
During cooling, a change in the microstructure was noted at 311* C, where indications of beta NiS were observed.
Figure 2D illustrates a photomicrograph taken at 221° C, which resembles that in Fig. 2A. Specimen #33 was -

thermally cycled four times, and the results were very consistent; complete reversibility was always noted during thermal
cycling.

More surface reliefs are shown in Fig. 3, which were the direct result of beta to alpha transformation during heating. As
shown in Fig. 3 and Fig. 2B, clear cut variants are illustrated, indicating that well defined habit planes were present
during the transformation. However, it was not common to see this behavior in all transformations. In fact, it was only
about 20% of the time that results such as Fig. 3 and Fig. 2B were observed. During the other 80%, surface relief such
as those at the bottom of Fig. 2C were observed. This phenomenon resulted because in order to see clear-cut variants in
NiS. the grain orientation must have a special relation to the viewing direction. This can be further explained by 0
analyzing Fig. 2B. As mentioned previously, this photomicrograph contained three large grains of beta NIS prior to
thermal cycling. Although, these grains are from the same sample, the morphology of each is very differenL The grain
to the far right shows well defined variants, whereas the grain near the bottom does not show prominent surface relietf.
Without "correct" grain orientations, well defined crystallographic features are not observed in the microstructure.

3.3 Interference Microscopy
Figure 4A illustrates a large grain containing two bands of surface relief as a result of beta to alpha transformation. In
this photomicrograph, alpha NiS surface relief is shown as dark bands within a light beta NIS grain. This was taken as
soon as the first surface relief started to appear, in order to isolate the parent and product phase. Unlike the othei, the
initial transformation temperature was found to be 361* C, which is somewhat lower. The interference micrographl
corresponding to part of Fig. 4A is shown in Fig. 4B. The fringe pattern in Fig. 4B Indicates that both surface relief
have the same tilt due to same habit plane variant. The displacement between the parent and product phase is shown by
zig-zag fringes. A definite fringe shift can be seen, which appears to be characterized as an invariant-plane strain (121.
These characteristics are commonly found In typical martensites. In Fig. 4A, the scratches (shown as white lines)
running perpendicular to the beta NiS grain were not affected by surface relief, If the scratches were deflected at the
surface relief Interface, then this would indicate shearing in the perpendicular direction to the the viewing direction. It is
clear that the zig-zag fringe behavior In Fig. 4B confirms tilting. From these findings, It can be said that sheaing must
have occurred approximately in the direction parallel to the viewing direction.

3.4 Elccrical Resistivity Measurements
Figure 5 Illustrates the results from electrical resistivity measurements during the first, third, and seventh themal cychs
of beta NiS. The unit for resistance is arbitrary, After the seventh thermal cycle, the specimen fractured and no mre
data was obtained. Forward and reverse transformations were characterized by a sharp inerxe and decre. k% vw&in• d r
respectively. During the first hcating cycle, two sharp transition points were noted, There was a shap Increa i%
resistance starting at 350 C and a sharp decreae starting at about 385 C. Morover, dwring the 1irst cooin ccle,,*me
was a sharp decrease in resistance starting at 330 C,
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Fig. 4 - (A) Photomicrograph of alpha surface relief;,
(B) Interference micrograph of part in A.

Fig. 2 - Photomicrographs of beta NiS during thermal
cycling in the hot stage.

10~l .

Fig. 3 - Photomicrograph or beta NIS during thermal II tt4* 4
cycling, Illustrating alpha surface relief. ~

During heating cycle #3, there was a sharp decrease In the____________
resistance starting at 3850 C, which still remained the same.ls 6 W
However, during cooling cycle #3, theme was a sharp incroeas
In the resistance starting at 298* C. Compared to first thermal
cycle results, thermal conditioning of beta NIS increased the
gap between the upper and lower transition points,
Furthermore, thermal conditioning had an effect on the EU erIs'itest obLNS
disappearance of t 'he transition point at 3S00 C which was Pi, 5 iu- Elesectrical ism.it IM fbAM
noted during heating cycle #1, Analysis or this beta NIS lutaneefcsofom yW
transition point will be discussed In the next section on
dilatometry.
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which is an indication of diffusionless process; (iv) the transformation process is clearly first order. All these
microstructural features fall within the classification scheme for martensitic transformations. Although the general
characteristics appear to fit the requirements for a martensitic transformation in the present experiment, more detail and
quantitative results such as the crystallography of microstructures between the two phases are needed for a clear
classification in the future.

4. CONCLUSIONS

In an effort to understand the mechanism of the alpha (high temperature) to beta 0ow temperature) transformation in N&S.
the following experiments were performed: a) hot stage x-ray diffraction, b) hot stage optical microscopy, c) electrical
resistivity measurements and d) dilatometry measurements. Hot stage x-ray diffraction confirmed the structural changes
involved in forward (cooling) and reverse (heating) transformations in NiS. Thermal cycling of beta NiS showed
reversibility of the transformations. The beta to alpha structural change of NiS was observed as surface relief through hot
stage optical microscopy. The relief was the direct result of the beta to alpha transformation during heating. With the
aid of a Nomarski interference contrast system, prominent surface relief was observed which corresponds to self-
accommodating variants. Through interference microscopy, definite fringe shifts were seen, which appear to be
characterized as an invariant-plane strain. Reversibility of the forward and reverse transformations was observed using
polarized light for both alpha and beta NiS. Resistivity and dilatometry measurements produced large inverted S-shaped
hysteresis loops, spanning temperature ranges of greater than 100 degrees. The angular mismatch between the hexagonal
and rhombohedral structures evidently results in a large hysteresis loop. These inverted S-shaped hysteresis loops are
found in martensitic materials. Assuming that the forward and reverse transformations in NiS are martensitic, As. Af,
Ms, and Mf temperatures are noted. Dilatometry measurements showed that the volume change associated with the
transformation was 4.67%. All experimental results described in this paper appear to fit the characteristics of a
martensitic transformation.
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1 Concentration-dependent oxygen diffusivity in YBa 2Cu 30 6 +x
I. Argon annealing studies

John R. LaGraff I and David A. Payne
Department of Materials Science and Engineering, Materials Research Laboratory, Science and Technology Center for
Superconductivity, University of Illinois at Urbana-Champaign, Urbana, IL 6180 1. USA

Received 8 February 1993

Electrical resistance measurements were used to follow the isothermal in-diffusion characteristics in YBa2Cu 30 6+. (YBCO) as
a function of the initial oxygen content, x, at temperatures ranging from 650-708"C. Prior to the determination of oxygen in-
diffusion rates, the initial oxygen contents in both polycrystalline and single crystal specimens were controlled by out-gassing in
argon for different periods of time. An increasing dependence of the chemical diffusivity with decreasing initial oxygen content
was observed which was typical of a vacancy diffusion mechanism. However, the magnitude of the dependence (and comparison
with tracer diffusion studies) suggested that other factors (e.g., correlation effects or the thermodynamic factor) were responsible
for the concentration dependence. The results are important for the development of atomic diffusion models for the oxygen
mobility in YBCO.

1. Introduction We discuss the implications these results have on the
development of a diffusion model.

Conflicting oxygen diffusion concentration depen-
The overall oxygen content and ordered configu- dences have been reported primarily for polycrys-

rations in YBCO are known to strongly influence both talline specimens by tracer diffusion [ 3,4,7 ], inter-
the superconducting and normal-state properties nal friction [8], electrical resistance [9], and
[ 1,2 ]. Consequently, measurements of the chemical thermogravimetric measurements [ 10 ]. Rothman et
diffusivity 15 of oxygen in YBCO are important for al. 14] reported no oxygen partial pressure depen-
the predetermination of the proper temperatures and dence of the tracer diffusivity, D*, at 400°C and
times required for the processing of YBCO with fixed 600'C suggesting that D* was not a function of the
oxygen contents for'specific property requirements. vacancy concentration at least within an experimen-
In addition, knowledge of the chemical diffusivity of tal uncertainty of a factor of two. Other tracer dif-
oxygen, in conjunction with tracer diffusion D* mea- fusion measurements [ 7 ], however, reported an in-
surements [3,4 ], will assist in establishing the fun- creasing diffusivity with increasing oxygen coptent.
damental diffusion mechanisms active in YBCO over Thermogravimetric analysis suggested a sirrlac de-
different temperature ranges and oxygen non-sto- pendence in /) which was attributed to a composi-
ichiometries. In this (Part I) and subsequent papers tional dependence of the enthalpy of motion term in
[ 5,6 ], electrical resistance measurements are re- the self-diffusivity [ 10]. On the other hand, an elec-
ported as a function of oxygen content in order to trical resistance study [9] reported activation ener-
examine the diffusion kinetics as a function of con- gies for oxygen in-diffusion, ranging from 0.5-1.3 eV
centration in single crystal and polycrystalline YBCO. as the oxygen content x varied from 0.62-1.0, which

suggested that the diffusivity would decrease with in-

* Present address: Department of Chemistry and Materials Re- creasing oxygen content. No dependence was re-

search Laboratory, University of Illinois at Urbana-Cham- ported for oxygen out-diffusion on the concentration
paign. Urbana, IL 61801, USA. [ 9 ]. Internal friction measurements [ 8 ] also deter-

0921-4534/93/S06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved.
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mined an activation energy for oxygen migration ble I. Superconducting transition temperatures were
which decreased as the oxygen content decreased be- determined from SQUID susceptibility measure-
low x=0.75. Models predicted a concentration-de- ments in a field of 10 G (table I ). Impurity analyses
pendent diffusivity which should increase with de- were determined by an inductively coupled plasma
creasing oxygen content for all x [ 11,12]. emission technique.

It is evident that a clear consensus regarding the Four gold wire leads (0.002 inch, Be-modified)
influence of oxygen concentration on the chemical were attached by silver paste to the corners of the
diffusivity has not yet emerged; consequently, the rectangular crystals or along the length of rectangular
underlying diffusion mechanisms are still unknown. polycrystalline bars (fig. I ). The specimens were
In this and subsequent papers [ 5,6 ], resistance mea- subsequently mounted inside the hot-stage of an op-
surements during oxygen in-diffusion are reported tical microscope. The annealed electrodes had con-
which indicate an increasing chemical diffusivity with tact resistances of less than - I fil and were period-
decreasing oxygen content in both the orthorhombic ically tested for space charge build-up and overall
and tetragonal phase regions of YBCO. In this paper integrity in both positive and negative DC poten-
(Part I), the initial overall oxygen contents in the tials. The electrical resistance was monitored by a
specimens were established by out-gassing in argon comRuter-controlled Stanford SR530 lock-in ampli-
for different periods of time. In Part I [5], con- fier with a measuring AC current of 1.86 mA at 564
trolled oxygen partial pressures were used to uniquely Hz. the ambient gases (argon or oxygen) were
set the initial and final oxygen concentrations in scrubbed for water vapor and carbon dioxide by
YBCO specimens during in-diffusion and out-dif- passing through a column containing CaO and
fusion. The use of different oxygen partial pressures CaSO4. The resistance was recorded every 30-60 s
also allowed for the estimation of equilibrium defect during out-diffusion and between 8 and 15 s during
chemistry. In Part III [6], the concentration-depen- in-diffusion. A typical resistance experiment con-
dent diffusion results will be discussed in relation to tained at least a thousand data points which were
other reported diffusion measurements and models subsequently used for data analysis. The small chain-
in order to develop an oxygen diffusion mecha- ber volume ( - 50 cm 3 ) of the hot-stage assembly en-
nism(s) for YBCO. sured rapid purging of the gas and re-establishment

of equilibrium for the new has mixture.
The initial oxygen content x of the YBCO speci-

2. Experimental mens was established by out-gassing in argon for dif-
ferent times. The YBCO specimen was first equili-

Electrical resistance measurements have been used brated in 100% oxygen at the desired temperature
by others to make diffusion measurements in NiO until the resistance remained constant for at least 24
and CoO [13,14] since they provid a sensitive probe h. Upon introduction of argon, the resistance in-
to small changes in the concentration of the diffusing creased linearly (e.g., fig. 2) until, after long times,
species. Electrical measurements are also ideal for the resistance saturated as x approached zero. By
monitoring the oxygen content in YBCO [9,15,16 ] measuring the resistance of a YBCO specimen as a
especially in small single crystals [17-20] where a function of oxygen partial pressure at a fixed tem-
low mass precludes the use of other techniques (e.g., perature [ 5 ], it was possible to construct calibration
thermogravimetric analysis). In addition, repeated curves (fig. 3) relating the oxygen content, x, to the
measurements are possible on a single specimen overall sample resistance, R, from the following
which removes some of the sample-to-sample vari- expression:
ation that can occur in tracer diffusion studies. Mea- R=Roexp[a(6+x)] . (I)
surements were made in both orthorhombic (650'C)
and tetragonal (708'C) phase regions for the single For crystal C I at 708 -C the maximum (3.4 Qi) and
crystals and at 708'C in polycrystalline specimens. minimum (0.132 0) resistances corresponded to 6.0
Sample preparation was described previously [18) and 6.6 oxygens per unit cell, respectively [21],
and specimen characteristics are summarized in ta- where Ro=4.456x 1014 Q and a= - 5.42 (fig. 3).
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Table I
Sample characteristics

Selected T. Specimen Electrical Impurity
specimen size (mm 3') resistivities " content b)

Crystal C 1 90 K 1X I X0.05 100 pf cm (25°C) Fe: 0.0012(1)
1-10milcm (600-780°C) Al: 0.0049(3)

Zr. 0.0001 ( 1)
Crystal C2 d 90K 2x 1.5x0.5 100 LiQcm (25°C) Fe: 0.0036(2)

1-l10 mlcm (600-780'C) AL: 0.0010(2)
Zr: 0.020(1)

Polycrystal S2 92 K 4.65x 1.50x0.95 3-30 milcm (350-780°C) Fe: 0.0018(1)
Al: 0.0000(3)
Zr: 0.0033(4)

") Ref. [201.

b) Impurity analysis determined by an inductively coupled plasma (ICP) method. Values are in atomic fractions per formula unit of

YBCO.
0 Grown in an alumina crucible.
d) Grown in an yttria-stabilized zirconia (YSZ) crucible.

S(b) 2.0 Out-diffusion
2.0 7080*C

* 4)
S1.5

Fig. 1. Electrical four-point probe configurations for, (a) single 1.0 .

crystal (c-axis indicated) and (b) polycrystalline YBCO. The -4
current and voltage leads are labeled I and V, respectively. a)

I 0.5

During the argon anneal, the resistance increased
with increasing time, with a corresponding decrease 0.0
in the overall oxygen content (fig. 2). Halting the Argon in

argon anneal after different periods of time (5 min I I I I

to 20 h) established the initial value ot the resistance 0 50 100 150 200

and hence the initial overall oxygen content for crys- Time (min)
tal CI prior to in-diffusion (eq. ( 1 )). The reprod-
ucibility was excellent as indicated by the identical Fig. 2. The electrical resistance as a function of time during oxy-
slopes of the resistance change with time (dR/dt) gen out-diffusion in an argon ambient for single crystal Cl at
sl ges h o708°C. The crystal was initially in equilibrium with 100% oxy-

during each out-diffusion run (i.e., the slope in gen. As the resistance increased, the overall oxygen content
fig. 2). The recovery of the initial resistance decreased.
(R=0.132(5) fl; 100% oxygen) between each run
indicated the absence of any irreversible phase de- ensure a constant oxygen concentration profile across
composition or any significant kinetic de-mixing the specimen (unless diffusion was surface-reaction
[ 22,23 ]. Following the argon anneal, isothermal ox- limited [ 19 ] ); however, it was extremely versatile
ygen in-diffusion measurements were made by re-in- and enabled diffusion kinetics to be measured for a
troducing oxygen into the hot-stage. Variations in the large number of different values of x.
diffusion kinetics were subsequently correlated to the
initial average values of x. This technique did not



J.R. LaGraff, D.A. Payne / YBCO oxygen diffusivily 1 473

R=R exp[a(6+x)]
0o

.C C:

o 00 Q

o2 o
U3, 0

,(a)

6.0/ 6.1./63 642. .
Oxygen Content. 6+x 0 2 4 6 8

Fig. 3. Calibration curve (see eq. (I )) for the dependence of the t 1/2 ( in)1/2
electrical resistance as a function of oxygen content at 708'C for
crystal C l.

7080 C
3. Results and discussion 1.0 *

, x==0.11
Figure 4(a) shows several in-diffusion curves for 0.8 - x=0.17

crystal Cl at 7080C after several different starting I.4 0 * x=0.24

resistances. The non-linear behavior implies a non- . * x=0.56
standard diffusion process at the onset of in-diffu- .40
sion. Assuming that a single diffusion mechanism " 0.4 "0
characterized by a constant diffusion coefficient was 0.2
active in tetragonal YBCO, one would expect the
normalized resistance curves to be identical regard- 0.0
less of the initial oxygen content of the crystal. In fig.
4(b), however, the normalized resistances reveal a ,
systematic variation in their functional form which 0 20 40 60 80 100
depends upon the initial oxygen content of the YBCO Time (min)
crystal. This indicates a fundamental change in the
chemical diffusivity of oxygen with concentration. Fig. 4. (a) Resistance as a function of the square-root of time for

Characteristic relaxation times, T, were obtained oxygen in-diffusion from different initial resistance states (i.e.,
by fitting the resistance data to the long-time solu- oxygen contents). (b) Normalized resistance from several curves

tion (n =0) for three-dimensional diffusi--in into a in (a) showing different functional forms for the in-diffusion

rectangular solid isotherms as a function of initial oxygen content.

In(R(0) ) -ln(R(t)) where R(0) is the resistance at the beginning of in-
In(R(0) )-ln(R(oo)) diffusion, R(t) the resistance as a function of time,

(8) 3•0 _ _ 1-(2n+ 1 )2t and R(o) the eventual saturation resistance [20].
= 1 - 2 - n f (2ti+ !)2 exp( " The exponential dependence of the resistance on the(n 1(2) oxygen concentration was indicated in eq. ( I ) and

has been described elsewhere [201. Figure 5 shows
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7o8-C (x=o) o ....
Crystal C1 5 7080 C

*o data 400
- fit

o 0
U 300

4).

o 0- 200 /

-2 100

0 5000 10000 (a)
0 I I I I I I

Time (sec) 6.0 6.1 6.2 6.3 6.4 6.5 6.6

Fig. 5. Experimental data (open circles) during in-diffusion for Oxygen Content
the fully deoxygenated (x=O) crystal Cl at 708'C and the fit
(solid line) toeq. (2).

7080 C
a typical curve fit (n=0) for in-diffusion in crystal 16
Cl which had an initial oxygen content ofx~O. x-0

For both tetragonal and twinned orthorhombic o6
crystals of dimensions axbxc, the in-plane diffu- a) 4x1O

sivity B.b is 
En

S3x10-6

D a h ( + I + , ( 3 ) -O 6
7r~r (a2 b2 flC 2x10_

where / is the anisotropy ratio between 5 ab and the 1x10 6-

c-axis diffusivity, /c. The anisotropic tracer diffu- N
sivity, fl= Db/Dc - 10"- 10Q (ref. [4] ) suggests that
oxygen exchange will occur almost entirely at the 6.0 6.1 6.2 6.3 6.4 6.5 6.6

edges of a single crystal; i.e., it will be a two-dimen- Oxygen Content
sional process and the third term in eq. (3) may be
neglected. Characteristic relaxation times are given Fig. 6. (a) Relaxation times for crystal Cl determined from fig.

3 as a function of the initial oxygen contents (eq. (2)). (b) Cal-in fig. 6(a) as a function of the initial oxygen con- culated chemical diffusion coefficients (eq. (3)) for oxygen in-
tent for crystal Cl. As a first approximation, diffu- diffusion as a function of the initial oxygen content for crystal CI
sivities were calculated from eq. (3) using the re- (a=b=O.l cm).

laxation times in fig. 6(a), the crystal dimensions
( X I x 0.05 mm 3), and an anisotropy ratio ft greater should be regarded as average values between dif-
than 103 (fig. 6(b) ). Figure 6 indicates a four-fold ferent oxygen concentrations.
decrease in r (or increase in B5ab) with decreasing A similar analysis was carried out for crystal C2 at
concentration from 6.6 to 6.0 oxygen per unit cell. 650 0C and 708 0C, at temperatures which corre-
It should be noted that eqs. (2) and (3) were de- spond to the orthorhombic and tetragonal phases, re-
veloped for a constant diffusion coefficient and, spectively, when in equilibrium with 100% oxygen.
therefore, the diffusivities calculated in this paper Figure 7 shows the diffusivities determined from eqs.
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-6 Crystal C2 140
20xlO o 6500C 708 0C
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.-- I 90 +
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__________________ 60
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Oxygen Content 60 6.0 , , ,

Fig. 7. Chemical diffusion coefficients (eq. (3)) for crystal C2 6.0 6.1 6.2 6.3 6.4 6.5 6.6
at 650°C and 7080C as a function of the initial overall oxygen Oxygen Content
content (a=0.2 cm, b=O.15 cm).

Fig. 8. Relaxation times for polycrystalline specimen S2 during

(2) and (3) as a function of the initial overall ox- oxygen in-diffusion as a function of the initial oxygen content.

ygen content. The chemical diffusivities increased
with decreasing oxygen content at both temperatures temperature [9,10]. In this study, however, the ki-
similar to the behavior of crystal Cl at 7080C (fig. netics of oxygen diffusion were determined as a di-
6 (b)). rect function of the oxygen content at constant tern-

Diffusion measurements were also carried out on perature. Values of B for crystals were found to
a polycrystalline specimen S2 at 708 0 C (fig. 8) after change by about a factor of four (figs. 6 and 7) over
annealing in argon. Relaxation times were deter- the range of oxygen non-stoichiometry, x, available
mined from a one-dimensional form of eq. (2) writ- at the measurement temperatures. This large change
ten as cannot simply be explained by factors within the

ln(R(0)) -ln(R(t)) expression for the self-diffusivity,

ln(R(0)) -In (R (o)) D*= fNa 2 v, (5)
(8) 1 , (- (2n+ I )2t) _ 0

= 1 - ) - o ( )2n ex1 p " where f is the correlation coefficient N, the vacancy

availability factor, a the jump distance, and v the
(4) jump frequency. Tracer diffusion studies have re-

Figure 8 indicates the relaxation times were more ported a concentration-independent D* within an
rapid than for single crystals and they decreased with experimental uncertainty of a factor of two, sug-
decreasing oxygen content over a narrower oxygen gesting that the terms in eq. (5) are either weakly
concentration range. The different functional forms dependent on the oxygen content or have compen-
of F (or z) with x between single crystals (figs. 6 and sating compositional dependences [ 3,4 ].
7) and polycrystals (fig. 8) suggest that extrinsic mi- The observed concentration dependence in figs.
crostructural factors influence diffusion in polycrys- 6-8 is more likely to arise from the non-ideal be-
talline specimens [20]. havior of oxygen defects in YBCO (i.e., defect-de-

A concentration-dependent chemical diffusion fect interactions). The relationship between the
coefficient has been inferred from reports of acti- chemical B and tracer D* diffusivities can be written
vation energies which varied with oxygen content and as
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=D* 11+ -n (6) Crystal Cl lxlx0.05mm3

a In x) 10-
where the term in brackets is the thermodynamic 7081c 0-0-- 0
factor which contains the oxygen activity, y, and the ,
concentration, x. In an ideal solution (often in the o -0
dilute limit), the activity y is unity for all concen- ) 10

trations and the tracer diffusion and chemical dif- CQ /0
fusion coefficients are equal. The reported values of o o x=0.45
F) are generally larger than D*, suggesting a signifi- 10-7 o x=0.0
cant contribution of the thermodynamic factor to the 0
rate of oxygen diffusion in a chemical potential gra- L -
dient. Measurements [ 10,24,251 and models 112,261 ]
suggest that 0 In y/O In x can be as large as 1000, es- o
pecially at low temperatures and high oxygen con- ,-1

tents, and also may be concentration-dependent at
constant temperature. Reports of slower in-diffusion 10 ....0 1- 1 2 10..... 4 10.5 106 10.7

than out-diffusion in single crystals [ 20] is also con- 10 10 10 10 10 10 10 10
sistent with a diffusivity which depends on the ox- Log 10[D.b/Db]

ygen content [27].
The benefit of using single crystal specimens was Fig. 9. Dependence of the ab-plane chemical diffusivity on the

anisotropy ratio, 6= D•D•, for crystal CI at 7080C. The large
* evident in the comparison of the functional forms of diffusivities, 6, by comparison with tracer diffusion coefficients,
the change in diffusivities (relaxation times) with suggest that the thermodynamic factor accounts for the observed
oxygen content (figs. 6 and 7) when compared with concentration dependence in 13.

polycrystals (fig. 8). The most striking feature of fig.
8 is the rapid drop of the relaxation times over a nar- plot of 5Dd as a function of the anisotropy ratio,
row range of oxygen content. This was attributed to /j=Db/D', for the two extremes of x in fig. 6(b).
extrinsic microstructural effects in which the influ- By changing the effective diffusion lengths, the curves
ence of highly oxygenated shells introduced high would shift in an identical manner. If there was a sig-
conductivity pathways in polycrystalline YBCO nificant contribution of c-axis diffusion 13c to the ox-
[20]. ygen in-diffusion rates, fP would be smaller, resulting

Knowledge of the effective diffusion length for a in lower diffusivities calculated from eq. (3) (figs.
specific specimen is required before an accurate de- 6 and 7). For comparison purposes, the tracer dif-
termination of the diffusion coefficient can be made fusivity at 700'C was reported to be - 10-" cm 2

/s

from eq. (3). In the case of electrical resistance mea- (ref. [41).
surements of single crystals the lengths may not nec-
essarily be the external crystal dimensions and, con-
sequently, the values of the chemical diffusivities 4. Conclusion
indicated in figs. 6(b) and 7 should be taken as es-
timates of the upper limits. It is possible that the ef- In summary, the kinetics for chemical diffusion of
fective diffusion lengths are actually less than the oxygen were measured by monitoring the relaxation
sample dimensions or that there is a contribution of of the electrical resistance during in-diffusion, while
c-axis diffusion to the overall diffusion rate. The pos- systematically varying the initial overall oxygen con-
sibility of such a systematic error in the values of b tent in YBCO specimens. The chemical diffusion
does not detract from the important information coefficient for in-diffusion was found to increase with
concerning oxygen diffusion mechanisms contained decreasing initial overall oxygen content, the latter
in the relative change of 15 (or T) with oxygen co- determined from out-gassing in argon for different
centration. This is illustrated in fig. 9 for a Log-Log times. The concentration dependence for the chem-
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ical diffusivity, and the lack of one in reported tracer [61 J.R. LaGraff and D.A. Payne, Physica C 212 (1993) 487

diffusion studies [3,41, indicates that a simple va- (this issue).

cancy model does not fully describe the observed be- [7] Y. Ikuma and S. Akiyoshi, J. Appl. Phys. 64 (1988) 3915.
[81 J.L. Tallon and M.P. Staines, J. Appl. Phys. 68 (1990) 3998.

havior. This suggests that the diffusion mechanism 191 K.N. Tu, N.C. Yeh, S.I. Park and C.C. Tsuei, Phys. Rev. B

depends on other factors such as the thermodynamic 39 (1989) 304.

factor. Further studies of 5 and D* as a function of [O 1] K. Kishio, K. Suzuki, T. Hasegawa, T. Yamamoto, K.
Kitazawa and K. Fueki, J. Solid State Chem. 82 (1989) 192.oxygen stoichiometry will lead to an increased un- [I I! J.S. Choi, M. Sarikaya, I.A. Aksay and R. Kikuchi, Phys.

derstanding of the diffusion mechanisms. Rev. B 42 (1990) 4244.
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11159.

Acknowledgements [131 J.B. Price and J.B. Wagner, Z. Phys. Chem. Neue Folge 49
(1966)257.

[14]R. Farhi and G. Petot-Ervas, J. Phys. Chem. Solids 39
The research was supported by the United States (1978) 1169.

Air Force Office of Scientific Research through a [15] J. Park, P. Kostic and J.P. Singh, Mater. Lett. 6 (1988) 393.

University Research Initiative (URI-4[318) on [16]G. Ottaviani, C. Nobili, F. Nava, M. Affronte, T.
Manfredini, F.C. Matacotta and E. Galli, Phys. Rev. B 39

Phase Transformation Studies in Ceramics, and by (1989) 9069.
the National Science Foundation (DMR 88-09854) 1171 A.T. Fiory, S. Martin, L.F. Schneemeyer, R.M. Fleming, A.E.

through the Science and Technology Center for Su- Whiteand J.V. Waszczak, Phys. Rev. B 38 (1988) 7129.
perconductivity. We thank T.P. McCarthy of the [18]J.R. LaGraff, P.D. Han and D.A. Payne, Physica C 169

(1990) 355.
School of Chemical Sciences for impurity analyses. [19] J.R. LaGraff, P.D. Han and D.A. Payne, Phys. Rev. B 43

(1991) 441.
[20] J.R. LaGraffand D.A. Payne, Phys. Rev. B 47 (1993) 3380.

References [211 T.B. Lindemer, J.F. Hunley, J.E. Gates, A.L. Sutton, J.
Brynestad, C.R. Hubbard and P.K. Gallagher, J. Am. Ceram.
Soc. 72 (1989) 1775.

[I] R.J. Cava, A.W. Hewat, E.A. Hewat, B. Batlogg, M. Marezio, [22] P.K. Gallagher, G.S. Grader and H.M. O'Bryan, Solid State
K.M. Rabe, J.I. Krajewski, W.F. Peck and L.W. Rupp, lonics 32-33 (1989) 1133.
Physica C 165 (1990) 419. [23] M. Martin, Mater. Sci. Rep. 7 (1991 ) 1.

[2] B.W. Veal, H. You, A.P. Paulikas. H. Shi, Y. Fang and J.W. [24] P. MeufTels, R. Naeven and H. Wenzl, Physica C 161 (1989)
Downey, Phys. Rev. B 42 (1990) 4770. 539.

[3] S.J. Rothman, J.L. Routbon and J.E. Baker, Phys. Rev. B [25 0. Porat, 1. Reiss and H.L. Tuller, Physica C 192 (1992)
40 (1989) 8852. 60.

[4] S.J. Rothman, J.L. Routbort, U. Welp and J.E. Baker, Phys. [26] H. Bakker, J.P.A. Westerveld, D.M.R. LoCascio and D.O.
Rev. B 44 (1991 ) 2326. Welch, Physica C 157 (1989) 25.

[5] J.R. LaGraff and D.A. Payne, Physica C 212 (1993) 478 [27] J. Crank and M.E. Henry, Trans. Faraday Soc. 45 (1949)
(this issue). 636.

.. 0



PhysicaC212 (1993) 478-486
North-Holland

)Concentration-dependent oxygen diffusivity in YBa 2Cu306+x
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Electrical resistance measurements were used to determine the equilibrium resistivity characteristics and the oxygen diffusion
behavior in YBa 2Cu 306,, (YBCO) as a function of oxygen partial pressure rt temperatures ranging from 450-850"C. The equi-
librium resistivity values depended on the oxygen partial pressures as n = aLogp/aLog (P(0 2) 1, where n ranged from approxi-
mately - ! up to - 4 from low to high temperatures. A clear p-type to n-type transition was observed near 750'C for an oxygen
content of 6.1 (x =0.1 ). Values of the oxygen exponent, n, for single crystal YBCO at 650*C and 708"C were similar to those for
polycrystalline specimens. Measurements of the time-dependent resistivity behavior between different oxygen partial pressures
yielded diffusion kinetics between well-established boundary values of the oxygen content, x. In single crystal specimens, the
chemical diffusivity for oxygen in-diffusion was observed to increase with decreasing oxygen content. The kinetic data for the
polycrystalline specimens between 450-850°C also depended on the oxygen concentration; however, the temperature dependence
was non-Arrhenius.

I. Introduction pends primarily on the hole-concentration, [h It ac-
cording to

The carrier concentration in YBCO, which is im- a= [h *epu,
portant for regulating the superconducting proper-
ties [ 1,2], is established during thermal processing where up is the hole mobility and, e the electron
and cooling. As the lattice incorporates more oxy- charge. The temperature dependence of the conduc-
gen, the carrier concentration increases and the su- tivity is contained within the mobility and carrier
perconducting properties generally improve. Con- density terms. The resistivity p in fully oxygenated
sequently, an understanding of the oxygen chemical YBCO increases linearly from the superconducting
diffusion behavior and the high temperatre equi- transition temperature, T•, to approximately 300-
librium transport properties of YBCO are important 500°C [3-5]. At higher temperatures, oxygen loss
for optimizing ceramic processing. In this paper (Part occurs, with a concomitant reduction in hole car-
II), the simultaneous measurement of equilibrium riers. This leads to thermally activated resistivity-
electrical transport properties and time-dependent temperature characteristics typical of a p-type semi-
resistivity characteristics (i.e., oxygen diffusion) are conductor. To a first approximation, one may de-
reported as a function of different oxygen partial scribe the influence of the oxygen stoichiometry on
pressures. The results yield information on the de- the electron hole content according to an interstitial
fect chemistry and on the concentration-dependent model which can be written in Kroger-Vink nota-
diffusion kinetics. tion as [6]

In fully oxygenated YBCO the conductivity de-

Present address: Department of Chemistry and Materials Re- 01+2hO 2 +Vi, (2)

search Laboratory, University of Illinois at Urbana-Cham- where Oý' represents a doubly negatively charged o!.-
paign. Urbana, IL 61801, USA. ygen interstitial, h' a compensating electron hole, and

0921-4534/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved.
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V, a "vacant" interstitial site. The corresponding 2. Experimental
mass-action equation is written as

[Vi] p(02)-1/2K"exp(At/kT) (3) Details of the specimen characteristics and elec-
[O'] [h'] 2 -trical resistance measurements were described pre-
where P(0 2) is the oxygen partial pressure and AH viously (Part 1) [ 29 ] ). Measurements were made in
the enthalpy of the oxidation reaction. This ideal so- both the orthorhombic (650°C) and tetragonal
lution model would lead to a P(0 2 )/ 6 dependence (708'C) phase regions for single crystals (whn in
for the hole concentration, [h']. Substitution of this equilibrium with I atm 02) and from 450-850°C
dependence into the conductivity equation (eq. ( 1 ) ) for polycrystalline specimens. (In large single crys-
yields an inverse dependence of the electrical resis- tals below 600 'C, the kinetics were prohibitively slow
tivity on the oxygen partial pressure, i.e., n= for diffusion measurements.) Equilibrium times, es-
OLogp/OLog[P(02)] = - 3 for an interstitial model. timated from diffusivity calculations and experi-

The equilibrium defect chemistry for YBCO has mentally determined by monitoring for constant re-
been studied primarily by electrical conductivity and sistance, were as long as 30 h at low temperatures
thermoelectric power (Seebeck effect) measure- (450'C) for polycrystalline specimens and also in
ments [ 7-28 ]. The electrical conductivity yields in- single crystals (T> 600'C) which had longer diffu-
formation about the carrier-mobility product, while sion lengths. In order to unequivocally establish a
the thermoelectric power, in principle, enables one constant oxygen concentration across a YBCO spec-
to distinguish between the carrier concentration and imen, diffusion experiments were carried out after
the carrier mobility. Most studies are in good qual- bringing the specimen to equilibrium in controlled
itative agreement. The general findings include: val- oxygen partial pressures (O2/Ar) of 1, 0.1, 0.01,
ues for the oxygen partial pressure exponent, n, from 0.001 atm, or pure argon. Subsequently, the oxygen
the electrical resistivity between -0.25 and -0.5, a partial pressure was either increased to monitor the
large and rapidly changing thermoelectric power in- oxygen in-diffusion or decreased for out-diffusion.
dicative of a change from metallic to semiconducting Using the data of Lindemer et al. [31 ], the oxygen
behavior, and a negative thermoelectric power at high partial pressures were directly related to the oxygen
temperatures and low oxygen partial pressures sug- content of the specimen and hence the initial and fi-
gesting a further transition from p-type to n-type nal values of x were known for each diffusion ex-
semiconducting behavior. periment. Figure 1 shows a typical series of time-de-

Previously (Part I) [29], a concentration-depen- pendent resistance curves for crystal C2. The data
dent chemical diffusivity was reported for oxygen in- were obtained at constant temperature (708°C) as
diffusion in which the oxygen content x was estab- the oxygen partial pressure was decreased from I atm
lished by out-gassing YBCO specimens in argon. In to 0.1, 0.01, and 0.001. Equilibrium resistance val-
this paper (Part II), oxygen partial pressures were ues, used in the defect chemistry analysis, allowed
used to firmly establish the initial and final oxygen for the construction of calibration curves which re-
contents during in- and out-diffusion measurements. lated the time-dependent resistance behavior to the
The diffusion measurements revealed an increasing overall oxygen content.
diffusivity with decreasing oxygen content as before The characteristic relaxation times, T, were ob-
[29]. The use of controlled P(0 2) also allowed for tained by fitting the resistance data to the long-time
the simultaneous measurement of the equilibrium solution (n=0) for three-dimensional diffusion into
resistivity characteristics (i.e., defect chemistry) for a rectangular solid
YBCO specimens. In Part III [30], the equilibrium
defect chemistry, concentration-dependent diffusion ln(R(0)) -ln(R(t))
behavior, and other reported experimental and the- ln(R(0))-In(R(oo))
oretical studies will be compared in order to develop 8 7 1 3 , 2
an oxygen diffusion model in YBCO. + 1( (4)

.,'--'o 2n +! • xp -
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Vi a "vacant" interstitial site. The corresponding 2. Experimental
mass-action equation is written as

[Vi] =P(02 )-112K" exp(AH/kT), (3) Details of the specimen characteristics and elec-
[0,'] [h 2  trical resistance measurements were described pre-
where P(0 2 ) is the oxygen partial pressure and AH viously (Part I) [ 29 ] ). Measurements were made in
the enthalpy of the oxidation reaction. This ideal so- both the orthorhombic (650 0 C) and tetragonal
lution model would lead to a P(02)1/6 dependence (708°C) phase regions for single crystals (when in
for the hole concentration, [h] . Substitution of this equilibrium with I atm 02) and from 450-850°C
dependence into the conductivity equation (eq. (1)) for polycrystalline specimens. (In large single crys-
yields an inverse dependence of the electrical resis- tals below 6000 C, the kinetics were prohibitively slow •
tivity on the oxygen partial pressure, i.e., n= for diffusion measurements.) Equilibrium times, es-
aLogp/aLog[P(02)1 = - A for an interstitial model. timated from diffusivity calculations and experi-

The equilibrium defect chemistry for YBCO has mentally determined by monitoring for constant re-
been studied primarily by electrical conductivity and sistance, were as long as 30 h at low temperatures
thermoelectric power (Seebeck effect) measure- (450'C) for polycrystalline specimens and also in
ments [7-28]. The electrical conductivity yields in- single crystals (T> 600°C) which had longer diffu- •
formation about the carrier-mobility product, while sion lengths. In order to unequivocally establish a
the thermoelectric power, in principle, enables one constant oxygen concentration across a YBCO spec-
to distinguish between the carrier concentration and imen, diffusion experiments were carried out after
the carrier mobility. Most studies are in good qual- bringing the specimen to equilibrium in controlled
itative agreement. The general findings include: val- oxygen partial pressures (0 2 /Ar) of 1, 0.1, 0.01,
ues for the oxygen partial pressure exponent, n, from 0.001 atm, or pure argon. Subsequently, the oxygen S
the electrical resistivity between -0.25 and -0.5, a partial pressure was either increased to monitor the
large and rapidly changing thermoelectric power in- oxygen in-diffusion or decreased for out-diffusion.
dicative of a change from metallic to semiconducting Using the data of Lindemer et al. [311, the oxygen
behavior, and a negative thermoelectric power at high partial pressures were directly related to the oxygen
temperatures and low oxygen partial pressures sug- content of the specimen and hence the initial and fi-
gesting a further transition from p-type to n-type nal values of x were known for each diffusion ex-
semiconducting behavior. periment. Figure 1 shows a typical series of timz-de-

Previously (Part I) [29], a concentration-depen- pendent resistance curves for crystal C2. The data
dent chemical diffusivity was reported for oxygen in- were obtained at constant temperature (708 0C) as
diffusion in which the oxygen content x was estab- the oxygen partial pressure was decreased from I atm
lished by out-gassing YBCO specimens in argon. In to 0.1, 0.01, and 0.001. Equilibrium resistance val-
this paper (Part II), oxygen partial pressures were ues, used in the defect chemistry analysis, allowed
used to firmly establish the initial and final oxygen for the construction of calibration curves which re-
contents during in- and out-diffusion measurements. lated the time-dependent resistance behavior to the
The diffusion measurements revealed an increasing overall oxygen content.
diffusivity with decreasing oxygen content as before The characteristic relaxation times, r, were ob-
[ 29 ]. The use of controlled P(0 2 ) also allowed for tained by fitting the resistance data to the long-time
the simultaneous measurement of the equilibrium solution (n=0) for three-dimensional diffusion into S
resistivity characteristics (i.e., defect chemistry) for a rectangular solid
YBCO specimens. In Part II [30], the equilibrium
defect chemistry, concentration-dependent diffusion In(R(0) )-In(R(t))
behavior, and other reported experimental and the- In(R(0)) -Inn(R(oo))
oretical studies will be compared in order to develop (8)3 . (2n+ 1)2 ,
an oxygen diffusion model in YBCO. 1 =( 2 +1)2 expl, (4)

1 0 T n _+1)20
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850'C for rectangular bars of polycrystailine YBCO
2.0 and at 650 0 C and 708 0C for single crystals. The re-

708C sistivity as a function of temperature for a particular

1.6 polycrystalline specimen S2 is given in fig. 2(a)
C which reveals a clear p-n transition near 750 0 C,

"P(02) = 0.001 (x = 0.11 ). The behavior is indicative

0 1.2 of a change from p-type conductivity to n-type which
has been reported previously by other groups [ 8-121.
An Arrhenius plot of the resistivity data from fig.

• 0.8 2•(a) reveals several different activation energies (fig.
2(b), table 1) as determined from the relation

0.4 10%o R=Roexp(E/kT). (6)

0 GValues of the activation energy ranged between 0.2-
0.0 0.8eV (table I). Figure 3 is a Log-Log plot of the

resistivity versus oxygen partial pressure with the
0 10000 20000 corresponding best linear fits. The slopes n= aLogp/

Time (sec) aLog[P(0 2)] vary from approximately -0.1 at450°C to less than .- ½ at higher temperatures and
Fig. 1. Time-dependent electrical resistance for crystal C2 during lower oxygen partial pressures. (The slopes were not

oxygen out-diffusion between I atm of oxygen and increasingly

lower oxygen partial pressures. Equilibrium values of the resis- completely linear at high temperatures suggesting
tivity were used in the defect chemistry analysis, while the cal- non-ideal oxygen solute behavior.) For comparison,
culated relaxation times yielded information on the diffusion ki- fig. 4 is a similar plot for a single crystal specimen,
netics between established oxygen concentrations. C2, at 6500 C and 708 °C with slopes, n, of -0.38

and -0.41, respectively. The similarity in exponents
where the terms were previously defined [29]. The between single crystal and polycrystalline YBCO
in-plane diffusivity 4

b is (29] (figs. 3 and 4) suggests that microstructural features
1 -I (1 1l c-' (i.e., boundaries, second phases, etc.) and crystal

!Dab = ++-n 2 (a 2 ,b 2  (5) anisotropy were not significant in affecting the mea-
surement of high temperature equilibrium transport

where f is the anisotropy ratio between Dab and the properties in polycrystalline YBCO [7-28]. Coin-
c-axis diffusivity, B. The use of eqs. (4) and (5) parison of measured activation energies and oxygen
and controlled oxygen partial pressures enabled one exponents with values reported in the literature also
to determine the diffusion kinetics between different served as an indicator of sample quality and
oxygen concentrations. Values of Dab calculated in consistency.
this paper should be considered average values be- The results presented in figs. 1-4 were generally in
tween two different oxygen concentrations as eqs. (4) good agreement with other studies [7-28] on the
and (5) were developed for constant diffusion coef- high-temperature equilibrium defect chemistry and
ficients. Results for equilibrium defect chemistry are conduction mechanisms reported for YBCO. The
presented first, followed by concentration-depen- similarities include: oxygen partial pressure expo-
dent diffusion measurements. nents, n, for the electrical resistivity decreasing from

-0.1 to -0.6 as temperature increased, and a p-type
3. Results and discussion to n-type transition near 6.1 oxygen which agreed

with the results of Porat et al. [ 12 ], but not with Yoo

3.1. Defect chemistry [9 ] who reported a transition near 6.35. In general,
Deec cygen exponents near -. in the tetragonal phase

Resistivity characteristics were determined as a and -I in the orthorhombic phase have been re-
function of the oxygen partial pressure from 450- ported [7-10,14]. There is unfortunately still little
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YBCO Specimen, S2 Table I

Activation energies for the temperature-dependence of the elec-

0.4 trical resistivity as a function of temperature (eq. (6) and fig.

P(0 2 ) (a) 2(b))

10 P(0 2 )(atm) T('C) E(eV)/V 10T 450-550 0.20(3)

0 1 / 550-850 0.48(4)
0.2 01 0.1 450-550 0.31(2)

0.2 -550-850 0.65(4)4 0.01 ~450-5000.1 )

500-850 0.81(5)
QL0.1 7 / 0.001 450-600 0.80(3)

0.0 3
I I II I I ,,

400 500 600 700 800 900 o00*c v 600o c

Temperature(°C) -0.5 A 7500 C V 550°C

700W 0 500°C

a 6500C 0 450°C

YBCO Specimen, S2 2

• l -1-1.0
-1 (b) P(0 2) C -.

-2 1
V 10.

C: 0 1

1 / -4 0 -2.0

-5

0

-6 -2.5
- 1/

7 I II0.8 1.0 1.2 1.4-30 1/

1000/T(K) -3. -I/
Fig. 2. (a) Values of the equilibrium resistivity for different ox- -3 -2 - 1 0
ygen partial pressures (0.001-1 atm) for polycrystalline YBCO
(specimen S2) as a function of temperature between 450-850°C. Log [P (0 )]
A resistivity maximum occurs near 750°C for an oxygen partial 1 0 2

pressure of 0.001 atm (oxygen content x=0.11 ) which corre- Fig. 3. Log-Log plots of the equilibrium resistivity values vs. ox-
sponds to a change from primarily p-type to n-type conductivity. ygen partial pressure for different temperatures for polycrystal-
(b) Arrhenius plot of the equilibrium resistivity data for speci- line YBCO with corresponding linear curve fits. The oxygen ex-
men S2 from fig. 2 (a). The resistance curves were not character- ponents, n= aLogp/aLog[P(0 2 )] (eqs. (2) and (3)) vary from
ized by a single activation energy over the entire temperature range approximately -0. 1 to -0.6 from 450-8000 C. Non-linear oxy- •
(see table I). gen dependences at higher temperatures suggest non-ideal solute

behavior.
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conductivity of fully oxygenated YBCO is shared al-

650oC most equally between the ordered chain planes and
.0the CuO 2 sheets. As oxygen is disordered it has two

0.0 •limiting effects on the conductivity: one, it removes

effective hole carriers from the CuO 2 planes and, two,
E -0.3 slope= -0.38 it increases the scattering of that portion of the con-
V ductivity carried by the CuO chains. These two dis-

tinct copper sites, each possessing its own oxygen
- 0.6 stoichiometry dependent conduction mechanism, will

o make it difficult to develop an equilibrium defect
90 model for YBCO. Also, defect-defect interactions are

-0.9 9evident in the copper-oxygen chain formation in or-

thorhombic material [ 34 ] and chain fragments [ 35 ]

-1.2 in tetragonal YBCO suggesting that one no longer has
a dilute solution of non-interacting oxygen intersti-

0.3 - 708°C tials (or oxygen vacancies). It is outside the scope of
this paper to propose a detailed defect model, but

0.0 -the overall similarity of the data in figs. 1-4 with re-
- .0slope=-0.41 ported results [7-28] will allow some general con-

clusions to be made as regards the oxygen diffusion
"0- -0.3 V mechanisms (Part III) [30].

0 -0.6 3.2. Diffusion measurements

In order to unambiguously verify a constant ox-
-. ygen distribution across a YBCO specimen at the be-

ginning and end of a diffusion experiment, studies
-- 1.2 n n n n were carried out on polycrystalline and single crystal

-3 -2 -1 0 specimens using different oxygen partial pressures
Log0 ) ranging from 0.001 to I atm. Figure 5 shows theog [P(0 2 )] chemical diffusivities, A, for oxygen in-diffusion

Fig. 4. Log-Log plot of the equilibrium resistance value vs. oxy- (eqs. (4) and (5)) for crystal C2 at 6500C and
genpartialpressureat650°Cand708°Cforasinglecrystalspec- 708*C as a function of the initial oxygen content,
imen (C2). while table 2 contains the initial and final x values

for each diffusion experiment and the diffusion coef-
consensus on which models are appropriate for the ficients. As observed for the out-gassing in argon ex-
complete description of the defect chemistry for periments (Part I) [29], D5 for in-diffusion in-
YBCO. Chang et al. [ 141 have suggested that a va- creased as the initial oxygen content decreased.
cancy-filling model yields the best fit to their re- However, the values of F) differ somewhat from those
ported conductivity data typical of an ideal solute measured by out-gassing in argon [29], which may
behavior of oxygen in YBCO. reflect the two different techniques used to establish

There are two major features of YBCO which the initial oxygen contents.
complicate the development of a defect model to de- The relaxation times for oxygen in-diffusion and
scribe oxygen: one, there exist two distinct copper out-diffusion in a polycrystalline specimen did not
sites and, two, oxygen does not appear to behave as exhibit the typical Arrhenius temperature-depen-
an ideal solute in YBCO. Infrared measurements by dent behavior (fig. 6, table 3). The out-diffusion re-
Schlesinger et al. [32] and calculations by Fried- laxation times from I atm of oxygen to partial pres-
mann et al. [ 33 ] suggest that the room temperature sures of 0.1, 0.01, and 0.001 atm reveal an increasing
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Crystal C2 P(02 )

20x1O- 0 a 6500C 10 -3 0.59(8)eV
o 0 708°C V 10_2o V

7 a o 10-,
031

S15x10- 0.23(3)eV0
" O0.O3(3)eV

8 V

0 6

0xO- (a)
5xO-a 0.8 1.0 1.2 1.4

C I000/T(K)

6.0 6.1 6.2 6.3 6.4 6.5 6.6

Oxygen Content

Fig. 5. Chemical diffusivity at 650°C and 708°C for crystal C2 P(0 2 )
as a function of the initial oxygen content (af=f0.15 cm, b=0.2 6 9 -3

cm). V 10_0

0 0 10S~V
diffusivity with increasing temperature. As a first ap- o V

proximation, activation energies were determined at . 5 • v

each partial pressure (fig. 6 (a)). The activation en- t o 6o
ergy for out-diffusion to an oxygen partial pressure --

of 0.001 atm was 0.59(8) eV which was identical (b) V
(within experimental error) with the activation en- 4 ,
ergy determined during out-diffusion in argon in a 0.5 1.0 1.2

previous study [ 36 1. As AP(0 2 ) decreased (i.e., the 1000/T(K)
tix became smaller), the activation energies de-
creased to almost 0 eV (fig. 6(a)). The different ac- Fig, 6. Relaxation times for (a) oxygen out-diffusion and (b)
tivation energies with different Ax were indicative of oxygen in-diffusion for polycrystalline YBCO (S2) between dif-
a concentration-dependent diffusivity. In light of the ferent oxygen partial pressures (table 3).

Table 2
Diffusion coefficients for oxygen in-diffusion and out-diffusion for crystal C2. The initial (i) and final (f) oxygen contents, 6+x, were
established by equilibration in different oxygen partial pressures. (Diffusion lengths: a=0.2 cm, b=O. 15 cm)

T("C) (6+x)i (6+x)f 6 (cm2s-')

In-difftsion Out-diffusion

650°C 6.53 6.70 2.05(1) x 10-6 1.00(l) X 10-6
6.37 6.70 3.06(3) x 10-6 2.8(l) X 10-
6.21 6.70 4.56(4) X 10-6 9.4 (1 ) X 10-'

-6.0 6.70 10. 1(2) X 10-6 8)
708°C 6.44 6.60 4.63(3) x 10-6 1.88(3) X 10-6

6.27 6.60 5.19(5) X 10-6 4.02(2) x 10-1
6.14 6.60 8.1 (I )X 10-6 2.05 (3) x 10- 7

-6.0 6.60 21.1(6)X 10-6 a)

= A linear change in the resistance during out-diffusion in low P(0 2 ) precludes the determination of a relaxation time.
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equilibrium resistivity results and the well-behaved Comparison of the diffusion coefficients in tables
out-diffusion behavior in polycrystalline specimens 2 and 3 would suggest that, in general, the calculated
of YBCO, it is surprising that the corresponding ox- diffusivities were smaller (i.e., slower) for out-dif-
ygen in-diffusion relaxation times exhibited such an fusion than in-diffusion. As was shown previously
unusual temperature-dependent behavior (fig. 6 (b), [36], however, electrical resistance measurements
table 3). At most temperatures, the relaxation times are more susceptible to high-conductivity shell ef-
show an increasing diffusivity with lower initial val- fects during in-diffusion than out-diffusion. In fact,
ues of x as previously reported in Part I [29] and single crystal specimens exhibit a long resistance tail
now in fig. 5. The unusual temperature-dependence during the final stages of in-diffusion which indi-
for in-diffusion in polycrystalline specimens was at- cated that in-diffusion, especially during the latter
tributed to high conductivity shells which formed stage, was intrinsically slower than out-diffusion
during oxygen in-diffusion [ 36 ]. The shell effects are [36 ]. The apparently slower out-diffusion shown in
minimized or non-existent during out-diffusion in tables 2 and 3 was a result of eqs. (4) and (5) not
polycrystalline specimens (fig. 6(a)) and for both fitting the resistive tail at long times during in-dif-
in- and out-diffusion in single crystal specimens (fig. fusion for single crystal specimens.
5 and refs. [29] and [36]). The use of controlled oxygen partial pressures to

Table 3
Relaxation times for oxygen in-diffusion in polycrystalline specimen 52. The initial (i) and final (f) oxygen contents, 6 + x, were estab-
lished by equilibration in different oxygen partial pressures

T ('C) (6+x)i (6+x)f r (S)

In-diffusion Out-diffusion

450°C 6.92 6.96 366(12) 1240(20)

6.80 6.96 332(16) 3340(53)
6.67 6.96 312(12) 10137(62)

500°C 6.83 6.92 135(8) 734(10)
6.69 6.92 188(11) 2401(16)
6.50 6.92 228(7) 11622(113)

550°C 6.75 6.87 166(8) 618(10)
6.56 6.87 152(5) 2338(16)
6.38 6.87 154(3) 8883(119)

600° 6.63 6.79 175(5) 561(18)
6.45 6.79 166(5) 1816(16)
6.28 6.79 139(4) 6974(60)

650°C 6.53 6.70 206(6) 530(13)
6.37 6.70 177(4) 1558(12)
6.21 6.70 145(4) 5 510(41)

700°C 6.45 6.62 193(5) 613(15)
6.28 6.62 142(3) 1450(13)
6.15 6.62 110(2) 3650(18)

750°C 6.39 6.55 179(4) 538(5)
6.23 6.55 130(3) 1440(10)
6.11 6.55 79(l) 2341(11)

800°C 6.32 6.49 263(6) 677(8)
6.18 6.49 101(2) 1 112(11)
6.08 6.49 86(2) 1 124(42)")

850°C 6.26 6.44 302(6) 542(12)
6.13 6.44 179(3) 719(29)
6.05 6.44 162(2) 669(20)"

• The p-type to n-type conductivity transition is evident in the resistance data which yielded poor fits to eq. (2).
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In this paper, aspects of diffusion theory are discussed which could account for the reported concentration-dependent chemical
diffusion coefficients previously reported (Physica C 212 ( 1993) 470,478 (this issue) ]. These factors include correlation effects,
the thermodynamic factor, the type of mechanism (i.e., vacancy or interstitial), and the different types of fundamental atomic
jumps. It is proposed that defect interactions are primarily responsible for a concentration-dependent D. Examination of jump
pathways in orthorhombic YBCO indicate that diffusion along the copper-oxygen chain direction (along the b-axis) is more
favorable if, ( I ) the oxygen starts at the end of a chain and, (2) the adjacent chain is empty of oxygen. Intrachain diffusion (along
the a-axis) between two copper-oxygen chains is more slow and depends on the oxygen concentration.

1. Introduction expected to contribute to the correlation coefficient 0
and the thermodynamic factor (i.e., non-ideal solute

It is expected that diffusion in a highly defective behavior).

solid such as YBCO cannot be completely described The complexity inherent in developing an oxygen

by a simple random walk model. The many ordered diffusion model for YBCO is exemplified in the dif-

oxygen superstructures which exist in YBCO [ 1-3] ficulty in establishing a reference structure. One pos-

suggest that the detailed mechanism for oxygen dif- sible reference structure is the oxygen deficient

fusion will be quite complex. The local environr.ent YBa2Cu30 6 in which the 0( 1 ) and 0(5) sites would

that a diffusing oxygen ion or atom will experience both be considered interstitial sites [28]. If fully or-

varies from completely ordered copper-oxygen dered YBa 2 Cu 30 7 is the reference structure, then the

chains and { 110} thin walls in the orthorhombic vacant O(5) sites are, in fact, interstitials, while the

structure (x- I ) to individual oxygen ions in the low 0(1 ) oxygen reside on normal lattice sites. An

oxygen limit (x- 0) of tetragonal YBCO. It is the 0(1 ) -.0(5) oxygen jump would then create a Fren- 0
purpose of this paper (Part III) to assimilate the ex- kel defect, while an oxygen anion hopping from an

0(5) site to an 0(5) site would be typical of an in-perim ental results reported previously on the con- te s i al d f u on m c n s m ( g .I) A c li e r
centration-dependent chemical diffusion coefficient terstitial diffusion mechanism (fig. w). A collinear
(Parts I and 1) [4,51 with other reported studies or non-collinear interstitialcy mechanism would oc-
[6-27] in order to examine possible mechanism(s) cur when an interstitial 0(5) oxygen displaced an
describing oxygen diffusion in YBCO. Fundamental 0(1) oxygen to another 0 (5) interstitial site (fig. joxygen jumps available to a mobile oxygen anion will 1 ), while a direct ( 1) )--O( 1 ) intrachain jump
be semi-quantitatively evaluated with an oxygen in would be typical of a vacancy mechanism. As the lat-tesericti antimod ively Tesaluatedwithan oxygen int n a tice loses more oxygen, and the oxygen configura-teraction m od el [ I ]. T hese oxygen infteractions are t o s b c m o e v r e h o s b ej m s a altions become more varied the possible jumps avail-

Present address: Department of Chemistry and Materials Re- able to an oxygen anion may become more complex.
search Laboratory, University of Illinois at Urbana-Cham- In section 2, the diffusion literature is briefly re- 0
paign, Urbana, IL 61801, USA viewed. Section 3 discusses factors which account for

0921-4534/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved.
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either tetragonal or orthorhombic symmetry such that
0 ~01 diffusion is described by two or three independent

diffusion coefficients aligned with the crystallo-

X 05 graphic axes. Second, the mobile oxygen ions are lo-

0 Cul cated almost exclusively on the 0(1 ) and 0(5) sites
0 Cul associated with the copper-oxygen chain plane,

hence, diffusion in the c-direction is expected to be
extremely slow in comparison with the ab-plane di-

I rections. Furthermore, the anisotropy between the a-
and b-directions strongly suggests that oxygen dif-
fusion is faster along the chains than perpendicular

lb to the chains [7]. Bredikhin et al. [10] have mea-
sured activation energies of - 1.27 eV and 2.3 eV in
the ab-plane direction and the c-direction, respec-
tively. This suggests that as the temperature in-

Fig. I. The ideally ordered copper oxygen chain plane in YBCO. creases, the anisotropy D,,/D, should decrease. In
The 0(5) positions are interstitial sites, while the 0(! ) posi- fact D.b/D* was found to vary from approximately
tionsare normal lattice sites. 104 to 102 from 400°C to 800°C (ref. [ 10]).

Self-diffusion coefficients of oxygen in YBCO as
observed concentration dependence in the chemical a function of both frequency and temperature have
diffusion coefficient, D, while section 4, examines been determined from internal friction studies which
fundamental diffusive jumps available to an oxygen are assumed to be relatively independent of the mi-
anion in orthorhombic YBCO. crostructure [ 11-18 ]. In YBCO the atomic motions

which give rise to a loss peak are considered to be
0(1)0-.0(5) jumps. Xie et al. [IlI reported that

2. Literature survey D=3.5x 10-4 exp(-1.03 eV/kT) cm 2s' while
Tallon and Staines [12] measured D=I.8x

Fundamental oxygen diffusion behavior has been 10-4 exp( - 1.07 eV/kT) cm 2 s-' which are in close
measured in YBCO by tracer diffusion techniques agreement with the tracer diffusion studies of Roth-
[ 6-10 ] and internal friction measurements [ 11-18 1. man et al. [6,7 ]. Difterences between the activation
Rothman et al. [6,7 ] used secondary ion mass spec- energies determined by internal friction measure-
troscopy (SIMS) to measure '80 profiles in both po- ments and tracer-diffusion experiments should allow
lycrystaihine and twinned and untwinned single crys- one to determine the enthalpy of formation of a va-
tal YBCO. Major findings, include [6,7] cancy (section 3).
(I ) the diffusivity was not a function of oxygen par- Few models have been proposed to describe ox-
tial pressure within a factor of two implicating either ygen diffusion in YBCO. Rothman et al. [ 71 suggest
a concentration-independent D* or two different fac- that oxygen can only be added to or removed from
tors in the diffusion coefficient possessing opposite the ends of ordered chains and will proceed with lit-
and nearly equal compositional dependences; tIe hindrance down the open channels between the
(2) the Arrhenius behavior of the diffusivities sug- chains (a series of 0(5)-.O(5) jumps) before at-
gested a single diffusion mechanism over all tem- tachment to the end of another chain. This model
peratures from 300-850 0 C described by the Arrhen- has been supported by theoretical work which re-
ius expression of the form D*= l.4x 10-4 exp(- ported an activation energy for motion in the b-di-
0.97(5) eV/kT) cm 2/s, and rection of nearly zero [ 24 ]. This mechanism would
(3) diffusivities were found to be highly anisotropic account for the concentration-independent tracer
with D* - 10- 2 D• and D,- - 10 4-10- 6D.*b. diffusivity and for the anisotropy between D* and

Oxygen diffusion in YBCO is expected to be highly D• (ref. [7] ); however, it does not describe diffu-
anisotropic for two reasons. First, the lattice has sion in the tetragonal structure which lacks long-range
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•rdered chains. (Rar jmly arranged short chain Q = AR + Al. (2)
Fragments have been theoretically predicted [25].)
While the tracer diffusion studies [6,7] suggest a whereas the activation energy from internal friction
concentration-independent oxygen diffusivity in measurements, QIF, will contain only one term for
YBCO, the internal friction 112), chemical diffu- migration
sv,'n [4,5,19,20), and modeling [21,221 studies all
suggest a concentration-dependent diffusivity. In the Q = AHm. (3)
following section, factors are examined which may Theoretically, the difference in these two energies
be responsible for a concentration-dependent A. should yield the enthalpy of vacancy formation,

AQ= Q1,1- - QI = AHl. However, the similarity in
activation energies (- I eV) measured by both tracer

3. Concentration-dependent chemical diffusion measurements [6,71 and by internal friction studies
[ I 1-18 ] suggests that AHv for an oxygen vacancy is

3.1. Vacancy diffusion extremely small or zero (AHV<0.1 eV). For most
.• cases of interest, the vacancy availability factor, Nv,

in eq. (1) can be assumed to be approximately I
A vacancy diffusion mechanism often gives rise to across the entire range of non-stoichiometry and,

a concentration-dependent diffusivity according to hence, does not contribute significantly to a concen-
the expression tration-dependent D.

S= a.PN~a 2, (1) 3.2. Interstitial diffusion

which contains terms for the correlation coefficient,
f, the mean jump frequency, F, the vacancy fraction, In the limit of completely ordered and oxygenated
N_, the jump distance, a, and a geometric factor, a. YBCO (x-, I ), oxygen may diffuse by an interstitial
(o= 1 for diffusion on a square lattice.) If one con- mechanism. Ideal solution mass-action equations
siders the 0( 1 ) and 0(5) sites equivalent, then the (see Part II) [5] often do not completely describe
vacancy availability factor, N,, in eq. (1) can be the electrical transport properties of a highly disor-
written in terms of the oxygen content as N, = dered material. However, they may serve as an ini-
(2-x)/2. This term alone, however, could not ac- tial reference point in describing the defect chem-
count for the approximately four-fold change in B istry for YBCO. At lower temperatures (450-550 0 C)
with initial oxygen content [4,5]. Evaluation of the the oxygen partial pressure exponents relating P(0 2 )
ratio N,(x=O)/N,(x=l), predicts a maximum to the isothermal resistivities,
possible enhancement of only 2 over the concentra- a Log p/0 Log [P(02) ], were on the order of -0.1 to
tion range 0<x< I. Theoretically, tracer diffusion -0.25 (ref. [5]). These are close to an expected
measurements should be able to detect such a con- - 1 ( - 0.17) dependence predicted by an interstitial
tribution of N, towards the oxygen diffusion coef- model [5]
ficient in YBCO; however, studies [6,7] are re-
ported only within an experimental uncertainty of a O• +2h'•tO2 V, (4)
factor of two. More precise measurements will be where the terminology was given previously [ 5 ]. The
needed before one can definitively rule out a va- vacant 0(5) sites in YBCO are interstitial sites with
cancy diffusion mechanism. reference to the completely ordered YBa 2Cu307

Further evidence against a vacancy diffusion structure (fig. I ); hence, the diffusion model of
mechanism includes a comparison of activation Rothman et al. [7] may describe oxygen diffusion
energies reported in tracer diffusion and internal by an interstitial mechanism through successive
friction studies [6-181. The activation energy from 0(5)-.0(5) jumps. Consequently, at high oxygen
traccr diffusion measurements, Q,,,, for a vacancy concentrations, the tracer diffusivity would be in-
diffusion model will contain two terms for the en- dependent of the concentration as reported [ 6,7 1. If
thalpies of formation, AH,, and migration, AHm, the model of Rothman et al. [7] is valid, one would
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expect the disordering of oxygen from the 0( l ) to
the 0(5) sites to eventually block the interstitial
rows. This would lead to a decrease in D* as x de-
creases initially from x= 1. 4 , '

3.3. Correlation coefficient

In orthorhombic YBCO, oxygen anion jumps have
been predicted to be strongly correlated [22,23].
Therefore, a candidate for a concentration-depen-
dent diffusivity can be found in the correlation coef- 9
ficient, f in the expression • •

D*= afa2v. (5)

The correlation coefficient accounts for the fact that
atomic jumps are often not strictly random 129 ]. If
there is a greater than even chance that a diffusing , 1 .
atom will return to the site from which it just left, the
jumps are correlated andfwill become less than one. (a)
Correlation effects are often evident in curved Ar-
rhenius plots according to the expression [29]

d lnf
Q=H-k d(lT). (6)

where Q is the measured activation energy for dif-K K

fusion and H is the enthalpy for an atomic jump
found in the jump frequency, v. The absence of cur-
vature reported by Rothman et al. 16,7 ] does not rule
out correlation effects because, as mentioned pre-
viously, there was a factor of two experimental -

uncertainty.
One possible cause for correlated jumps includes

oxygen defect interactions which occur in highly dis- a

ordered materials such as YBCO. For example, in
tetragonal YBCO, an oxygen anion may prefer to be,,
a part of a chain (fig. 2(b)) rather than be by itself
(fig. 2(a)). Consequently, jumps which place an ox-
ygen on an 0(1) site with another next nearest
neighbor (nnn) 0( 1 ) oxygen are more probable and,
hence, will be correlated. It has been suggested that
f-0 as jumps become highly correlated in the oxy-

gen ordered orthorhombic structure, while f- I for

the tetragonal structure [23]. However, oxygen in- Fig. 2. (a) Randomly arranged oxygen anions in tetragonal

teractions are still expected to occur in macroscop- YBCO. (b) Randomly arranged chain fragments or defect clus-

ically tetragonal YBCO and may result in biased ters in tetragonal YBCO.
atomic jumps. Consequently, the expected chain
fragments (or clusters) in the tetragonal phase could ficients less than 1. Measurements of the correlation
result in concentration-dependent correlation coef- coefficient have not been reported.
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3.4. Defect interactions and the thermodynamic concentration. Clusters may behave as "lone" de-
factor fects capable of diffusing as a whole through a solid,

or their participation may be more indirect as in pro-
Orthorhombic YBCO has one-dimensional cop- viding a source or sink for oxygen ions which could 0

per-oxygen chains which form when oxygen atoms diffuse individually from one cluster to another. In
order on the 0( 1 ) sites leaving the 0(5) sites es- YBCO, both of these processes may occur
sentially vacant [28]. The chains disorder above simultaneously.
- 7000C in pure oxygen to yield macroscopically te- If indeed, D* is concentration-independent as re-

tragonal YBCO. Theoretical oxygen-oxygen inter- ported [6,71, then a concentration-dependent 13
action models suggest that short-range oxygen or- (Parts I and II) [4,5] cannot be due to either the 0
dering in the form of chain fragments exist in vacancy availability factor, the correlation coeffi-
tetragonal YBCO [1,2,25]. Randomly arranged cient, or the jump distance (eq. (I ) ). Therefore, the
chain fragments would still give equal occupancies only remaining possibility would be a concentration-
for the 0(1 ) and 0(5) sites and macroscopic te- dependent thermodynamic factor a In y/a In x in the
tragonal symmetry. The change from tetragonal to expression
orthorhombic symmetry in YBCO can then be a
viewed as the gradual coalescence and long-range or- 3= D*(I + a In x,(7
dering of these fragments at the transformation tem-- 0-ln xl' (7)
perature. This ordering in YBCO would suggest a where y is the activity coefficient of oxygen. The
non-ideal solute behavior in YBCO across the entire mmeasured chemical diffusivities in YBCO have gen-
range of oxygen nonstoichiometry, x, which is typ- erally been larger than values reported for tracer or
ical of a highly defective solid. Consequently, oxygen self-diffusivities. This suggests a significant contri-
interactions are expected to influence oxygen mo- bution from the thermodynamic factor to the en-
bility characteristics and are the prime candidates han of the chemical fsity (q (7) For

for a concentration-dependent chemical diffusivity.
The influence of ordered copper-oxygen chain example, 1 for oxygen in YBCO, at an initial con-The nflenc ofordredcoper-xygn cain centration of - 6.4 at 708'°C, was of the order of 10-6

structures on the oxygen diffusion behavior is evi- centrationrof [64 at 7 C, was rerof d
dent in the reported diffusion anisotropy between the cm 2s- ' (refs. [4e] and [5]) while Da was reporteda and b crystallographic directions (D*~0.01D?,) to be approximately 10-9 cm2 s-' at 700°C (ref. •
(ref. [71) and from computer simulations [26]. [6] ). Consequently, the thermodynamic factor may(ref [7) ad frm cmpuer imultios [61. be as large as 1000 (eq. (7) ).
(This anisotropy was reported to have completely be aslrge yas 1000 (eq. (7)).disappeared at 650 C [30].) A purely random dis- The thermodynamic factor contains the oxygen

activity coefficient which should be unity at infinite
tribution of oxygen ions in the tetragonal structure dilution and may be expected to decrease as the sol-
(fig. 2 (a)) may result in unfavorable atomic coor- ute concentration increases due to electrostatic in-
dinations (e.g., three-fold coordinated copper in teractions between oxygen anions and the lattice. The
YBCO). Therefore, some degree of defect ordering effective oxygen concentration would be lowered be-
in the form of short chain fragments [ 1,2,25 ] of four- effeethe on cociatio ord ered c e-
fold coordinated Cu ( I ) ions is to be expected in te- cause the ions are associated into ordered configu-
tragonal YBCO (fig. 2 (b)). The length of these chain rations. Consequently, the measured oxygen partial
fragments will increase as both the temperature de- pressure surrounding the system would be less than-
creases and the oxygen concentration increases expected for the actual oxygen content in the rea-
[1,2,25]. Consequently, there are several types of terial. The thermodynamic factor can theoretically
oxygen defects expected in tetragonal YBCO: lone be measured from the relationship between the ox-
oxygen anions (labeled as a in fig. 2(b) ) and oxygen ygen content ofa YBCO specimen and the surround-
chain fragments of length two (13), three (K), four ing oxygen partial pressure according to [20].
(k), etc. These chain fragments or defect clusters may a In 7 1 1 In P(0 2 ) (8)
have interaction and mobility dynamics which de- 6 In x - 2 6 In x
pend not only on temperature, but also on oxygen
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Large thermodynamic factors have been measured
directly [20,271 and predicted theoretically [22,23]. • Cu(1)
A concentration-dependent oxygen activity would be
evident in a curved plot of In [P(0 2) I versus In (x).
If one examines such plots in refs. [20,27,31 ], a cur- 0(i)
vature is apparent; hence, a concentration-depen- 0
dence is expected in both the thermodynamic factor
and 5 (eq. (7)). ['E- 0(5)

4. Diffusion pathways b

The fundamental jump mechanism(s) for an ox- V
ygen ion in YBCO has not been clearly established.
The many ordered oxygen structures from 0 x< I a
suggest that the paths available for atomic jumps may
also vary with oxygen concentration. In other words,
the jump distance, a, in eq. (1) may vary with ox- Fig. 3. Site interaction parameters V1, V2, V3 between chain plane

ygen concentration, hence giving rise to the concen- oxygen sites, 1V2<0< V3 < V, (after ref. Il).

tration-dependence in 5 [4,5,19,20]. Inspection of
eq. (1 ) reveals that a two-fold change in the jump 3. This attractive interaction between oxygen anions
distance with concentration would result in a four- favors chain formation. Sterne and Willie [341 re-
fold change in the diffusion characteristics. How- ported interaction potentials of V1 =0.38 eV,
ever, evidence for such a large change in jump dis- V2= -0.13 eV, and V3 =0.06 eV which can be used
tance, a, with concentration has not been seen in to estimate the increase in energy, AE, associated with
tracer diffusion measurements [6,7 1. different oxygen configurations encountered during

In this section, the possible two-dimensional [32] oxygen jumps. Estimates are made in the following
jump pathways will be examined for two of the or- two sections. (Note: these AE's are not activation
dered oxygen structures, namely the Ortho I (x- I ) energies as they do not represent the typical intk site
and Ortho II (x-0.5) structures. Doping studies saddle potentials one normally considers for
[33] (e.g, Fe, Al, F etc.) indicate that it is possible diffusion.)
to have 7 to 8 anions per unit cell in YBCO. This
clearly demonstrates that there is physical room for 4.1. Diffusion in the Ortho I structure
an oxygen anion on the 0(5) site, suggesting that it
will be primarily the electrostatic charge of the ox-
ygen ion, rather than its size, which will control fun- In the ideal orthorhombic structure (x= I ), the
damental diffusive jumps in YBCO. For this reason, only jump sites available to an 0( 1 ) oxygen are the
the oxygen ordering model of deFontaine et al. [ I ] four nn 0(5) positions (denoted by x's in fig. 4(a)).
was used to semi-quantitatively examine the ener- This jump is unfavorable as the diffusing oxygen an-
getics of particular diffusive jumps in YBCO. The ion would now have three nn oxygens and the energy
oxygen anions with a net negative charge will repel of the system would be raised by AE1 5 = (3 V, -
each other when brought to nearest neighbor (nn) 2 V3 -2 V2 )= 1.18 eV> 0. Estimates of AE are listed
sites (i.e., 0 ( 1 ) and 0 (5) ) or nnn sites between two in table 1. The oxygen ion would most likely prefer
chains (i.e., two intrachain 0( 1 ) sites) as denoted to return to its original chain site, thus, making this
by V, and V3, respectively (fig. 3). The most favor- type of jump correlated (fig. 4(a)). Motion of an
able site interaction occurs when two nnn 0(1 ) sites 0 (1 ) oxygen becomes more probable when a nnn
are part of a single chain and are bridged by a Cu( 1 ) 0( 1 ) oxygen vacancy is created, which results in two
copper cation as denoted by the V2 parameter in fig. distinct 0(5) sites labeled a and b in fig. 4(b). If the



J.R. LaGraff D.A. Payne / YBCO oxygen dtsssivity III 493

Table I
Configuration energies for an oxygen anion during diffusion based
on the interaction parameters in ref. [33 1.

Ortho I Ortho 11

b AE (eV) Fig. AE (eV) Fig.
bi ae

AE,,= 1.18 4(a) 4E 11 =0.26 5(a)
AEls ==0.67 4(b,d) AE, 0=.64 5(a)

(a)(b ( ) :,:1-- .05 4 (b, c) AE's = 0.51 J (b, d)

AEs, = 1.52 4(g) AEr, =0.13 5(b,c)
AE35 =0.76 5(f)

Note: The subscripts refer to the 0(l ) and 0(5) sites. The su-
perscripts differentiate the oxygen sites according to the local ox-
ygen environment as identified in figs. 4 and 5.

Mb bgetically more favorable. Therefore, one can envis-
age diffusion in the b-direction (fig. 4(e)) in which
Oajumps to the nnn vacant O(1) site along the chain

(d) (e) (V) by following path 1; subsequently, the OPi oxygen may
proceed along path 2 (fig. 4(e) and (f)). This
mechanism for diffusion along the b-direction is more
likely than the model proposed by Rothman et al.

M 3 '[7] (fig. 4(g), path 3). The model of Rothman et
al. [ 7 ] consisted of an oxygen hopping from the end
of one chain onto an 0(5) site, followed by a series
of 0(5)-+O(5) jumps until it comes to the end of
another chain represented by PI (path 3). In ac-
cordance with a side interaction model, this diffu-
sion pathway would be energetically unfavorable.

(g) (h) Jumps from 0(5) -. 0(5) sites between two fully or-
dered chains would place the diffusing oxygen ion

Fig. 4. (a) Four highly correlated jumps available to an 0( 1) between four nn 0(1 ) anions; an increase in energy

oxygen in Ortho I YBCO. (b) An oxygen anion is more likely to

make an interchain jump if it belongs to the end ofa chain. (c) of AEi,=4V, = 1.52 eV. Hence, a jump to the nnn
Ajumpto the b-site is energetically less favorable than (d) ajump 0(1 ) oxygen vacancy, P2, is more probable (path I
to the a-site. (e, f) Suggested interchain diffusion mechanism in in fig. 4(g)).
Ortho I YBCO (path 1, 2). (g) A series of O(5)-O(5) hops is Two types of intrachain jumps are possible in the
energetically unfavorable (path 3). (h) Proposed interchain dif- Ortho I structure as represented by oxygen y and Y'
fusion mechanisms for Ortho I YBCO. (fig. 4(h)). Oxygen Oy has two nnn 0(1) oxygen

while y' is at the end of a copper-oxygen chain with S
Oct atom hops to the b site, it will have three nn ox- only one nnn 0(1 ) site. Oy has two possible path-
ygens and the energy is raised by AE 5 = 3 V, - ways to the vacant site; first, it can first jump to an
2 V3 - V2 = 1.05 eV (fig. 4(c) ). However, a jump to 0(5) site (path 4) or, second, it can jump directly
the a site will result in two nn oxygens with an in- to the 0(0) site (path 5). Motion of the Oy, how-
crease in energy of only AE7' = 2 V, - 2 V3 - V2 = ever, will result in the formation of two new chain
0.67 eV (fig. 4(d) ). The relation between the ener- ends which raises the energy of the system. In gen-
gies is simply 0 < AE75 < AE b < AE, 5 (table I ). In eral, it should be easier for an oxygen anion to ini-
other words, the jump shown in fig. 4(d) is ener- tiate a hop, if it is at the end of a chain (0y'), than

.. .. . . . ....
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if it is part of a chain (0y) (fig. 4 (h) ). Diffusion of during diffusion in the Ortho I1 structure would have
OQ' can proceed by both at most two nn 0(1) oxygen anions
(I ) an intrachain jump along either an 0(1 ) -0(1) (AE55= 2 V, = 0.76 eV) by comparison with four nn
or 0(1 )-.0(5)--0( 1) path (fig. 4(h)) or, oxygens (AE55=4V1 ) in the Ortho I structure (table
(2) an interchain jump as shown previously (fig. I ). Intrachain jumps in the Ortho I1 structure are
4(e) and (f)). Motion of both Oy and Oy' would considered to occur by either multiple
result in a net diffusive flux in the a-direction. The 0(I)-.0(5)-.O(1) hops (path 1-2), 0(l)--.O(!)
in-plane anisotropy Dl/D* .100 near 3000 C sug- hops (path 3), or a combination of the two (fig.
gests that intrachain motion of oxygen is less likely 5(g)). If the Oa oxygen hops to the 0(5) site along
than the interchain hopping shown in fig. 4(e) and path 1, it has two equivalent sites available for its
(f). However, as more vacant 0( 1 ) sites appear, in- next jump; first, a jump back to the full chain by path
trachain hopping could become more pronounced I or I' or, second, Oa can jump to one of two 0( 1)
with a corresponding decrease in DI/D*. Since in- sites in the empty chain (e.g., path 2).
trachain diffusion would require oxygen vacancies Although rather simplistic, the above evaluation
on neighboring chains, the a-axis diffusivity is ex- of the energies associated with possible jump path-
pected to be concentration-dependent. ways indicate that the local environment for a dif-

fusing oxygen atom in orthorhombic YBCO can be-
4.2. Diffusion in the Ortho 11 structure come quite varied and complex. Mixtures of ortho

I and Ortho II structures could give rise to a variety
The ideal Ortho II structure consists of alternating of different jump pathways. The above discussion

full copper-oxygen chains and empty chains (fig. also emphasizes the fact that until the fundamental
5(a)). This structure has a more open environment diffusive jump(s) can be determined in YBCO, a
for a diffusing 0( 1 ) oxygen anion (fig. 5(a) ) and complete diffusion model cannot be developed. The
provides two possible jump sites; an 0(1 )--0(5) lower energies for basic oxygen jumps in the Ortho
hop (path I ) or a direct 0( 1 )-,0( 1 ) hop (path 2). II structure suggest that diffusion in highly oxygen-
The jump to the 0 (5) site would change the energy ated Ortho I material would be greatly facilitated by
by AE5 = V1 -2V 2 =0.64 eV>0 while the intra- completely empty chains randomly dispersed in the
chain hop to the neighboring 0 ( 1 ) site would change lattice. The inability to achieve complete oxygena-
the energy by AE1 =-2V2 =0.26 eV (table 1). tionofYBCO (i.e.,x=l) may then bea result of the
Since AE2 , <AEI,, the 0(!)-.O(1) jump is more difficulty of oxygen diffusing through the lattice, once
favorable. In fig. 5 (b) a single 0( 1 ) oxygen has been most of these empty chains are isolated from the
removed from a full chain resulting in two types of surface.
0(5) sites labeled a and a'. An Oa oxygen hopping
to an a' site would change its energy by AE7'S = -
V2 =0.13 eV (fig. 5(c)) while a hop to the a site 5. Conclusion
would change the encrgy by AE.5 = - V2 + V, =
0.51 eV (fig. 5(d)). In other words, AE*'S <AE7s, The observed concentration-dependence for the
and the a'jump is expected to be more probable (fig. chemical diffusivity of oxygen in YBCO is proposed
5(c)). Consequently, one can envisage b-direction to be a result of defect-defect interactions. Conse-
diffusion occurring in a manner similar to the Ortho quently, the thermodynamic factor, which is a mea-
I structure (fig. 5(e) and (f)) in which an oxygen sure of the oxygen activity as a function of oxygen
atom at the end of a chain would make an content, is considered to be most likely responsible
0(1 )-0.(5)-0(1) jump (fig. 5(e)) resulting in for a concentration-dependent chemical diffusivity.
net diffusion in the b-direction. The neighboring Defect-defect interactions are expected to be evi-
empty chain, however, makes the 0(5)-.0(5) dif- dent in correlation effects. It is also possible that ran-
fusion model of Rothman et al. [7] energetically domly oriented chain fragments or defect clusters ex-
more probable (fig. 5(f)) than in the Ortho I struc- ist in tetragonal YBCO. Examination of various
ture (fig. 4(g)). An oxygen residing in an 0(5) site oxygen diffusi' ,rmps predicts that oxygen will dif-
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'l b Tt
biR

(a) (b) (eW (1

(c) (d) (g)

Fig. 5. (a) There are two distinct jump sites available to an 0( 1) anion in the Ortho II structure. (b) An oxygen anion is more likely to
make an interchain jump if it belongs to the end of a chain. (c) A jump to the a'-site is energetically more favorable than (d) a jump to
the a-site. (e) Suggested interchain diffusion mechanism in Ortho II YBCO. (f) Proposed diffusion mechanism for the more open Ortho
11 structure. (g) Intrachain diffusion pathways.
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determined by electrical-resistance measurements
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Isothermal electrical-resistance measurements were used to monitor oxygen diffusion kinetics in both
single-crystal and polycrystalline YBa2Cu 30 6+. between 350 and 780"C. Distinctions are made between
intrinsic diffusion behavior and microstructure-dependent properties. An activation energy of 0.4(1) eV
was determined for oxygen in-diffusion in dense polycrystalline material from 400 to 780"C, and 1.10(6) 0
eV for single crystals between 600 and 780"C. Below 600"C, the activation energies for out-diffusion in
porous and dense polycrystalline specimens were determined to be 0.5(0) eV and 0.6(0) eV, respectively.
The lower activation energy in polycrystalline specimens was attributed to (i) shell effects at either grain
boundaries or the specimen surface in which the rapid formation of a highly oxygenated skin created
short-circuit pathways for current flow, and (ii) high-diffusivity pathways along grain boundaries. Mea-
surements on single crystals reveal that the intrinsic rate of oxygen in-diffusion was comparable to, if not
slower, than out-diffusion, which was contrary to measurements on polycrystalline specimens. This type
of behavior was attributed to the formation of a highly oxygenated shell during in-diffusion which
behaved as both (i) a high-conductivity pathway and (ii) a barrier to bulk oxygen in-diffusion. The use of
single crystals enabled these effects to be clearly distinguished.

I. INTRODUCTION have generally been greater than the tracer or self-
diffusivities.

Oxygen stoichiometry has a profound effect on the su- The two most common techniques used to measure )
perconducting, normal state, and structural properties of in YBCO are electrical-resistance measurements, 13- 31

YBa2Cu30 6 +. (YBCO).1' 2 Consequently, an understand- and thermogravimetric analysis,12 ',3032 -36 which monitor
ing of the chemical diffusion of oxygen D is important for the electron-hole content and mass, respectively, associat-
the processing of YBCO with specific property require- ed with oxygen exchange. Other techniques include
ments in all of its requisite forms (e.g., bulk, melt- solid-state electrochemical measurements,37- 4 1  gas
textured, single-crystal, thin-film, wire, etc.). Fundamen- volumetry,42' 43 in situ neutron diffraction,43'44 differential
tal oxygen diffusion behavior has been reported by scanning calorimetry, 45 IR spectroscopy,35 and positron
tracer-diffusion techniques3-5 and internal friction mea- annihilation." The remarkable agreement found in the
surements, 6- 9 however, it is the chemical diffusion of ox- tracer- and self-diffusivity studies- 9 with regards to 0
ygen, under a concentration gradient, which is most im- diffusion coefficients and activation eaergu:s is unfor-
portant for the processing of YBCO. The oxygen chemi- tunately lacking in the chemical diffusion studies.' 3- In
cal diffusion coefficient is measured under a gradient in addition to the more complex situation for chemical
the chemical potential, which is most often achieved diffusion (e.g., solute activities), these discrepancies can
through changes in oxygen partial pressure surrounding be attributed to different sample microstructures and ex-
the specimen, or changes in temperature. b is related to perimental techniques.
the tracer or self-diffusivity D * by the equation 1 In this paper, we report electrical-resistance measure-

ments of oxygen diffusion kinetics in single-crystal and
a1ny polycrystalline YBCO. A particular advantage of the

=D* 1+ al Inc (1) electrical-resistance method, in addition to its extreme
sensitivity to small changes in oxygen content, Ax, is the
ability to make repeated measurements on a single speci-

where the term in brackets is the thermodynamic men. This ensures high reproducibility by removing
enhancement factor containing the solute activity y and sample-to-sample variance, which enables subtle changes
concentration c of the diffusing species. In an ideal solu- in oxygen diffusion behavior to be more readily dis-
tion (often in the dilute limit), the activity y is unity for tinguished. All of these factors make resistance measure-
all concentrations and the tracer-diffusion and chemical ments especially suitable for monitoring diffusion kinetics
diffusion coefficients are equal. In the YBCO system, in single crystals of YBCO whose small mass precludes
however, a significant contribution of the thermodynamic the use of thermogravimetric analysis. However, one is
factor [Eq. (I)] is expected from studies of oxygen partial measuring a response that is attributed to the dynamic
pressure as a function of oxygen concentration.1, 12  change in the carrier concentration and associated
These results explain why values of b reported for YBCO scattering processes and, thus, assumptions must be made

47 3380 © 1993 The American Physical Society



47 CHEMICAL DIFFUSION OF OXYGEN IN SINGLE-CRYSTAL ... 3381

on the relationships between oxygen content, electron- b= L 2  (6)
hole concentration, and the overall resistance of the 7r
specimen.

YBCO is principally an electronic conductor with ex- and L is the effective diffusion length. The large anisotro-
tremely low oxygen anion transference numbers (10-9 to py in the tracer diffusivities5 of YBCO suggests that oxy-
10-7 in Refs. 23 and 37). The electrical conductivity o gen exchange in single crystals will occur primarily at the

for majority hole carriers can be written as edges of the thin platelets (i.e., it will be a two-
dimensional process). This in turn can be represented by

u=[h']Ae , (2) the two-dimensional analogue of Eq. (5) in which the
presummation term is replaced by 64/vr4 and the effective

where [h ] is the hole concentration, # is the hole mobili- diffusion length L in Eq. (6) is replaced by
ty, and e is the electron charge. Isothermal measure-
ments allow the mobility term to be neglected and thus L'= (I /L+ 1 /L')- '

an increase in the resistance is largely a consequence of a whe
decrease in the hole concentration as oxygen leaves the re La and Lb are the crystal dimensions in the ab
system according to the defect relation14, 23  plane.

It is evident that, in addition to the measurement of ac-
0x + 2h V6 +02, (3) curate relaxation times, one must also choose an ap-propriate effective diffusion length L to estimate reliable

where V6 denotes a doubly ionized (positive) vacant 0(1) diffusivities [Eq. (6)]. Unfortunately, this is often the
chain oxygen site, and O is the neutral occupied 0(1) most difficult step in interpreting the results of chemical
site. Defect models in a highly defective and non- diffusion studies especially in YBCO. Not only does the
stoichiometric compound such as YBCO are expected to effective diffusion length depend on microstructural
be more complex. Theoretically, Eq. (3) describes a di- features such as grain size and connected porosity, but
lute solution of noninteracting oxygen anions and should quite possibly on the experimental technique. For exam-
be regarded as a first approximation of the relationship ple, heterogeneous oxygen distributions may lead to shell
between the majority carriers and the oxygen content in effects, especially during in-diffusion. These shells may
YBCO. behave as short-circuit pathways for electrical current

Resistance measurements require that assumptions be thus yielding resistances that are not representative of the
made concerning the actual distribution of oxygen within bulk oxygen content.21.2,30 With these motivations in
the specimen, i.e., a diffusion mechanism must be as- mind, a study of the chemical diffusion behavior in both
sumed. The change in resistance with time AR (t) of single-crystal and polycrystalline YBCO was undertaken
YBCO is proportional to the change in oxygen content to distinguish between intrinsic oxygen diffusion rates,
Ax (t) according to the relation and those influenced-if not dominated-by such fac-

tors as grain size, bulk density, and short-circuit path-
lnR W) -lnR (0) X W X ( 0) ways for current flow, which can occur in polycrystalline

lnR(t)-lnR(0) J x(t)-x(O) =a(t) (4) ceramic superconductors.

where R (0) is the resistance at the beginning of in- or II. EXPERIMENTAL

out-diffusion, R (t) the resistance as a function of time,
R (o) the eventual saturation resistance, and a(t) the A. Sample preparation
fractional change in resistance (or oxygen content). The The authors have experience in the growth of doped
resistance change during oxygen diffusion in rectangular and undoped single crystals of YBCO and have prepared
bars of polycrystalline YBCO can be fit to the equation and measured over 30 batches. Large single crystals of
for one-dimensional diffusion into a plane47  various sizes (up to 10X 10X 2 mm 3) were grown in either

8W alumina or yttria-stabilized zirconia crucibles by a stan-

' __82 , I -(2n + 1)2t dard self-flux technique described elsewhere.13 Resis-
,. =0 (2n +1 tance measurements were made on many of these crystals

during oxygen diffusion, and the results were found to be
where the relaxation time -" is related to the chemical consistent from crystal to crystal, and from batch to
diffusivity b by the expression batch. 13-18 The authors report here extensive resistance

TABLE I. Data for single crystals and polycrystalline YBCO specimens.

Specimen Grain size Bulk
Specimen type TC size (mmi) (mm) density

Crystal Cl 90 K IX 1XO.05
Crystal C2 90 K 2X l.5X0.5
Polycrystal SI 92 K 4.85 X 2.05 X 0. 50 1.1(2) X 6(l) 75(5)%
Polycrystal S2 92 K 4.70Xi.55X0.90 2.8(4)X 19(3) 95(5)%
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measurements on two representative crystals, which serve
to illustrate the general observations. The two twinned
crystals had dimensions of approximately IX 1 X0.05
and 2 X 1.5 X 0.5 mm 3 (hereafter referred to as C I and
C2, respectively) with the c axis oriented in the thin
direction (Table I). The critical temperatures, Tc (onset),
from superconducting quantum interference device
(SQUID) susceptibility measurements were 90 K for both
crystals with a transition width (10-90%) of 1 K.

YBCO powder was prepared by a standard mixed-
oxide route as described previously. 48 Polycrystalline
specimens of different grain sizes and bulk densities were
obtained by pressing pellets at 24 MPa and then sintering
for 24 h in oxygen at temperatures from 950 to 980"C.
We report here data on the two extremes in bulk densities
as means of illustrating the influence of microstructure on1 0
the oxygen diffusion behavior as measured by the electri-
cal resistance method. The bulk densities of specimens 0
•1 (Sl) and #2 (S2) were -75(5) and -95(5)%, re-
spectively. The acicular grains had average dimensions
of -I. 1(2)X6( 1 ) and -2.8(4)X 19(3) um for specimens
S I (porous) and S2 (dense), respectively (Fig. 1, Table I).
Following a one week anneal at 500*C in oxygen, x-ray
analysis (scan rate, 1 20/min; Cu Ka radiation, 20 mA
and 45 mV) indicated that the polycrystalline specimens
were "phase-pure" and orthorhombic. SQUID suscepti-
bility measurements yielded broad transitions (<2 K)
with onset critical temperatures of 92 K. The pellets
were subsequently sectioned into rectangular bars and
polished to a 1 jim finish prior to resistance measure-
ments. At least two bars were measured from each pellet
and consistent results were obtained.

B. Electrical-resistance measurements

Measurements of electrical resistance. during oxygen 1 0 Iqt
in-diffusion and out-diffusion were made by a computer-
controlled four-point probe ac technique, while the speci-
men was simultaneously mounted in the hot stage of an
optical microscope.13'14 The applied ac current was kept
constant at 1.86 mA (564 Hz) by a Stanford Research
Systems SR530 lockin amplifier. Four gold wires (0.1%
Be addition, 2 mil) were attached with silver paste to the
corners of the (001) face of the single crystals and along 0
the length of rectangular ceramic bars cut from the
ceramic pellets. After annealing at 600° for several hours,
the contacts had resistances of one ohm or less and had
ohmic characteristics. Contact integrity was checked
periodically throughout the measurements in both posi-
tive and negative dc currents. In order to further ascer- •
tain sample quality and contact integrity, resistivities
were estimated from the geometry of polycrystalline
specimens and by Montgomery's technique49 for single
crystals at various temperatures. The resistivities (Pab) of
the crystals were on the order of 100-200 lif) cm at room
temperature and 1-10 mflcm from 600-780*C (100%
oxygen). The bulk resistivities of the ceramic specimens
were typically on the order of 3-30 mflcm from
350-780"C. These values are in good agreement with FIG. I. Optical photomicrographs under cross-polarized
those cited in the literature.50  reflected light of (a) single-crystal, (b) porous. fine-grain poly-

Isothermal oxygen out-diffusion and in-diffusion was crystalline specimen SI, and (c) dense, coarse-grain polycrystal-
monitored by resistance measurements for single crystals line specimen S2.
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from 600-780"C and for polycrystalline specimens from
350-780'C. Resistance measurements in single crystals Cry In-diffusionSCrystal C2

were prohibitively slow below 600"C due to slow oxygen 0.6 , 600C
diffusion kinetics. (Several weeks are required to estab- -, e c
lish equilibrium in crystals.) The specimen was initially 0.6 "880*C
annealed in oxyge " at the measurement temperature until ?00*C

equilibrium was established (> 36 h for crystals) as deter- '40 0.4
mined from calculations and by monitoring for constant
resistance. Oxygen out-diffusion studies were carried out 0 .2
by introducing argon into the hot stage and recording the
resistance increase of the specimen as a function of time. o.o (a)
Following the argon anneal, oxygen was reintroduced
into the system and the resistance decrease associated 0 500 1000 1500 2000

with oxygen in-diffusion was recorded. Water vapor and Time (sec)

CO2, which can degrade YBCO,51 were removed from the 0.5
ambient by a scrubbing column that contained CaO and In-diffusion

CaSO 4. The strain accompanying the ferroelastic 0.0 Single Crystals

tetragonal-orthorhombic (TO) phase transformation was -o.5 v C2
accommodated by the formation of I110J twin boun- 0

daries.5 2 These transformation twins were clearly visible . 00 0 1.lO0(6)eV

under polarized reflected light [see Fig. l(a)] and enabled - 0.5

the phase transformation to be observed in an optical mi-
croscope during the resistance measurements. 13',4 Obser- -• 2.0

vation of the twin networks indicated that the crystal re- -2.5
tained the orthorhombic structure below -700"C, and (b)
the tetragonal form above - 700°C, when in equilibrium -3.0 .) 10.9 1.0 1. 1.
with pure oxygen. The crystal was driven isothermally 1O00/T (K-1)
through the orthorhombic-tetragonal (OT) transforma-
tion below - 700 "C by switching between oxygen and ar- 3.0
gon gases, however, no anomalies were observed in the In-diffusion

measured resistance values. S2. dense

II. RESULTS AND DISCUSSION W

A. In-diffusion 0 0 4(1)eV

S2.0
Normalized resistance isotherms during oxygen in- 0

diffusion for YBCO single crystals reveal a change in %//F
functional form as the temperature increased [e.g., crystal (W)
C2 in Fig. 2(a)]. Relaxation times during in-diffusion for 0.8 1.0 1.2 1.4 .1.6
crystals C I and C2 were determined by fitting the data to 01

the two-dimensional analogue of Eq. (5). An Arrhenius 1000/T (K-)

plot of the normalized relaxation times for crystals Cl
and C2 yielded an activation energy for in-diffusion of FIG. 2. (a) Normalized in-diffusion resistance isotherms from1.10(6) eV from 600-780'C [Fig. 2(b)]. A similar analysis 600-700°C in crystal C2 reveal a change in functional form
for dense polycrystalline material S2 yielded an activa- with temperature. (b) An Arrhenius plot of normalized relaxa-
ion densepolycrgysofal.4(1 eVaoril S2in-dif n f - tion times for oxygen in-diffusion into Cl and C2 crystals sug-

tion energy of -0.4(1) eV for in-diffusion from gests a single mechanism with an activation energy of 1.10(6)
400-780'C [Fig. 2(c)]. (The rate of resistance change eV. (c) An Arrhenius plot of the relaxation times for oxygen
during in-diffusion for specimen S 1 was too rapid for reli- in-diffusion into dense, coarse-grain polycrystalline specimen S2
able determinations of relaxation time.) The activation from 400-780°C. The low activation energy (0.4(1) eV) in com-
energy (-0.4 eV) for in-diffusion from 400-780 'C in parison with single crystals (- 1.10(6) eV) suggests that the for-
dense, large-grain specimen S2 [Fig. 2(c)] was similar to mation of a highly oxygenated, highly conductive shell may
the values reported by Tu et al.27 (-0.5 eV) from mask intrinsic in-diffusion behavior.
210-360°C and by Ottaviani et al.28 (-0.4 eV) from
215-315 'C for the early stages of in-diffusion. These low that the activation energy of - 1.10 eV for single crystals
values in comparison with single-crystal data (-1.10(6) [Fig. 2(b)] was more representative of bulk oxygen in-
eV) suggests either grain-boundary diffusion or the for- diffusion.
mation of a highly oxygenated conductive shell re-
gion,27,28.30 the latter obscuring intrinsic in-diffusion be- B. Out-diffusion
havior. Both Tu et al.27 and Ottaviani et al.28 measured
in-diffusion activation energies of - 1.3 and 0.9 eV, re- The rate of resistance change during out-diffusion for

spectively, for the latter stages of in-diffusion suggesting the porous specimen S I increased with temperature from
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FIG. 3. (a) Resistance as a function of time for oxygen out- 0.9 1.0 1.1 1.2

diffusion for porous, fine-grain specimen Si. (b) Resistance as a 1000/T (K-')
function of time for oxygen out-diffusion at 550"C and the cor-
responding fit to Eq. (5). (c) Arrhenius plot of the chemical FIG. 4. Resistance increase during oxygen out-diffusion for
diffusivities for oxygen out-diffusion below 600"C for the porous, dense, coarse-grain specimen S2 at temperatures (a) below
fine-grain specimen SI. The diffizsivities were estimated from 600"C and (b) above 600"C. There appears to be a crossover
Eq. (6) with an effective diffusion length equal to the specimen from diffusion-controlled to surface-limited out-diffusion behav-
thickness (L =0.05 cm). ior near 600'C. (c) Temperature dependence of logl0(dR Idt)

for oxygen out-diffusion for dense, coarse-grain specimen S2. 0

400-708"C [Fig. 3(a)]. The resistance behavior was well
described by a one-dimensional diffusion equation [Eq. the form
(5)] (e.g., Fig. 3(b)]. The effective diffusion length L need-
ed to accurately calculate b [Eq. (6)] theoretically ranges 10-4 C2/) [ 0.5 eV 0
from the average grain size to the external dimensions of cm = (2.6(5)X sec)exp UOkT

the specimen depending on both porosity and the contri-
bution of grain-boundary diffusion. As a first approxima- from 350-600*C [Fig. 3(c)]. The connected porosity of
tion, b for S I were estimated by using the thinnest sam- specimen S 1 in conjunction with the possibility of fast
pie dimension (L -0.05 cm) as the effective diffusion grain-boundary diffusion suggests that the average grain
length [Eq. (6)], which yielded an Arrhenius equation of size could control the effective diffusion length. Howev-
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TABLE II. Activation energies for oxygen diffusion in single-crystal and polycrystalline YBCO.

Temperature
Specimen type E (eV) range Comments'

Crystal CI,C2 1.10 600-780"C ID
Polycrystal SI 0.5 350-600"C OD,GB,SE

(porous, 75%; 6 pm)
Polycrystal S2 0.6 400-600'C OD,GBSE

(dense, 95%; 19 ,m) 1.67 600-780"C OD,SRC
0.4 400-780"C IDSE

"Key: OD (uu, -diffusion), ID (in-diffusion), SRC (surface-reaction controlled), GB (grain-boundary
diffusion), SE (shell effects).

er, the Arrhenius expression obtained using L =6 yrm 350"C grain-boundary diffusion becomes active in poly-
(Table I) had a prefactor of 10-8 cm2/sec, which was un- crystalline material, while significant bulk diffusion does
reasonably small. The values of D for S 1 determined not occur until close to 500"C. Internal friction measure-
from Eq. (7) should, however, be interpreted as upper ments53 have observed a Debye-like damping peak near
limits [Fig. 3(c)]. 530"C, which was attributed to basal plane oxygen hop-

Out-diffusion curves for the dense, coarse-grain. speci- ping at the onset of bulk lattice diffusion. The above dis-
men S2 are shown in Figs. 4(a) and 4(b) both below and cussion suggests that optimum oxygen incorporation will
above 600"C, respectively. The resistance increase ac- occur near 500"C where appreciable lattice diffusion
companying out-diffusion was linear with time above would lead to an equilibrium oxygen content of approxi-
600"C [Fig. 4(b)] but had exponential forms below 600*C mately 6.9 (Ref. 54). Below 5000C, however, grain-
[Fig. 4(a)]. This suggests a crossover from diffusion- boundary diffusion dominates and additional incorpora-
limited to surface reaction-limited diffusion near 600"C tion of oxygen into the bulk becomes extremely slow.
during out-diffusion in an argon atmosphere. A similar This may explain the difficulty in achieving complete oxy-
crossover was observed during out-diffusion in argon for genation (i.e., x = 1) in YBCO especially in single crystals
single crystals near 600°C,18 but not in porous specimens and in large dense polycrystalline specimens at reduced
(e.g., S 1). Below 600 °C, several days would have been re- temperatures.
quired to obtain saturation resistances for the dense
YBCO specimens (e.g., S2). Consequently, dense speci- C. Surface-controlled out-diffusion
mens were not completely deoxygenated below 600"C,
which precluded the calculation of reliable relaxation Above 600"C, out-diffusion of oxygen in single-crystal
times. The activation energy, however, for out-diffusion and dense polycrystalline specimens was assumed to be
for S2 was determined from a constant resistance cut surface-reaction limited as suggested by the linear change
made through Fig. 4(a) to obtain characteristic times e' at of resistance with time, dR Idt [e.g., Fig. 4(B)]. The rate
each temperature. These were fit to the standard expres- of oxygen out-diffusion was directly proportional to the

sion change in carrier concentration dR /dt, which enabled
the activation energy for out-diffusion to be calculated

T'= T~exp IE0 ](8) from,'14 ,27

UdR 1Bexp 19)
yielding an activation energy of E 0 =0.6(1) eV (Table II). d UB'
Within experimental error, this value was identical to the
value (0.5(1) eV) obtained for the porous specimen Sl where B 0 is the preexponential factor and E 0 the activa-
[Fig. 3(c)]. tion energy. Analysis of linear out-diffusion isotherms

The activation energy for out-diffusion below 600 °C in (dR /dt) for dense polycrystalline specimen S2 [Fig.
both dense and porous polycrystalline specimens (0.5-0.6 4(b)] as a function of temperature from 600-780°C yield-
eV) was lower than the activation energies for b for crys- ed a single activation energy of 1.67(4) eV [Fig. 4(c)].
tals [e.g., Fig. 2(b)] and reported for oxygen tracer The linear resistance behavior during oxygen out-
diffusion (- I eV).3- 5 This suggests a high-diffusivity diffusion for single crystals"4 and for dense polycrystalline
pathway such as grain boundaries or external surfaces. specimens above 600 C [e.g., Fig. 4(b)] was similar to the
Evidence for grain-boundary diffusion was also observed behavior reported27 below 440 C in polycrystalline speci-
in dynamic heating experiments with single-crystal and mens. However, most electrical conductivity studies on
polycrystalline specimens.13"16 The resistance behavior of polycrystalline material exhibit an exponential increase in
orthorhombic YBCO (x ;I) was metallic and increased resistance during oxygen out-diffusion typical of a stan-
linearly with temperature in pure oxygen up to approxi- dard diffusion controlled process [for example, Refs. 21,
mately 350°C for polycrystalline ceramics 16 and up to 23, 25, 28, 30, and Fig. 3(a)]. Linear out-diffusion behav-
500°C for single crystals.' 3"16 Above these temperatures ior was observed in polycrystalline material with high
appreciable oxygen out-diffusion occurred and the resis- bulk density and coarse-grain size [e.g., specimen S2; Fig.
tance increased more rapidly. This suggests that near 4(b)] suggesting that connected porosity or fine-grain size
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gives rise to the nonlinear out-diffusion behavior reported bon and zirconium, however, the near surface region was
in other studies21' 23,25' 28,30 and observed in specimen SI entirely Y-Ba-Cu-O. The (100/010) surfaces were found
above 600"C [Fig. 3(a)]. to have more excess barium than the (001) surface, and

At this point, it is important to consider extrinsic fac- carbon and zirconia were found to penetrate further into
tors that might be responsible for the linear resistance be- the near-surface region (< 50 nm) before a constant
havior during oxygen out-diffusion. These include, (i) a Y-Ba-Cu-O ratio was obtained. As suggested by diffusion 0
surface impurity film formed during preparation or, (ii) anisotropy, the (100/010) surfaces of a YBCO crystal
phase decomposition at the surface during out-diffusion were more reactive than the (001) surface during oxygen
measurements. It has been suggested 4 that a surface film exchange. Although surface phases were not detected by
on YBCO samples, which develops during sample x-ray analysis or observed by optical microscopy, Auger
preparation, impedes oxygen exchange. However, in this analysis detected trace impurities at the (100/010) sur-
study, the rectangular bars obtained from polycrystalline faces of crystals. •
pellets were polished, and crystals were cut or fractured
from much larger crystals, which exposed fresh D. Intinsic diffusion rates:
(100)/(010) surfaces for oxygen exchange. Consequently, influence of microstructure
an impurity film formed during specimen synthesis was
not responsible for the surface barrier for out-diffusion. There is still some controversy surrounding the intrin-

Phase decomposition (ii) at temperatures above 6000C sic rates of oxygen in-diffusion and out-diffusion in
could have resulted in surface-reaction limited oxygen YBCO. Thermogravimetric analysis (TGA) has reported
out-diffusion. There were, however, several observations in-diffusion to be both faster"3 and equal' 2 to out-
that make this possibility unlikely. Linear resistance be- diffusion. Most electrical-resistance studies, however, re-
havior was not observed during oxygen out-diffusion in port faster in-diffusion than out-diffusion in polycrystal-
the porous specimen, Sl [Fig. 3(a)], which by virtue of line material,19' 21'23'27 however, a study on single crystals
the larger internal and external surface area should make reported slower in-diffusion than out-diffusion.15 It is
the material more susceptible to phase decomposition. possible that the relative rates of in- and out-diffusion
Irreversible phase decomposition in Sl should lead to may depend on both the temperature of the measurement
drift in the equilibrium resistance values R ( oo) for re- and the specimen's microstructure. A study42 reported
peated diffusion anneals. However, R ( oo ) in both poly- that the relative rates of in- and out-diffusion vary with
crystalline and single-crystal specimens was always re- temperature, becoming nearly identical at higher temper-
gained between successive diffusion runs suggesting that, atures. Correspondingly, the influence of microstructure
if a secondary phase developed during out-diffusion in ar- on the measured activation energies and chemical S
gon, it was thermodynamically reversible. A recent pa- diffusivities was supported, for example, by a TGA
per55 suggested that the reversible formation of study,3' which reported the activation energy for oxygen
YBa2Cu 4O8 at the YBCO grain surface during out- diffusion to be greater for a polycrystalline pellet (- 1.5
diffusion gave rise to a surface barrier for out-diffusion. eV) than a loose powder (- 1.2 eV). The reported
However, it is difficult to ascribe an explicable source for discrepancies on diffusion rates in electrical-resistance
the additional Ba and Cu content. Also, YBa 2Cu 40s for- measurements may also be due the formation of a highly
mation is usually favored in high oxygen overpressures oxygenated, highly conductive shell region during in-
and should not form, while YBCO is undergoing reduc- diffusion. The influence of a highly oxygenated shell will
tion. now be discussed with relation to its extrinsic effect on

In addition, x-ray analysis, optical microscopy, and electrical-resistance measurements and its intrinsic effect
Auger analysis were used in an attempt to detect any sur- on oxygen diffusion rates.
face phase present. X-ray diffraction did not detect im- The influence of microstructure on the resistance be-
purity phases in any of the specimens even after havior of YBCO during oxygen out- and in-diffusion is
numerous diffusion experiments. In situ observation of exemplified in Figs. 5 and 6. During out-diffusion in ar-
the (001) face of single crystals in an optical microscope gon at 708"C, the resistance of single-crystal Cl in-
did not reveal changes in features that may accompany creased linearly with time typical of a surface-reaction
phase decomposition during oxygen diffusion (e.g., tar- controlled process [Fig. 5(a)]. Oxygen in-diffusion was in-
nishing, pitting, etc.). In order to detect possible trace itiated by exchange from argon to oxygen and was evi-
impurities, however, semiquantitative chemical analysis dent in the resulting resistance change, which first de- •
of YBCO crystal surfaces and near-surface composition creased rapidly and then more slowly with time [Fig.
was determined on a PHI model 660 Scanning Auger mi- 5(a)]. If out-diffusion was driven to completion at 708 C,
croscope, which could be operated in a sputter mode. it took more than 24 h for crystal Cl to reach a satura-
Both (001) and (100/010) surfaces of as-grown crystals tion resistance. Examination of dense polycrystalline
were found to have trace amounts of zirconia and carbon, YBCO [e.g., S2 in Fig. l(c)], revealed that the resistance
which disappeared immediately upon sputtering. The increase during out-diffusion was also linear [Fig. 5(c)] 5
Y-Ba-Cu-O ratio was essentially constant from the sur- and, if taken to completion, saturated in -24 h. Similar
face into the near-surface region. Crystal C2 was exam- times for saturation for out-diffusion in crystal Cl and
ined after one month of diffusion measurements and after dense polycrystal S2, together with nearly identical
an additional two months at 600°C. The (001) surface effective diffusion lengths (L -0.9-1.0mm, Table I), sug-
was found to have slightly excess barium along with car- gests that oxygen out-diffusion in dense polycrystalline
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1.0 -]) -3 h. This nonlinear behavior, and rapid saturation in

8CI.Cryta S I in comparison with single crystals and dense polycrys-

0.6 talline S2, was attributed to the connected porosity in S 1,
which made more internal surface area available for oxy-

0.4 gen exchange and, also, shortened the diffusion pathway,

0.2
S0.0 - Measurements on several single crystals indicated that

S1.0 M the intrinsic rate of oxygen in-diffusion was comparable& 03. P0...8 to, if not slower than, the rate of out-diffusion [e.g., Fig.

0. 5(a)].15 This was in contradiction to reports19'21 23.27 for) 0.6
0,4 extremely fast in-diffusion for polycrystalline specimens
0.4 [e.g., Figs. 5(b) and 5(c)]. As a means of illustrating these

0.2 discrepancies, the resistance behavior during oxygen in-
-•0.0 1000011001 diffusion for C1, S1, and S2 (Fig. 5) are shown for small-

1.0 s). dense er time increments in Fig. 6. A clear difference is seen in
o 0.8 the rate of resistance decrease between porous and dense

0.6 specimens indicating that connected porosity will, as ex-

0.4 pected, increase the rate of oxygen in-diffusion (Fig. 6).
0.4 In addition, the equilibrium resistance R ( c ) value upon
0.2 oxygen in-diffusion was recovered more quickly for poly-
0.0 crystalline specimens compared with the crystal, -which

0 30 60 90 120 incorrectly suggests that oxygen in-diffusion was more

Time (min) rapid than out-diffusion [Figs. 5(b), 5(c), and 61.
The apparent rate of oxygen in-diffusion was more rap-

FIG. 5. Normalized resistance as a function of time for oxy- id in S2 in comparison with single-crystal C I even
gen out-diffusion and in-diffusion at 708"C for (a) single-crystal though the effective diffusion lengths were similar (Fig. 6
CI, (b) porous, fine-grain specimen SI, and (c) dense, coarse- and Table I). One possibility, for such apparently faster
grain specimen S2 (see Fig. 1). The resistance increased during in-diffusion for S2 was that it had a greater surface area
oxygen out-diffusion and decreased for oxygen in-diffusion in all (approximately 100 X) than the small crystal (Table I). In
specimens, however, the functional forms are noticeably addition, oxygen exchange would occur primarily at the
different. Note that in (a) the initial resistance was still not re- edges of a platelet single crystal due to the highly aniso-
gained after a 1 h oxygen anneal, which suggests that oxygen tropic D* . However, if the larger surface area for S2
in-diffusion was intrinsically slower than out-diffusion. was the only cause for rapid in-diffusion, then the rate of

out-diffusion in S2 should have been, correspondingly,
much faster than in crystal Cl. The apparent rapid in-

YBCO was not significantly affected by grain-boundary diffusion for S2 was therefore attributed to shell effects in
diffusion or shell effects. However, introducing connect- which the formation of an initial highly oxygenated sur-
ed porosity into YBCO [e.g., SI in Fig. 1(b)J led to a face layer caused a short-circuit pathway for current
non-linear increase in resistance during out-diffusion flow. This gave a measured overall resistance that was
[Fig. 5(b)], which if driven to completion, saturated after not representative of the bulk oxygen content. Conse-

quently, reports of faster in-diffusion than out-diffusion in
polycrystalline YBCO, especially as determined from
electrical-resistance measurements, are most likely due to

eJ 1.0 % T=708oc extrinsic factors.'9' 2 1' 23 .27

0 .8 Si.porous There are several possibilities for the slow recovery ofS0.8 -- S2,dense

Ctcrystal the equilibrium resistance R(oo) during in-diffusion in

S0.e " single crystals (e.g., Fig. 5(a)], including, (i) slow oxygen
a '.ordering kinetics, (ii) reversible phase decomposition and,
V0.4 (iii) slower in-diffusion than out-diffusion. The existence

S'".. of a series of oxygen superlattice structures from
0.2 -.... 0. 3 < x < 0. 8 (Ref. 56) and of room-temperature oxygen

o mobility 57 -6 suggests that the effective hole density not
Z 0.0 only depends on the total oxygen content but also on the

L ,local coordination and ordering of oxygen.61 Conse-
0 250 500 750 1000 quently, the slow recovery of R ( c ) in Fig. 5(a) could be

Time (sec) due to time-dependent ordering behavior (i). However, at

FIG. 6. Normalized resistance for oxygen in-diffusion at high temperatures (e.g., Z 600 C), the kinetics of oxygen
708°C in polycrystalline and single-crystal YBCO. The ordering are expected to be rapid in comparison with the
difference in functional form between porous SI and dense S2 time scale of the diffusion measurement and should not
polycrystalline specimens suggests that grain size and/or bulk greatly influence the effective carrier concentration. If
density influenced the in-diffusion kinetics, reversible phase decomposition (ii) did occur during out-
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diffusion in argon, then the slow recovery of the equilibri-
um resistance during in-diffusion may be due to the new Equation (10)
pnase slowly reverting back to YBCO. However, as dis- 800
cussed in Sec. III C, thermodynamically reversible phase -- Out Diffusion.
decomposition (ii) appears to be unlikely. 600 Equation (11)

The intrinsic rates of oxygen in- and out-diffusion (iii)
were more clearly distinguished in single-crystal speci- 400
mens [e.g., Fig. 5(a)]. The surface area to volume ratio
for single crystals was much less than polycrystalline 200
specimens, consequently, a highly conductive layer
around a crystal's edge would have less of an effect on the 0 ---------

overall resistance. Upon inspection of Fig. 5(a), the in- I
trinsic rate of in-diffusion appears slower than out- 0.00 0.05 0.10

diffusion for single crystals (iii). This type of behavior Xsb
has been observed at all temperatures (600-780"C) and
for other crystals we have measured regardless of the FIG. 7. The possible influence of heterogeneous oxygen dis-
length of the initial argon anneal. It is suggested that tributions on the rate of resistance change for oxygen in- and
upon oxygenation, a crystal will quickly form a highly out-diffusion as estimated from parallel and series resistor mod-

oxygenated layer around its edges, which coarsens with els [Eqs. (10) and (11)]. Xgb is the effective volume of the shell

time, thus, leading to increasingly slower in-diffusion for cubic grains.

rates [e.g., Fig. 5(a)]. Oxygen diffusion through this layer
would be hindered by several factors; a lower concentra-
tion of oxygen vacancies in comparison with the bulk; diffusion, respectively. Even assuming that the rates of
and, in the orthorhombic structure, ordered oxygen re- in- and out-diffusion are equal, there was a considerably
gions and twin boundaries. Both Monte Carlo simula- more rapid decrease in resistivity during in-diffusion than
tions62 and reported anisotropy in the tracer-diffusion a resistivity increase during out-diffusion. In other

coefficients' (/b zI 00/.) sugges s that ordered regions words, a deoxygenated shell formed during out-diffusion

impede oxygen diffusion. In addition, the observation of would have a lesser effect on the overall rate of resistance

an increasing chemical diffusivity b with decreasing oxy- change in comparison to an equally thick oxygenated

gen content at 708 °C (Ref. 17) is to be expected when in- shell formed during in-diffusion. The influence of oxygen

diffusion is intrinsically slower than out-diffusion.63  in- and out-diffusion on the resistance behavior in YBCO

Reports19' 21' 23 '27 of faster in-diffusion than out- is probably more complex than described by Eqs.

diffusion by electrical-resistance measurements did not (10)-(l 1), however, these models serve as a simple illus-

satisfactorily address the possibility that shell effects may tration of how measurements of resistance characteristics

lead to different apparent rates. As means of illustration, during oxygen diffusion may lead to different apparent

series and parallel resistor models for cubic grains can be rates of oxidation and reduction.

used as a first approximation to illustrate the influence of
time-varying heterogeneous oxygen concentration distri-
butions on a sample's overall resistivity characteristics IV. CONCLUSION

during oxygen exchange. The overall resistivity p, of a In summary, the study of the time-dependent electrical
sample during the initial stages of oxygen in-diffusion can characteristics of single-crystal and polycrystalline
be modeled by a parallel resistor network YBCO during oxygen in- and out-diffusion has allowed

11 2gb for intrinsic diffusion characteristics to be distinguished
2Pgb (10) from those that are influenced by extrinsic microstruc-

At Pb 3pb 'ture effects. Diffusion rates and activation energies were
where Pb and Pgb are the resistivities of the bulk and of found to be dependent on microstructure under certain
the shell, respectively, and Xgb the volume fraction of the conditions, which accounts for the many apparent
shell for cubic grains. Likewise, a simple series model discrepancies reported in the literature for chemical oxy-
may describe out-diffusion: gen diffusion in YBCO superconductors. In-diffusion in

dense YBCO specimens had an activation energy of 0.4
XgbPgb eV from 400-780"C, while oxygen out-diffusion in dense

P, 3=Pb + . and porous material had an activation energy of 0.5-0.6

eV below 600". These low energies, in comparison with
At 700 °C, the resistivities of fully oxygenated and deoxy- those determined from tracer diffusivities (- I eV) and
genated dense YBCO polycrystals were approximately 10 from measurements on single crystals, suggests high-
and 1000 mi cm, respectively. Consequently, during in- diffusivity pathways along internal surfaces (e.g., grain
diffusion Pgb= 10 mfl cm and Pb = 1000 m1l cm, while boundaries) or external surfaces. In addition, the rate of
during out-diffusion the values of Pgb and Pb were inter- oxygen in-diffusion was observed to be comparable to, if
changed. Figure 7 shows the change in overall resistivity not slower, than out-diffusion in single crystals of YBCO
versus the effective thicknesses of shells xgb of highly oxy- at all measurement temperatures (600-780C) with an
genated and deoxygenated material during in- and out- activation energy of 1.10(6) eV.
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The formation of a highly oxygenated shell during oxy- clearly distinguished from the extrinsic effect of high-
gen in-diffusion had two major effects on the electrical conductivity pathways.
resistance of YBCO specimens. One, the shell behaved as
a highly conductive, short-circuit pathway yielding resis- ACKNOWLEDGMENTS
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CHEMICAL DIFFUSION OF OXYGEN IN YBa 2 Cu 3 O6+x
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ABSTRACT. Chemical diffusion of oxygen has been measured in both
single crystal and polycrystalline YBa 2 Cu306+x in order to distinguish
between intrinsic diffusion behavior and extrinsic characteristics which
depend on microstructure. Isothermal electrical resistance measurements
were used to monitor the dynamics of oxygen diffusion from 350-780°C
under both oxidizing and reducing conditions. Measured activation
energies depended on sample morphology, temperature, and whether in-
diffusion or out-diffusion of oxygen was occurring. Below 6001C, the
activation energies for out-diffusion in porous (-75%) and dense (-95%)
polycrystalline material were found to be 0.5(1)eV and 0.6(1) eV,
respectively. These low energies suggest a high diffusivity pathway such as
a grain boundary. Polycrystalline material exhibited a change in
functional form for out-diffusion near 600°C in both dense and porous
samples which was attributed to a change from primarily grain boundary
diffusion to significant bulk lattice diffusion. Above 600*C, oxygen out-
diffusion in dense polycrystalline and single crystal YBa 2 Cu 3 O6+. was
found to be surface-reaction controlled. The activation energies for out-
diffusion in the dense material were 1.93(6)eV and 1.7(1)eV above and below
-7000 C; and in the single crystal 1.6(1)eV and 1.00(4)eV above and below
-680°C. Oxygen in-diffusion was found to have activation energies of
0.4(1)eV from 400-7800C in dense polycrystalline material and 1.16(6)eV in
single crystal material from 600-780°C. The lower activation energy in the
polycrystalline material may be due to percolation effects in which the rapid
formation of a highly oxygenated shell masks intrinsic diffusion behavior.
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The oxygen content plays an important role in determining both normal-
state and superconducting properties of YBa 2Cu3O6+, (for example, see
Ref. [1]) and serves to illustrate the importance of the defect state in
achieving superconductivity in other oxide materials [2]. The properties of
other oxide superconductors have also been found to depend to some extent
on the oxygen content of the specimen [3]. In YBa 2Cu 3 0 6+x the critical S
temperature and electron hole density approach their maximum values as
the oxygen content increases towards seven anions per unit cell. Studies of
the chemical diffusion of oxygen are thus extremely important with respect
to processing the material with optimal superconducting properties. The
fully oxygenated (orthorhombic) state (x-1) of YBa 2Cu 3 0 6 +. consists of
oxygen atoms ordered on the 0(1) chain sites which form one-dimensional
copper-oxygen rows or chains (Figure 1). As x decreases, oxygen is both
removed from 0(1) sites and disordered from 0(1) sites onto normally
vacant 0(5) chain sites until both sites are equally occupied and the
material becomes tetragonal. This orthorhombic-tetragonal
transformation is an order-disorder structural phase transformation
which occurs near an oxygen content of 6.4-6.5 oxygen per unit cell [4], and
whose equilibrium transformation temperature, To, is determined by the 0
partial pressure of oxygen in equilibrium with the material (e.g., -700°C in
100% oxygen). The strain accompanying this structural transformation is
accommodated by the formation of (110) twin walls (Figure 1) [5].
Theoretical models [6] have suggested that different ordered oxygen
superstructures may exist between the ideal orthorhombic (x-1) and
tetragonal (x=0) structures. Transmission electron microscopy [7] and
neutron diffraction [8] studies have indeed confirmed the existence of
intermediate oxygen ordered phases including the orthorhombic-II (OII)
structure which has every other copper-oxygen chain absent.

The crystal structure of YBa 2Cu 3 0 6+x depends on both the oxygen
oatent and degree of ordering which suggests that the kinetics of the

arthorhombic-tetragonal phase transformation will depend strongly on
oxygen diffusion behavior [9-12]. Therefore, in addition to the temperature
and oxygen partial pressure dependencies for the equilibrium
transformation, one must also consider the heating and cooling rates and
grain (or crystal) size effects (e.g., diffusion length) when considering the
kinetics of the transformation. A complete knowledge of oxygen diffusion
behavior in YBa 2Cu 30 6+x should facilitate an understanding of the kinetics
and mechanism of the orthorhombic-tetragonal phase transformation in 5
addition to elucidating on fundamental diffusion mechanisms.

The purpose of this paper is to summarize our findings in the area of
oxygen diffusion in YBa 2Cu306+x, and compare our results with the
literature in order to develop common trends [13]. The range of reported
diffusion coefficients and activation energies may be attributed to many
differing factors, including, experimental methodologies chosen and the
preparation of specimens with different microstructures. Several questions
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* Figure 1. An idealized (110) twin boundary in YBa2Cu3O6 +. as viewed in
the a-b plane. Twin boundaries form in order to relieve the strain
accompanying the tetragonal to orthorhombic phase transformation (from
Ref. [5]).

still remain to be answered; is the diffusivity dependent on the oxygen
concentration? Are there different diffusion mechanisms active in the

* orthorhombic and tetragonal structures? Is grain boundary diffusion
significant? Is oxygen out-diffusion surface-reaction controlled? Does
oxygen behave as an ideal solute in YBa 2Cu3O6 , ? Will correlation effects
occur in certain temperature and oxygen concentration ranges? In
addressing some of these questions, the authors hope the reader will gain
an understanding of the complexities and issues that remain to be resolved

* with regard to the mobility of oxygen in YBa2Cu3O6 ,1..

1.1. TRACER OR SELF DIFFUSION

Fundamental oxygen diffusion behavior has been measured by both tracer
diffusion techniques [13-15] and internal friction measurements [16-19).
Rothmnan et al. [13-15] have used secondary ion mass spectroscopy (SIMS) to
measure 180 profiles in both polycrystalline and single crystal

0€
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YBa 2Cu306+.. The tracer diffusivities D* followed a standard Arrhenius-
type equation of the form D* = 1.4x10"4 exp (-0.97(5)eV/kT) cm 2/sec over the
temperature range 300-8500C. They observed no break near the
orthorhombic-tetragonal (OT) transformation, nor did they observe any
oxygen partial pressure dependence of D* (i.e., the dffusivity appeared to be
independent of the oxygen content). Using single crystal specimens, the
tracer diffusivities were found to be highly anisotropic with D*a~10-2 D*b
and D*c-10-4-10- 6D*ab [15]. This anisotropy strongly suggests that oxygen
diffusion is both limited primarily to the chain plane and is faster along the
chains than perpendicular to the chains.

Internal friction measurements as a function of both frequency and
temperature have been used to determine the self-diffusion coefficients of
YBa 2Cu 30 6+x [16-19]. Internal friction measures the fundamental motion
of atoms in response to an applied stress and are assumed to be relatively 0
independent of microstructure. In YBa 2Cu 306+. these atomic motions are
considered to be O(1)-O(5) jumps (see Figure 1) whose characteristic
relaxation times under stress often follow Arrhenius-type behavior
allowing both the activation energy for the atom jumps and the self-
diffusion coefficients to be calculated. Xie et al. [17] has found D = 3.5x10-4
exp (-1.03eV/kT) cm2 /sec while Tallon and Staines [18] measured D = 0
1.8x10-4 exp (-1.07eV/kT) cm2 /sec both of which are in close agreement with
the tracer diffusion studies of Rothman et al. [13-15] However, the internal
friction studies [17,18] observe a concentration dependent diffusivity and a
break near the OT transformation.

Room temperature oxygen diffusion was first observed by Raman
spectroscopy [20]. Subsequent studies by Veal et al. [21,22] and Jorgensen et 0
al. [23] confirmed room temperature oxygen mobility by measuring the
dependence of the critical temperature with aging time in oxygen deficient
YBa 2 Cu 3O 6 +,. This aging effect was attributed to oxygen ordering as
chains developed involving fundamental 0(1)-0(5)-0(1) jumps. Assuming
that this aging effect was thermally activated, Veal et al. [22] calculated an
activation energy for oxygen jumps of 0.96eV which is also in good
agreement with the tracer diffusion studies [13-15] and the internal friction
measurements [16-18].

1.2. CHEMICAL DIFFUSION

Measurements of the dynamic change in oxygen content as a function of
temperature and oxygen partial pressure enable the chemical diffusivities
D to be calculated in YBa 2Cu 306+x (for example, Ref. [12]). The chemical
diffusivity is related to the tracer or self-diffusivity by the equation [24]

D5=D* 1+ &j-j (1)a lnci
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where the term in brackets is the thermodynamic factor containing the
oxygen activity, y, and concentration, c. In an ideal solution (often in the
dilute limit), the activity 'yis unity for all concentrations and the tracer-
diffusion and chemical diffusion coefficients are equal. Some of the higher
values of D than D* reported in the literature suggest that oxygen may not
behave as an ideal solute in YBa2Cu 306+1 .

The two most common techniques used to monitor the dynamics of
oxygen motion in YBa 2Cu 30 6+x, including estimations of B, are electrical
resistance measurements [9,10,25-38], which monitor the hole content, and
thermogravimetric analysis [36,39-44], which directly measures weight
change. Other techniques include gas volumetry [45,46], in-situ neutron
diffraction [46,47], impedance spectroscopy [48], differential scanning
calorimetry [49], solid state electrochemical measurements [50-52], IR
spectroscopy [53], and positron annihilation [54]. When comparing the
chemical diffusivities and activation energies in these studies the
remarkable agreement found for tracer and self-diffusivities is now
unfortunately lacking. The chemical diffusion coefficient is measured
under a chemical potential gradient, most often affected by changes in
either the oxygen partial pressure surrounding the specimen or in the
temperature, and appears to be influenced by both microstructure and
experimental methodology.

Thermogravimetric analysis is the most direct way to measure the
change in the oxygen content as one is directly measuring weight change,
however, relatively large samples (>1.5 mm3) are needed to obtain precise
measurements especially for small changes in x. Also, drift and buoyancy
effects can complicate analysis. Electrical resistance measurements
provide a sensitive probe to small changes in oxygen content especially in
small crystals whose size precludes the use of thermogravimetric analysis
[9,10,38]. However, one is measuring a response that is attributed to
dynamic change in the carrier concentration and associated scattering
processes. Thus, assumptions must be made on the relationship between
the oxygen content and the hole concentration. Furthermore,
inhomogeneous oxygen distributions may lead to percolation effects in
polycrystalline material which would yield resistances that are not
representative of the bulk oxygen content [33,24,36]. However, percolation
effects can be minimized by using single crystal specimens which provide
much less available surface area for near-surface diffusion [9,10,38].

YBa 2 Cu 3 0 6 +x is principally an electronic conductor with an
extremely low oxygen ion transference numbers (10-9 to 10-7; Ref. [29] and
[48]). The electrical conductivity, a, for majority hole carriers can be

written in familiar form as a = [h ]aJte where [h'] is the hole concentration,
IL hole mobility, and e electron charge. Isothermal measurements allow
the mobility term to be neglected and thus an increase in the resistance is
largely a consequence of a decrease in the hole concentration as oxygen
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leaves the system according to the defect relation (10,29]

6OK+ 2ho V-. 1 Cý(2)

where a doubly ionized (positive) vacant O(1) chain oxygen site is denoted by
V'& O is the neutral occupied 0(1) site, and h an electron hole.

There is still some controversy surrounding the intrinsic rates of S
oxygen in-diffusion and out-diffusion in YBa 2Cu 3 06+1 . Most resistance
measurements report faster in-diffusion than out-diffusion in
polycrystalline material [25,27,29,33], while studies on single crystals report
slower in-diffusion than out-diffusion [38]. Thermogravimetry (TGA) has
reported in-diffsion to be both faster [41] and equal [40] to each other. Both
TGA [40] and resistance [33] studies have reported that the chemical
diffusivity depends on the oxygen content although with opposite
compositional dependencies! Kishio et al. [40] observed an increasing
diffusivity with increasing oxygen content which was attributed to a
compositional dependence of the enthalpy of motion term in the tracer
diffusivity. On the other hand, Tu et al. [33] have calculated oxygen in-
diffusion activation energies ranging from 0.5-1.3eV as the oxygen content
x varied from 0.62-1.0 which suggests that the diffusivity will decrease with S
increasing oxygen content. (Oxygen out-diffusion was reported to be
independent of the oxygen content.) Internal friction measurements [18]
also suggest a decreasing diffusivity with increasing oxygen content as
shown by a decreasing activation energy for x<0.75. Needless to say,
further investigations are required. Combined TGA and resistance studies
[34,36] have shown that electrical properties continue to vary even though
the sample weight remains constant, which suggests that oxygen ordering
(and not content) is varying the effective carrier concentration. However,
TGA measurements may not be able to detect very small changes in x
which occur during the latter stages of both in-diffusion and out-diffusion.
A TGA study [42] reported that the activation energy for out-diffusion was
greater in a polycrystalline pellet (-1.5eV) by comparison with powders
(-1.2eV), suggesting that density or microstructure can influence the
activation energies and diffusivities by controlling the amount of free-
surface area per unit volume and consequently the effective diffusion
length.

It is a general consensus that in-diffusion is a standard diffusion-
controlled process, however, several studies have suggested that out-
diffusion is interface-controlled [10,25,33]. A surface activation barrier to
oxygen out-diffusion can also be inferred from Veal et al.'s studies [21,22] of
room temperature oxygen mobility. Below a certain temperature oxygen
cannot escape the sample, however, it is still sufficiently mobile within the
lattice and orders with time to increase the effective hole density. This
suggests that a surface barrier to oxygen diffusion exists. Diffusion
kinetics are expected to depend on the microstructure, however, there has
been relatively few reports in the literature on a systematic identification of 0

mS
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factors which are most important. For example, one would expect that a
small grain size, with sufficient porosity, would greatly lower the effective
diffusion length.

1.3. OXYGEN DIFFUSION MODELS

The many ordered oxygen superstructures which exist in YBa 2Cu 3 0 6 +1
suggest that the detailed mechanism for oxygen diffusion will be quite
complex. The local environment that a diffusing oxygen atom will
experience varies from completely ordered copper-oxygen chains and (110)
twin walls in the ideal orthorhombic structure (x-1) to disordered
individual oxygen atoms in the tetragonal structure. Thus, one may expect
the diffusion mechanisms to also vary between the ordered orthorhombic
and the disordered tetragonal structures. Rothman et al. [15] suggest that
oxygen can only be added to or removed from the ends of ordered chains and
will proceed with little hindrance down the open channels along the b-axis
between chains (see Figure 1). This would account for the lack of a
concentration dependence on the tracer diffusivity. Needless to say, this
mechanism would not be dependent on the number of oxygen vacancies nor
would one expect it to adequately describe diffusion in the tetragonal
structure which lacks ordered chains.

Theoretical models by Bakker et al. [55] and Salomons and
deFontaine [56] predict that the thermodynamic factor in equation (1) could
be on the order of 100 or more which suggests that oxygen behaves as a
highly non-ideal solute in YBa 2Cu 3O6+x. Large thermodynamic factors are

supported in the literature by large values of D compared with measured D*
[29,40,41,50]. The tracer diffusivity in equation (1) can be written in terms of
a correlation factor, f, as [24)

D* = YfNva 2V (3)

where y is a geometric term, Nv the vacancy availability factor, a, jump
distance, and V the jump frequency. The correlation factor accounts for the
fact that atoms do not necessarily diffuse by a random walk process unless
f is equal to one. As f becomes less than one, there is a greater than even
chance that a diffusing atom will return to the site from which it just left
(i.e., the atom jumps are correlated). Bakker et al. [57] have suggested that
f-+I in the highly disordered tetragonal structure due to the random

arrangement of oxygen atoms and vacancies, while f-+0 as oxygen
becomes more ordered in the orthorhombic structure.

Theoretical models [55-58] also predict a break in the Arrhenius
behavior of D or D* at the orthorhombic-tetragonal transformation with
lower activation energies expected in the tetragonal structure. The break
has been observed experimentally for oxygen out-diffusion [38], however,
the measured activation energy is always greater in the tetragonal
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structure [36,38,46]. A concentration dependent diffusivity has been
predicted [56,58] and observed experimentally [18,33,40] although no clear 0
consensus exists on the exact concentration dependence. For example,
Salomons and deFontaine [56] predict a minimum in D and D* near x=0.5
with the diffusivity increasing with oxygen content for x>0.5 and increasing
with decreasing oxygen content for x<0.5. However, Choi et al. [58] report
an increasing diffusivity with decreasing oxygen content for all x.

2. Experimental

2.1. SAMPLE PREPARATION

Large single crystals with critical temperatures of 90K were grown by
standard self-flux techniques in zirconia crucibles as described elsewhere
(9]. YBa 2 Cu306+x powder was prepared by the mixed oxide route (59],
pressed into pellets and sintered in oxygen at different temperatures (950-
9800C) and times in order to achieve a range of grain sizes and bulk
densities. The oxygen annealed polycrystalline pellets had broad critical
temperatures from 90-92K as measured by SQUID magnetometry.
Rectangular bars were cut from two of the pellets. Specimen #1 (here after 0
referred to as Si) was porous (bulk density-75(5)%) with high aspect ratio
grains of average dimensions -1.1(2) by 6(1) gtm. Specimen #2 (S2) had a
bulk density of -95(5)% with grains 2.8(4) by 19(3) jim in dimension (Table I).

2.2. RESISTANCE MEASUREMENTS

Electrical resistance measurements were made by a computer-controlled
four-point probe technique that allowed one to monitor the kinetics of
oxygen in-diffusion and out-diffusion in YBa 2Cu306+, specimens [9,10,38].
A Stanford Research Systems SR530 Lock-in amplifier was used to apply a
constant ac current of 1.86mA at a frequency of 564Hz. The specimens were
simultaneously mounted in the hot-stage of an optical microscope in order 0

Table I. Sample characteristics for porous (S1) and dense (S2)
polycrystalline YBa 2 Cu3 06+X.

Specimen Grain Size Bulk

Specimen Type Tc Size (mm 3) (Jim) Density

Polycrystal SI 92K 4.85x2.05x0.50 1.1(2) x 6(1) 75(5)%

Polycrystal S2 92K 4.70xl.55x0.90 2.8(4) x 19(3) 95(5)%
____ ____ ___ ____ ____ ___ ____ __
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to observe the (de)twinning behavior associated with the orthorhombic-
tetragonal phase transformation. Gold wires were attached to the
specimens with silver paste whose contact integrities were checked
periodically for ohmic behavior and under both positive and negative DC
currents. Oxygen in-diffusion and out-diffusion were monitored by
isothermal resistance measurements from 350-780*C upon switching
between oxygen and argon atmospheres, respectively. A scrubbing column
containing CaO and CaSO4 was used to remove water vapor and CO2 from
the gas.

& Results and Discussion

3.1. IN-DIFFUSION AND OUT-DIFFUSION

When using electrical resistance measurements to monitor oxygen
diffusion it is assumed that the change in resistance with time AR(t) is
proportional to the change in oxygen content Ax(t) according to the
following relation

R•t) - Rt(0) • /x(t) - x(O) xR - R(O)) - x(-o) - -()) (4)

where R(O) is the resistance at the beginning of in-diffusion or out-diffusion,
R(t) the resistance as a function of time, R(-) saturation resistance, and a
fractional change in resistance (or oxygen content). Out-diffusion below
6000 C in polycrystalline YBa 2 Cu 3 0 6+x and in-diffusion in both
polycrystalline and single crystal specimens were found to obey two types of
rate equations. One, an Avrami-type rate equation (written here for out-
diffusion) of the form [60]

a = 1 - exp [-(tl)n] (5)

where T is the relaxation time for the process and n, a characteristic
exponent, which can depend on the diffusion geometry and temperature.
Secondly, the first two terms (n=0,1) for diffusion in a plane given by [61]

a 811 (2n-1 )2  t eXP(¶ ) (6)
n=-O

The relaxation time 'C' in equation (6) is different from that in equation (5)
and can be used to estimate the chemical diffusivity D from T' = L2 /D z2,
where L is the effective diffusion length of the specimen (see Ref. [62] for a
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discussion of estimated coefficients D). The Arrhen~us behavior of the
relaxation times in both equations obey the following equation:

S= % exp (-i) (7)

yielding activation energies E which are identical regardless of whether T is
taken from equation (5) or (6).

The activation energies for oxygen out-diffusion below 600*C in both,
porous (Si) and dense (S2) polycrystalline material, were 0.5(1)eV and
0.6(1)eV, respectively (Table II) (62]. These activation energies are lower
than those calculated by tracer diffusion [13-15] and internal friction [16-181
measurements and may represent a high diffusivity pathway such as a
grain boundary (to be discussed in a later section). Oxygen out-diffusion
above 600*C in the dense specimen (S2) was found to be surface-reaction
controlled and will be analyzed in the following section. In the porous
specimen (Si), out-diffusion above 600*C was too rapid to yield a reasonable
fit to equations (5) or (6).

The oxygen in-diffusion analogues of equations (5) and (6) in
combination with equation (9) yield activation energies of 0.4(1)eV from 400-
780*C in the dense polycrystalline specimen S2 and 1.16(6)eV from 600- 0
7800C in the single crystal form (Table II). The Avrami exponent n
(equation (5)) for in-diffusion in single crystal YBa 2 Cu 3 06+x was
approximately 1/2, which is typical for diffusion into the edges of a plate
[63]. Dense polycrystalline YBa 2Cu 30 6+. had n values of -3/2, typical of in-
diffusion into a sphere [631 which may be attributed to diffusion into
randomly oriented grains of isotropic distribution. (In-diffusion was too •
rapid in the porous specimen S1 for a reasonable fit to equations (5) or (6).)
The low activation energy (-0.4eV) for in-diffusion in S2 suggests that
percolation effects attributed to the formation of highly oxygen.ted shells
may mask intrinsic in-diffusion behavior. Electrical resistance
measurements could therefore be monitoring the lower resistance of highly
oxygenated grain boundaries, or the specimen's surface, and not the bulk
resistance. Single crystals do not appear to exhibit such artifacts.

3.2. SURFACE-CONTROLLED OUT-DIFFUSION

Above 6000C, out-diffusion of oxygen in single crystal specimens and dense
polycrystalline specimens was assumed to be surface-reaction limited [33],
as suggested, by the linear change of resistance with time (see Figure 2). 5
This was qualitatively confirmed by hot-stage optical microscopy which
showed that a tetragonal single crystal (i.e., one which is oxygen deficient,
x<0.4) slowly absorbed oxygen over a 24 hour period at 400°C to become
orthorhombic as indicated by the appearance of twin boundaries. However,
switching the surrounding gas to reducing conditions (argon) did not
remove the twin boundaries even after a -140 hour anneal suggesting that

0i
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Table II. Comparison of activation energies for oxygen
diffusion in YBa 2 Cu 3 O 6 +x for single crystals, polycrystals,
powders, and thin films. When available, the bulk density is
given in percent (%) and the average grain size in microns (gim).

Specimen Type E (eV) Temperature Commentst Ref.
Range

Single Crystal 1.0-1.2 600-6809C ER, OD, SRC (111U38]
1.6 680-780CC EM OD, SRC [381

1.16 600-7oC ER, ID [381

Polycrystal SI 0.5 350-6000C ER, OD, GB, PE [62]
(porous, 75%; 6pim)

Polycrysual S2 0.6 400-6000C MR OD, GB, PE [621
(dense, 95%; 19pn) 1.7 600-700CC ER OD, SRC [62]

1.9 700-780CC E. OD, SRC [62]
0.4 400-7800C ER. ID, PE [62]

Polycrystal 1.7 370-440(C EM OD, SRC [331
(porous; 10prm) 0.5-1.3 210-3600C ER, ID, CD [33]

1.52 dynamic heating TGA, ID (42]
Polycrystal 0.4 215-3150C ER, ID [34]

(porous, 75%; 10-20pm)
Polycrystal 138-1.81 550-850C TGA, OD, CD (40]

(dense, 98%; 501m)
Polycrystal 0.74 -700-960CC TGA, ID (41]

(dense) 0.5 -600-8600C TGA, OD
Powder, 9pm 13 -360-450CC TGA, OD [44]

Powder 1.25 dynanic heatim TGA, ID [421
Thin Film 1.17 320-4350C ER, ID [271

(0.4pLm)
Thin Film 1.2 -400.60(0C ER, ID (371
Polycrystal 0.97 300-850WC TD [151

(dense, 99%)
Polycrystal 1.03 400-650CC IF, CD [171
Polycrystal 1.07 27-827 0C IF, CD [18]

(dense, 85%)
tKey: OD (out-diffusion) ER (electrical resistance)

ID (in-diffusion) TGA (thermogravimetry)
SRC (surface-reaction controlled) TD (tracer diffusion)
GB (grain boundary diffusion) IF (internal friction)
PE (percolation effects?) CD (concentration dependence)

oxygen could not readily leave the crystal. This was confirmed by electrical
resistance measurements at 400*C. The resistance of a reduced sample
decreased immediately as oxygen was absorbed into the material at 400*C.
However, switching of the gas to reducing conditions (argon) did not result
in any increase in resistance up to 48 hours. Both of these observations
suggest that oxygen can enter the lattice at these temperatures, however, it
is "locked" into the interior by a surface energy barrier.
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Figure 2. Resistance as a function of time for oxygen out-diffusion in
single crystal YBa2Cu306+x from 590-720°C. The linear increase in the
resistance suggests a surface-reaction controlled out-diffusion process
(from Ref. [10]).

The different mechanisms for oxygen in-diffusion and out-diffusion
are also evident in the (de)twinning dynamics of the orthorhombic-
tetragonal phase transformation as observed by optical microscopy in single
crystals [101. Below 7000C, the crystal structure of YBa 2 Cu 3 06+x can
transform isothermally on switching from a pure oxygen atmosphere to
reducing conditions [9,10,38]. Since oxygen in-diffusion is a standard
diffusion-controlled process, one expects a non-uniform oxygen distribution
across a crystal with the edges richer in oxygen content than the interior.
When the oxygen content exceeds -0.4, these edge regions will become
orthorhombic as shown by the appearance of twin boundaries and these
twinned regions will advance into the crystal upon further oxygen in-
diffusion. This has been experimentally observed by hot-stage optical
microscopy for single crystal [101 and polycrystalline [11] specimens. On
the other hand, oxygen out-diffusion is a surface-reaction controlled
process [33] and one expects a constant oxygen content across the width of
the crystal. As the oxygen content is reduced below -0.4, twin boundaries
would disappear simultaneously across the entire crystal. Again, this has
been experimentally observed by hot-stage optical microscopy [10].

Out-diffusion in single crystal and dense polycrystalline
YBa 2 Cu 3 0 6 +x above 6000 C was assumed to be directly proportional to the
linear rate of change of the isothermal resistance curves. Figure 2 reveals
several isothermal out-diffusion resistance curves for single crystal
YBa 2Cu 3 0 6 +, from 590-720°C. After the initial rapid rise in resistance at
the onset of out-diffusion, resistance increases linearly with time with slope 0
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Figure 3. Arrhenius plot from equation (8) of the slopes (dR/dt) of the
linear regions in Figure 4 yielding an activation energy for out-diffusion of
1.2(1)eV from 590-720°C (from Ref. [91).

dR/dt. The resistance change during oxygen out-diffusion was assumed to
be directly proportional to the carrier concentration and hence, oxygen
content (see equation (4)) and allows one to calculate the activation energy
Eo for out-diffusion from the equation [33]

* ~!.Bo exp ( (8)

where Bo is a constant. Figure 3 is an Arrhenius-type plot of the slopes in
Figure 2 using equation (8) which yields an activation energy for out-
diffusion of 1.2(1)eV between 590-720*C (Table I1) [10].

The extension of isothermal resistance measurements for out-
diffusion up to 7800 C in both single crystal and polycrystalline YBa 2 Cu3 06+x
suggests a change in out-diffusion mechanisms near 680-7000 C. Figure 4 is
a plot of the slope of the linear regions for oxygen out-diffusion in single
crystal YBa 2 Cu 3 06+x as a function of temperature. Arrhenius analysis
(equation (8)) of the linear slopes (dR/dt) as a function of temperature for
several different isotherms (600-780*C) indicates two different regimes for
oxygen out-diffusion behavior in the single crystal, one above and one below
-680°C. The activation energies from region I (600-680°C) and 11 (680-
780°C) were determined to be 1.00(4)eV and 1.6(1)eV, respectively. The
activation energies for the dense polycrystalline material were 1.93(6)eV
and 1.7(1)eV above and below -700*C. The break in the rates of oxygen out-
diffusion occurs remarkably close to the orthorhombic-tetragonal
transformation temperature and it is tempting to associate each activation
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Figure 5. Possible diffusion pathways along the CuO chains in
orthorhombic YBa2 Cu30 6+x as viewed normal to the a-b plane. In addition
to the possible formation of Frenkel pairs, two types of diffusion
mechanisms are indicated: (1) interstitial and (2) interstitialcy
mechanisms. The possibility of these two types of mechanisms may
explain the change in activation energies near 680-7000C. Above these
temperatures only the tetragonal structure exists and a vacancy
mechanism is appropriate.

where the oxygen vacancy, Vo, is associated with the 0(M) site and the
doubly negative oxygen interstitial, O, with the 0(5) site. Slow cooling of
YBa 2Cu 3 06+x would be required to minimize the number of Frenkel pairs
frozen into the structure at low temperatures. The initial formation of
Frenkel pairs would not alter the total oxygen content, nevertheless, they
would change the local coordination of chain copper cations and, also,
destroy long-range ordering, both of which could decrease the hole
concentration (21-23].

An interstitial oxygen, O.", can potentially jump to one of two sites.
One, it can jump to a neighboring unoccupied interstitial 0(5) site along
pathway 1 (Figure 5) typical of an interstitial mechanism and, two, it can
displace an O(1) oxygen into an interstitial site along either pathway 2 or 3
(interstitialcy mechanism). Oxygen diffusion in the orthorhombic •
structure could then be thought of as a combination of interstitial and
interstitialcy diffusion. In the tetragonal structure the 0(5) and 0(1) sites
are equivalent and diffusion would only appear to proceed by a vacancy
mechanism.

When oxygen begins to leave the orthorhombic crystal, there are
three possible reactions which could occur at the surface,
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and observations of slower oxygen in-
1.0 " (a) Crystal diffusion in tetragonal YBa 2Cu306+x

0.8 -* --- up to 7800C suggests that oxygen in-
diffusion was indeed intrinsically

0.6 slower than out-diffusion unless
0.4 oxygen tends to order even in the

supposedly disordered tetragonal
0.2 structure [62].

Figure 6 illustrates the
S0.0 ----------------- inherent problems in interpreting the

S1.0 (b) spo (s ) diffusion of oxygen in polycrystalline
-d (porous) material without considering

0.8 important micro-structural features
"00 such as grain size, grain boundaries,
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Figure 6. Normalized resistance microstructure on the
as a function of time for both temperature dependence of
oxygen out-diffusion and in- resistance for initially oxygenated
diffusion at 708*C for (a) single polycrystalline and single crystal
crystal YBa 2Cu 3O 6+x, (b) porous YBa 2Cu3O6+x. The deviation from
fine-grain specimen Si, and (c) linear metallic-type resistance
dense coarse-grain specimen S2. behavior due to appreciable oxygen
Note that in (a) the initial out-diffusion occurs near 350*C
resistance is still not regained and 500*C, respectively, which
after a one hour oxygen anneal suggests the onset of grain
which suggests that oxygen in- boundary diffusion near 350TC and
diffusion is intrinsically slower bulk lattice diffusion near 500*C
than out-diffusion. (adapted from Ref. [9]).
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and porosity. These factors can complicate the choosing of an effective
diffusion length, thus, leading to the variations in chemical diffusion
coefficients and activation energies reported in the literature (Table II).
Polycrystalline material has a larger surface-area to volume ratio than
single crystals, and often connected porosity, which may lead to apparently
faster oxygen in-diffusion than out-diffusion. These faster rates of in-
diffusion in polycrystalline specimens suggest that electrical
measurements may be sensitive to percolation effects in which a highly
oxygenated shell forms around individual grains or the specimen's surface
during in-diffusion and behaves as a short circuit pathway for current flow.
However, in single crystal YBa2Cu3O6+Z these percolation effects would be
minimized allowing one to observe the intrinsically slower rates of oxygen
in-diffusion.

During initial oxygen incorporation, the formation of a highly
oxygenated shell which coarsens with time will lead to increasingly slower •
in-diffusion rates. Oxygen diffusion through this shell could be hindered
by several factors: a low concentration of oxygen vacancies; and, in the
orthorhombic str-cture, ordered oxygen regions and twin boundaries. The

existence of a-b anisotropy in the tracer diffusivity (Db - 100Da) [15] and
Monte Carlo simulations [64] suggest that ordered oxygen regions may
impede oxygen diffusion which could explain intrinsically slower in- 0
diffusion than out-diffusion.

3.5. GRAIN BOUNDARY DIFFUSION

The resistance of orthorhombic YBa 2 Cu 3 06+x (x-1) is metallic and
increases linearly with temperature in pure oxygen up to approximately
3500C in polycrystalline ceramics [33] and up to 5001C in single crystals 0
(Figure 7) [9]. Above these temperatures, appreciable oxygen out-diffusion
occurs, and the resistance increases more rapidly. This suggests that near
350°C, grain boundary diffusion becomes active in polycrystalline material
while bulk diffusion does not occur until close to 5000C. Internal friction
measurements [65] have observed a Debye-type damping peak near 5300C
which was attributed to basal plane oxygen hopping and may also indicate 0
the onset of bulk lattice diffusion. The activation energy for out-diffusion
below 6000C in both dense and porous polycrystalline specimens has been
found to be of the order of 0.5-0.6eV (Table II). These values are lower than
the activation energy for tracer diffusion (-1eV), which suggests a high
diffusivity pathway, such as, a grain boundary. A change in functional
form near 600°C has been observed in the out-diffusion resistance curves of
both porous and dense polycrystalline specimens (Table HI) [62]. This
temperature may indicate the point at which lattice diffusion dominates.

If grain boundary diffusion is rapid enough, then the boundaries will
become saturated with the diffusing species, and will serve as an oxygen
source or sink for diffusion into or out of the interior of the grain. Thus,
both single crystal and polycrystalline diffusion data should be in
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agreement if the grain size is used as the effective diffusion length.
However, by using the grain size as the effective diffusion length in
polycrystal S2 for in-diffusion yielded diffusivities which were 2-3 orders of
magnitude smaller than reported tracer diffusivities (14,62]. This
discrepancy may indicate that the actual diffusion length may fall
somewhere between the grain size and specimen thickness depending on
the amount of connected porosity. The lower activation energy (Table 11) for
in-diffusion in polycrystal S2 (0.4eV) compared with the single crystal
(1.16eV) suggests that percolation effects may mask intrinsic in-diffusion
behavior in polycrystalline material [62].

4. Conclusions

In summary, the study of single crystal and polycrystalline YBa 2 Cu306+.
has alkrwed for intrinsic diffusion behavior to be distinguished from that
which is influenced by microstructure. Diffusion characteristics were
found to be dependent on the microstructure under certain conditions,
which could explain the many apparent discrepancies for chemical
diffusion in the literature. Whereas there appears to be close agreement
between tracer diffusion studies, internal friction measurements, and
room temperature mobility, there are wide discrepancies in the
measurement of chemical diffusivities and activation energies most likely
due to different experimental techniques, varying microstructures, and
difficulty in choosing an appropriate diffusion length.

Oxygen out-diffusion was observed to proceed by two different
mechanisms in single crystal YBa 2 Cus06+x above and below 680°C, with
calculated activation energies of 1.6(1) eV and 1.00(4) eV, respectively. In
dense polycrystalline material, this break occurred at a higher temperature
(700*C) with activation energies of 1.93(6)eV and 1.7(1)eV above and below
7000C. These two mechanisms were not necessarily associated with the
orthorhombic or tetragonal structures, but may instead be due to the
natural tendency for oxygen to order below 680-700°C regardless of the
oxygen content. The low activation energies of 0.6(1)eV and 0.5(1)eV for
oxygen out-diffusion below 600°C in dense and porous material,
respectively, and for in-diffusion in the dense material (0.4(1)eV) suggests a
high diffusivity pathway such as grain boundary diffusion or percolation
effects. Both processes may complicate the selection of an appropriate
diffusion length for the calculation of D. The higher activation energies for
oxygen out-diffusion above 600°C in dense material (1.7eV and 1.9eV) and
single crystals (1.0eV and 1.7eV) suggests that grain boundary diffusion
and/or percolation effects were not significant at these temperatures.

Oxygen in-diffusion was observed to be slower than out-diffusion in
single-crystal YBa 2Cu3 O6+x at all measurement temperatures (600-7800C)
with an activation energy of 1.16(6)eV. This was contrary to the diffusion
rates observed in polycrystalline ceramic specimens, in which electrical
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measurements of in-diffusion appeared to proceed at a faster rate than out-
diffusion. Faster in-diffusion in polycrystalline material can be attributed
to the formation of thin conductive layers of highly oxygenated material at
grain boundaries or at the specimen's surface, which behave as percolation
paths for electrical transport. Intrinsically slower in-diffusion in single
crystals can be attributed to the increasingly slower diffusion through a
highly oxygenated shell which coarsens with time. A low concentration of
oxygen vacancies and/or ordered oxygen regions would make oxygen
diffusion extremely slow through the shell.
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The purpose of this paper is to examine the interrelationship between oxygen stoichiometry and mobility
with ferroelastic properties in YBa2Cu 30 7 .8 . Changes in oxygen stoichiometry, 8, affect the
orthorhombic-tetragonal phase transformation behavior and consequently can be expected to directly
affect the ferroelastic domain structure and switching properties. A free energy formulation is used to
derive an expression for the energy -yT of a {110) twin wall in YBa2Cu3O,_ in terms of the spontaneous
strain, coercive stress, and twin wall separation. An upper limit of 40 mJ/m2 was estimated. Ferroelastic
viscosity, -9, of YBa 2Cu 30., was assumed to be an activated process which depends on both the
diffusivity and concentration of oxygen according to the relation qi = rW(0.6-8)exp(- EIkT) for 8 <
0.6. Two types of domain reorientation mechanisms are proposed, a cooperative shear process of oxygen
along a twin wall and a stress-assisted short-range oxygen hopping process in the bulk of the domain,
both of which are expected to be strongly dependent upon the oxygen content and mobility.

Keywords: Superconductor, ferroelastic, YBa 2Cu30O., oxygen diffusion,
phase transformation, domains

INTRODUCTION

There are many interesting features of YBa 2Cu307_ in addition to the remarkable
superconducting properties. YBa2 Cu3O 7 . is a ferroelastic (and possibly ferroelectric')
which exhibits domain (twin) structures reminiscent of the more familiar perovskite
ferroics, e.g., BaTiO 3, Bi4Ti30, 2, etc. The ferroelastic phase transformation in
YBa2Cu307.4 , however, is controlled by the oxygen content which allows for the
transformation to be driven not only by changes in temperature but also by varying
the partial pressure of oxygen isothermally.2-4 An understanding of twinning dy-
namics and domain structure in YBa 2Cu 3OT7 - has several fundamental and tech-
nologically important consequences. The multidomain nature of most single crystal
YBa2Cu 3O7T makes certain physical property measurements difficult to determine
as the a-b anisotropy cannot be deconvoluted. This problem can be alleviated by
the application of a suitably applied uniaxial stress directed along either the a or
b axis which results in single domain crystals at appropriate temperatures. 5-10 The
measurement of fundamental anisotropic properties" may contribute to a more
complete understanding of the superconducting mechanism. Twin (domain)12
boundaries have been reported to act as weak flux pinning sites' 3 which give rise
to larger critical current densities under applied magnetic fields. Thus the ability
to tailor twin boundary densities, and possibly wall thicknesses, through applied
mechanical stress would be desirable. Twin boundaries may also serve as high
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diffusivity pathways for oxygen incorporation14 which would be important in the 0
manufacture of ceramics with optimum properties. The relatively large chemical
diffusivities of oxygen (D - 10-6- 10-7 cm2/sec)10 at elevated temperatures (500-
800*C) also make these materials potential candidates as "smart" materials, namely
as oxygen sensors. YBa 2Cu30 7 4 is electrically conductive in which case oxygen
sensors fabricated from this material would not require bulky electrodes or ref-
erence cells. The possibility of introducing a single twin wall into a crystal by a
suitably applied uniaxial stress and the ability to manipulate twin wall thicknesses
by appropriate oxygen annealing treatments could lead to the formation of indi-
vidual weak links or Josephson junctions for device applications.

Many technologically important ferroelectric materials are simultaneously fer-
roelastic. Consequently, their domain structure and switching behavior depend not
only on spontaneous strain, but also on spontaneous polarization and the subse- 0
quent depolarization and dipolar energies at domain walls. However, elastic effects
can be so large as to be the controlling influence on domain configurations in many
ferroelectrics. Grain size greatly influences domain wall separation due to clamping
stresses from neighboring grains and consequently controls the switching behavior
in polycrystalline BaTiO 3. YBa 2Cu 3O.7 is a pure ferroelastic and serves as an
excellent prototype material with which to study purely stress-related domain dy- 0
namics and structure. This could have important implications in understanding
aging behavior and domain switching in other ferroic systems.

It is the purpose of this paper to review some fundamental considerations of
ferroelasticity in YBa2Cu 30-, 4 including comparisons with other ferroic materials.
The interrelationship between oxygen diffusion and ferroelasticity will be discussed
in relation to domain (twin) structure and dynamics. The paper begins with a brief 0
review of ferroelasticity, including prototype symmetries and spontaneous strain
formulation, followed by a discussion of ferroelastic behavior in YBa2Cu3 0 7 .•. The
latter will include an estimation of the {110} twin wall energy and a discussion of
proposed mechanisms for domain wall mobility and reorientation.

FERROELASTIC YBa 2Cu3O74S

Prototype Symmetry and Orientation States

It is well known that, ferroelastics are materials which exist in two or more en-
ergetically equivalent orientation states in the absence of an external applied stress
field.15 In addition, it must be theoretically possible to switch from one state to
another through the application of a suitably applied uniaxial stress. In the absence
of an external field, the orientation states, S,, of ferroelectrics and ferromagnets
differ in one or more components of spontaneous polarization, Ps, and spontaneous
magnetization, M3, respectively. In an analogous fashion, ferroelastics differ in one
or more components of spontaneous strain, '. 5 These three types of materials are
grouped into a class of materials known as ferroics. A ferroic phase transformation S
occurs between the prototype phase and the ferroic phase and is accompanied by
a change in the point group symmetry leading to the onset or disappearance of
certain state parameters such as spontaneous strain, polarization, or magnetization.

The phase in which all state parameters are zero is defined as the prototype
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phase. The prototype has the highest supergroup symmetry attainable by a given
crystal structure through a small structural displacement and thus there is ideally
no rupture or reconstructive rearrangement of chemical bonds in a ferroic phase
transformation. The point group symmetry of the prototype phase should enable
the prediction of all orientation states possible in the lower symmetry ferroic phases.16

In ferroic materials the domain structure and finite switching times for the orien-
tation states leads to hysteresis between the relevant state parameter and the
corresponding driving potential. Ferroelectrics exhibit hysteresis in polarization
versus electric field, ferromagnets in magnetization versus applied magnetic field,
and ferroelastics in strain versus applied uniaxial stress.

According to Aizu16 the number of theoretically permissible orientation states,
n, in a ferroic crystal can be determined by symmetry considerations and equals
the order of the prototype point group divided by the order of the ferroic point
group. The number of symmetry operations (F-operations) lost in the ferroic phase
transformation will determine the number and orientation of all the crystallograph-
ically permissible orientation states in the ferroic phase. These lost symmetry op-
erations will map all of the different orientation states, S,, onto one another. For
example, if a mirror plane is lost in the ferroic phase transformation, it will map
two different orientation states onto each other. YBa 2Cu 30 7 - belongs to the fer-
roelastic Aizu species 4/mmmFmmm.' 5 The prototype phase (tetragonal; 4/mmm)
has an order of 16 while the ferroic species (orthorhombic; mmm) has an order of
8 which predicts two (16/8 = 2) possible orientation states, S, and S2.

Domains and Switching

Energetically equivalent orientation states (domains) are formed to minimize the
free energy of a ferroic crystal. The formation of ferroelastic domains acts as a
stress-accommodating mechanism as the crystal is cooled through a ferroic phase
transformation. The equilibrium size of the average domain width, d, is determined
by the minimum free energy of the domain walls which includes the elastic defor-
mation energy and the twin wall energy, -y,.17 (One must also consider depolari-
zation and dipolar energies at domain walls in insulating ferroelectrics.) Elastic
deformation energy is caused by spontaneous deformation from the symmetry
reduction of the crystal upon cooling through a ferroic transformation and by
clamping of the crystal either externally in single crystals or by the surrounding
grains in polycrystalline ceramics.

In general, the switching of orientation states in ferroic materials proceeds by
three steps. First, nucleation of domains at crystal faces (and, possibly, at internal
defects) due to the lower activation energies at surfaces and interfaces. Second,
domain growth throughout the bulk. Third, sideways growth or expansion of do-
main walls, probably due to continuous nucleation along domain walls. These three
processes may proceed simultaneously in different parts of a crystal or crystallite.
The critical coercive stress, o'c, of a ferroelastic can be defined as the minimum
stress needed to introduce a new orientation state in a crystal which is comprised
entirely of a different orientation state."' The coercive stress is directly analogous
with the coercive field, E., in ferroelectrics.



S

90 J. R. LAGRAFF and D. A. PAYNE

Spontaneous Strain

Spontaneous polarization, P,, and spontaneous magnetization, M,, can be defined
as the displacement of electric or magnetic charge and are easily seen to go to zero
in the prototypic state for a ferroelectric or ferromagnetic crystal. However, de-
fining a spontaneous strain, ,(,), in a ferroelastic crystal so that it goes to zero in
th,. prototypic state is somewhat more subtle. The normal strain tensor of a material
cannot be used to represent the spontaneous strain tensor of a ferroelastic because
it does not necessarily equal zero in the prototype state due to induced thermal
expansion effects. In defining spontaneous strain, the following requirements must
be satisfied:15

1) Spontaneous strain should be independent of the rectangular coordinate sys-
tem and be the same in all the orientation states of the ferroelastic phase.

2) Spontaneous strain should be zero over all temperatures in the prototypic
phase.

The n orientation states of a ferroelastic crystal can be represented by S1, S2,
... S,. The spontaneous strain tensor, e(,)(Si), for a given orientation, Si, can be
written as,' 5

in0
S= -(S) - E e(Sk) (i = 1, 2, ., n) (1)

nl k-i

where, C(S,) is the strain tensor for the orientation state, S, and the second term
is defined as the mean strain tensor, r,,,. The magnitude of the spontaneous strain
tensor is simply written as,' 5

3 3
= (,ij (2)

1-' 1=1

where C(,)ij are the if h elements of E(,)(S1).

Spontaneous Strain in YBa 2Cu30_-,4

YBa 2Cu3O.74 undergoes a 4/mmmFmmm ferroelastic phase transformation at -700"C
in pure oxygen' 9 with the onset of spontaneous strain. The tetragonal to ortho-
rhombic phase transformation results in the formation of energetically equivalent
domains with (110) and (110) twin walls. These are so called W-walls20 or crystal-
lographically prominent planes which are expected to be strain-free. If two fer- 0
roelastic domains, S, and S2, are separated by a W-wall, the spontaneous strain
tensor of say S, can be mapped onto S2 by the symmetry associated with the W-
wall.

The spontaneous strain tensor for both orientation states is written from Equation
(1) and the orthorhombic strain tensor as,

E(,)(Si) = -- W (3)

where w = 1 (-1 - E2 2 ) and F-1 and -22 are the strains in the a and b directions
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of the orthorhombic material. The magnitude of the spontaneous strain is written
from Equations (2) and (3) as,15

V= / wI (4)

or in terms of the a and b lattice parameters,

S= N/2- a - b (5)
l a + hi

In the tetragonal prototypic phase, e, = e22 (i.e., the a-axis and b-axis are indis-
tinguishable), and from inspection of Equation (3), the spontaneous strains in both
orientation states are now equal and zero. Also note from Equation (5) that the
magnitude of the spontaneous strain is the same in both orientation states of
orthorhombic YBa 2Cu 3O7 .8 . The requirements for defining the spontaneous strain
have now been satisfied.' 5

The magnitude of the spontaneous strain in YBa 2Cu 3OT7 - can be calculated from
the appropriate lattice parameters at various temperatures (and hence oxygen
contents) in equilibrium with 100% oxygen (Figure l(a))., 9 The spontaneous strain
also varies at room temperature in samples which were quenched from 520°C after
annealing in controlled oxygen partial pressures (Figure l(b)).2' The spontaneous
strain is nearly constant below 600°C (Figure 1(a)). However, stress induced de-
twinning has not been observed below 300-400°C, which suggests that there are
additional factors, aside from the structural distortion, which must be overcome
to enable twin wall motion.

Switching Stress

By neglecting any second-order ferrobielastic effect, 6
_
18 the free energy difference

between the two orientation states, S, and S2, for YBa 2Cu3O1 .b at constant tem-
perature can be written as,

AG = -AE(s,)qj0i (6)

The optimum stress state a0. required to switch from state S, to S2 will give the
maximum reduction of free energy, AG which is simply,

AG = G 2 - G, =ý 2w(o-,, - 0"22) (7)

where G1 and G2 are the free energies of S, and S2, respectively. Below the
orthorhombic-tetragonal phase transformation in YBa2 CU30 7.• the a-axis contracts
and the b-axis expands relative to the tetragonal prototype. Consequently, EI is
negative, E22 is positive, and w is negative (Equation (3)). The optimum stress state
(the minimum AG) will occur when or,, = 0 and (T22 = Oapplied (i.e., a compressive
stress, uapplicd, is directed along the b-axis). Figure 2 is a schematic diagram for
domain wall motion in a YBa 2Cu 30,.5 crystal under the application of a uniaxial
stress. Orientation state S, is favored and will grow at the expense of orientation
state S,.
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FIGURE 1 Spontaneous strain in ferroelastic YBa2Cu3 O,.b as a function of(a) temperature and oxygen
content when in equilibrium with 100% oxygen (Reference 19) and (b) oxygen vacancy content, 8, at
room temperature following quenches from 520*C in controlled partial pressures of oxygen (Reference
21).

Orthorhombic-Tetragonal Phase Transformation 0
The orthorhombic-tetragonal transformation in YBa 2Cu 30, 4 is known to be an
order-disorder structural phase transformation which occurs near an oxygen content
of 6.4-6.5 oxygen per unit cell,'9.21 and whose transformation temperature, To, is
determined by the partial pressure of oxygen surrounding the material. The oxygen
content also plays an important role in determining other normal-state and super-
conducting properties of YBa 2Cu 30.1 (for example, see Reference 22). The fully
oxygenated (orthorhombic) state (8 = 0) consists of oxygen atoms ordered on the
0(1) chain sites, thereby forming one-dimensional copper-oxygen rows or chains
(Figure 3). As 8 increases, oxygen is both removed from 0(1) sites and disordered
from 0(1) sites onto normally vacant 0(5) chain sites until they are equally occupied

0
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FIGURE 2 Lateral motion of twin boundaries under the influence of an applied uniaxial stress in
which orientation state S, grows at the expense of S..
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FIGURE 3 An idealized {110} twin boundary in YBa-,Cu30,.,, as viewed in the a-b plane. The twin
boundary separates two different orientation states (domains) which differ in the direction of sponta-

neous strain. Twin boundaries form in order to relieve the strain accompanying the uetragonal to

orthorhombic phase transf o rmation.
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and the material becomes tetragonal. Theoretical models2 first suggested that 0
intermediate oxygen-ordering states may exist between the ideal orthorhombic
(8 - 0) and tetragonal (8 - 1) structures. One such ordered state is the ortho-
rhombic-Il (OI) structure which has every other copper-oxygen chain absent.
Subsequent transmission electron microscopy24 and neutron diffraction2 studies
have indeed confirmed the existence of the 011 structure in addition to other
intermediate oxygen ordered phases.

The strong dependence of the crystal structure on the oxygen content suggests
that the kinetics of the orthorhombic-tetragonal phase transformation will depend
strongly on oxygen diffusion behavior. 2.3'2s.2 Thus, in addition to the temperature
and oxygen partial pressure dependencies for the equilibrium transformation, one
must also consider other parameters such as heating and cooling rates and grain
(or crystal) size effects (i.e., the diffusion length) when considering the kinetics of 0
the transformation. The strain accompanying the orthorhombic-tetragonal phase
transformation leads to the formation of twin walls which separate the material
into ordered domains and, according to the symmetry operations lost at the trans-
formation, makes YBa 2Cu3O7_. a pure ferroelastic.15 A complete knowledge of
oxygen diffusion behavior in YBa 2Cu30 7 - would facilitate an understanding of the
kinetics and mechanism of the orthorhombic-tetragonal phase transformation and 0
subsequently would elucidate on the mechanism for ferroelastic detwinning.

Upon cooling through the transformation temperature, To, orthorhombic mi-
crodomains are formed within a tetragonal matrix. These orthorhombic regions
can have one of two different twin orientations- (110) or (110) walls-and coarsen
with time and decreasing temperature often giving rise to a characteristic "tweed"
structure.282 Shi26 has proposed a two-step tranformation process. Initally, a rapid
martensitic-shear type mechanism leads to twin boundary formation. Further do-
main growth proceeds more slowly and is limited by long range oxygen diffusion
behavior. Eventually twin boundaries interact and local regions of strain or variable
oxygen content will determine which domains grow at the expense of others. Ob-
servations of domain wall memory effects in YBa 2Cu307.8 crystals 3 suggest that
lattice defects either control local strain regions or serve as nucleation sites for
initial twin formation.

Ferroelastic Domains

The ferroelastic character of the orthorhombic-tetragonal transformation in
YBa 2Cu30 7.& has been supported by several detwinning (switching) studies.5 -10  •
The orientations of the twin walls in the YBa2Cu30 74. material are of the {1101
type and are determined from both the symmetry elements lost in the transfor-
mation and from spontaneous strain compatibility requirements at the twin wall.20

In practice, however, four orientation states are usually observed3° with -90°
orientated twin walls. Shuvalov et al.31 consider the symmetry laws15.16 of "ideal
twinning" to be only a first approximation to the orientation states often observed 0
in real ferroelastics. They noted that the angles between identical crystallographic
directions in neighboring domains are not always the same as the angles expected
between ideal orientation states. In addition, these angles are often observed to
vary with temperature or pressure. These small deviations (or rotations) from ideal
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orientations lead to the concept of suborientational domain states. 31 Boulesteix32

has used a similar approach to explain the origin of the four different orientation
variants observed in YBa2Cu3O 7 .•.

Across the twin boundary in YBa 2Cu 3O. 8, the a-b plane is rotated -90*, so
that the b-axis of one domain is almost perpendicular to the b-axis in a neighboring
domain (Figure 3). Assuming a coherent twin wall, the angle 0 between equivalent
crystallographic axes in neighboring domains can be determined from the expres-
sion 0 = 2 tan- 1 (a/b). The lattice parameters of fully oxygenated YBa 2Cu3O74.
are approximately a = 3.82 A and b = 3.88 A which results in 0 = 890, close to
a value (89.10) determined by experiment." Twin walls of the (100) variety, in
which the c-axes in adjacent domains are rotated by 90W, have also been observed

* in YBa 2Cu3 0 7 . 33 These, however, are probably growth twins as they do not
disappear above the orthorhombic-tetragonal transformation. (100) twins would
probably impede oxygen uptake as oxygen diffusion is extremely slow in the c-
direction. 34 They may also impede {110} domain wall formation and movement. 33

Wadhawan 35.36 suggests a hypothetical m3m prototypic symmetry to account for
the different {110}, {100}, {113}, and {001} twin boundaries which have been reported
in YBa2Cu3OT48. The point group m3m has an order of 48 which suggests three
poss'ble orientation states in the tetragonal phase. By assuming a m3m prototypic
point group, a room temperature spontaneous strain of -0.31 was calculate Jf-
erence 36) which is unreasonably large. However, if a tetragonal prototyp. '-
metry of 4/mmm is considered, only the occurrence of {110} twin walls c e
predicted and a room temperature spontaneous strain of -0.011 was calcu. J
(Figure 1(a)). This is a more reasonable value when compared with other ferro-
elastic materials.15 Thus, the authors believe that the vast majority of observed
twin structures and domain switching characteristics can be accounted for by the
4/mmm prototypic symmetry.

Twin Wall Characteristics

Jou and Washburn37 have proposed a model in which several atomic layers close
to a twin boundary may be oxygen-deficient due to a balance between coulombic
repulsive forces of neighboring oxygen anions across a twin boundary, the stress
state of the boundary,-and the chemical potential. Oxygen vacancy ordering near
twin boundaries could explain slight variations in 0 observed at the boundaries and,
also, the difficulty in achieving complete oxygenation (6 = 0). Variable oxygen
content near twin boundaries is probably temperature dependent and could account
for suborientation states observed in the material.3° The high concentration of
vacancies may also enable {110} twin boundaries to behave as high diffusivity paths
for oxygen diffusion. 14

Twin wall thicknesses may influence wall mobilities and also control oxygen
diffusion behavior. Zhu et al.38 have estimated twin boundary thicknesses, t, from
electron diffraction patterns and the equation,

t = A("'o) d, o (8)

where R, 10 is the distance from the transmitted spot to the (110) diffraction spot,
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4,, the length of the streak at the transmitted spot due to the twin boundary density,
d1j0 the (110) lattice spacing, and A a constant depending on the experimental
conditions and the twin density contribution. They estimated a twin wall thickness
of 10-15 A (2-3 unit cells) for fully oxygenated YBa2Cu30 7 _& and found that this
thickness could increase by the addition of specific dopants or the variation of
oxygen stoichiometry.38 For example, oxygen removal both decreased the average
twin boundary separation and increased the boundary thickness. Optimal flux 0
pinning and weak link behavior may occur when the twin boundary thickness is of
the same length scale as the coherence length. 39 It is well known that the addition
of dopants4° and variations in oxygen stoichiometry1 9.21 modify the orthorhombic
strain and it is thus a reasonable assumption that they may also change the twin
wall energy. This may allow twin wall densities and boundary thicknesses to be
"tailored" for specific applications which depend on domain characteristics.

Sarikaya et al.41 have proposed a model to predict the equilibrium twin sepa-
ration, d, in YBa 2Cu30 7- as,

d2 2Er (a)
d a) (9)

where ET is the twin boundary formation energy per unit lateral length, 11 the 0
shear modulus, and Aa/a the strain. As the oxygen stoichiometry is reduced, the
orthorhombic strain will decrease and one expects the average twin spacing to
increase if the twin wall energy remains relatively constant. Indeed, larger twin
spacings have been observed by Shaw et al.29 for decreasing oxygen content, how-
ever, others38,42 have reported smaller twin spacings under similar conditions. The
latter observations suggest that the twin wall energy may vary with oxygen content.

Shi et al.42 report average twin spacings of 1500 A, 800 A, and 300 A for oxygen
contents of 6.98, 6.62, and 6.55, respectively, which according to Equation (9),
can happen only if lower oxygen stoichiometry reduces the twin wall formation
energy term ET faster than the orthorhombic strain. The formation energy, ET,
contains terms for both the energy per unit area of a twin boundary, -yT, and the
lateral size, L, of a twin colony composed of a single variant,

ET = _YTL (10)

This suggests that the observations of decreasing twin boundary separation with
increasing oxygen deficiency 38 .42 could be due to either (or both) a decrease in the
twin boundary interface energy, /YT, or to a decrease in the size of the twin colonies,
L. More quantitative evidence is needed to resolve the discrepancies observed 29

,38 -
42  S

in twin separation as a function of oxygen content. This would entail determining
the individual dependencies of the twin wall energy, size of twin colonies, and twin
separation distance on the oxygen content.

Not only can the transformation strain be compensated for by the creation of
surface energy at the twin boundaries (i.e., T'O), but it can also be accommodated
at the edge of a single variant twin network (often a grain boundary) which would •
effectively lower the twin boundary energy, ET, in Equation (10). If this accom-
modation energy is significant, the twin separation, d, would be expected to depend
on the size of the twin network, L, to the one-half power (i.e., d -,IL).43'" (Such
a dependence can be seen by substituting Equation (10) into (9).) Indeed, obser-
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vations for polycrystalline•, 4 s and thin film16 YBa 2Cu3 O7 .8 have shown this square-
root dependence of twin boundary separation on grain size and film thickness,
respectively.

A crystal comprised of a single twin variant would not be constrained by either
the surrounding grains as in the polycrystalline specimen or the underlying substrate
as in a thin film and the twin separation may not exhibit a vrL dependence. With
this assumption, a first-order approximation of the {110} twin wall energy per unit
area, yr-, in YBa 2Cu307-b can be estimated by assuming that the energy associated
with the minimum stress (i.e., the coercive stress, arc) needed to detwin a crystal
will be balanced by the total interface energy ('y7 d-1) associated with the twin
walls where d-' is simply the total area of twins per unit volume of crystal. In
other words, accommodation energies and the subsequent dependence of twin
separation on L are assumed to be absent. Combining Equations (4) and (7) yields
the twin boundary energy as

'T =AGd = /2orc(11)

The lack of experimental values for orc as a function of temperature and oxygen
content does not allow exact values of yIT to be calculated, but upper limits can be
estimated from switching stresses reported in the literature. Giapinzakis et al.5

report the lowest applied stresses (25 MPa) required to achieve domain switching
at 450°C. Assuming a spontaneous strain of 0.011 (Figure (la)) and an average

TABLE I
A comparison of the ferroelastic domain characteristics of {110) twins in

YBa 2Cu30,-8 and 90r twins in BaTiO 3.
(1800 twins in BaTiO3 are not ferroelastic.)

YBa 2Cu 3 O 7.8  BaTiO3

Prototypic Phase 4/mmm (a) m3m

Ferroic Phase mmm 4mm

Lattice Parameters, (A) a = 3.823 (b) a = 3.992 (c)
b = 3.887 c =4.036

Spontaneous 11.7x 10-3 (d) 8.98 x 10-3 (c)
Strain, Es

Wall Thickness (A) 10-30 (e) 50-100 (f)

Wall Energy (mJ/m 2) <40 (d) 2-4(o

(a) A hypothetical prototypic phase m3m has been proposed in Ref. 136].

(b) After Ref. [19).

(c) After Ref. [18].

(d) This paper.
(e) After Ref. [38].
(f) These are for 90 twin walls. After ReL [47].
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twin separation of 1000 A38 yields a value of -40 mJ/m 2 for the twin wall energy. ,
This is an order of magnitude greater than 2-4 mJ/m2 for ferroelastic 90r domain
walls in BaTiO 3 (Table 1).47 (1800 walls are not ferroelastic.) The value of the wall
energy estimated from Equation (11) for YBa2Cu3O7-4 is in fact expected to be
lower once reliable coercive stresses are measured. Again, it should be noted that
Equation (11) assumes that the transformation energy is entirely compensated for
by the formation of surface energy at the twin boundaries. However, as mentioned
previously, strain can also be accommodated at the edge of a single variant twin
network which would lead to a dependence of the twin separation on the grain
size, L, as seen by others.2g'4 s Equation (11) neglects the size of the twin colony,
L, which is a reasonable assumption in an uncontrained single crystal comprised
of only one twin variant.

deFontaine et al.23 have used an Ising model with next-nearest neighbor (nnn)
anisotropic interactions to succesfully model the different ordered oxygen config-
urations observed in YBa 2Cu30 7-. Assuming the ideally coherent twin boundary
(see, Figure 3) deFontaine et al.48 derived an expression for the energy of a bound-
ary per unit cell as Eb = 4(V1 - V2 - V3) where V, is the effective interaction
between two nearest neighbor oxygen (i.e., the 0(1) and 0(5) sites in Figure (3)),
V2 the nnn interaction between two 0(1) oxygen separated by a copper atom, and
V3 the nnn interaction between two 0(1) oxygen in neighboring chains. Using
values of 27.6 mRy, -9.6 mRy, and 4.4 mRy for V•, V2., and V3, respectively, 49

and the expression for the twin boundary energy per unit area, rYT = Eb
(cVa•Fb)- yields a value of -450 mJ/m2 . This value seems quite large in
comparison to the 40 mJ/m2 estimated in this paper. This suggests that significant
lattice relaxation and oxygen vacancies due to unfavorable nearest neighbor oxygen 0
interactions may occur in the vicinity of a twin boundary. In other words, the
boundary is not ideally coherent. However, the proposed expression should serve
as a good starting point in developing an atomistic model to describe twin boundary
characteristics.

The energy of a {110} twin boundary has been estimated by two groups using
two different models. Roy and Mitchell45 assume that the transformation strain is
balanced by both the interface energy rYT and the accommodation energy at the
end of twin boundaries. From the slope of a plot of the average twin separation,
d, as a function of the square root of the size of the twin colony, V/-L, they estimated
an energy of -2.8 mJ/m2 at room temperature which seems reasonable in light of
the energy of a 900 twin wall in BaTiO 3 (Table I) and falls below the upper limit
of -40 mJ/m 2 estimated from Equation (11). Dislocation theory was used by Bioko 0
et al.50 to estimate the energy of so-called elastic twins; those which do not extend
through an entire grain. A twin boundary energy of -1000 mJ/m2 was obtained
which seems quite large. The estimate of Boiko et al.'o relies on the twin separation
to length ratio (d/L) obtained from twenty-five twins observed by optical micros-
copy in several polycrystalline samples. As they point out, however, their samples
vary in grain size which has been shown by others29, 45 to influence twin geometries. 0
Further studies are needed to clarify the actual influence of the oxygen content
and grain size on the twin characteristics. Also, studies on both polycrystalline and
single crystal YBa 2Cu 307.6 would help separate intrinsic twin characteristics from
those which are influenced by the clamping stresses in a polycrystalline specimen.
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Detwinning Mechanisms

One major difference between YBa2 Cu3O74_ and most ferroelastics is the mecha-
nism by which domain reorientation occurs. Traditional ferroelastics require small
structural distortions on the order of 0.1 A to impart domain reorientation, con-

* sequently no bonds are broken. In YBa2Cu307_8, however, domain wall motion
appears to occur by large jumps (-2.7 A) of oxygen anions which requires both
the breaking of bonds and sufficient oxygen mobility. Figure 4 demonstrates how
oxygen may cooperatively shear (or jump) along a twin boundary under the ap-
plication of an applied stress, thus imparting a lateral motion to a twin boundary
(see also Figure 2). This motion involves a 2.7 A jump of individual O(1) anions* to the vacant 0(5) sites which also advance the twin wall 2.7 A. Thus, a strong
dependence is expected between ferroelastic domain wall motion and the diffusivity
and concentration of oxygen.

Rudyakst has developed a phenomenological model to describe domain switching
properties in both ferroelectric and ferroelastic materials in terms of a viscosity
coefficent qI which contains the intrinsic switching properties of a given material* without making any assumptions about the underlying microscopic mechanisms.
This model has been successfully used to describe such phenomena as the time
dependence of spontaneous strain (or polarization), the shapes of hysteresis curves,
and the temperature dependence of coercive stresses (or fields) in a wide variety
of ferroelastic (and ferroelectric) materials including order-disorder types such as
triglycine sulphate (TGS), KH3 (SeO 3) 2 , and gadolinium molybdate (GMO) (see

* Reference 51, and references contained within). This suggests that Rudyak's vis-
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FIGURE 4 Cooperative shear mechanism for twin wall migration under the application of a uniaxial
stress. At a given temperature and applied stress one would expect more facile wall motion (i.e., alower ferroelastic viscosity) if a few oxygen atoms were removed from near the twin wall.

0
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cosity model5' may also be appropriate in describing the switching properties of 0
YBa 2Cu 3O7 .5 whose ferroelastic transformation is of the order-disorder variety. 19.21

The attainment of equilibrium of a ferroelastic under a constant applied stress
a can be written in scalar form as, 51

C, exp ( Irt)] (12)

where , is the total macroscopic strain (which should be zero in a multidomain
single crystal), E, the spontaneous strain of an individual orientation state, t time,
and Ti the ferroelastic viscosity coefficient which is a measure of fundamental

internal frictions and a function of temperature. Thus, with increasing time, the
total strain of an initially multidomain material will approach the spontaneous strain
of a single domain, E, (i.e., it will approach a single domain configuration). This
is analogous to poling in ferroelectrics where the macroscopic polarization of a
crystal approaches that of the spontaneous polarization of a single domain under
the application of an applied electric field. Equation (12) reveals that if the applied
stress increases or the ferroelastic viscosity decreases, the switching time should
also decrease. Furthermore, according to Equation (12), there should be no thresh-
old or coercive stress. Instead, domain wall velocities, v, would become infinitely
small as the applied stress approaches zero. Similarly, domain wall mobilities (v
= v/r) vary with time at constant temperature under a constant applied stress, a,
according to the following exponential function,"

v= v0 exp -(13)

where vo is the initial mobility which is a function of domain width, spontaneous
strain, and -q. Wall mobilities control hysteresis loops and consequently the switch-
ing behavior of ferroics, whose velocities are limited by impurities, imperfections,
and intrinsic frictions or viscosities.5 ' An understanding of domaain wall mobilities
in YBa2Cu 3OT.1 may assist in developing a clearer understanding of similar proc- S
esses in traditional ferroic materials.

The stress required to induce domain wall motion will not only depend on the
spontaneous strain state of the material, but also on the short-range mobility of
oxygen anions. Thus, the coercive stress will depend on both temperature and the
number of 0(1) oxygen vacancies present. Recent reports 52.53 of short range oxyger
mobility at room temperature (and below) suggests that ferroelastic detwinning 0
may be possible at these temperatures given sufficient stress, 0(1) oxygen vacancy
concentration, and time. Room temperature oxygen mobility occurs without loss
of oxygen 53 suggesting a surface energy barrier for oxygen diffusion. 2' 54 This should
enable these materials to be detwinned without loss of oxygen at low enough
temperatures (<300-400°C). The dependence of domain wall motion on oxygen
mobility suggests that ferroelastic detwinning is also an activated process. Thus it 0
may be difficult to measure actual coercive stresses due to the possibility of ex-
tremely slow oxygen migration and consequently slow domain wall motion.

In a fully oxygenated crystal, the number density of 0(1) oxygen anions per unit
area of twin boundary is calculated at 1.57 x 1018/m2. In order to advance a unit
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area of twin wall one fundamental step (2.7 A), this many oxygen atoms must jump
to the 0(5) sites (see Figure 4). The removal of oxygen will effectively reduce the
total number of oxygen anions which must cooperatively shear to advance a twin
boundary and one expects the ferroelastic viscosity to be reduced. This can be seen
qualitatively in Figure 4 by removing a few oxygen from near the twin wall.

In YBa2 Cu 3 0 7.a the fundamental frictions affecting the ferroelastic viscosity coef-
ficent 9i may arise from potential energy barriers due to overlapping repulsive
forces as oxygen anions move through the lattice, the coulombic repulsion of
neighboring oxygen anions across the twin wall (Figure 4), and local strain fields
in the vicinity of a wall or the intersectic(n of two walls. Switching times should
decrease as oxygen is removed from YBa 2Cu3O7 -., as this would both reduce the
local strain fields near the twin wall and the coulombic repulsion forces between
adjacent oxygen anions and would effectively reduce the ferroelastic viscosity, n.
One expects q to be a function of both temperature and oxygen content; increasing
with decreasing temperature and increasing oxygen content.

One potential limitation of Rudyak's viscosity model51 is that it is based on a
linear approximation in which the viscosity, -q, is assumed to be independent of
the applied mechanical stress, 0rappl, which may not necessarily be valid over a wide
range of or (i.e., -q = q(oarpp)). This suggests that, if ferroelasticity is intimately
associated with the oxygen content, then the ferroelastic viscosity -9 may vary
depending on both the amount and mobility of oxygen. Inspection of Figure l(a)
reveals that the spontaneous strain does not vary much below -600°C, but does
decrease monotonically with decreasing oxygen content. For switching to occur in
YBa 2Cu3O 7 .a, not only must this structural strain be reversed, but temperatures
must also be sufficiently high to allow appreciable oxygen mobility. Thus, one may
assume that the ferroelastic viscosity T1 is an activated process which depends on
the oxygen diffusivity and the vacancy content, 8, and can be written for 0 < 8 <
0.6 as,

)= 11(0.6-8) exp E•(14)

where To is a pre-exponential factor, E the activation energy for short-range oxygen
jumps, k Boltzmann's constant, and T temperature. Thus, as one increases the
temperature and oxygen vacancy content, the ferroelastic viscosity will decrease
(Equation 14) with a corresponding increase in the wall mobility (Equation 13).
Measurements of -q as a function of applied stress, oxygen content, and temperature
from Equations (12) and (14) should allow for the estimation of the fundamental
activation energy for oxygen shear along the twin wall to be estimated. One may
expect this value to be close to 1 eV which is the activation energy for a single
oxygen jump as measured by tracer diffusion,34 room temperature oxygen mobil-
ity, 52 and internal friction 55 measurements.

As oxygen stoichiometry is reduced towards 6.4 (i.e., the orthorhombic-
tetragonal transformation point, 8 = 0.6), twin boundaries are observed to thickenm
which may be due to oxygen vacancy clustering. 37 The ideal picture of cooperative
shear of oxygen anions along a sharp coherent twin boundary may not be valid in
this oxygen range. Jumps may occur more en masse at distances further from the
twin boundary due to the larger concentration of oxygen vacancies. The mechanism
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for domain reorientation may no longer result from twin wall motion by a coop- •
erative shear process, but instead by a stress-assisted short-range hopping process
of oxygen in the bulk of unfavorably aligned domains. A sharp coherent twin
boundary should lead to a lower activation energy for short-range oxygen migration
in comparison with the bulk and, consequently, a cooperative shear of oxygen
anions along the boundary is to be expected. As the twin boundary becomes more
diffuse at higher temperatures and/or lower oxygen contents, the difference in S
activation energy for an oxygen jump along the boundary and in the bulk of the
domain should become less. One would then expect stress-associated short-range
oxygen jumps in regions away from the boundary.

The observation of lateral motion of twin boundaries under an applied stress
supports a cooperative shear of oxygen anions along the twin boundary. 6,10 How-
ever, detailed studies of twin wall motion at elevated temperatures by varying
oxygen contents have yet to be reported. Under these experimental conditions, a
stress-assisted short-range oxygen hopping process in the bulk of a domain should
be evident as a "melting" of the twin walls. It is also quite possible that both of
these mechanisms occur simultaneously. This raises the possibility of critical stresses,
temperatures and oxygen contents for which domain reorientation mechanisms
may change from a cooperative shear process to a stress-assisted diffusion mech-
anism.

CONCLUSIONS

In conclusion, one can appreciate that YBa 2Cu 30 7.8 is a unique material, being 6
simultaneously a superconductor, a ferroelastic, and possibly an oxygen sensor.
The standard symmetry laws of ferroelastics can be used to define the prototype
symmetry (4/mmm), the number (2) of orientation states, and twin wall orientation,
{11}, in YBa 2Cu 30 7 .8 . Ferroelastic phenomenon in YBa 2Cu 3OT7- is influenced by
the oxygen stoichiometry and mobility; both of which depend on temperature,
partial pressure of oxygen, rate of heating and cooling, and kinetics of oxygen 0
migration. Twin boundary separation and thickness depend on the oxygen content,
while domain reorientation behavior should depend on both the content and mo-
bility.

An expression was derived to estimate the energy of a {110} twin wall as a function
of spontaneous strain, coercive stress, and twin wall separation. An upper limit of
40 mJ/m 2 was calculated. The spontaneous strain, F, as a function of temperature 0
and oxygen content was calculated from available lattice parameter data and found
to be almost independent of temperature below -600°C. Room temperature de-
twinning has not been observed in YBa 2Cu3O7 .8, even though the spontaneous
strain is comparable to that at higher temperatures. This suggests that sufficient
oxygen mobility is required for ferroelastic domain wall motion which would be
typical of an activated process which depends on the diffusivity and concentration 0
of oxygen. Since the activation energies for oxygen diffusion are expected to be
lower near the twin boundaries of YBa 2Cu3O7 .8 , a cooperative-shear domain reo-
rientation mechanism under the application of an applied stress seems reasonable.
However, the relatively large oxygen jump distances (-2.7 A) and variable oxygen
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contents also make a stress-assisted short-range oxygen hopping process in all
regions of a domain conceivable under certain conditions (i.e., different stresses,
temperatures, and oxygen contents).

Many issues remain to be resolved regarding both the static and dynamic aspects
of twin walls in YBa2Cu30Q.. This will require measurements of twin geometries
in both polycrystalline and single crystal specimens at various temperatures and in
controlled oxygen partial pressures in order to elucidate on available models of
twin boundary formation. Systematic studies of the actual detwinning process,
which includes the measurement of coercive stresses, ferroelastic viscosities, and
twin boundary mobilities as a function of temperature in controlled oxygen partial
pressures, are still needed in order to determine the role of oxygen content and
mobility on switching behavior.

Thus, ferroelasticity and the subsequent domain structure must be properly char-
acterized and understood in order to interrelate the effects on the physical prop-
erties of YBa2Cu307 4 . This may enable the engineering of domain characteristics
through chemical doping, applied stresses, or varying oxygen stoichiometry in order
to design a material with specific property requirements. An investigation of fer-
roelastic behavior in YBa 2Cu30 7 -. could also lead to a more complete understanding
of domain dynamics and switching behavior in other ferroelectric-ferroelastic sys-
tems (e.g., BaTiO 3).
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OXYGEN IN-DIFFUSION AND OUT-DIFFUSION •

IN SINGLE CRYSTAL YBa2 Cu3 O7.8

JOHN R. LaGRAFF, PENGDI HAN, AND DAVID A. PAYNE
Department of Materials Science and Engineering and Materials Research
Laboratory, The University of Illinois at Urbana-Champaign, Urbana, IL 61801.

ABSTRACT

Isothermal resistance measurements were used to monitor oxygen in-

diffusion and out-diffusion in single crystal YBa 2 Cu 3 O 7 .8 from 600-780*C.

Measurements on single crystals reveal that oxygen out-diffusion is intrinsically
faster than in-diffusion, which is contrary to the rates observed in other studies for
polycrystalline ceramics. Oxygen out-diffusion measurements suggest two
different mechanisms, one above anc one below --680C, which have activation
energies of 1.57±0.06eV and 1.00±0.04eV, respectively. Calculation of relaxation

times for oxygen in-diffusion into initially tetragonal YBa2Cu 3 O7.8 suggest a

single mechanism from 600-780*C with an activation energy of 1.16±0.06eV.

INTRODUCTION

The oxygen stoichiometry of YBa2Cu 3 O7.8 can be monitored at high

temperatures and at different oxygen partial pressures by electrical resistance
measurements which directly monitor the hole concentration [1-101. The

resistance of orthorhombic YBa2Cu 3 O7.8 (5=0) is metallic and increases linearly
with temperature up to approximately 350°C in ceramics [4] and up to 500°C in
single crystals [9]. Above these temperatures appreciable oxygen out-diffusion
occurs and the resistance increases more rapidly. This is largely a consequence of a
decrease in the hole concentration as oxygen leaves the system according to a
defect relation [3,9],

O+ 2h - V 2+O2 (1),

where V 0 denotes a doubly ionized (positive) vacant 0(5) oxygen site, 0 is the
neutral occupied 0(l) chain site, and h' an electron hole.

In-situ resistance measurements as a function of temperature and P0 2 have

been used to monitor the kinetics of oxygen in-diffusion and out-diffusion [2-4,10].
Oxygen diffusion has been found to depend strongly on the sample type (ceramic
or single crystal) [2-6,8-10] and structure (orthorhombic or tetragonal) [4-6]. It has
been reported for ceramic specimens that oxygen in-diffusion is much faster than
out-diffusion [2-4]. It is the purpose of this paper to report oxygen diffusion

behavior in single crystal YBa 2 Cu 3 O7.8 in both the orthorhombic and tetragonal

structures, and to measure the intrinsic rates of oxygen in-diffusion and out-
diffusion.

Mat. Res. Soc. Symp. Proc. Vol. 209. '1991 Materials Research Society
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EXPERIMENTAL

* Large single crystals of various sizes were grown by a standard self-flux
technique described elsewhere 191. The critical temperature, Tc (onset), from
SQUID susceptibility measurements was 90K for the annealed crystal with a
transition width of <1K. Resistance measurements were made on a crystal whose
dimensions were approximately 1x1x0.05 iMm3 with the c-axis oriented in the thin
direction. Four-circle x-ray diffraction analysis yielded lattice parameters of
a=3.82k, b=3.89A, c=11.68Ak. Oxygen in-diffusion and out-diffusion were

* monitored in-situ by a standard four-point probe ac technique with the crystal
mounted in the hot-stage of an optical midcroscope [9,10]. Four gold wires were
attached to the comners of the a-b face of the crystal with silver paste and these
contacts retained their integrity throughout the measurements. The ambient gas
could easily be switched from reducing (100% argon) to oxidizing (100% oxygen)
conditions. Water vapor and CO 2, which can degrade YBa2 Cu3 O7-8 [111, were
removed from the ambient by a scrubbing column containing CaO and CaSO4.

5 ~Isothermal oxygen out-diffusion and in-diffusion were mocnitored by
resistance measurements at temperatures of 600, 640, 680, 700, 720, 740, 760, and
780*C. Initially, the crystal was annealed in oxygen until equilibrium was
established as indicated by a constant resistance for at least three hours. Oxygen
out-diffusion studies were then carried out by introducing argon into the hot-stage
and measuring the resistance of the crystal as a function of time. After a one hour
argon anneal, oxygen was reintroduced into the system and the in-diffusion
resistance behavior was recorded. At temperatures below -700*C, the
orthorhombic-tetragonal phase transformation was monitored with an optical
microscope by observing the appearance or disappearance of twin boundaries.

RESULTS

Oxygen in-diffusion was observed to be slower than oxygen out-diffusion at
* all temperatures (600-780*C). Figure 1 shows a typical resistance curve for oxygen

in- and out-diffusion at 720*C. The introduction of argon into the hot-stage for
one hour results in a linear increase in resistance as oxygen leaves the crystal,
which suggests a linear dependence of resistance with the oxygen content. This
linear dependence is also typical of a surface-reaction controlled process [4,10]. The

0.6 . . . . . .720*C Figure 1. Resistance as a function
0 0.5 of time for both oxygen out-

diffusion and in-diffusion at 720*C.
0 * The resistance increases during
0 oxygen out-diffusion and decreases

0 for oxygen in-diffusion. Note that
0 0.3 43 the initial resistance (R.,) is still

not regained after a one hour
* ,.Z oxygen anneal which suggests that

V -. - ------------- R_ oxygen in-diffusion is intrinsically
0.1..........................slower than out-diffusion.

Time (minutes)
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Figu 2. Normalized isothermal resistance curves for (a) oxygen out-diffusion
and (b) oxygen in-diffusion from 600-780*C.

introduction of oxygen causes a rapid decrease in resistance attributed to a sudden
adsorption of oxygen back into the crystal (Figure 1). The starting resistance,
however, is not regained after a one hour oxygen anneal suggesting that oxygen
in-diffusion in YBa2 Cu3 0 7-8 is in fact intrinsically slower than out-diffusion. This
is contrary to the rates observed in bulk ceramic specimens [2-4]. This type of
behavior was observed at all temperatures (600-780C) and in all crystals that the
authors have measured.

Figure 2(a) shows the normalized isothermal resistance behavior of oxygen
out-diffusion during one hour argon anneals from 600-780°C. The corresponding
oxygen in-diffusion isotherms are given in Figure 2(b). The strain accompanying
the tetragonal-orthorhombic phase transformation is usually accommodated by
the formation of (110) twin boundaries. These transformation twins are clearly
visible under polarized reflected light and enable one to monitor the phase
transformation in an optical microscope. Observation of the twin networks

300 6

60250 (a) 1.57eV N0 1
V5

Te pe at re ( C)200/ 
(K

150 :

100 N,
.~ 1.00ev

50 -3

0~
600 640 680 720 760 800 0.95 1.00 1.05 1.10 1.15

Temperature (0) 1000/T(K)

Figure 3 (a) The rate of change of resistance (dR/dt) from the linear regions
of the oxygen out-diffusion isotherms (Figure 2(a)) suggests two different
regimes for oxygen out-diffusion, one above and one below -680*C. (b) An
Arhennius plot of dR/dt (Equation 2) yields activation energies for oxygen
out-diffusion of 1.57eV and 1.00eV above and below 680°C.
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indicated that when the crystal was in equilibrium with oxygen it retained its
orthorhombic form at 700*C and below, and its tetragonal form above 700*C. After
the one hour argon anneal the crystal was tetragonal at all temperatures indicating
that the orthorhombic-tetragonal phase transformation had taken place at those
temperatures below 700*C. No anomalous resistance behavior was observed near
the orthorhombic-tetragonal transformation.

Analysis of the linear slopes (dAR/dt) of Figure 2(a) as a function of
temperature (Figure 3(a)) suggests two different regions for oxygen out-diffusion
behavior, one above and one below -680WC. Assuming that the resistance change
during oxygen out-diffusion is directly proportional to the carrier concentration
allows one to calculate the activation energy for out-diffusion in both of these
regions [4,101,

(~)= Bo exp ()(2),
where B0 is a constant, E is the activation energy, k Boltzmann constant, and T
absolute temperature. The activation energies from region I (600-6800C) and II
(680-780C) were determined to be 1.00±0.04eV and 1.57±0.06eV, respectively
(Figure 3(b)).

The in-diffusion isotherms from Figure 2(b) were each fit to an equation of
the form,

fR(t)-R =e / 
(3)

where oxygen was reintroduced into the crystal at time, t=0, R(t) is the resistance
after a time, t, has elapsed, Ro the equilibrium resistance (t=-) in oxygen, '
relaxation time, and n an exponent. The calculated relaxation times and exponents
are listed in Table I. Assuming that the relaxation time, -, is inversely
proportional to the diffusivity allows one to calculate the activation energy during
the initial stages of oxygen in-diffusion from,

* =-to exp ()(4).
The activation energy for early oxygen in-diffusion into initially tetragonal
YBa 2Cu 3O7.8 from 600-7800C was calculated to be 1.16i-0.06eV.

DISCUSSION AND SUMMARY

The functional forms of oxygen in- and out-diffusion in single crystal
YBa 2Cu 3 O7 -5 are similar to those measured by the authors in a previous study
from 590-720*C [10] and by others in ceramic specimens [2-6]. The most notable
difference, however, is that the measured oxygen in-diffusion rate is slower than
out-diffusion in single crystals (Figure 1) and faster than out-diffusion in
polycrystalline ceramics [2-4]. Ottaviani et al. [5] suggest that the initial fast decrease
in resistance for oxygen in-diffusion is due to either the formation of a thin
conductive layer at the grain boundaries or to transformed orthorhombic regions
which occupy a significant portion of each grain. Additional oxygen adsorption
into the core of the crystal or grain would have a much less pronounced effect on



0

Initial Resistance, Relaxation Time,
T (0 C) Re It n

(ohms) (minutes) •

600 0.77 43.5(2) 0.439(2)
640 0.93 19.4(1) 0.517(2)
680 1.09 14.01(6) 0.556(2)
700 1.26 10.9(2) 0.583(9)
720 1.39 6.5(1) 0.58(1)
740 1.49 4.4(1) 0.56(1)
760 1.57 3.8(1) 0.58(l)
780 1.64 3.30(8) 0.65(1)

Table I. Selected data from isothermal oxygen in-diffusion anneals (Figure
2). The initial resistances, R., are for equilibrium conditions in oxygen at

each temperature. The relaxation time, T, for oxygen in-diffusion from
Equation 3 decreases with increasing temperature, while the exponents, n,
remain essentially constant.

the resistance behavior. Observations of twinning dynamics upon oxygen in- 0
diffusion in ceramic [12] and single crystal [10] YBa 2 Cu 3 O7.5, support the
formation of a shell of twinned material around a core that is initially oxygen
deficient (i.e., tetragonal). This would lead to the formation of a low conductivity
percolation path along the grain boundaries for a ceramic specimen which could
explain the measurement of apparently faster rates of oxygen in-diffusion than
out-diffusion. The surface area to volume ratio in single crystal specimens is
much smaller than polycrystalline ceramics, consequently, a thin conductive layer S
around the crystal would have a less pronounced effect on the overall resistance.

Nobili et al. [6] report that the resistance of a ceramic specimen continues to
decrease even though thermogravimetric analysis (TGA) indicates no more
oxygen uptake. They suggest that, upon oxygenation, a tetragonal material will
begin to form small regions of ordered oxygen which will lead to an increase in the
hole concentration even though the oxygen content remains constant. If such a
model is correct, the slow decrease in resistance at 720*C (Figure 1) would suggest
the formation of ordered oxygen precursor regions prior to the normal tetragonal-
orthorhombic transformation point (-700*C in 100% oxygen). It is quite possible,
however, that the slow decrease of resistance with time in single crystals is indeed
a consequence of very slow oxygen incorporation into the bulk of the crystal. TGA
measureme'ats on large single crystals would help to resolve this issue.

In the present study, the extension of isothermal resistance measurements
up to 780°C allowed for the distinction between two different regimes for oxygen
out-diffusion to be clearly made, one above and one below -680"C. The respective S
activation energies of 1.00 and 1.57eV suggest two different mechanisms for
oxygen out-diffusion. It is tempting to associate each activation energy with one of
the crystal structures (orthorhombic or tetragonal). It should be noted, however,
that if the two measured activation energies were each associated directly with
either the orthorhombic or tetragonal structure, one would expect a transition
from one mechanism to another as the crystal transformed structures during an
isothermal anneal. The crystal structure transformed during oxygen out- and in- •
diffusion between 600-7000 C as observed by optical microscopy, however, no
concurrent change in the resistance curves was detected (Figure 2). The change in
out-diffusion mechanisms near 680*C may instead be due to the activation of
different defect mechanisms which are not necessarily associated with any one
particular crystal structure.



The relaxation time, c, for oxygen in-diffusion is inversely proportional to
the chemical diffusivity, D, and is a function of both temperature and starting
oxygen content, 7-8. As temperature increases, the jump frequency of oxygen
increases, more oxygen vacancies are created, and the relaxation time decreases
(Table I). Optical microscopy indicated that the crystal was in its tetragonal form at
the start of oxygen in-diffusion at all temperatures, consequently, the in-diffusing
oxygen initially encountered the tetragonal phase. This may explain the apparent
single mechanism for the early stages of oxygen in-diffusion from 600-7801C. The
crystal transformed from tetragonal to orthorhombic crystal symmetry below
7001C, however, there were no measurable differences in the functional forms of
the in-diffusion resistance isotherms above or below 700°C.

In summary, oxygen in-diffusion was observed to be slower than out-
diffusion in single-crystal YBa 2Cu3O 7-8 at all temperatures. This was contrary to
the diffusion rates observed in polycrystalline ceramic specimens, in which in-
diffusion occurs at an apparently faster rate than out-diffusion. This difference can
be attributed to the formation in ceramics of thin conductive layers at the grain
boundaries which behave as a percolation path for electrical conductivity. Oxygen
out-diffusion was observed to proceed by two different mechanisms above and
below 680'C with calculated activation energies of 1.57±0.06eV and 1.00±0.04eV,
respectively. These two mechanisms were not necessarily associated with the
orthorhombic or tetragonal structures. Early oxygen in-diffusion into initially
tetragonal YBa2Cu 3 O7.8 proceeded by a single mechanism with an activation
energy of 1.16±0.06eV.
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Isothermal resistance measurement, and hot-stage optical microscopy were used to simultaneous-
ly follow the loss of oxygen and the disappearance of the twin structure in single-crystal
YBa2Cu 30O-b from 590-720'C. Oxygen out-diffusion was found to follow surface-reaction-limited
conditions with an activation energy of 1.2±t=0. 1 eV. Although the crystal was driven through the
orthorhombic-tetragonal phase transformation during the isothermal anneals, no anomalous resis-
tance behavior was observed. This suggests that previous observations of anomalous resistance be-
havior in bulk ceramics may not be intrinsic to YBa 2Cu 3O.-b. The difference between oxygen in-
diffusion and out-diffusion kinetics is discussed in relation to the twin structure observed near the
orthorhombic-tetragonal phase transformation.

INTRODUCTION oxygen-ordering states between the ideal orthorhombic
(8 -0) and tetragonal (8 = 1 ) structures, 30 and theoretical

The degree of oxygen nonstoichiometry, 5, plays an models of oxygen ordering, 31 suggest that the
important role in determining the normal-state and su- orthorhombic-tetragonal phase transformation is more of
perconducting properties of YBa 2Cu 3 O7 -_. Normal-state an evolutionary process controlled by the oxygen 0
electrical resistance measurements of bulk ceramics at diffusion kinetics. 29,32- 33 Thus, in addition to the tempera-
elevated temperatures depend directly on 65,1-20 which in ture and oxygen partial pressure dependencies for the
turn, is a function of temperature and oxygen partial transformation, one must also consider other parameters
pressure. 2' 22 Most electrical measurements on single such as heating and cooling rates and grain (or crystal)
crystals have been carried out at temperatures ( < 300 K) size effects. Anomalies in the temperature dependence of
where the oxygen defect state has already been predeter- resistivities have been reported for bulk ceramics 2- 11 at 0
mined by the processing parameters.23-26 Electrical the orthorhombic-tetragonal transformation, while others
measurements above 300"C, where oxygen becomes have not reported any anomalies.12-2 0 Probable causes
mobile, have been confined primarily to bulk ceramic of these anomalies include the sudden gain or loss of oxy-
specimens'-20 with only a few reports on single crys- gen near the orthorhombic-tetragonal transformation3 4

tals. 27 -2 9 This is most likely due to the long times re- or the appearance and disappearance of twin boun-
quired to achieve homogeneous oxidation of large single daries.8 .29 In a previous paper, anomalies were reported
crystals, which makes accurate determinations of 8 more by the authors near the orthorhombic-tetragonal trans-
difficult. It is the purpose of this paper to report high formation in single crystal YBa 2Cu 30 7 _h, which were
temperature (590-720 0C) isothermal resistance measure- detected by a sensitive "bridge" electrode configuration.29

ments of oxygen out-diffusion kinetics in the vicinity of The resistance anomaly manifest itself not as a change in
the orthorhombic-tetragonal phase transformation for slope as has been reported, 2- 1 but as fine structure (or
single crystal YBaCu3OT7 _. noise) near the transition.

The orthorhombic-tetragonal transformation is known In this paper a p-type electrical conduction model" is
to be an order-disorder structural phase transformation used for the range of 6 studied. A simple defect equation
driven by the oxygen nonstoichiometry parameter 8 and can be written in Kroger-Vink notation as
its subsequent dependence on temperature and partial2220 2'VO*+ 'O2 , (1)
pressure of oxygen.2 '22 The fully oxygenated (ortho- 0•+2h'- (1)
rhombic) state (8=0) consists of oxygen atoms ordered
on the 0(1) sites thereby forming one-dimensional where Vo denotes a doubly ionized (positive) vacant 0(5) 0
copper-oxygen chains. As 5 increases, oxygen is both re- chain oxygen site, 0' is the neutral occupied 0(1) chain
moved from the material and disordered from 0(1) sites site, and h an electron hole. The hole conductivity up
onto normally vacant 0(5) sites. Early structural studies can be written in its standard form as orp =peup where p
(for example, see Ref. 22) treated the orthorhombic- is the hole concentration, e is the charge of the hole, and
tetragonal phase transformation as a discrete process lip is the hole mobility. The transference number for oxy-
which occurred near 8=0.5 where the occupancies of the gen ions has been calculated from experiment to be 0
0(1) and 0(5) sites are equal and the material becomes - 10-", 1 thus, one can assume that all of the current is
tetragonal. However, observations of intermediate carried by electron holes and not oxygen ions. More ela-
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0
borate models which also account for simultaneous n- lower surface-area to volume ratios in single crystals.29

type conduction or hopping polarons have been reviewed The increase in resistivity upon heating may not only be
(and proposed) by Nowotny et al. 35 At low oxygen con- due to a change in carrier concentration as oxygen leaves
centrations (6-0.7) there is a p-n transition 5 in which the material, but may be due to either a temperature or
the dominant charge carriers change from holes to elec- oxygen concentration dependence of the mobility. There-
trons. The above defect equation, however, serves as a fore, in this paper, isothermal resistance measurements
good first approximation in relating the effect of oxygen were specifically carried out so that any temperature
stoichiometry 6 to the electronic resistance behavior of dependence of the mobility term during a given anneal
the YBa 2Cu 3O7 -6 material under normal operating con- could be neglected. Also, complete oxidation of the crys-
ditions. tal does not have to be assumed since the rate of oxygen

Resistivity values for YBa 2Cu 3OT7- single crystals are out-diffusion is reported to be independent of 6z.12.17-20

highly anisotropic with the room temperature out-of- The purpose of this study was to investigate the high-
plane resistivity p, being 30 (Ref. 24) to 110 (Ref. 25) temperature (590-720 *C) isothermal resistance behavior
times greater at room temperature than the in-plane of a YBa 2Cu 3O7 -6 single crystal under different ambient
resistivity Pab. The in-plane resistivity behavior (Pab) is conditions. This enabled the diffusion kinetics of oxygen
characteristically metallic with a linear temperature to be monitored and the activation energy for oxygen
dependence from T, to 500"C (Refs. 27 and 29) and a out-diffusion to be calculated. Hot-stage optical micros-
Pa/Pb anisotropy of 2.2.26 The out-of-plane resistivity copy simultaneously recorded the twin patterns allowing
(pc) behavior exhibits characteristic semiconducting be- any correlations to be made between the resistance
havior with a negative temperature coefficient.23-- 2 5 Not characteristics and the twin behavior near the
surprisingly, the diffusion of oxygen above 500"C in sin- orthorhombic-tetragonal phase transformation.
gle crystals is also found to be highly aliisotropic 27"36 due
to oxygen vacancies, required for oxygen diffusion, being
localized near the copper-oxygen chains in both the a and
b directions. EXPERIMENTAL PROCEDURE

Oxygen diffusion kinetics determined from normal-
state electrical measurements have been reported by a Sample preparation
number of groups.2',11,14,17-20 Surprisingly, oxygen in-
diffusion has been observed to occur at a faster rate than Large single crystals of YBa2Cu 3O7 _6 were grown by a
oxygen out-diffusion. 2',1114,17, 19 Oxygen in-diffusion was self-flux method as described elsewhere. 29 The crystal
found to strongly depend on 6, while oxygen out-diffusion chosen for resistance measurements was rectangular with
was independent of 8.,17-2o Resistivity is generally dimensions of approximately I1X .4X0.05 mm. 3 Four-
linear (metallic) up to - 300-400'C in bulk ceramics (for circle x-ray diffraction on a representative annealed crys-
example, see Ref. 2) and - 500 *C (Refs. 27 and 29) in sin- tal indicated that it was single phase, twinned, and had
gle crystals. Above these temperatures, a stronger than lattice parameters of a=3.818 A, b=3. 886 A, c= 11.68

linear temperature dependence is seen in the resistance A. The critical temperature Tc (onset), from SQUID sus-
which is attributed to oxygen out-diffusion. The ceptibility measurements, was determined to be 90 K for
difference between these onset temperatures for single a crystal annealed for 14 days in oxygen at 500 *C (Fig.
crystals and polycrystalline ceramics is attributed to the 1). The twinned state and surface quality of the crystals

was also confirmed by optical microscopy using reflected
light under crossed polars (Fig. 2).

0-
E o As Grown

A Annealed
20 20

15-40 ,

60

-"--o , : A u*,.
C)-100 '..

-120
III120 40 60 80 100 120

Temperature (K)

FIG. I. Magnetic susceptibility of an as-grown and an an-
nealed (14 days, 500 *C in oxygen) YBaCuIO7 h single-crystal; FIG. 2. Optical micrograph viewed under cross-polarized

T, (onset) is 90 K. reflected light of two heavily twinned YBaCu•O- ,, crystals.



43 RESISTANCE MEASUREMENTS AND OXYGEN OUT-DIFFUSION ... 443

Resistance measurements has been attained, but instead that oxygen diffusion has

become extremely slow. Complete oxygenation of theElectrical resistance measurements were ms Jle by a crystal does not need to be obtained, however, in order to

standard ac four-point probe method in the hot-stage of measure t o en out-ine tc sin the te
measure the oxygen out-diffusion kinetics since the later

an optical microscope. This allowed for in situ observa- has been found to be independent of 6.2,17-20 The twin
tions of twin configurations as the crystal progressed patterns were recorded in situ on an optical microscope
through the orthorhombic-tetragonal phase transforma- with a photographic record system in order to monitor 0
tion. A constant current of 2 mA (564 Hz) was supplied the orthorhombic-tetragonal transformation.
by a computer-controlled Stanford Research Systems
SR530 Lock-in amplifier with a resolution of 10 nanovo- RESULTS
Its. Four gold wire leads (2 mil) were attached to the
corner positions of an (001) surface of the crys~al using Estimates of the time required for oxygenation were
silver paste. The crystal was then heated to 650 °C, made from L 2-- 4Dt where L was the half-width of the
cooled to 500 *C, and annealed in oxygen for 12 hirs. The crystal in the a-b direction, D the diffusivity calculated
electrodes remained ohmic with a contact resi.,tance of from D =D 0 exp(-E/kT), and t the time. Using report-
less than one ohm throughout the studies. The crystal ed values 2 for the preexponential coefficient D 0 =0.035
was placed on an A120 3 disk and the assembly was then cm 2/sec and activation energy for oxygen in-diffusion
mounted in the hot-stage optical microscope. A commer- E = 1.3 eV, one can estimate the times required for fully
cial scrubber containing phosphorus pentoxide was used oxygenating a 1-mm 2 crystal. These range from approxi-
to remove water vapor from the ambient gas, which mately 5 to 50 hr between 720 °C and 590 'C, respective-
could readily by cycled between reducing (argon) and oxi- ly. Since oxygen out-diffusion has been found to be in-
dizing (100% oxygen) conditions. All measured resis- dependent of 8,2,17-20 complete equilibrium conditions
tance values were across the a-b plane. (8=0) are not necessary at the onset of the argon anneal.

Isothermal resistance experiments were carried out in Between 590 'C and 700 'C, the structure at the onset of
both oxygen and argon. Isothermal oxygen out-diffusion the argon anneals was orthorhombic as revealed by the
was monitored by annealing the crystal in argon for one characteristic twin structures in the optical microscope. S
hour at temperatures of 590, 610, 630, 650, 670, 680, 690, Above 700 'C no twins were visible and the starting
700, 710, and 720 'C. These temperatures were chosen so structure was assumed to be tetragonal.
that the crystal would be driven through the ortho- Experimental data for a typical oxygen out-diffusion
rhombic-tetragonal transformation in all but the 710-°C isotherm is given in Fig. 4 for a crystal annealed for 1 h
and 720-0C argon anneals. Prior to each run, the crystal in argon at 650 'C. Out-diffusion isotherms from 590 to
was annealed in oxygen for 4-10 hrs at the desired tem- 720 'C as a function of time in argon are illustrated in
perature. The length of this anneal was determined by Fig. 5. After an initial sharp increase in resistance, the
monitoring the resistance until it remained constant for isotherms increased linearly for the remainder of the 1-hr
at least one hour. (Fig. 3 illustrates a typical resistance anneal time. The onset of linearity did not correspond to
curve for oxygen in-diffusion). Due to the long times re- the orthorhombic-tetragonal phase transformation as in-
quired for fully oxygenating large single crystals, a con- dicated by the loss of twin patterns. The total resistance
stant resistance does not necessarily indicate equilibrium change after one hour, and the rate of resistance change

iO 1.000

65*

o.8• •" 0.800--

S0.6 .6 0.600

30.4- 0.400

0.2- 0.200

0 1 , I 0.000 _ _ _ _ _ _ _ _ 5 _
0 20 40 60 80 100 120 0 10 20 30 40 50 60

Time (min)
Time (min)

FIG. 3. Oxygen in-diffusion behavior at 650 'C after the crys-
tal was annealed for one hour in argon. The shape of the curve FIG. 4. Experimental data of resistance during a I-hr argon
suggests that oxygen is rapidly adsorbed into the crystal edges anneal at 650 'C for a YBaCu'O7 h single crystal. After an ini-
which then act as a barrier to further oxygen diffusion into the tial rapid increase, the resistance increased linearly for the dura-
bulk of the crystal. Resistance curves of this type were used to tion of the anneal. This linear behavior is characteristic of sur-
monitor oxygen uptake prior to argon anneals. face controlled oxygen out-diffusion.
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TABLE 1.. Selected data from isothermal argon anneals. The start and end for argon anneals is indi-
cated by to and if, respectively. The total resistance change after a 1-hr anneal in argon was found to
increase with temperature as expected. The change in resistance as a function of time (dAR Idt) is tak-
en from slopes in Fig. 5(b). The crystal was driven through the orthorhombic-tetragonal phase trans-
formation by oxygen out-diffusion at most of the temperatures, but no anomalies were observed in the
resistance curves (Fig. 5).

Total resistance Rate of resistance
change [R (tf ) - R (to)1 change (dAR Id) Twinned

T (*C) (mil) (jifllsec) toft

590 32.0 5.7 Yes Yes
610 42.5 8.3 Yes No
630 57.0 11.7 Yes No
650 75.0 15.0 Yes No
670 109.5 23.2 Yes No
680 126.5 29.8 Yes No
690 142.5 32.3 Yes No
700 152.5 32.5 Yes No
710 183.5 43.0 No No
720 197.0 44.3 No No

___ in the linear portion of the isotherms, are listed in Table
7200C 1. The initial (to) and final (tif) twin states at each tem-

(a) 710 perature were recorded by optical microscopy.
S 700 The dynamic resistance change as a function of time is

-690 introduced by a method proposed by Tu et al.2 and is
X 6written as< 670

650 A =Boexp - (2)

0<C2 6d k E

610 where R is resistance, t time, Bo a constant, E the activa-590 tion energy for oxygen out-diffusion, k Boltzmann's con-

"�"Istant, and T, absolute temperature. An Arrhenius-typei 0 20 30
Time (0in) plot of logi 0(dAR/di), taken from the linear regions of

Fig. 5, as a function of reciprocal temperature gives an
activation energy for oxygen out-diffusion of 1.2±0. 1 eV
(Fig. 6).

c-0 - .,720oC.
(b) / 710

COa - 700 -4.0 1 1 I

690 16b
680

-4.3-

650 0 -4.6 -

59 -4.9-

:0 20 30 40 50 60
Time (min) 0-5.2

- -5.5 I I I I
FIG. 5. Resistance change (AR), as a function of time, nor- 1.00 1.04 1.08 1.12 1-16

malized to the total resistance change after a 1-hr argon anneal 1/T (103/K)

at 720"C (AR,,,.) showing (a) the initial increase in resistance
and (b) the linear resistance behavior of the oxygen out-diffusion FIG. 6. Arrhenius-type plot of resistance data for isothermal
curves observed during the remainder of the anneal. Although argon anneals. The rate of resistance change (d(AR )/dt) at
the orthorhombic-tetragonal phase transformation occurred each temperature was obtained from the slopes of Fig. 5(b) (see
during anneals at most of these temperatures (see Table 1), no Table 1). The activation energy for oxygen out-diffusion was
significant anomalies were observed in the resistance curves, calculated from the slope to be 1.2±0. 1 eV.
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A typical oxygen in-diffusion isotherm after a 1-hr ar- 0.250o
gon anneal at 650 "C is shown in Fig. 3. Oxygen is rapid-
ly adsorbed in the first few minutes as indicated by the 0.200!.
rapid decrease in resistance. (Resistance curves similar to
Fig. 3 were monitored to determine the length of the oxy-
gen anneal required prior to each isothermal anneal in ar- 0
gon.) The orthorhombic-tetragonal transformation was o -
observed to occur in cross-polarized light in all but the
590-2C, 710-C, and 720-C heat treatments (Table I). At 0.100.
590 "C, the crystal remained orthorhombic throughout
the anneal, although with sufficient time, one would ex-
pect the transformation to eventually occur.21 ,22 At 710 0.050 2 4 6

*C and 720 °C the crystal appeared to remain in the 0

tetragonal state for the duration of the anneal (Table I). t 1/2 (-un)

Although the orthorhombic-tetragonal transformation
occurred during the I-hr argon anneal at all other tem- FIG. 7. Resistance vs square root of time for a I-hr argon an-

peratures (610-700 °C), no anomalies in the resistance neal at 710 C. The nonlinear behavior indicates lack ofcompli-
curves were observed (Figs. 4 and 5). ance with diffusion-controlled oxygen out-diffusion from single

Twins were observed to fade and disappear simultane- crystal YBaCu307-b.
ously across the entire crystal on annealing in argon (i.e.,
oxygen out-diffusion). Upon oxidation, however, twin-
ning was observed to first nucleate at the crystal edges
and then grow stepwise into the bulk. This indicated that The sudden decrease in resistance in Fig. 3 corresponds
different types of oxygen diffusion occurred between oxy- to a rapid indiffusion of oxygen and can be explained by
gen in-diffusion and out-diffusion, as will be discussed in the rapid formation of a surface layer with high oxygen
the following section. Twinning behavior of this type was content. This layer coarsens with time and impedes fur-

reported earlier by the authors for other crystals. 29  ther indiffusion of oxygen into the bulk. Measured ac-
tivation energies for oxygen indiffusion as a function of

oxygen concentration range from 0.38 eV at 8=0.4-1.3
DISCUSSION eV at 8=0.2,17 This difference is most likely due to a de-

crease in oxygen vacancies required for oxygen diffusion
Oxygen diffusion kinetics and, possibly, to the increase in oxygen ordering, as 6 ap- S

The initial sharp increase in resistance on annealing in proaches zero. The long times required to obtain fully

argon (Fig. 4) suggests rapid deoxygenation at crystal oxygenated single crystals prohibits the ready calculation

edges. A large concentration of oxygen vacancies (8- 1) of oxygen in-diffusion kinetics which strongly depend on

within this layer (as compared with the bulk) would be 8.

expected. Oxygen must then diffuse to the surface, com-
bine into molecular oxygen, and desorb from the crystal Orthorhombic-tetragonal phase transformation
surface. Since diffusion to the surface is rapid,2 the layer
controls further out-diffusion of oxygen and leads to a The lack of any anomalous behavior near the ortho-

linear resistance behavior (Figs. 4 and 5) characteristic of rhombic-tetragonal transformation in the resistance

surface-controlled reactions. curves in Figs. 4 or 5 for single crystal YBa 2Cu30 _- sug-
Several studies have observed that oxygen in-diffusion gests that the resistance anomalies observed by others 2 -11

is much faster than oxygen out-diffusion, 2,11,14 '17'19 which in bulk ceramics may not be intrinsic, but instead may be

possibly suggests that different diffusion mechanisms due to extrinsic factors like grain-boundary strain which

occur for both processes. A plot of normalized resistance accompanies the change in symmetry at the transforma-
versus the square root of time did not yield a linear fit tion. This may spatially alter local grain boundary struc-

(Fig. 7) as reported by Fiory et al. 27 This further sug- tures which could alter the conductivity characteristics in

gests that oxygen out-diffusion is not diffusion limited'"' 27  the sample. Also, impurities or additional phases, which

but is indeed surface-reaction limited2'"71" 9 The calculat- often segregate to grain boundaries, may contribute to

ed activation energy of 1.2±0. 1 eV for oxygen out- anomalous measurements. Anomalies in resistance,

diffusion (Fig. 6) is substantially lower than 1.7±0. 1 eV which were attributed to twin boundary kinetics, have

calculated for bulk ceramics.2 "17'19 This difference is at- been observed previously by the authors29 in single crys-
tributed primarily to the highly anisotropic nature of ox- tal YBa 2Cu 30O_ through the use of more sensitive probe
ygen diffusion in the material, with diffusivities several configurations than the ones used in the present study.

orders of magnitude smaller in the out-of-plane (c axis) Since oxygen in-diffusion is relatively rapid and
than in the in-plane (a-b axes) directions.36 A bulk diffusion controlled, one expects a nonuniform concentra-
ceramic material with randomly oriented grains would be tion profile across the crystal. 2" 9  The tetragonal-
expected to have a higher activation energy for oxygen orthorhombic phase transformation would then first
out-diffusion. Studies on grain-oriented bulk ceramics occur in regions where 8-0.5 (i.e., near the crystal
would help to resolve this issue. edges). This would nucleate twin boundaries which have
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been observed to extend into regions of 8 > 0.5 as report- oxygen out-diffusion was calculated to be 1.2+±0. 1 eV
ed by Shi. 2 The twin boundaries, however, were not ob- which is lower than the value reported for polycrystalline
served to advance into the crystal at a steady rate, but YBa2 Cu 30 7 -. This difference is attributed to the highly
spontaneously appeared in an almost stepwise fashion to- anisotropic nature of oxygen diffusion in the material.
ward the center over a period of time. On the otherhand, Differences in observed twin patterns upon cycling
the out-diffusion of oxygen is surface-reaction controlled, through the orthorhombic-tetragonal phase transforma-
so one expects a constant oxygen concentration profile tion were attributed to the different mechanisms of oxy-
across the crystal except at the edges. Thus, as 8 ap- gen in-diffusion and out-diffusion. (In-diffusion is
proached 0.5, twinning would simultaneously disappear diffusion controlled and out-diffusion is surface-reaction
across the entire sample. There would be no stepwise limited.) No anomalous resistance behavior was observed
disappearance of twins. The authors have previously ob- near the orthorhombic-tetragonal transformation which
served 29 a gradual loss of twinning across the entire crys- suggests that observed anomalies in the literature may
tal upon dynamic heating in argon. Retwinning, on the not be intrinsic to YBaCu3 OT7 _, but may be due to im-
other hand, has been observed to nucleate at crystal edges purities or additional phases at grain boundaries or to re-
and grow stepwise toward the center of the crystal. This sidual stresses at grain boundaries resulting from trans-
lends support to Shi's model 32 of a martensitic-shear formational strain.
transformation, which forms the twin boundaries, fol-
lowed by the further diffusion of oxygen into the sample
which coarsens the orthorhombic phase and nucleates ACKNOWLEDGMENTS
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PHASE TRANSFORMATIONS IN CERAMICS

W. M. Kriven

Departmnt of Materials Science and Engineering, University of Ilinois at Urbana-Champaign,
Urbana, Uhinois, 61801

* The study of phase transformations in ceramic has received limited coverage in ceramic text books1 ,
other than for example, ferroelectric transformation, (e.g., in barium titanate), zirconia and amorphous
to crystalline transommfations in glass. While Newnham 2 has comprehensively reviewed the crystal
chemistry of "ferroic" (ferroelectric, ferroelastic or ferromagnetic) ceramics, the success of
"transformation toughening" as a mechanism for reducing the brittleness of ceramics has stimulated
the search for other potential transformation tougheners alternative to zirconia 3

* While phase transformations have been widely studied in metals over the past 50 years, caution needs
to be exercized in transplanting conventional wisdom from metals to cerunics. The differences in
bonding in ceramics ( (n jxed covalent and ionic ý can lead to profound differences in crystal
structures and transformation mechanisms. An alternative approach which has been particularly helpful
in our work is that of Hyde et al.4• which empasizes cation arrangements, into the interstices of
which, the anions are inserted, rather than the inverse perspective of putting cations into a packed
anion array. The aim of this abstract is to list known examples of non-perovskite - type transformations
which generally have significant volume and/or unit cell shape changes (Table 1).

Judicious use of such transformations in ceramic composites may have beneficial effects on the
mechanical properties of composites. Alternatively, a better understanding of the precise
crystallography of the transformation mechanisms may lead to their application as new types of large-
force actuator materials. When coupled with conventional perovskite transformations currently used in

* "smart" or adaptive ceramics they could produce a more powerful mechanical response. In the case of
martensitic tnusformations which proceed with the speed of sound, the response times are comparable
with current sensor and actuator materials.

In addition to those compounds listed in Table 1, other reports of displacive phase transformations in
ceramics include: a tetragonal to monoclinic-like transformation in zircon (ZrSiO4) on heating at

827 °C;6 a P -+ y transformation in Li3PO4 at -340°C 7; a monoclinic to rhombohedral trnnsformation
* in the NaSiCON type, LiSn2(PO4)43 ; as well as umtaformations in aluminium titanate (Al 2TiOs),

barium orthotitanate (Ba2TiO4) and cerium pyrosilicate (CeSiO4).
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Table 1. Examples of First Order Displadve Trnsfornmtions in Ceramics

oMpound d TIransform ta Volume IUnkCel
Symmetries ITmogratr ChangSlA, k am

_ coFn cligha
Zr02 tetragonal-4 950 (+)4.9%/ 9

monoclinic OLT.)

Ln2O3 monoclinic-* 600-2200 (+)10% 10
(type)

Ca2SiO4 monoclinic-* 490 (+)12% 4.6
(K2S04-type)

orthorhombic
Sr2SiO4 orthorhombic - 90 0.2% 2
(K2S04-type)

monoclinic

NiS rhombohedral 379 (+)4%

-+ hexagonal __ _

2Th203"A1203 orthorhombic _* 1070 (+)0.67% 18.83
(type) monoclinic

PbTiO3 cubic-p 445 (+)1% 0

KNbO3 tetragonal 225 -0% 0

orthorhombic
LuBO3 hexagonal -4 1310 (+)8%

rhombohedral 0

MgSiO3 orthorhombic -+ 865 (-)5.5% 18.3
(CaSiO3-type)
(FeSiO3-type) monoclinic

YNbO4 tetragonal -+ 900 (-) 1.8% 4.53
(LnNbO4-type)

monoclinic

LnBO3(type) hexagonal _ 550-800 (-)8.2%

hexagonal
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Displacive and Martensitic Transformations in Ceramics
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The study of phase transformations in ceramics has received limited

attention, other than, for example, ferroelectric transformations (e.g., barium

titanate), zirconia and amorphous to crystalline transformations in glass. The

success of "transformation toughening" as a mechanism for reducing the

brittleness of ceramics has stimulated interest in transformations involving non-

perovskite crystal structures. However, while phase transformations have been

widely studied in metals over the past 50 years, caution needs to be exercized in

transplanting conventional wisdom from metals to ceramics. The differences in

bonding in ceramics, being mixed covalent and ionic, can lead to profound

differences in crystal structures and transformation mechanisms. An alternative

approach of Hyde et al. which has found to be helpful, is to focus on cation

arrangements (derived from metals or intermetallics), into the interstices of

*0 which, anions (e.g. oxygen) are inserted. Complex structures can be visualized as

groupings of flexible or rigidly bound polyhedra.

The state of knowledge on known, non-perovskite transformations which

* generally have significant volume (both positive and negative) and/or unit cell

shape changes will be presented. Documented cases of martensitic

transformation mechanisms in ceramics will be discussed. Quantitative examples

of ferroelastic transformations will be reviewed, while displacive transformations

* exhibiting martensitic characteristics will be summarized.



TWINNING IN STRUCTURAL CERAMICS

Waltraud M. Kriven
Department of Materials Science and Engineering

University of Illinois at Urbana-Champaign
Urbana, IL 61801

Abstract

"Twinning in Structural Ceramics, " W. M. Kriven. (invited review paper) in
Twinning-inAdvanced Matehials, Edited by M. H. Yoo and M. Wuttig. 0
Published by The Minerals, Metals and Materials Society (TMS),
Warrendale, PA.(1994), in preparation.

This work was supported by the U.S. Air Force Office of Scientific Research under Grant
number AFOSR URI 90 1074. I am happy to acknowledge valuable discussions with my
graduate student, J. L. Shull.



Introduction

According to the comprehensive treatise of Cahn[I], twins may be classified into three
types: (1) Growth twins which can produce a variety of configurations depending on the
chemistry, crystallography and conditions of the growth process. (2) Thermal and
transformation twins which are formed in the solid state within one crystal structure, or
during the change from one crystal structure to another. In both cases, they are a response
to a change in the thermal environment of the crystal . (3) Mechanical twins which on the
other hand, are a response to an applied stress or strain, giving rise to deformation
accommodation. While (2) and (3) are intimately related, it is worthwile to keep in mind
that transformation twins involve a change in crystal structure.

In the case of a transformation from high symmetry to lower symmetry, a mirror plane in
the parent often becomes a twin plane in the product due to loss of a symmetry element.
These then, are natural candidates to become transformation twins in the product. For
example, in the case of a martensitic mechanism, these could be lattice invariant shear
(LIS) twin systems[2]. An alternative way to produce transformation twins is by the
generation of "symmetry equivalent options" which are apparently twin related in the
product phase, if the product phase has sufficiently high symmetry. For example, in the
cubic to tetagonal transfomation in perovskites, such as barium titanate (BaTiO3), the
three crystallographically equivalent [a]c axes become the six physically distinguishable
[cit axes (considering + and - polarizing directions). This leads to domains in the product
phase which may happen to lie in apparent twin orientation to one another in the product
phase. A similar example in mineralogy is the cubic to tetragonal transformation in
leucite (KAISiO6)[3.]

Related to symmetry equivalent options and martensitic crystallography, it is possible for
twin related variants to arise, which in themselves have undergone LIS slip or twinning.
In the latter case, each variant is internally twinned. Basinski and Christian[4] analyzed
such a configuration where variants share a common habit plane but have opposite shape
changes, thereby avoiding accumulation of long range stress fields. The path to shape
memory crystallography[5,6] is then clear, where cooperative configurations of twin
related variants whose net macroscopic shape change is minimized or zero.

The difference between transformation twins and mechanical deformation twins has
clearly been illustrated by Birnbaum and Read[7-1 1] in the case of AuCd metal alloys
undergoing a P3 (bcc) to P3' (orthorhombic, space group D2) or P3" (tetragonal, point group
4/m, m, m) structures. LIS transformation twinning occurred on (11 )p, and (01 1)p'-, and
these could be made to move under an applied stress[8]. No yield point was observed for
the transformation twin boundary motion. On release of the stressing load, the twin
boundaries moved back to their original positions, thus behaving "pseudo-elastically"
under an applied stress. After a relatively high value of yield stress of the order of 108 -
109 dynes cm-2, however, mechanical twins of the type (111 )p' were formed,
accompanied by a sharp drop in load and audible clicking[7,9]. They replaced regions of
the LIS transformation twins and increased in width and number as the stressing load was
further increased. On gradual release of applied stress the mechanical twins disappeared
suddenly, again accompanied by audible clicks and sharp increases in load. Similar twin
boundary motion under an applied load has also been observed in metallic hydrides[l I].



The aim of this paper is to review the occurrence of the different types of
twinning in ceramics, in particular those associated with the mechanical behavior of
structural ceramics. In this context, ferroelasticity and ferroelastic transformations are of
interest. Ferroelastic domain switching has been demonstrated to be a toughening 0
mechanism in ceramics, while ferroelastic transformations can lead to ferroelasticity, as
well as involve significant spontaneous strains which can be stored in ceramic
microstructures.

Ferroelasticity and Ferroelastic Transformations

Ferroelasticity can be more easily understood in the context of the more familiar
phenomena of ferroelectricity and ferromagnetism (figure 1). Ferroic crystals in general
are those which contain two or more orientation states or domains which can be switched
by the application of suitable force or field[3]. Ferroelectric materials exhibit a hysteresis
curve (figure la) in which there is a spontaneous polarization (Pi) in the absence of an
applied electric field. This is known as "poling" and results in alignment of polar domains
in the direction of the polarizing field. Similarly, in ferromagnetic materials, a
spontaneous residual magnetization (Mi) is formed on application of a suitably coercive
magnetic field (figure 1 b). Aizu[ 12] introduced the term "ferroelasticity" to describe the
mechanical analogue which gives a hysteresis loop between strain and applied stress

(figurelc). A coercive stress (cc) induces a spontaneous strain (6j), which defines the
deformation of a crystal at zero stress, relative to a prototypic structure. Specifically,
Aizu[ 12] defined ferroelasticity as:

"A crystal is said to be ferroelastic, when it has two more (orientation) states in
the absence of mechanical stress and can be shifted from one to another of these 0
states by a mechanical stress; here any two of the states are identical or
enantiomorphous in crystal structure and different with respect to mechanical
strain tensor at null stress."

Unfortunately, it has been pointed out by Lieberman [13] that ferroelasticity may be a
misnomer in the sense that the spontaneous strain induced by the coercive stress in not
trully "elastic." On the contrary, the behavior is more plastic in nature. However since
ferroelasticity, as defined above, has been the currently accepted terminology for the past
twenty five years[ 14-16], new terminology will not be introduced here.

Figure 1 - Comparison of hysteresis curves for ferroic materials



Ferroelastic crystals differ from ferroelectric or ferromagnetic crystals in that they do not
require a non-centrosymmetric point group. However, spontaneous strain must be defined
relative to a higher symmetry structure known as a prototype which contains all of the
point group symmetry elements belonging to the ferroic crystal[ 171. Ferroelastic crystals
have a group -- subgroup relationship with the prototypic structure.

A ferroelastic transformation involves a transformation from a prototypic structure to a
ferroic subgroup structure which has a decrease in point group symmetry. The
transformation also involves a change in crystal system according to the commonly
accepted definition of Wadhawan[ 16]. It is interesting to note that a phase corresponding
to the structure of the prototype need not actually exist. In some cases the crystal melts or
decomposes before the prototypic phase becomes stable. A sequence of ferroic phases
may be traced back to the same prototype, but one ferroic phase cannot be the prototype
for another ferroic phase. An example of this is seen in dicalcium silicate (CaSiO4) where
there are two sequential ferroelastic transformations[] 8]. The first phase to appear from
the melt (cc) has hexagonal symmetry which transforms ferroelastically to orthorhombic

cc' phase at 1425TC. At 675TC, a second ferroelastic transformation occurs between the

orthorhombic a' and monoclinic P3 phase. The high temperature hexagonal cc phase in this

example is prototypic to both of the ferroic a 'and P phases.

Domains and Domain Switching

A domain is a contiguous region of a crystal which has the same orientation state. They
are derived from symmetry related options in the parent phase. A crystal or grain is able
to minimize its energy by developing a domain structure containing an optimum number
and orientation of domains. When an external stress is applied, the crystal reorients itself
through domain wall movement so as to minimize its free energy[16]. This process of
domain switching is one where a compressive stress on a crystal makes one domain (S 1)
more energetically favorable to another (S2). The domain wall between them moves so as
to better accommodate the strain and lower the free energy of the crystal. The generation
of symmetry equivalent options and domain switching is schematically drawn in figures 2
and 3.

Figure 2 - Generation of ferroic domains from symmetry equivalent options of the parent
crystal structure. E.g., tetragonal domains derived from cubic ZrO2, or BaTiO3.



Figure 3 - A compressive stress applied along the [c]t axis converts the [c]t axis of
domain S2 into the [a]t axes of domains S I and S3.

Ferroelastic domain switching in K2SO4-type inorganic crystals (including K2SeO4, 0
NH4SO4 and NH4BeF4) has been studied and reviewed by Shiozaki et al.[19]. The high
temperature hexagonal (I) prototype produced three orthorhombic domains, related as
shown in the [c]l // [c}II projection of figure 6. The transformation occurred at 587'C,
producing 1200 twins on (0 11)II and (03 1)ii twin planes. Shiozaki et al.[19] grew single
domain crystals of K2SO4 and denoted them as domain I. They compressed them in a
direction corresponding to the [b]I direction in figure 4. When an external stress was •
applied at room temperature, no other twinned domains were formed and the crystals
fractured. However, when an external stress was applied at 300'C or above, new domains
(II and III of figure 6) appeared at the crystal edges and moved through the crystals. The
higher the temperature, the smaller was the critical stress (Xc) required to nucleate the
new domains. For example at 350'C, Xc was -50 kgw cm-2, while at 470'C, it was only
-10 kgw cm-2. The observations in K2SO4-type inorganic compounds therefore, indicate
that ferroelastic domain switching is a viable way to avoid fracture in ceramics at high
temperatures.

Figure 4 - The three ferroelastic domains of orthorhombic K2SO4 derived from the
hexagonal prototype, both in [c] axis projections, after Shiozaki et al.[ 19].



Ferroelastic Domain Switching as a Toughening Mechanism

The mechanical properties of PZT and BaTiO3 were examined by Pohanka et al.[20-23]
and the ferroic tetragonal phases were seen to have higher fracture energy and hence
toughness that the cubic para phases. Toughening mechanisms were attributed to
microcracking , ferroelstic twinning and twin all motion. Pisarenko, Cushko and
Kovalev[21] recognized the toughening effect of stress-induced domain reorientation
near a crack tip in piezoelectric ceramics of lead zirconate titanate (PZT) and barium
titanate. They reasoned that the poling of ferroelectric domains was also coupled with a
resultant elastic anisoptropy which should give rise to fracture toughness anisotropy, as
was observed. Virkar and Matsumoto [21-25] developed the phenomenon of ferroelastic
domain switching as a toughening mechanism for non electrical ceramics, and
demonstrated it in tetragonal zirconia ceramics [21-28]. They pointed out that the area
enclosed by the hystersis loop represented the mechanical energy dissipated in a single
cycle[21]. In zirconia, ferroelastic domains appeared during the cubic to tetragonal
transformation at -2200'C, where [c] axes were elongated relative to [a] axes, by an
amount depending on the composition of CeO2, Y20 3 or other stabilizer added, and
hence on lattice parameters. It was hypothesized that during grinding of a polycrystalline
pellet, some domains were oriented such that the applied tensile stress would stretch the
[a]t axes into [cit axes, while other domains were oriented such that a compressive stress
along [c]t axes converted them into [a]t axes. Thus rotations of axes by 900 were effected.

Experimentally observations by X-ray diffractometry were made on CeO 2 or Y20 3 doped
zirconia polycrystalline pellets[21-24] as well as pseudo (twinned) single crystals
transformed from the cubic phase[25,26]. The domain switching phenomenon was
detected under application of grinding, tensile (-400MPa) or compressive stresses. The
change in texture as seen by XRD is schematically illustrated in Fig. 5 (after ref 21).
Systematic uniaxial compression experiments on 3 mol % Y20 3 doped ZrO2 (3Y-TZP)
pseudo single crystals coupled with Vickers indentations and TEM dark fielding
experiments were unequivocally able to confirm ferroelastic domain switching as a
toughening mechanism[26]. A particularly clear demonstration of this was provided by
Vickers indentation tests on mechanically poled, pseudo single crystal samples of 3Y-
TZP and of gadolinium molybdate (GMO)[26-28]. In PSZ for example[28], a
compressive load tended to align [c]t axes in a plane perpendicular to the coercive force
as schematically depicted in figure 6. During subsequent indentation, the [c]t axis
domains parallel to the crack surfaces reoriented themselves to be perpendicular to the
crack surfaces. This crack energy dissipating mechanism by domain reorientation gave an
apparent higher toughness (shorter cracks) in this direction as compared to the other
radial crack direction (longer cracks).

In GMO (Gd 2(MoO 4 )3) single crystal specimens polished on (100), (010) and (001)
faces, domain walls were of the { 110} type [28]. The cubic to orthorhombic P3' phase
tranformation occured at 159 0C, where the [a]p. axis was slightly shorter than the [b]P3
axis. Vickers indentations were introduced under a 200g load, so that radial cracks would
be aligned along [a]p, and [b]pv directions in the ferroelastic product phase. From the
geometry of a mode I crack, it was anticipated that tensile stresses would emanate in a
direction perpendicular to the crack plane. Any [a]p" axes experiencing the tensile stresses
were expected to reorient to become the longer [b]f' axes. Such a domain switching
process would cost energy from the crack, giving an apparent higher toughness in this



direction. Experimentally, the indentation toughnesses measured from crack lengths were
measured to be -1.2 MPa m-112 for cracks propagating along the [b]jv axis, and -0.42
MPa m-1/2 for cracks propagating along the [a]p- axis. Thus, cracks propagating along the
[b]p- axis had a tensile stress in the [a]p, axis direction of the specimen, causing domain
reorientation to align the longer [b]p, axes to the stress field, thereby giving a higher
toughness value. Conversely, cracks propagating along the [a]p" axis had tensile forces in
the [b]fy axes of the specimen which were already in the optimum orientation and so did
not dissipated any crack energy, giving rise to a lower toughness in that direction. The
KIc of radial cracks placed along <11 O>p3 directions was 0.55 MPa m-1/ 2 consistent with 0
the the expectance of no ferroelastic switching. Similar behavior was expected in the
chemically analogous terbium molybdate (TMO or Tb2(MoO4) 3) and dysprosium
molybdate (DMO or Dy2(Mo04)3). The indentation fracture toughness of hot pressed

polycrystalline TMO and DMO pellets of grain size -6 ttm was measured as a funtion of
temperature up to 300'C. It was observed that the toughness gradually decreased from S
room temperature to the Curie (transformation) temperature of ~160'C, and remained
essentially constant in the high temperature cubic phase. The room temperature toughness
was approximatedly twice that of the high temperature cubic phase where no ferroelastic
activity was possible.

Bulk fracture toughness measurements were made on 3Y-TZP to compare the ferroelastic
materials with fully doped cubic ZrO2. The toughnesses of Y20 3 doped ZrO2 pseudo
single crystals at 1200'C and room temperature were -12 and -8 MPa.m 112

respectively[24], while polycrystalline samples typically had toughness values of -7.7
MPa.m 1/2 . In comparison, fully doped cubic ZrO2 pellets had a toughness of 2.4
MPa.m1"2 Thus for comparable polycrystalline specimens, a threefold increase in
toughness was realizable. The ferroelastic toughening effect was also demonstrated in •
lead zirconate titanate (PZT) having a Zr:Ti ratio of 0.54:0.46, where tetragonal domains
(with c/a = 1.019) were produced from the high temperature cubic phase[26]. At room



temperature the tetragonal toughness was measured as 1.85 MPa.m 1 2 , while the cubic
high temperature toughness was only 1.0 MPa m112 .
A theoretical formulation was developed to predict the ferroelastic contribution to the
toughness[24-27] in which:

Kc = KcO

where
Ke = fracture tughness in absence of ferroelasticity

Cs = switching strain
= coercive stress
= Elastic modulus
= Poisson's ratio - 0.25

This equation predicted a KIc for 3 mole % Y203 stabilized ZrO2 of 6.1 MPa.m12 as
compared to the 7.7 MPa.m 112 measured for this material. Ferroelastic toughening has
also been demonstrated in bismuth vanadate (BiVO4 ) [29]. Single crystals showed
domain nucleation and propagation under compressive loading, and domain generation
during fracture, the latter leading to R-curve behavior.

Ceramic Examples with Non-Orthogonal Symmetry
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CALCULATION OF THE K-ABSORPTION EDGE AND ITS
CHEMICAL SHIFT OF COMMON METALS
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Abstract-Self-consistent field calculations are systematically carried out for common metals Cr, Mn, Fe,
Co, Ni, Cu and Zn atoms and ions in order to understand the K-absorption edge and its chemical shift.
It is found that: (1) a transition state introduced by Slater is very useful to predict the absorption edge
energy; (2) there is a linear correlation between the absorption edge chemical shift and the cation chargeof a crystal; and (3) the present model is applicable to ionic bonded crystals but is not very good for
covalent ones.

Keywords: K-absorption edge, chemical shift, common metals, self-consistent calculation.

INTRODUCTION mon metals, since no such theoretical and systematic

It is well known that the energy of the K-absorption considerations are available in the literature.

edge of an element depends on the degree of ionicity
of that element and its local structure. One of the THEORETICAL BACKGROUND
authors (HC) has previously measured [1] the positions
of K-absorption edge of Fe in several crystalline com- Th energy of the absorption edge is given by the
pounds including Fe0o. O, Fe0.905 0, Fe3 O4, Fe2 03 , energy difference between the initial core and the final
and a-Fe metal, and those of two amorphous solids: states for the K-absorption process, whose two states
oxide glass ([Na 20.2SiO,]0 .s[Fe2O 3 0.2) and metallic are, of course, eigenstates of the Schr6dinger equation
glass (Fe6Cr32Nit 4P 12B6). It was demonstrated that [-V 2 + V,(r)] .,(r) = E0,(r). Here, the crystal
there is a definite linear correlation between the potential V.,(r) consists of a spherical term V,(r) and
K-absorption edge chemical shift and the effective a non-spherical term Vo,(r). Due to the fact that the
coordination charge, which is defined as ;r = Z - (I V.(r) term is usually small as compared with the term
-f)n, where Z is the valence, fi is the degree of V,(r), hereafter we will consider only the spherical
ionicity, and n is the coordination number. This linear term as the crystal potential, which corresponds to the
correlation is proposed by Batsam(v [2], which MT potential approximation. The spherical potential
physical meaning is obvious: it represents the charge V,(r) [= V•(r)] is thus written as [5]:
that appears at the periphery of the atom as a result
of participation in the chemical bonding of its own V,(r) = V1,'1(r) - 6a,.[3p(1)(r)/8n] i 3, (la)
electrons (Z) and the electrons received from the
neighboring atoms [(I -f)n], which compensate for
the positive charge. On the other hand, one of the VC' t(r) = V,'°(r)+(2r)- X R2'

.*0

authors (MK) studied the X-ray Absorption Near-
Edge Structure (XANES) by means of a multiple- +f r ,
scattering (MS) theory utilizing a muffin-tin (MT) x rKw(r,) dr, + m 26qofR,, (lb)

potential approximation, and found that the overall
profile of the absorption spectra is well explained by
this approach [3-9]. p1) (r)=p"(r)+(2r)-' Y R;1

In the present paper, we calculate the K-absorption 2W 0

edge energy and its chemical shift on the basis of the i r•,p(r),dr., (Ic)
atomic nature, instead of using the MS calculation x r
within the MT approximation. The aim of this Ri -

paper is to present a theoretic;' ,uide line for the K- w(r) = V41(r,) - 26q,/r,, (Id)
absorption edge and its chemica, shift in several com-

t Permanent address: Department of Electrical and Elec- 101(r.) = - 2Z,Ir. + U(r.), (le)

tronic Engineering, Utsunomiya University, Utsunomiya 321,
Japan. V2 U(r = ) - 8nps`(r,), (If)
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where a is the Schwartz's exchange parameter [10], effect of a core hole due to the K-absorption, a con-

3q, denotes the value of charge transfer at the ,-th cept of the transition state introduced by Slater [12]
atoms and is defined by was adopted in the present calculation. In a previous

work [4] by one of us (MK) concerning the K-XANES
So• - Z.. of diamond, it has already been found that Slate¢s

Stransition state must be used in order to more

Z. and w4 are the atomic number of the a-th atom accurately predict the K-absorption edge.
and the occupation number for the orbital specified by According to the concept of Slater's transition state.

nA, respectively. Here, it should be emphasized that, the electron configuration of the K-absorption of the

according to our experience based upon the XANES M'+ ion (M - Cr, Mn, Fe, Co, Ni, Cu and Zn) is

calculation using a MS theory, the contribution of the IS' 5 2S 22P63S2 3P13d'4Sy4P°', and the energy or

second term in eqns (Ib) and (Ic) to the crystal the K-absorption edge is given by the energy difference

potential is small as compared with the other terms. between 4P and IS states. Here, the occupation num-

While the crystal potential highly depends upon the bers of electrons x and y for the 3d and 4S orbitals

structure and the charges of the atoms surrounding are, for example, given as follows: For the cation

the absorbing atom, the second term in eqns (Ib) and charge q w0, 1, 2, 3, (x, y) -(5, 1), (5, 0), (4,0) and

(Ic) does not strongly depend on the ionicity factor (3, 0) for the Cr ion; (x, y) - (5, 2), (5, I), (5, 0) and

[5, 6]. Therefore, in studying the absorption edge (4, 0) for the Mn ion; (x, y) - (6, 2), (6, 1), (6, 0) and

chemical shift as an effect of the ionicity, this second (5, 0) for the Fe ion; (x, y) - (7, 2), (7, 1), (7, 0) and

term may be omitted. Hence, the Schr~dinger equation (6, 0) for the Co ion; (x, y) = (8, 2), (8, 1), (8, 0) and

to be solved is given as (7,0) for the Ni ion; (x,y) - (10, 1) (10,0), (9,0) and
(8,0) for the Cu ion; and (x,y) - (10,2), (10, 1)

[-V 2 + Vy(r)]O(r;q,s)-Ej(q,s)4/j(r;q,s), (2a) (10,0) and (9,0) for the Zn ion.

(r) V (r ) - 6 [3p (r )fn]"3  RESULTS AND DISCUSSION
+ , 25q,,/R6  (2b) The calculated energies of the K-absorption edge are

a,'÷ tabulated in Table I together with the experimental

where symbols q and s are the suffixes to indicate the values [13] for M - Cr, Mn, Fe, Co, Ni, Cu and
charge and the crystal structure. Here, it is noted that Zn atoms. From this table, it is found that the K-
the Madelung term absorption edge energies calculated by using Slater's

transition state are in good agreement with the exper-
X 26qI/R imental data. This result verifies again that the Slater's

transition state is very useful for the understanding of
is not a function of distance r. Thus, the energy the adsorption process.
eigenvalue E,(q, s) is given by The calculated K-absorption %dge chemical shifts,

with respect to the metallic state, are tabulated in
cj(q) + F 26q1 /R.. Table 2, and plotted in Fig. I, as a function of the

go cation charge q for various metals. From this figure

The t,(q) is the energy eigenvalue for the quantum the following observations are obtained.
state IJ > of the Schr6dinger equation for the isolated
atom or isolated ion for a given charge q. incTea chemicalse r

Consequently, the energy of the absorption edge, increasing q value.
E.,,. due to the transition from li> to If> is given (2) There exists a critical value qo at which a
by E~d,(q)- i/(q)-c,(q), because the Madelung gradient change in the charge dependence of the
term does not depend on the quantum number. This Table 1. Calculated and experimental [13) enerlks in units
result means that in order to understand the absorp- of eV of the K-absorption edge for Cr, Mn, Fe, Co, Ni, Cua
tion edge and the chemical shift due to the change and Zn atoms. The deviation (in %) between the experiment
of the charge of an ion, it is sufficient to solve the and the calculation is also indicated by the value in"de the

Schr~dinger equation for the isolated atom or ion. parentheses. The first column shows the energies cak'uated
by using Slater's transition state (T,S,) and the second one
those calculated by using the ground state (0.S.) whic is

CALCULATION also obtained from the SCF calculation
TS, 0US.

The self-consistent-field (SCF) calculations follow.

ing a prescription of Herman and Skillman [I'I) Cr 5960,49(047) 58679 (171) meS
Mn 630626 (0.48) 6365,1 (2,64) 0,3716

using Schwarz's exchange parameter were carried out Fe 7070.61 (0.57) 6923,45 (264) 7111.2
for isolated Cr, Mn, Fe, Co, NI, Cu and Zn atoms Co 7658,78 (0,66) 7305,69(2,64) 779K.0-4
and ions. These common metals are very important Ni 8270,99(0,73) 8110182 (163) 43.3110
elements in the study of chemistry and solid state Cu 8897,05(0,93) 87.4,34(2,74) M90.3

physics, Moreover, in order to take into account the Zn 9565,36(0,99) 93192,1 (PA7) 9 ,40.,
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Table 2. M'+ K-absorption edge chemical shift calculated in
units of eV as a function of the charge q for M - Cr, Mn, 25

Fe, Co. Ni, Cu and Zn ions (a) Cr , (b) Mn

q 0.5 1.0 1.5 2.0 2.5 3.0 3.5 20

Cr 0.14 1.35 3.57 8.06 12.06 18.41 23.11
Mn 0.99 1.82 2.06 3.91 7.10 13.33 19.43 15
Fe 0.74 2.14 2.89 4.10 10.84 13.52 18.99
Co 1.02 2.21 3.41 4.24 9.02 14.40 19.92 10
Ni 0.31 0.93 2.33 3.06 8.95 14.25 18.58 LO n3
Cu 2.38 3.87 7.24 11.30 16.96 22.17 KMnF 3
Zn -0.57 0.19 1.36 2.37 7.96 14.33 19.91 5

- - -I

chemical shift occurs. This q, value is I for Cr and Cu 0- I 2 3 4 0 I 2 3 4
ions, and is 2 for Mn, Fe, Co, Ni and Zn ions."q q

(3) For all the systems considered, the gradients 25 1 , , I I
of the linear lines shown in Fig. I in the region q > q. (c) Fe (d) Co
are larger than those when q < q. 20o

(4) The charge dependence of ihe chemical shift is 0-o(NHsj C13
nearly the same for Mn, Fe, Co and Ni ions (Fig. lh). 1' CoN" C13

It is clear that the value q, corresponds to the 1 Fe 062
occupation number of electrons on the 4S oribital of 10
the neutral atom. Results (4) are borne out from the /KFeF 3  KC°F3
fact that Mn, Fe, Co, and Ni are 3d transition metals 5
of the same 4S electron configuration. Moreover, eO
results (3) can be understood because the 3d orbital 0 2 3 40 I 2 3
electrons are more localized than the 4S electrons. q q
Therefore, the effect of the change of the occupation
number in the 3d orbital states on the K-absorption 25
edge energy is larger than that of the 4S orbital state. (e) Ni (f )Cu

It is fruitful to compare the calculated chemical 20
shifts with the experimental values. Some of the exper-
imental measurements, in units of eV, are tabulated 15
in Table 3 and shown in Fig. 1, together with the
predicted cation charges q(-Zfi) based upon our 10O
current calculation. The charges of Mn, Fe, Co and KNiF5
Ni ions obtained by using the experimental chemical i5  0
shifts and our calculation show reasonably good "
agreement with the formal charge of the respective
ions, except for the case of Fe20 3. The discrepancy 00 2 3 4 0 1 2 3 4
in this case is probably due to the fact that a certain - q q
degree of covalent bonding exists because the calcu- I I I , I I I
lated ionicity by Levine [17] is 0.667 for Fe2O,, thereby • (g)Zn (h) Summory
giving a cation charge of 2.0. On the contrary, the 20-
predicted charges for Cu and Zn using the experimen- Cr
tal K-absorption edge chemical shift information are 15
significantly different from the formal charges for
Cu 2O, CuO KZnF], ZnTe, ZnSe, ZnS and ZnO nO
crystals. In the case of KZnFj, a negative (-0.5 eV) 0 ZnIIS
chemical shift was measured, in contradiction with a 5 -. nSe/- / Fe
predicted positive value. We believe that the charge
of Zn ion does not exceed a value or 2, so that the 0 Mn
chemical shift of the Zn K-absorption edge is about I W 1
IeV or less within the present model. Such a small 0 I 2 3 4 0 I
chemical shift might be difficult to measure, so that q q

it is not unreasonable to question the accuracy of the Fit. 1. Plot of K.abaorption eV chemical shifts (TV)
measurement in this case, The charges predicted in calculated as a rInction of the cation charge q for (a) Cr,
the case of zinc chalcogenides ZnTe, ZnSe, ZnS and (b) Mn, (c) Fe, (d) Co, (e) Ni, (f) Cu, and (g) Zan Wos,
ZnO, however, exceed a value of 2. This Is a serious The experimentally measured chemical shifts as tabulatd

in Table 3 are also indicated on the plot, Figurt (h) i3 a
problem, We suspect that these zinc chalcogenides summary of the predicted lines or the chargp dependecet of
crystallize by the SP) hybridized covalent bonding so the chemical shifts for all elements considered,
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Table 3. Experimental values (eV) of the metal K-absorption ed&* and the chemical

shill for varous compounds. The charges predicted from Fig. I are also indicated

Material Energy of the edge Chemical shift Predicted charge

KMnF 3  6542.1 [14) 4.5 2.1
KFeF, 7116.31141 5.1 2.1 •
FeaMO 7115[1] 3.8 1.95
Fe•wO 7115[1] 3.8 1.95
Fe20O3  7120.511 9.3 2.55
KCoF, 7715.4 [141 5.86 2.15
(Co(NHMA)PCl 3  7722(8] 12.5 2.8
KNiF3  8337.5(141 5.85 2.25
Cu2O 8983115) 2.7 0.7
CuO 8987(151 6.7 1.3
KZnF, 9660.2 [14) -0.5 ?
ZnTe 3.64 ±0.4[161 2.15
ZnSe 5.05 ±0.4116) 2.25
ZnS 5.68 ±0.41161 2.3
ZnO 7.87 ±0.41161 2.5

that a reasonable explanation for the absorption edge is necessary that the K-absorption edge chemical shifts
chemical shift of these crystals is beyond the present are carefully measured and systematically compared
interpretation which is based on the atomic nature. with the present calculations.
Finally, let us consider the cases of Cu ion. In the case
of Cu20 crystals, the predicted charge 0.7 for Cu is Acknowledgements-This research was supported in pan by
reasonable when compared with a calculated value of a URI program of the Air Force Office of Scientific Re-
0.56 by Levine [17] using a dielectric theory. However, search, Contract No. AFOSR 90-0174. One of us (M.K.) 0
in the case of CuO, the predicted charge 1.3 is far from would like to acknowledge the support of the Japanese

a not Ministry of Education for making his stay in the U.S.A.the formal charge 2. This discrepancy may or may n possible.
be clarified even if the effect of the covalent bonding
is considered. The charge of the Cu ion is an important
issue in the field of high T, superconductors. There- REFERENCES
fore, we strongly hope th.at more careful measurements 1of te CuK-asorpionedgecheicalshits cn ~ 1. Chen H., I. Phys. Chern. Solids 41, 641 (1910).
of the Cu K-absorption edge chemical shifts can be 2. Batsanov S. S., Flektrootritsatel 'Nost' Elementv i
carried out so that a comparison could be made with Khimicheskaya Svyaz' (Electronegativity of Elements
our calculated results. We believe that our calculated and Chemical Bonds). Novosibirsk (1962).
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ABSTRACT
* Phase stability of the intermetallic compound AI3Nb is investigated as a

function of nickel additions by band structure calculations based on an extended
Hueckel tight-binding method. With this method, the electronic structure and total
energies of the Al6_,Ni.Nb 2 compounds (where n is an integer from 0 to 6) are
calculated for both D022 and LI 2 structures under the assumption that nickel
substitutes for aluminium. The electronic total energies obtained from integration
of the energy states of all electrons considered have shown that the D02 2 structure is

* stable in the binary AI3Nb compound as compared with the L12 structure;
cenversely, the LI 2 structure is stable for compounds with n values greater than 1.
These calculations are in good agreement with X-ray diffraction results reported by
Schubert and co-workers. Differences in the electronic total energy per atom
between DO22 and L 12 are - 0-79 eV and 0-56 eV for n equal to 0 and 2, respectively.

1 . INTRODUC77ON
There is considerable interest in trialuminide-based intermetallic compounds

containing transition elements, such as Ti, Zr, Hf, Nb and Ta, as promising structural
materials because of their relatively high melting point, low density and good oxidation
resistance. However, partly because of the low symmetry, and ordered tetragonal D0 22

structure, they are mostly brittle at ambient temperature (Yamaguchi, Umakoshi and
Yamane 1987). A legitimate approach to ductilize these trialuminides is to transform
them to structures having higher symmetry such as an ordered cubic L 12 structure. It is
well known that AI3Ti transforms from the DO22 to the L12 structure (fig. 1) by the
addition of transition elements in the third period of the periodic table (Raman and
Schubert 1965, Seibold 1981, George, Porter, Henson, Oliver and Oliver 1989). Recent
compression tests have shown appreciable improvement of room temperature ductility
for LI2 AI3Ti containing iron that was produced through hot isostatic pressing by
reducing cavities formed during casting (Inoue, Cooper, Favrow, Hamada and
Wayman 1990).

In an attempt to determine the relationship between phase stability, bonding
characteristics, and mechanical properties of AI3Ti, theoretical investigations have
recently been made by means of calculations of electronic total energies using three

§Received in final form 2 January 1991.
t Formerly: H. R. Pak.
t Permanent address: Department of Electrical and Electronic Engineering, Faculty of

Engineering, Utsunomiya University, Utsunomiya, Tochigi 321, Japan.
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Fig I

0 ol
C

0 a

0 0

a 0
/ /.0

(a) (b)

Unit cells of (a) a D0 22-type and (b) an L12-tYPe structure for A3B compounds.

methods: an augmented spherical-wave method, ASW (Carlsson and Meschter 1989), a
full-potential linearized augmented plane-wave method, FLAPW (Fu 1990), and a
linear muffin tin orbital method, LMTO, (Asta, Sluiter, de Fontaine, Hong, Freeman
and Singh 1990). Calculations using the ASW and FLAPW methods have shown that
the D0 2 2 structure is stable in AI3Ti, as compared with the L12 structure, in agreement
with X-ray experiments (Raman and Schubert 1965). Calculations with the LMTO
method, conversely, disagree thereby indicating that this method needs to be modified.
Despite the fact that most attractive trialuminides require the presence of the L12
structure stabilized by ternary additions, no theoretical studies based on first principle
calculations have been conducted to determine the effect of ternary additions on phase
stability of trialuminides. To determine such effects, we have performed a series of
calculations using an extended Hueckel tight-binding method, XHTB (Grunes,
Leapman, Wilker, Hoffmann and Kunz 1982).

The XHTB method has recently been applied to ionic perovskite-type compounds
such as KNiF 3 (Kitamura and Muramatsu 1990a) and a K2PdCI6 crystal (Kitamura
and Muramatsu 1990b). It has been widely believed that a calculation based on the
tight binding method is applicable for evaluation of valence band structure, but not
necessarily applicable for evaluation of conduction band structure. However, the band
structure calculations for the above two compounds are in good agreement with
experiments related not only with the valence band but also with the conduction band
(Kitamura and Muramatsu 1990a, b). This is because in the calculation processes,
atomic data from self-consistent-field calculations are used instead of empirical atomic
data. This indicates that the XHTB method may be useful for evaluation of electronic
structures for metallic compounds if self-consistently obtained atomic data are used.
Another reason for adoption of this method is that it is more powerful when applied to
compounds whose unit cells are either larger or more complicated, such as K2 PdCI6
and Al gTis, which is composed of six f.c.c. lattices, in Fe-modified Li 2-type AI3Ti

0
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(Pak, Pak, Wayman and Cooper 1990). That is not always the case for the FLAPW and
LMTO methods. The present paper deals with some results relating to phase stability
of the intermetallic ompounds AI3Nb as a function of nickel composition. This
compound is believed to be more attractive than AI3Ti because of its high melting point
(1600°C) and relatively low density (4-91 gcm -3) (the melting point and density of
AI3Ti are 135003 and 3.36gCm- 3, respectively).

§2. THEORETICAL BACKGROUND
In this section we briefly describe the XHTB method, and a practical calculation

procedure. Details of the theory is found in a paper by Kitamura and Muramatsu
(1990a). We solve the S chroedinger equation

H'k(r) = Ek~k(r), (|)

where H is a one-electron Hamiltonian consisting of a kinetic-energy term and the
crystal potential, which is periodic with the periodicity of the lattice. The one-electron
wave function Wk(r) is specified by a wave vector k within the first Brillouin zone (BZ).
According to the Bloch theorem in the tight-binding scheme the wave function is
written as

TFk(r) u= (kX 1(k r). (2 a)

X2)(k, r)=X expik- r., O)(r- r,)N - 1/2 (2 b)

where summation over p is taken for eight independent atoms, fig. 2; r. denotes their
positions throughout the crystal. In the present paper, the same crystal structure, fig. 2,
is used for both the D022 and L 12 structures in order to eliminate the possible program
dependency of energy calculations; that is, using the structure in fig. 2 (with c/a being 2),
we simply obtain energies that are twice as much as what an L12 structure would have.

Fig. 2

16 C

7

4

4

~-a-

Eight independent sites in a DO22 unit cell.
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Here, t(r-r) is the atomic orbital function with a quantum state denoted by the
collective index L=(I, m) for the/p atoms located at r,, where I is the quanum number
containing a principal quantum number and the usual orbital angular-momentum
quantum number, and m denoting its degenerate components for a real base. N, is the
number of the y atoms, being equal to N/8, where N is the total number of atoms
forming the compounds. The coefficient u•(k) and energy Ek are obtained as a function
of the wave vector k by solving the secular equation given in eqns. (3 a), (3 b) and (3 c) in
the reference Kitamura and Muramatsu (1990a). In the evaluation of the matrix
elements of H given in eqn. (3 b) in the reference, the Wolfsberg-Helmholtz
approximation (Wolfsberg and Helmholtz 1962) is used:

<KL')(r)IHI44L'(r - r,))> =G ( c + L"))<(0L' (r)IL'(r -- r,)>. (3)

Here, G is an adjustable parameter with value chosen to be 1.75 (Kitamura and
Muramatsu 1990a), and 6) is the atomic energy for the L state of the u.atom. In the
present calculation, no charge transfer is taken into account because all atoms in the
Al 3Nb-based intermetallic compounds are treated to be neutral because of their
metallic nature. The overlap integral, the third term in (3), is obtained in a similar way •
to those described by Kitamura and Muramatsu (1990a).

The primary objective of this study is to compare electronic total energies for the
D12 2 and L12 structures of Al2Nb-based compounds, which are calculated from the
total density of states, D(E), and to discuss the phase stability. The electronic total
energy Et., is given by EFE D(E) dE, where EF is the Fermi level of the compounds.

Now we go into a practical calculation procedure. Input data for calculations are •
atomic data given by Herman and Skillman (1963), the value (1-75) of the adjustable
parameter G, and the lattice parameters adopted for Al3Nb: a = 7-264 au (i.e. 0-3844 nm)
and c/a = 2-239 for the DO22 structure (Lundin and Yamamoto 1966); and a = 7-6158 au
(i.e. 0-403 nm) for the LI 2 structure (Schubert, Meissner, Raman and Rossteutscher
1964). Using a self-consistent-field calculation (Kitamura, Sugiura and Muramatsu
1989) based on the prescription of Herman and Skillman with the following exchange-
correlation parameters riven by Schwarz (1972), we obtain atomic orbitals. The
Schwarz exchange parameters are: 0-72795 for aluminium; 0-70357 for niobium; and
0-70843 for nickel. Throughout the present band structure calculations, we use the two
outer atomic orbitals for each atom, which are: 3s and 3p orbitals for Al
(1s22s 22p 6 3s23p'); 3d and 4s for Ni (ls 22s 22p 6 3s 23p 6 3dS4s 2); and 4d and 5s for Nb
(1 s22s 22p 6 3s 23p 63d 1 04s24p 64d'5s'). 0

§ 3. RESULTS AND DISCUSSION
Let us first apply the XHTB method to AI3Ti to calculate its electronic total energy

for comparison with the results obtained by means of the ASW method (Carlsson
and Meschter 1989) and FLAPW method (Fu 1990). For this purpose, we use the
Schwarz exchange parameter of 0-71648 and the 3d and 4s orbitals for Ti
(1s22s 22p 63s 23p 63d 24s 2), and adopt the following lattice parameters for AI3Ti:
a = 7-2717 au (i.e. 0-3848 nm) and c/a = 2-231 for the D0 2 2 structure; and a = 7-3702 au
(i.e. 0-3968 nm) for the L1 2 structure (Porter, Hisatsune, Sparks, Oliver and Dhere
1989). Since no LI 2 phase exists in the binary AI3Ti, the lattice parameter taken from
A169 Fe6 Ti25 is used. According to the electronic total energy as a function of unit
formula volume reported by Fu (1990), this lattice parameter is most likely because it
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gives a minimum of the total energy. Our results for the electronic total energy show
that the DO2 2 structure is stable as opposed to the LI 2 structure, in agreement with
experiments (Porter et al. 1989). The energy difference per atom between these two
structures is 0 19eV, whereas, in work by Carlsson and Meschter (1989) and by Fu
(1990), the energy difference per atom is 0-06 eV and 0-025 eV, respectively. The values
obtained by these two methods differ by a factor of 4 and 8, respectively, from that by
the present XHTB method. We believe that this discrepancy is incurred by neglecting
the contribution of the 3p orbital for Ti. Nevertheless, the XHTB method can predict
the stability of the D022 phase over the L12 phase in AI3Ti in a similar way to that using
the ASW and FLAPW methods.

It should be pointed out, prior to going further into results from AI3Nb-based
compounds, that we compare the difference in electronic total energy between the D0 22

and Li 2 structures to evaluate the phase stability. The reason is that the difference of
Gibbs' free energies corresponding to these two phases, AG =AH- TAS, is essentially
equal to the difference in enthalpy AH because of the negligible change in the
configurational entropy AS. The enthalpy differences are internal energy changes, and
are primiarly from electronic band energies.

Now we go into band structure calculations for Al6 _.Ni.Nb 2 compounds. For the
binary AI3Nb, calculations are made in a similar way to those for AI3 Ti, while for the
case of the ternary compounds, calculations are made for specific atomic configur-
ations, fig. 3, in order to maintain lattice periodicity. As seen in fig. 3, every site is
occupied by an individual atom with an occupation probability of 1. That is, the value
of n must be an integer between 0 and 6, provided that there is a quasi-binary phase
between AI3Nb and Ni3 Nb, As shown in the table, the value n can only be even for the
L1 2 structure, while for the D022 structure, it can be either even or odd. For each n
value, there is only one atom configuration in the case of the LI 2 structure, shown in
parts (1)-(4) of fig. 3 (note niobium atoms occupying sites 1 and 6). In the case of the
D02 2 structure, conversely, there are several configurations because of non-
equivalency of sites: I configuration for n being 0 and 6; 3 for n being I and 5; 6 for n
being 2 and 4; and 8 for n being 3. Figure 3 show all atomic configurations used for band
structure calculations. For example, taking the case of n being 1, this aspect is
explained. As seen in fig. 2, sites 4, 5, 7, 8 are equivalent from symmetrical
considerations, while sites 3,4 (5,7 or 8), and 6 are not. As a result, there are three sites at
which one nickel atom can be placed in the unit cell. They are either 3, 4 (5, 7 or 8) or 6,
whose corresponding atomic configurations are shown in parts (6)-8) of fig. 3,
respectively. In fig. 3, ad atomic configurations used for band structure calculations are
shown.

Using atom positions defined in fig. 3 and other input parameters mentioned above,
band structure calculations can be performed. Figure 4 shows two examples of the total
density of states (TDOS) obtained using the XHTB method. From these TDOSs, the
values of the electronic total energy E,.,., are obtained, and are listed in the table along
with differences in Et,,, between the D022 and L12 structures. From this table it is seen
that the D02 2 structure is stable for the binary AI3Nb compound as opposed to the LI 2

structure, in agreement with X-ray experiments (Lundin and Yamamoto 1966). Here it
should be emphasized from the table that the L12 structure is found to be stable when
nickel is added to AI3Nb, provided that nickel substitutes for aluminium in the quasi-
binary system AI 3NbNi 3Nb. This effect of nickel additions on phase stability is
visualized by plotting the Eo.,, values as a function of nickel composition (and the value
of n). As seen in fig. 5, a stable phase with the LI 2 structure appears in the Al-Ni-Nb
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Fig, 3
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of electronic total energies.

system at a nickel composition near 10 at.%. This is surprising when the results of X-ray
experiments by Schubert et al. (1964) are compared; that is, they found an
LI 2AINiINb2 phase with lattice parameter of 0.403 nm. In the present band structure
calculations for the Li 2 structure, we have adopted this lattice parameter. Although
electronic total energies are dependent on lattice parameters, this adoption is
reasonable because changes in the lattice parameter by ternary additions are not
critical (Porter et al. 1989), especially for compounds with low concentrations of
ternary additions. A recent X-ray study (Subramanian, Simmons, Mendiratta,
Dimiduk 1989), however, disagrees with the results by Schubert et al. (1964); no L12
phase has been detected in two AI3Nb alloys containing nickel. In order to resolve this
experimental discrepancy, we suggest that AI3Nb alloys containing nickel should be
heat treated at different temperatures followed by detail analysis of the X-ray data.
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Fig. 4
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Electronic total energy for Al4 -. Ni.Nb2 and AI3Ti.

E.,, AEDZ,3-AELI,
Crystal n (eV/cell) (eV/atom) Remarks

Al6 -.Ni.Nb 2
LI2  0 -162.80 Fig. 3 (1)
D022 0 -169.14 Fig. 3 (5)

-0.79
-0-08 (Carlsson and Meschter 1989)

D022 1 -250-41 Fig. 3 (6)
D022 1 -252-30 Fig. 3 (7).

D022 1 -250-41 Fig. 3 (8)

LI2  2 -349.37 Fig. 3 (2)
D022 2 -344.91 Fig. 3 (9)
D022  2 -343.78 Fig. 3 (10)

0-56

D0 22  3 -413-51 Fig. 3 (11)

LI 2  4 -513-29 Fig. 3 (3)

D0 22  4 -509-25 Fig. 3 (12)
0.51

L12  6 -689.67 Fig. 3 (4)

D022 6 -688-59 Fig. 3 (13)
0-14

AI3Ti
LI2 0 -170,50
D0 22  0 -171-97

-0-19
-0-06 (Carlsson and Meschter 1989)

0-025 (Fu 1990)

Of 28 atomic configurations for the n value in Al6 _.Ni.Nb 2, electronic total energy

calculations have been performed for 13 configurations, fig. 3. As seen in the table (for n

being I and 2), the results show that there are some differences in Eo,,, among D022

configurations for the same value of n. However, these differences are not significant

because of rather large energy differences present between the D022 and L 12 structures

for the same n value. We believe that all the possible atomic configurations for a given n
value are mixed in a fashion to construct a compound with the D022 structure, if it is

stable in comparison with the L12 structure. In the present XHTB calculations for the

binary and ternary Al6 _.Ni.Nb 2 alloys, we have neglected the contribution of the third
outer orbitals for Ni (i.e. 3p orbital) and Nb (i.e. 4p orbital). This may result in relatively

large structural energy differences between LI 2 and LI 2 structures, compared with

those reported for the binary AI3Nb alloy (Carlsson and Meschter 1989). Although we

do not think such a contribution reverts the present prediction of phase stability,

XHTB calculations including those p orbitals are underway in order to obtain more
accurate structure energies.
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§ 4. CoNcLusION

Band structure calculations of binary intermetallic compounds AI3Nb and AI3Ti
and ternary intermetallic compounds A16 _.Ni.Nb 2(n = 1, 2,3,4,6) in the D022 and L12

structures have been performed based on an extended Hueckel tight-binding method.
The total density of states and electronic total energies are presented. In both binary
compounds, the D022 structure is shown to be stable as compared with the LI 2
structure, in good agreement with X-ray diffraction experiments. The effect of nickel
additions on phase stability of Ai3 Nb has been investigated and it has been found that
nickel additions stabilize the L 12 structure. The present results have shown that there is
a stable L12 AI3Nb phase bearing nickel whose composition is greater than 10at.%.
This is in good agreement with X-ray experiments by Schubert et al. (1964) who found
an L12AI3Nb phase containing 12.5at.% Ni, although in a recent report by
Subramanian et al. (1989) no such phase has been detected. Detailed X-ray experiments
need to be carried out for clarification of this experimental disagreement.
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Abstract

A modified Pechini chemical preparation technique was used to produce enstatite

(MgSiO3) powder. By this method, low temperature stable orthoenstatite (OE) was ob-

0 tained at 850 C after 2 h of calcination. The effects of annealing temperature/time, initial

particle size, chemical dopants and shear stress on the conversion ofprotoenstatite (PE) to

clinoenstatite (CE) on the powder have been studied. The results indicated that the

transformation of orthorhombic PE to monoclinic CE was sensitive to the initial powder

particle size as well as type and amount of chemical dopant used. Sodium ions (Na+),

which were found to cause the formation of glassy phase around the PE grains, destabi-

lized the PE phase physically. In comparison, manganese ions (Mn2+), were found to

preferentially substitute for the smaller Mg 2+ ions in solid solution, and stabilized the PE

phase chemically. The powders with different chemical dopants annealed at different

temperatures were carefully examined by TEM and EDS. Stacking disorder of PE and CE,

which gave rise to streaking in TEM selected area diffraction patterns (SADP), was

observed.

Key words: [enstatite, MgSiO3, powder preparation, phase transformation, physical

stabilization,chemical stabilization.]



L Introduction

Enstatite exists in three distinct crystalline modifications: ortho-, proto- and clino-

enstatite (designated OE, CE and PE, respectively). The structures of these polymorphs

and the nature of the transformations between them have been studied extensively and re-

viewed by several investigators. 1- The transformation of PE to CE, nominally at 865 0C -

on cooling, is reported to be instantaneous, diffusionless, oriented, athermal, stress induc-

ible and reversible, thereby showing features of a martensitic phase transformation. Sev-

eral workers reported a critical size effect for the PE to CE transformation.9-11 A mini-

mum size of 7 pm was given.10 However, Mielcarek 12 found that the transformation also

occurred for grains as small as 40 nm at a temperature of 500 K.

The effect of chemical dopants on the stabilization of PE was studied by Sarver

and Hummel and others.9,7,13 Addition of 1-2 mole % of MnSiO3 in solid solution with

MgSiO3 stabilized the PE under certain conditions. Bloor1° found that a CaO dopant in

MgSiO3 enhanced PE crystallite growth, thereby destabilizing the PE form. The early ef-

forts at applying the PE to CE transformation to toughening of glass-ceramics in poorly

nucleated compositions indicated that toughening from the metastable presence of the PE

did not occur by simple analogy with the tetragonal to monoclinic transformation in zirco-

nia. 7 A similar result was also obtained by Beall14 in his study of enstatite glass-ceramics.

In contrast to the transformation in zirconia which has a positive volume increase on

cooling (3 % at 950 °C), the PE to CE transformation is accompanied by a molar unit cell

volume change of -5.5% and a unit cell shape change of 18.3°.8 Bloor 10 associated this

PE to CE transformation with the mechanical degradation of steatite ceramics whose ma-

jor component was enstatite. Kriven 8 point out that the large negative volume change and

unit cell shape change were responsible for this, and indicated that this beL Aior was a

form of "transformation weakening".

The transformation between PE and OE is much more sluggish compared to PE

to CE.5 Slow cooling rates and prolonged annealing are required to produce the order-
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disorder type of transformation between OE and PE phase.

The phase transformations in enstatite have been comprehensively studied. How-

ever, most of work was done on single crystals,5,15, 16 natural minerals 2,5 and synthesized

polycrystalline materials. 7,9.14 Little work has been done on synthesized powders, and in

particular, chemically synthesized powder. Enstatite powders have usually been fabricated

by a high temperature solid state reaction between MgO and SiO 2. Several previous

studies have shown the difficulties of obtaining pure enstatite by solid state reaction, and

mineralizers such as MgF2 or LiF have been commonly used to drive the reaction to

completion.", 9 Even with the mineralizers, prolonged firing is still required to form en-

statite.9 More recently, pure, fine-grained, enstatite monoliths have been synthesized by a

sol-gel method.17 However, no detailed phase transformation study was made.

Among the chemical synthetic processes, a modified version of the Pechini

process has been demonstrated to be a quick and relatively easy method for preparing

oxide powders.' 8 , 19,2 0 The advantages of this process are that it allows a low temperature

synthesis of high purity, high surface area, homogeneous powders without the use of ex-

pensive and unstable alkoxides. The main purposes of the present work were to prepare

enstatite powder by the modified Pechini method and to understand how to control the PE

to CE transformation by physical and chemical methods, in the chemically derived powder.

The effects of annealing temperature/time, initial powder particle size, shear stress, and

chemical dopants (Mn2+, Na+) on the PE to CE conversion were studied in detail using

XRD, SEM and TEM/EDS.

U. Experimental Procedure

Enstatite powder (MgSiO3) was prepared by a modified "Pechini method". The

details of the preparation method are described in Fig. 1. The precursor used for magne-

sium was magnesium nitrate hexahydrate (Aldrich Chemical Co., Milwaukee, WI), silica

(SiO 2) sol (AS-40, Ludox SM, Dupont Chemical Co., Wilmington, DE) which contained
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0.08 wt % of sodium oxide (Na20), citric acid monohydrate (EM Science, Gibbstown,

NJ) and ethylene glycol (Fisher Chemicals, Pittsburgh, PA). The decomposition of the

Pechini prepared, organic precursors was monitored by differential thermal analysis (DTA,

Model 910, TA Instruments (formerly Dupont), Wilmington, DE) and thermogravimetric

analysis (TGA, Model 951, TA Instruments (formerly Dupont), Wilmington, DE) in the

temperature range room temperature to 1000 TC. A heating rate of 5 °C/min was used for

both analyses. Powders calcined at temperatures from 600 TC to 1100 TC were examined

for phase distribution using an X-ray powder diffractometer (XRG 3100 R-ray Generator,

Philips Electronic Instruments, Mahwah, NJ). The surface area of calcined powders was

measured by BET (Model ASAP 2400, Micromeritics, Norcross, GA) nitrogen gas

adsorption analysis.

In this study, two powders with different particle sizes were prepared in order to

observe the effect of initial powder particle size on phase stability. The first, designated as

powder A, was calcined at 900 TC for 2 h with a heating rate of 5 °C/min and furnace

cooling. The second, designated as powder B, was as-calcined powder, followed by 5 h of

attrition milling. Powders A and B were annealed at temperatures ranging from 1000 °C

tol400 TC respectively. The annealing time was 10 h for each temperature, with a heating

rate of 10 °C/min and furnace cooling.

Two chemical dopants, Mn(NO3)2 and Na(NO3), were used in the precursor.

The powder doped with Mn(N0 3)2 remained as-calcined, while the powder doped with

Na(NO3) was attritor milled for 5 h after calcination. The dopants of Mn(N0 3)2 and

Na(NO3)2 were added to the precursors at levels of 1, 2, 4, and 6 mol % and 1, 3, 5, and

10 mol %, respectively. After calcination at 900 TC for 2 h, the powders were annealed at

1400 TC for 10 h, respectively.

The stress induced PE to CE transformation was conducted by grinding the

powders in a mortar and pestle or in an attritor mill using yttria stabilized zirconia (TZP)

media (5 mm diameter, 3 mol % Y20 3 stabilized ZrO2, Union Process, Akron, OH) and a
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high density polyethylene (HDPE) container. X-ray analyses of phase distributions were

conducted on both annealed and ground powders. Semi-quantitative analyses using

integrated intensity measurements from single peaks were difficult because of the

complexity of the diffraction patterns and extensive peak overlap for PE and CE. Hence

direct comparison of X-ray traces was used to obtained a qualitative indication of the

changes in the phase distribution. SEM (Model ISI-130, International Scientific Instru-

ments, Santa Clara, CA) and TEM (Model Hitachi 650, 100 KV, Hitachi Instruments,

Inc., Conroe, TX) was conducted on the as-annealed and ground powders.

MI. Results and Discussion

(1) Phase Development on Calcination

The X-ray spectra for the powder without chemical dopant, but calcined at tem-

peratures between 600 °C and 900 TC for 2 h is given in Fig. 2. At 700 TC or below, the

XRD of the powder revealed MgO peaks. As the temperature was increased to 800 TC,

the MgO peaks disappeared and an amorphous material was obtained. Enstatite (OE)

started to form at 850 °C. The surface area of calcined powders decreased rapidly from

- 85 m2/g at 700 0C to -15 m2/g at 850 °C, as indicated in Fig. 3. The powders tended to

aggregate and even to sinter at higher calcination temperatures, thereby causing a drop in

surface area. The morphology of MgSiO 3 powder calcined at 900 °C for 2 h is shown in

Fig. 4. The agglomerates were highly porous and consisted of crystallites in the range of

0.1-0.2 pm. in size.

Figs. 5(a) and (b) show TGA and DTA results for the MgSiO 3 gel respectively.

The first weight loss in the TGA correlating with the first exotherm in the DTA at about

300 °C, as seen in Fig. 5(a) and (b) respectively, was thought to be associated with the de-

composition of the gel. Another major weight loss occurred at about -480 TC (Fig. 5(a)),

which corresponded to the large exothermic DTA peak in Fig. 5(b). The exotherm ob-

served during the large abrupt weight loss at 480 TC indicated that rapid de-polymerization
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and pyrolysis may have occurred. Further weight loss at higher temperatures was attrib-

uted to the removal of carbon formed during the pyrolysis. The DTA analysis also re-

vealed a small second exothermic peak at 850 °C, which was exactly the temperature of

MgSiO3 formation as indicated by X-ray analysis. The TGA analysis did not show any

weight change in this temperature stage.

(2) Effects of Annealing Temperature/Time

Fig. 6 shows the phase distribution for the as-calcined powder (powder A) after

10 h of annealing at temperatures from 1000 °C to 1400 TC. The starting powder was

identified as OE by X-ray diffractometry. After annealing at a temperature of 1150 °C for

10 h, PE peaks were observed in XRD patterns. PE to CE conversion took place at 1200

TC. The intensity of CE peaks increased with increasing annealing temperature. The effect

of annealing time on the PE to CE transformation was investigated at a temperature of

1150 TC. A CE peak was observed after annealing for 30 h at this temperature stage.

Fig. 7 is an SEM micrograph of the morphology of powder A annealed at 1400 °C

for 10 h, in which the agglomerates were sintered to density. Cracks generated from the

PE to CE transformation were observed in each individual large grain.

The temperature for the OE to PE transformation observed for powder A was

consistent with previous reports. Lee and Heuer reported,7 from the study of crystalli-

zation of MgSiO 3 glass, that PE formed at temperatures >_ 1200 °C and OE formed at

temperatures • 1000 TC. Murakami et aL21 found that the OE to PE inversion proceeded

at 1000 °C in synthetic specimens. The Sarver and Hummel 9 work revealed that OE

inverted to PE at 1035°C, as determined by high temperature X-ray methods on pellets

prepared with 2% LiF mineralizer. The transformation of CE to PE was assumed to

occurr on cooling. Early studies suggested that there was a grain size effect controlling the

PE to CE transformation. 9-11 The results of the present study, indicating that powders

fired at higher temperatures produced more CE phase, were consistent with such an effect.
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(3) Effects of Initial Powder Particle Size

To investigate the initial particle size effect, as-calcined powder (powder A) was

attritor milled for 5 h. The attritor-milled powder (powder B), in which the particle size

was reduced to less than 1 pm, was also annealed at the same temperatures and with the

same heating and cooling conditions as for as-calcined powder A. The phase distribution

for annealed powder B is seen in Fig. 8. Only small traces of PE were found at a

temperature of 1150 *C. The conversion of OE to PE was almost complete at 1300 °C,

and PE started to invert to CE at 1400 *C. These temperatures were shifted upward by

150 - 200 OC when compared with as-calcined powders. The morphologies of as-calcined

and attrition milled powders are shown in Fig. 9(a) and 9(b), respectively. As calcined

powders consisted of agglomerates composed of tiny crystallites, as seen in Figs 9 (a) and

4. During attrition the agglomerates were milled into tiny crystallites (Fig. 9 (b)). At

higher annealing temperatures sintering and grain growth would be favored in agglomer-

ates, but would be difficult in individually separated crystallites. This could explain the

higher annealing temperature for phase conversion in attritor milled powders. A particle

size effect controlling the onset of transformation was observed in dicalcium silicate

(Ca2SiO4).22,23 The results of the present study were consistent with such an effect.

(4) Effects of Chemical Dopants

The effects of Mn2+ versus Nat dopants on the phase stability of enstatite were

completely different from each other. As seen in Fig. 10, the stability of PE increased with

increasing of Mn 2+ dopant in as-calcined powder A, at the expense of CE. With 1 mol %

Mn2+, the amount of PE to CE conversion was significantly reduced, while with 2 mol %

or more Mn 2+, the CE peaks almost disappeared.

Sarver and Hummel 9 found that 1-2 mole % Mn2+ in solid solution with MgSiO3

stabilized PE in a dense bar specimen. However, the same amount of Mn 2+ in MgSiO3 did
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not stabilize PE in loose powders prepared by solid state reaction. Our current results indi-

cated that the 1 - 2 mole % Mn 2+ in solid solution with chemically derived MgSiO3 pow- 0

der significantly inhibited the PE to CE transformation.

In comparison, as shown in Fig. 11, the stability of PE decreased with the

increasing levels of Natdopant in attritor milled powder B. For the powder containing 1

mol % Na+, the pure PE was obtained after the powder was annealed at 1400 TC for 10 h.

When the powder was doped with 3 mol % or more Na+, PE to CE conversion was

obvious The intensity of CE peaks increased with the amount of Na+. 0

Thus the Mn 2+ dopant increased the stability of PE against conversion to CE,

while Na+ decreased its stability. The mechanism of Na+ and Mn2+ effects on PE stability

was further examined by TEIM.

(5) Effects of Shear Stress

The transformation of PE to CE is markedly susceptible to the influence of stress. S

In fact, CE has been claimed as a "stress mineral", in the sense that its formation is greatly

facilitated by the presence of shear stress and/or strain. 24 Shear stress induced PE to CE

conversion for as-calcined powder without chemical dopants is demonstrated in Fig. 12.

Both attritor-milling for 1 h, or grinding by hand in a mortar and pestle, produced the PE

to CE transformation. The amount of stress induced CE increased with increasing

annealing temperature. For the same annealing temperature and heating and cooling S

conditions, it was more difficult to shear stress induce the PE to CE conversion in the

powder doped with Mn2+ than in the powder doped with Na+. Thus, the dopant effects

were also reflected in the shear stress induced transformation behavior. S



(6) TEM Observations

(A) Powders without Dopant. The MgSiO3 powder calcined at 1100 TC for 10 h

contained agglomerates of submicon-size grains, typically 0.1-0.2 pm in diameter. Their

shapes were mostly irregular to semi-regular. Even though XRD of this powder indicated

a major phase of OE (Fig. 2), TEM examination of the individual grains frequently re-

vealed the presence of a stacking disorder composed of OE and PE layers as seen in

Fig. 13 (a). The strong streaking in the corresponding selected area diffraction pattern

(SADP) indicated that the stacking disorder was perpendicular to the ( 100) planes of OE

and PE.

The MgSiO 3 powder calcined at 1150 TC for 10 h had a few large grains of wider

size range, typically 0.2 - 0.5 pm. Their shapes were more regular than those calcined at

1100 TC. XRD of this powder indicated a major phase of PE (Fig.2), whereas TEM

examination showed that some smaller grains had a stacking disorder similar to the one

observed in the powder calcined at 1100 TC. The [010] SADP of a larger grain in Fig. 13

(c) and (d) illustrated the presence of a single phase, PE. In addition, forsterite grains

(Mg2Si0 4) were occasionally observed in this powder.

The grains from the MgSiO 3 powder calcined at 1400 TC for 10 h were much

larger, and mostly larger than 1 pm. Although some grains were CE, more grains had

stacking disorders mainly composed of PE and CE. The CE portions were frequently

twinned. Figs. 14 (a) and (b) displayed a BF image and corresponding [010] SADP,

indicating the coexistence of PE and twinned CE phases. The stepped microstructure,

which seemed to be responsible for the discontinuous rings shown in the SADP, possibly

originated from the displacive PE to CE transformation. Another large grain (Fig. 14 (c)),

had a severe stacking disorder composed of PE layers and twinned CE layers in slightly

different orientation, which was more evidently reflected in the corresponding SADP

(Fig. 14 (d)).

(B) Powders with Dopant: As explained for the XRD results, enstatite powders
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doped with Mn 2+ tended to stabilize the PE phase against conversion to CE. The MgSi03

powders with 4 mol % MN2+, calcined at 1400 TC for 10 h, had primarily PE grains of a S

wide size range, mostly larger than 0.5 gm. Figs. 15(a) and (b) show such a grain of PE

and its [100] SADP. EDS analysis of this grain indicated that Mn 2+ was present in solid

solution with Mg2+ (Fig. 15(c)).

In contrast to Mn 2+, Nat doping destabilized the PE phase. TEM examination of

the enstatite powders with 10 mol % Na+, calcined at 1400 °C for 10 h, revealed large

grains ( > 1 prm) of CE as well as some glassy phase and forsterite grains. Some CE grains

appeared as slightly disordered rectangles with linear features in them. An example is

shown in Fig. 16 (a) and (b), with its SADP. EDS of these CE grains indicated that there

was no Na+ inside the grains (Fig. 16(c)). The glassy phase, however, contained more Nat

and less Mg2+ than expected (Figs. 17 (a) and (b)). The very diffuse ring patterns of the

amorphous phase turned into more distinct ring patterns under electron beam induction,

possibly due to microcrystallization of the glassy phase (Fig. 17 (c) and (d)). •

From TEM observation, the effects of Na+ ions on the conversion of PE to CE

may be examined in the light of Bloor and others' early work. Bloorl° found that PE

crystals needed a glassy phase before they could grow appreciably. He found that a glass 0

composed ofMgO-BaO-A120 3-SiO 2 provided less crystal growth than did one of MgO-

CaO-A120 3-SiO 2, with or without BaO. According to phase diagrams, CaO produces a

glassy phase at an earlier stage in firing than does BaO, thereby allowing more time for 0

crystal growth. However, the studies in Ca2SiO 4 are apparently contrary to this argument.

From the work of Chan et aL, 23 it was found that doping of K20 in Ca 2SiO 4 caused the

formation of glassy phase which surrounded Ca2SiO4 grains, resulting in metastable re-

tention of 13-phase at room temperature. The increased stability of 13-phase was explained

as the glass exerting a hydrostatic constraining force on the particle. Crystallization of

glassy phase by low temperature annealing released this constraining force and permitted •

the transformation to occur. Contrary to the shear stress induced by mechanical grinding,
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hydrostatic pressure favored the stabilization of 13-phase, as reviewed by Guinier and

Regourd.
25

The difference between the 13 -- , conversion in Ca 2 SiO 4 when compared to the

PE -+ CE transformation in MgSiO 3 is, that the former experienced a volume increase,

while the later experienced a volume shrinkage. The hydrostatic force from the glassy

phase constrained the phase transformation with a volume expansion, but, it assisted the

phase transformation with a volume contraction. Thus, the glass may have a dual role in

enhancing grain growth as well as to provide a hydrostatic constraining force around PE

particles. Both effects work to destabilize PE. In comparison, the stabilization of PE by

the dopant Mn2+ was assumed by Sarver and Hummel 9 to be due to preferential

substitution of the larger Mn2+ ions (r = 0.91 A) for Mg2+ ions (r = 0.78 A), which

retarded the PE to CE transfo.zmation.

IV. Conclusion

In contrast to MgSiO 3 produced from mixed oxide powders, pure enstatite has

been prepared by a relatively simple chemical method. By this method, OE can be pro-

duced at a relatively low firing temperature of 850 TC. The effects of annealing tempera-

ture/time, initial particle size, chemical dopants and shear stress on the conversion of PE

to CE have been studied in the chemically prepared powders.

The temperatures at which OE to PE and PE to CE conversions occur were dis-

covered to be significantly influenced by the initial powder particle size. As-calcined

powder showed that large agglomerate particles tended to sinter and undergo grain

growth upon firing, and thus the phase conversion of OE to PE and PE to CE occurred at

much lower temperatures. On the other hand, attritor-milled powder, in which

agglomerates were separated into fine crystallites, required much higher temperatures for

transformation. The fact that powders fired at higher temperatures produced more CE,

indicated that a grain size dependence operated for the PE to CE transformation. Sodium
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ions (Na+) were discovered to destabilize the PE phase through the presence of a glassy

phase which enhanced grain growth, and provided a hydrostatic force assisting the

imminent volume contraction on transformation. Thus, the role of the glassy phase may be

looked upon as a physical effect on the transformation, as was demonstrated for Ca 2SiO 4.

In comparison, manganese ions (Mn2+) were found to stabilize the PE phase

through the preferential substitution of larger Mn2+ ions for Mg2+ ions, which

discouraged the PE to CE conversion. This effect may be viewed as chemical

stabilization.

TEM observations revealed stacking disorder of PE and CE, and twinned CE

grains due to the PE to CE conversion.
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Figure Captions:

Fig. 1. Flow diagram showing the processing route for MgSiO3 powder.

Fig. 2. XRD phase distribution for the MgSiO3 gel without chemical dopants after

calcination at different temperatures for 2 h (0 = OE).

Fig. 3. Surface areas of undoped MgSiO3 powders calcined in the temperature range 700

°C to 1000 *C.

Fig. 4. SEM micrograph of MgSiO3 powder derived from the modified Pechini method

and calcined at 900 °C for 2 h.

Fig. 5. Thermal analysis of MgSiO3 gel prepared by the Pechini method (a) TGA (b) DTA. 0

Fig. 6. XRD phase distribution in powder A, after annealing for 10 h at temperatures

ranging from 1100 °C to 1400 °C (0 = OE, P = PE, and C = CE). 0

Fig. 7. SEM micrograph of MgSiO 3 powder calcined at 900 °C for 2 h, followed by an-

nealing at 1400 'C !,r iO h. 0

Fig. 8. XRD phase distribution in attritor milled powder B after annealing at temperatures

ranging from 1100 'C to 1400 °C for 10 h (0 = OE, P = PE). 0

Fig. 9. (a) SEM micrograph of MgSiO 3 powder calcined at 900 °C for 2 h (powder A). (b)

The same powder after 5 h of attrition milling (powder B). 0

0
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Fig. 10. XRD phase distributions in as calcined powder A, with different Mn2+ contents,

after calcination at 1400 0 C for 10 h (C = CE, P = PE).

Fig. 11. XRD phase distributions in attritor milled powder B, with different Nat contents

after calcination at 1400 0C for 10 h (P = PE, C = CE).

Fig. 12. XRD phase distributions showing shear stress induced PE to CE conversion for

powder A annealed at 1400 TC for 10 h after calcination (P = PE, C = CE).

Fig. 13. TEM of image as-calcined powder A which was annealed at low temperatures

without dopant. (a) BF image indicating a stacking disorder composed of OE and PE

layers for powder annealed at 1100 TC for 10 h. (b) SADP of(a). (c) BF image of PE in

the powder annealed at 1150 0C for 10 h. (d) SADP of(c).

Fig. 14. TEM image of MgSiO3 without chemical dopant, and annealed at 1400 0C for 10

h. (a) BF image. (b) SADP of(a) in the [010] orientation, indicating coexisting PE and

twinned CE (arrowed). (c) Stacking disorder composed of PE and twinned CE. (d) SADP

of(c).

Fig. 15. TEM image ofMgSiO3 powder doped with 4 mol % Mn2+ and annealed at 1400

°C for 10 h. (a) BF image showing a PE grain. (b) Corresponding SADP in [100] orienta-

tion. (c) EDS analysis indicating Mn2+ present as a solid solution with Mg 2+.

Fig. 16. TEM image of MgSiO3 powder doped with 10 mol % Na+ and annealed at 1400

°C for 10 h. (a) BF image of CE grain showing slightly distorted rectangles with linear

features in the grain. (b) Corresponding SADP in [100] orientation. (c) EDS analysis indi-

cating that there was no Na+ inside the grain.
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Fig 17. TEM image of glassy phase found in attritor milled powder B doped with 10 mol

% Nat. (a) BF image of glassy phase. (b) EDS analysis indicating Nat in the glassy phase.

(c) Glassy phase diffuse ring SAD patterns. (d) Crystallization of the amorphous phase

under electron beam irradiation. 0

D
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Fig. 7. SEM micrograph of MgSiO 3 powder calcined at 900 TC for 2 h, followed by an-

nealing at 1400 TC for 10 h.
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The Pechini process was used to produce high-purity, all of the thermodynamically stable phases, i.e., Ca3 A]20 0 .
monocalcium aluminate (CaAIlO,) powders at tempera- Cat2AltO 33, CaAIlO, CaA4,O,, and CaAI,20,,, were initially
tures as low as 900C. Absorption spectrometry and BET formed."9 A single-phase monocalcium aluminate was pro-
measurements revealed particles with sizes ranging from duced only after a prolonged reaction time at high temperatures
submicrometer to 100 Ixm, with specific surface areas as in a batch that was proportioned for CaAI204. The formation
high as 10 mW/g. Auger electron spectrometry (AES) was sequence of phases in these mixtures was always from calcia-
used to study the progressive elimination of surface carbon rich phases to the proportioned phase. For example, when the
from the organic burnout as a function of temperature. The starting mix was prepared for CaAI,O,(CaO:A11 05 = 1:2), ini-
growth kinetics of calcium aluminate crystallites from a tially CaAI2O4 formed in large amounts which, with time and
polymeric precursor were studied during calcination as a temperature, converted to CaAIO,.t"
function of temperature, using transmission electron Uberoi and Risbud," and Goktas and Weinberg,' synthesized
microscopy (TEM). At the early stages of crystallization, the amorphous calcium aluminate powders using chemical pro-
activation energy for crystallite growth was found to be 118 cessing techniques. The powder produced by the former was
kJ/mol. This is substantially less than the 356 kJ/mol pre- prepared with aluminum di-sec-butoxide acetoacetic ester che-
viously reported. A growth kinetic exponent of n = 1.68 late (AI(OC4 ,H)2(C-I0 3)) and calcium nitrate (Ca(NO3 )2 ) pre-
was determined for the amorphous-to-crystalline transfor- cursors in a composition adjusted for Ca,,Al,,O33 synthesis.
mation in the temperature range 700 to 8500C. These val- When calcined below 900*C, these powders proved to be X-ray
ues were consistent with growth by short-range diffusion, amorphous and had high surface areas. Goktas and Weinberg'

used aluminum sec-butoxide as an aluminum ion source and
I. Introduction calcium nitrate tetrahydrate as the calcium ion source. Roy

et al.'2 prepared CaAI2 ,O by evaporative decomposition of a
ALCIUM ALUMINATEs have long been known as a refractory solution made from calcium and aluminum nitrate precursors.

.,,mixed oxide in the steel industry and as a hydraulic mate- After a heat treatment at 900°C for less than I h, crystalline
rial in the cement community. In recent years new applications CaAIO 4 was obtained. However, the powders thus produced
for calcium aluminates have emerged in optical and structural were not fully characterized in terms of specific surface area,
ceramics. Some amorphous calcium aluminate compositions particle size distribution, morphology, purity, etc. To date, there
are photosensitive, and hence potential candidates for optical have been no attempts made to understand the kinetics of crys-
information storage devices.Y They also have very desirable tallite formation from the amorphous precursors in chemically
infrared (IR) transmission properties for optical fiber applica- derived calcium aluminates.
tions. Crystalline calcium aluminates are used in high-strength Crystal growth has been studied extensively in some ceramic
and high-toughness ceramic-polymer composite materials.-" and metallic systems. The formal theory of growth kinetics can

Conventionally, monocalcium aluminate powders are pro- be found in the literature.'"'3 Briefly, the kinetics of isothermal
duced by solid-state reactions between calcia (CaO), or calcium growth are described by the phenomenological rate equation
carbonate (CaCO,) and alumina (Al,0 3) powders at tempera-
tures in excess of 1400°C. Powders produced by this method G" - G; = Kr exp(- E.IRT) (l)
typically have very low specific surface areas (<I mlmg).1'6 The where n is the growth kinetic exponent, G is the average crys-completion of such reactions depends on the particle size, spe- tallite size at timet, G0 is the nucleus size, and K, is the temper-
cific surface area, and the mixing of the reactant powders. Even atesize at te onstt n d ize, and
after repeated firing-grinding cycles to eliminate all of the unre- •oature-independent rate constant and includes frequency and
acted material, the product batch frequently contains undesir- geometric factors as well as entropy terms. E, is the activation
able CaAI4O7, O. Ca,,AI 33, and starting reactants. The kinetics energy for the growth process. R and T are the universal gas
of the pertinent high-temperature solid-state reactions in the constant and the absolute temperature, respectively. Taking the
CaO-A12 03 system have been studied in some detail by Weis- time derivative of G for constant n gives the reaction rate, q.
weiler et al.' and by Singh et al.' When a 1:1 mixture of CaO The activation energy E. can be then determined from the plot
and A1203 was heated to the temperature range 1200-1400°C, of In (q) vs 1/T.

In (q) = In (Ko) - (E,/R)(1/T) (2)

M. Weinberg-contributing editor The crystallite growth kinetic exponent, n, and the activation
energy, E,, are the most descriptive parameters of the growth
process. Determining these two parameters is crucial in

Manuscript No. 194395. Received July 13,1993; approved October29. 1993. obtaining information about the type of boundary migration,
Presented at the 93rd and 95th Annual Meetings of the American Ceramic Society, and specific mass transport mechanism during isothermal
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of the other, due to transfer of atoms across the boundary; and (E) Auger Electron Spectroscopy: The residual carbon
(3) the driving force for atomic migration is the chemical poten- content of powders calcined at 8000, 9000, and 1000"C for 3 h
tial difference caused by the pressure gradient across the bound- was studied by auger electron spec/roscopy (AES) (Model
ary. " Under these conditions, the boundary will move toward PH1660 SA Multiprobe, Perkin-Elmer, Eden Prairie, MN). AES
its center, with a growth kinetic exponent of n = 2. The width is a surface-sensitive technique which can give semiquantita.
of the boundary is taken to be constant during the growth tive analysis of the first few atomic layers on metals, ceramics.
process. '"3  or thin films. When used in conjunction with sputtering it can

In this paper, a chemical preparation route is outlined for sin- perform semiquantitative depth profiling for major elemental
gle-phase, high-purity, and high-specific-surface-area monocal- species, including light elements such as carbon, which are
cium aluminate. The product powders are fully characterized present in amounts above 1 atom%. The AES analyses were
(phase distribution, specific surface area, particle size distribu- made in the kinetic energy range 50 to 600 eV. Cr,,), Al,.,,
tion, and morphology). Equations (1) and (2) are used to ana- and Ca,, auger peaks were monitored. The incident electron
lyze the growth kinetics of calcium aluminate crystallites from beam energy was 3 kV. The thickness of the impurity layer was
a chemically derived amorphous matrix. Comparison is made determined by carbon depth profiling. Sputtering of the surface
with the conventional solid-state reaction method, layers was achieved by argon ion bombardment at a current of

45 mA/cm2 (3 kV). Between the sputter cleaning process steps,
II. Experimental Procedure the amount of residual carbon was monitored by AES.

(F) Electron Microscopy: The morphology, internal
microstructure, and microchemistry of powders were studied by

(I) Powder Preparation scanning and transmission electron microscopy (SEM and
The powders were synthesized from Ca(N0 3)2.4H20 TEM). SEM samples were prepared by sprinkling the powders

(reagent grade, EM Science, Gibbstown, NJ) and AI(NO 3)3. onto aluminum stubs, followed by carbon coating. For TEM,
9HO (reagent grade, Aldrich Chemical Co., Milwaukee, WI). holey formvar films were supported on copper grids. A drop of
A Pechini-type process was employed to prepare the polymeric powder suspended in isopropyl alcohol was deposited on the
precursors.3"- For each precursor, nitrate salts corresponding to film, dried, and carbon coated. The SEM (ISI DS- 130, Intema-
a 20-g yield of monocalcium aluminate were dissolved in 100 tional Scientific Instruments, Santa Clara, CA) was operated at
mL of deionized water. Citric acid monohydrate (60 wt%)- 10 kV and the TEM at 120 kV (Philips EM 420, Philips Instru-
ethylene glycol (40 wt%) resin was added to the mixture. The ments, Inc., Mahwah, NJ). Both were equipped with energy dis-
resulting solution was heated and stirred until a crisp aerated gel persive spectroscopy facilities (EDS) (Tracor Nothem TN2000,
formed. The gel was finely ground and calcined in air at various Middleton, WI (on SEM), EDAX PV 9900, EDAX Intema-
temperatures and times. For each mixture, the resin content, R,, tional, Inc., Prairie View, IL (on TEM)). Crystallite sizes were
of the gel was defined as measured from dark-field (DF) and bright-field (BF) TEM

I ~images. The reported values represent the average of about 20

= wt% resin content = 100 X (3) of the largest crystallite diameters in each case.Rc wt rein onent= 10 ×kW,,n + Wox•e

III. Results
where W0,,. is the weight of the final product calculated from
the known weight of precursors used. W,,,*, is the weight of the (1) Phase Distribution
resin. This definition avoids the problems of determining both Control over the phase distribution in the powders was
the moisture content of the gel prior to calcination and pro-. achieved by optimizing the processing parameters such as resin
cessing yield. Each calcination batch was heated to the specified content, time, temperature, and furnace atmosphere during
temperature at a rate of 5°C/min, annealed at this temperature calcination. In powders calcined at 900°C or higher for 3 h, the
for the specified time, and furnace cooled to room temperature. amount of resin in the starting solution had no significant effect

(2) Powder Characterization on the phase distribution for resin contents of 50 to 92.5 wt%.

(A) X-ray Diffraction Analysis: The phase distribution in Single-phase CaAlO, powders were always obtained. For pre-
das a function of calcination tem- cursors with less than 50 wt% resin, other phases, i.e., Ca3A12O6the powders was analyzed asafnto fcliaintr- and CaAI4O7, coexisted with the CaAIO, phase. The effects of

perature, resin content, and calcination time, using a

Rigaku spectrometer (DMax automated powder diffractom- temperature and time of calcination, and the furnace atmo-

eter, RigakusUSA, Danvers, MA) and CuKa radiation (40 sphere, are shown in Figs. I (a,b) and 2. Powders calcined at

kV, 40 mA). 800°C or below were X-ray amorphous, while above 800°C the

(B) Thermal Analyses: Pyrolysis of the ground gel sam- powders were crystalline (Fig. 1 (a)). However, TEM analysis

ples of 15 mg with different resin content was monitored by dif- showed that powders calcined below 800°C contained some

ferential thermal analysis (DTA) (Model 910, TA Instruments microcrystalline particles. The effect of calcination time is seen
foerely Dhra PntaWlmsington, D E) atMaorae o10,T CIntrmints, T in Fig. l(b) for powders annealed at 900WC in a closed box fur-
formerly Du Pont, Wilmington, DE) at a rate of 10sC/min. The nace. Initially, only CaAI4O, peaks were observed in the X-ray
decomposition of selected gels was studied by simultaneous spectrum. With increased calcination time CaAlO, X-ray
differential thermal analysis and thermogravimetric analysis peaks appeared with simultaneous decrease in CaAI,O, X-ray
(DTA/TGA) (Model STA 409. Netzsch GmbH, Selb, Ger- intensity. After 3 h of calcination at 900°C, the X-ray diffrac-
many) at 5°C/min. tion pattern consisted mainly of CaAI2 ,O peaks. The initial for-

(C) Specific Surface Area Measurements: The effect of mation of CaAI,O, was mostly suppressed when a constant air
resin content, calcination time, and temperature on the specific flow (0.6 mL of air/(g of precursor)) was introduced into the
surface area of powders was studied by nitrogen gas adsorption furnace atmosphere during calcination, as shown in Fig. 2.
(Model ASAP 2400, Micromeritics, Norcross, GA). The sur-
face area data were obtained by five-point BET analysis. (2) ThermalAnalysis of Gels

(D) Particle Size Distribution Analyses: The particle size Apart from the gel with 92.5 wt% resin, the DTA traces
distribution of powders was studied using a Laser absorption showed exotherms at 4000, 5000, and 9000C (Fig. 3(a)). The
spectrometer (Sedigraph Model 5000E, Micromeritics). The first exotherm was associated with charring of the polymer, the
powders were suspended in a calibrated dispersing liquid (Sed- second with pyrolysis of the organics, and the last exotherm
isperse A-12, Micromeritics). The suspension was sonically resulted from char burnout. The third exotherm was absent in
agitated with a quartz tip ultrasonic processor (Heat System DTA traces for gels with 92.5 wt% resin content. This may have
Model W385, Farmingdale. NY) for 5 min before analysis. been due to the fact that only a small amount of char was



February 1994 Chemical Symhesis and Characterization of Calcium Aluminale Powders 533

(a) (b) CA CA, Co01

CA CA.. C•0 4° 1

U A CA 24 hours

600°9C

12 hours

S 6 hours

aaý i -- -01063 hlours

,~CA PA2  I hour

10 20" 30 40* 50* 60 70* 20. 250 300 35400 4550. 550

2e 2e

Fig. 1. X-ray diffraction spectra of powders calcined at (a) various temperatures and (b) various times at 900*C. 0

formed, and that enough heat was generated during pyrolysis
CA CA - CaA 2o0 at 500*C to eliminate that char. Moreover, TGA analysis in

C.A2 - CLAV40l Fig. 3(b) showed that most of the weight loss occurred at tem-
peratures between 4000 and 5300C. This corresponded to the
range where polymer burnout occurred. The precursors with

CA(a) lower resin contents also revealed a slight weight loss at around 0
C9A0WC which might have been due to the char burnout process.

-CA (3) Particle Size Distribution
"a CA2 Powders in this study had a wide particle size distribution

with agglomerates and particles in sizes ranging from submi-
crometer to tOO pam. Most of the particles were of irregular

CA(2 shape with sharp comers and edges. Increased calcination tern-
0 CA peratures caused agglomeration and hence narrowed the parti-

cle size distribution. The particle size was independent of
calcination time. Figure 4 shows the effect of resin content on
particle size distribution. Powders prepared from the highest

Sand lowest resin content precursors (i.e., 92.5% and 50%,
respectively) gave a median size of 25 p.m equivalent spherical

200 25 300 350 400 450 W 55° W diameter (ESD), whereas powders from 85% and 70% resin
2e content precursors had a median particle size of 8 pim ESD.

Fig. 2. X-ray diffraction spectra from precursors calcined at 9000C (4) Specific Surface Area

for I h (a) with air flow, (b) in a closed atmosphere box furnace. (A) Effect of Temperature: The specific surface area of
powders was sensitive to calcination temperature, time, and
composition of the starting gel. The powder calcined from 70

50% Resin content

ý70% ýRe~sin content
10

0 at 50C/min
e70 wt% resin precursor

A -20
1 • -30

• .• -40
- 92.5% Resin content -4

-60
• • • I. •.. • -70

0 200 400 600 800 1000 1200 0 500 1000 1500

Temperature (C) Temperature (0 C)
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"ig. 3. (a) Differential thermal analysis (DTA) traces of the calcination behavior for precursors with different resin contents. (b) Thermogravimetric
nalysis (TGA) of 70 wt% precursor performed in the temperature range 20-1400°C with a heating rate of 5C/min.
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Fig. 4. (~a) Effect of resin content on the particle size distribution of the pow ders. SEM micrographs showing the effect of the resin content in the pre-
cursors on the particle size distribution of the powders calcined from (b) 50, (c) 70. (d) 85, and (e) 92.5 wt%~ precursor gels.

'vt%~ resin gels at 8000C for I h had a BET specific surface area 800*C calcined powders was anomalous. Less coarsening and
of 1 .7 m2/g. This powder was visibly black in color. indicating hence higher specific surface area would be expected at 800'C
tme presence of residual carbc'n. At 9000C, the specific surface than at 900*C. TEM observations of the 8000C powders
area as measured by BET pe-ke.d at a value of 10.0 m2/g. M~ost revealed an internal microstructure having interconnected
of the residual c.ý!-bon was burnt out and the powder was ligh: porosity. The average pore diameter was 10-20 nrn (Fig. 6).
gray in color. Further increase in temperature resulted in lower. Comparative AES analysis of powders calcimed at 8000.
specific surface area (Fig. 5). Since the organics were burnt out 900'. and 1000*C (Fig. 7) showed a significant decrease in the
by 530'C (Fig. 3). the low specific surfacec area observed in amount of surface carbon with increasing tcmperature. AES
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Fig. 5. Effect of calcination temperature on the specific surface area
of CaAIlO, powders. Kinetic Energy (eV)

Fig. 7. Auger electron analysis (AES) spectra of powders derived
from 30 wt% resin precursors. The powders were calcined at (a) 100(0,
(b) 9000, (c) 800*C, before sputtering, and (d) 800TC after sputtering.
C,,,,) and Ca,,,s are at the same energy. However, the significant
decrease in Cx,,L) peak intensity with sputtering time can be seen in (c)
and (d).

9
Fired at 900*C for 3 rs

S4

Cl 3
2 I
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Fig. 6. TEM bright-field image of a typical powder calcined at 800'C Fig. 8. Effect of composition of the gel on the specific surface area of
for 6 h. The lighter areas are the internal porosity with approximately the as-calcined powders.
10-20 nm pore diameter. The interconnected nature of the porosity is
evident.

The SADP from the powders calcined at 700TC contained four
analysis between successive in situ Ar' sputtering of the 8000C distinct Dirac peaks (arrowed in Fig. 10(b)). This indicated
calcined powder yielded a carbon depth profile. The significant local (short-range) ordering in the amorphous phase. As the
decrease in the Cf,,, peak intensity from as calcined to sput- calcination temperature was further increased, dotted rings sig-
tered 800°C powdeis indicates that most of the residual carbon nifying microcrystalline formation were observed (Fig. 10(c)).
was concentrated at the surface (Fig. 7). Microcrystals appeared in the amorphous matrix at tempera-

(B) Effect of Resin Content: The specific surface area of tures as low as 7000C. With time and/or temperature of heat
powders calcined from gels containing between 70 and 92.7 treatment, bright- and dark-field imaging showed that the
wt% resin at 900TC for 3 h showed an unusual quasi-parabolic existing crystallites grew, and new ones formed in the highly
lependence on the resin content (Fig. 8). Figures 9(a-d) are porous matrix. After calcination at 1000°C, the crystallites were
ýEM micrographs showing the morphology of powders as a big enough to allow zone axis identification from the spot
unction of resin content. The amount of porosity in the pow- SADP's as illustrated in Fig. 10(d). The time dependence of

Jers can be directly correlated to the specific surface area. Fig- crystallite size durirg isothermal heat treatment is plotted in
-re 9(c) confirms the low specific surface area observed in 85 Fig. 11 (a). The parallelism between the curves indicated a con-
wvt% resin content powder (Fig. 8). It was noted that the specific stant growth kinetic exponent, n, over the temperature range
;urface area can be further increased to 24 m2/g by ball milling considered. From the slope of thý--e curves n was determined to
the powders for 40 min with ZrO2 media. be -1.68. The initial crystallite size, G, (i.e., minimum size

observed in DF and BF images of powders calcined a, 700°C
'5) Crystallization for 1 min) was 9.9 nm. The relative crystallite size (G" - Go) is

TEM selected area diffraction patterns (SADP) obtained plotted versus time for various calcination temperatures in
from powders calcined at various temperatures are shown in Fig. 11 (b). The slopes of these curves give the growth rate, q.
-ig. 10. Powders calcined at 6000C were completely amor- Figure 11 (c) represents In (q) vs 7IT (Eq. (2)). From this plot,
phous, as evidenced by the diffuse hallow ring in Fig. 10(a). the activation energy, E., was found to be 118 kI/mol.
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F~ig. 9. Morphology of the powkders calcined from prec .,s with different resin content at 900TC for 3 h: (a) 50, (b) 70. (c) 85. (d) 02.5 wtý'

The nonsimultaneou, nucleation at pore surfaces observed the chemnical synthesis of distrontium silicate."' The disproprir-
by TENI indicat-d% a hc~oeeosnucleation proces~s. -. direct tionation in this cavce was due to SrCO, formation follo~k-.
correlation hetk~ c.n-!e amiount of internal porosity and number p\ -olysis of thle organics at 500,C. In thle present study, no car-
of m:. - -a.:Ld cry-stallites was, observed. Although wýith increas- honate was detected.
ing cntitpcrature cry-stallite siue became laroer. thle microstruc- Tli, neteroeencit\ in thle calcined pom, dcr mia\ he due to pref-
ture retained tnost of its internal porosit\ up to I 000C. erential complexing of one of thle cations wvith thle polymer Icad-

inc to formation of a char during thle burnout process'. Calcium
I V. IDiscussion ions. due to their higher reactiv ity, might preferentially a\ýmoc

ate themselves with the polymecr. Fourier transfono infrared

46(I) Phase Formation spectroscopy IFFIR) studies are under way.I to clarify this point.
('a,Al.,.jO CaAl.0O. CaA 0,., and CaAI,.O,,, are thle readily Preferential linkage of calcium cations to the polymler %N il!

,'rmied andl therniodyn:..micallv stable compounds tin the CaO- causo themn to remain trapped in the char until its, (ecompomit'
AI) binary s\ :cmn wvith increasinie refractoriness. respec- at 900"C. Thus, excess alumittum totts would be a~aiiable at r

tel In tile conventional1 preparation route by higih-temn- earls staces of the reaction. resultine, in the forniat ion of al urm-
pecrature solid-state svnthe,,is. the batch usually contains CaO- numn-rich phases. When thle Ahar burnt out at 900CC. a,, main-
rich phases atnd unreacted .*\l 0, Wfore thle appearance of fested by the third exothecrin in DTA and thc %weiht los
& (le>:ed product phase. For eviample. CaA],.0, formied at early- o'-)0,C in TGA. calcium ions be.aeavailable. The cicýiuni

otes~f the process xs lien CaG and Al .0 %were oti ed tin ions thus I e)rate col thtIectIIhte'rvosi~fre
C). \() 1:2 1proportions. Sinch !-oat explained this, behavior calc:ium dialumlinate a1r. Unreacted alumninumI ions,. al"' InI the,

I\a hielier reactli\ it of CaC) %, 1i respect to A: .0,. Contrar% to char, to Love T'10nocalc..Li .. adumninate as the tinal1 prOJUh. Th.
thi, obser\atioin. c~dicUni diou: (aeCaAl.O-) atnd nion - a~l- follov. no re ;ic iion seLuenCel fro m thle . O-n iorpht m1atr\,
I II dum aluinote , ai CaA ljVý \k c-Lc both observecd at earls stal-eý oif soIee d:

'atioli Iin ChoCtiicaHd\ poý :ared inot11:IocaCIUni aIluitiateI
F \ve unIe' ox'(L Ac ttpir.mall ar11LIonts 01f Initial reactIion

( .. *\l I :nt,,ullm ,:'c~tn 1isp'o portioniatlo (,! ) 0 .1 ca-

1 it) !!e precr.' Si::.* bsr:7 ~ : toere nudelL JIurine C.10) -A UI]( .\ C. 1
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trial reat. o S(Ffo odrsmp~ acndfo 7 t ei otiing.9b) preuror at wtemperresi (efie pow00, wit thec s~~((0 and

8' fpm ESD a~glomrerate size (Fig. 4) has no internial porositN
CaAI.O. + Ca:- 6 . + 2CaAI.0 4  (5) 1 ig. 9(c)). This is consistent with the minimum oeerved in the

meiniasurements (Fig. 8).
S,:nply of extra oxygen to the system will shift the equilibrium (3) Closure of Surface Pores by Residual Carbon

Lq.(7'towrd thergt n eýmr aL, At temperatures belowv the char bum~out which occurs at
rodcedat arl sace of 2

j..:.ol crstal~uion n 900 C, the residual carbon seals off suria'e- pores. mmetile
em'm v~oh hL rvsct oser ~ ntern al porosity inaccessible to N, anoeCCUIes (luring BET_ anal-

.2) I-fft et o.fRA ,mn C mltcnt vsisa Thus. for 900'C calcined powders. although TENI
Th ncontent it, th', 2el precursor had a drastic impact on rvad itr Iprst nago~eae Fn .t.

:hc poro specific ý!rliacc area, and n 7h logy of the pow- )ýific surface area .as anomalousl% low at 1.7 inl7 2, I Le. 5,.
it In in1 eo' IQ. wK sc.edprilv itrhon depth p-Afling bv ABS confirmecd the carbon cosnccn-

:irates fir E SD). In :,uch high-resin-contcnit :on at the urze(F.-.- . For 900'C calcined po'. I ; te
lrý I~s Ae cation species are %. .,.ely separated! I,\ *i cn.i, . .anir:udine the sui aýce carbon, was burnt out. Ti. :_ cna

orav ~uic is leads to local formlatix, )f ltne oxide part; - i porosity s% as nowV ac_ýcssihle to N. adsorption. givin *: a surface
t hr -' ý.-sional network. The he.,. released during b,. uit arez; of l0 m2/g. This vi.lue is 40 times lareer thi: :hat ot con-

n2 O thy -, Ianiount of PAlvmer CaUsis thle particles to neck. .id ventiornallv prepared CaAlO, powvders. 56' The ri MO\ a! of s5cr-
to Hon- kirce aisglon: z:s with extremelv fine intern:!i porosity face carbon at 900'C and aboxc A, ats confirmed by ABS (Fie.

6r, the otli,'r hand, in a l ow-resi n-content srecý. )r of 50 ()Mcaz~ n ieisoC~O omto
"tO . c:on s:pecies, arc closer to~cther. Tisis lca,: to laree\tsain nris( f. yros:rwhad itsx

S), dc paniis linked in a coarser firo7,ework to form p7ler w -. 5sso a,,. 2:'mlpared ii: .. 1 . It is seen that a d: i9ct

o't~ approximately the same s.. _% i.e.. 25 pLnm ESD). This !Tisnl ( c-rates for CaAi.O r-alt r~t rma
the cor:,i -like ruorpho! L% seen in Fig. 9s a). The ots n:: \ 1 IS kI ino' than for solid-state- reactions

an I..s isap. !er.r'.2, an - .lysis prod- i . rys st ar .. :aO aiid AI.,()1 159-.,76 Uim( " ". The
t s Int -,:ate ibehavior wkas ohtS>% , ; vt resin nmow- I, F. rAl dit; Lusion in A-\i 7) 1477 kJ mol", eorsus the loxk er

ir,%ý hd a riiler aeclornera:. ize of 8 p~m ESD (Li fo: --a in CaG 142-268~ kJ, Tv J2 indicatcý titati '-a diffIuses
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Fig. 11. Determination of various kinetic parameters: (a) In (G" - Gg) vs In (:), (b) G" - Gg vs t, (c) In (q) vs 1f/f. From these curves, n = 1.68,
= 9.9 nmEandE = 118 kJ/mol.

Table I. Comparison of Activation Energies for Various Processes
Growth of
chemically Growth of
prepared conventionally Diffusion of Diffusion of
CaAIO. prepared A im Ca in

(this study) CaAIl0O.''3 Al=O,' CaOY'

Activation energy, E, (ki/mol) - 118 159-376 477 142-268

into A1203 to form CaAI2 0 4. This explains why the E, for con- materials which involves atomic jumps across the transforma-
ventional CaAIO 4 formation is comparable with the E8 for Ca ticon front, without any change in the composition, and does not
diffusion in CaO. necessitate any long-range diffusion.

*The mechanism for solid-state reaction between crystalline Thus, this microstructural-kinetic study of the Pechini pro-
CaO and A120 3 to form CaAI2 04 is schematically depicted in cess gives an insight into the advantages of chemical synthesis
Fig. 12(a). Growth of CaAIO 4 occurs at the CaAl 2 04-A1 203 over conventional solid-state reacted processes. Whereas the
interface and necessitates the diffusion of Ca through the latter process involves repeated grinding and firing and may
product phase toward AI203. Consequently the growth rate still yield unreacted and/or intermediate phases, the Pechini
decreases as the product layer thickens. The growth kinetic route produces a completely reacted, single-phase product, at
exponent, n, for this type of reaction is considered to be 2).37~ ~ comparatively lower temperatures.

A model for CaAl2 O4 crystal growth from an amorphous
matrix of the same composition is proposed in Fig. 12(b). V. Conclusions
Growth occurs by viscoelastic relaxation of the amorphous High-purity, high-specific-surface-area, single-phase CaAI2 -
phase involving only a few atomic jumps across the amor- 0, powders have been chemically synthesized at temperatures
phous-crystalline interface. The growth rate is independent of at or below 900°C using the Pechini process. Specific surface
crystal size and is constant. In this study the growth kinetic areas of 10 m2/g were routinely obtained at 900°C after 3 h of
exponent, n, was found to be 1.68. This lower value of n (1.68 calcination.
vs 2) indicates a faster growth rate for the mechanism involving TEM studies of the early stages of crystallization from an
crystal growth from an amorphous phase. Overall, the process amorphous matrix enabled a detailed kinetic analysis of crys-
is analogous to a polymorphic transformation in crystalline tallite growth. The activation energy of 118 kJ/mol and a
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Fig. 12. Schematic representation of CaAI,0 4 growth mechanism during (a) high-temperature solid-state reactions, (b) crystallization from chemi-
cally derived amorphous matrix.

growth kinetic exponent n of 1.68 were determined. These val- "T1. J. Clark and J. S. Reed. "Kinetic Processes Involved in the Sintering and
ues were consistent with a short-range diffusion model. Crystallization of Glass Powders," J. Am. Ceram. Sac.. 69 [I] 837-46 (1986).

u eR. M. Spriggs, L. A. Brissette, and T. Vasilos, "Grain Growth in Fully Dense

Acknowledgments: We thank Dr. I. Nettleship, now at the University of Magnesia," J. Am. Ceram. Soc., 47 [8] 417-18 (1964).
Pittsburgh, for valuable discussions on the Pechini process. The use of facilities z'T. Tsuchida, "Formation of ZnAIO., in the Presence of Cl2,." J. Am. Ceram.
at the Center for Microanalysis of Materials in the Materials Research Labora- Soc., 71 [91 C-404-C-405 (1988).
tory, at the University of Illinois, is acknowledged. The authors are indebted to 'S. C. Yang and R. M. German, "Grain Growth Kinetics in Liquid-Phase-
Dr. Nancy Finnegan of the MRL for the AES analyses. Sintered Zinc Oxide-Barium Oxide Ceramics," J. Am. Ceram. Soc., 74 [12]

3085-90 (1990).
References ,J. E. Burke, "Fundamentals of Recrystallization and Grain Growth";

'A. A. Goktas and M. C. Weinberg, "Preparation and Crystallization of Sol- pp. 1-73 in Grain Control in Industrial Metallurgy. Edited by J. E. Burke. R. L.
Gel Calcia-Alumina Compositions," J. Am. Ceram. Soc., 74 [5] 1066-70 Kenyon, H. Burghoff, and . T. Hobbs. ASM, Cleveland, OH, 1949.
(1991). "F. Cebollada and . M. Gonzales, "Microstructural Study of the Crystalliza-

2F. T. Wallenberger, N. E. Weston, and S. D. Brown, "Melt Processed Cal- tion Product of the Co,.-,.P, Amorphous System," J. Mater. Res., 8 [ 1l05-11I
cium Aluminate Fibers: Structural and Optical Properties"; pp. 116-24 in Pro- (1993).
ceedings of the Society of Photo-Optical Instrumentation Engineers, Vol. 1484, "J. Y. Cheng and L. J. Chen, "Growth Kinetics of Amorphous Interlayers by
Growth and Characterization of Materials for Infrared Detectors. SPIE-The Solid-State Diffusion in Polycrystalline Zr and Hf Films on (11) Si." 1. Appl.
International Society for Optical Engineering, Bellingham, WA, 1991. Phys., 68 18] 4002-4007 (1990).

'J. D. Birchall, A. J. Howard, and K. Kendall, "Flexural Strength and Porosity 'R. Chiba and N. Funakoshi. "Crystallization of Vacuum Deposited Te-Se-
of Cements," Nature (London), 289, 388-89 (1981). Cu Alloy Films," J. Non-Cryst. Solids, 105, 149-54 (1988).

"K. Kendall, J. D. Birchall, and A. J. Howard, "The Relation between Porosity. "T'. Ikari, M. Izaki, T. Fukumori. and K. Futagami, "The Activation Energies
Microstructure and Strength, and the Approach to Advanced Cement-Based of the Crystallization of Amorphous Ni.,Pi, Alloy Films," J. MC* %i.. 26,
Materials." Philos. Trans. R. Soc., A310, 139-50 W O 2". 583--87 (991).

'K. Fujii, W. Kondo, and H. Ueno, "Kinetics of i'-,.ration of Monocalcium 7K. Maki and Y. Shigeta. "Formation of Some Hierarchy ir hOUs
Aluminate," J. Am. Ceram. Sac., 69 [4] 361-64 (1986). Structure During the Crystallization of Vacuum-Deposited Amor' :mi-

'R. N. Edmonds and A. J. Majumdar, "The Hydration of Monocalcium Alumi- conuctor Fing Ape Phys., 63 [ a]u74-D0 (1988).

nate at Different Temperatures." Cem. Concr. Res., 18, 311-20 (1988). conductor Films," J. Appl. Phys., 63 [A12]i5747-50 (i 988).
'W. Weisweiler and S. J. Ahmed, "Kinetik der Festk6rperreaktionen im Sys- irF. Yah, J. M. Parkers and B. J. Ainslie. "Kinetic Study ofGrowth o1 se)

tern CaO-AIO," (in Ger.) Zem.-Kalk-Gips, 33 [2] 84-89 (1980). Microcrystals in a Glass Matrix," J. Phys. D, 21, $82-$84 (1988).
IV. K. Singh, M. M. Ali, and U. K. Mandal, "Formation Kinetics of Calcium "M. Avrami, "Kinetics of Phase Change. It." J. Chem. Phys., 8, 212-24

Aluminates,"J. Am. Ceram. Soc., 73 (4] 872-76 (1990). (1940).

'V. K. Singh and M. M. Ali, "Formation Kinetics of High Alumina Cement 'D. Turnbull, "Phase Changes"; pp. 252-56 in Solid State Physics, Vol. 3.
Phases," Trans. J. Br. Ceram. Soc., 79, 112-14 (1980). Edited by F. Seitz and D. Tumbull. Academic Press, New York, 1956.

"10V. K. Singh and U. K. Mandal, "Kinetic Study of the Thermal Synthesis of "J. E. Burke and D. Turnbull, "Recrystalization and Grain Growth"; pp. 220-
Calcium Dialuminate above 1400"C. Trans. J. Br. Ceram. Soc.. 81 [4] 112-13 92 in Progress in Metal Physics, Vol. 3. Edited by B. Chalmers. Interscience,
(1982). New York, 1952.

"M. Uberoi and S. H. Risbud, "Processing of Amorphous Calcium Aluminate uM. Hillert, "On the Theory of Normal and Abnormal Grain Growth," Acta
Powders at <o900C," J. Am. Ceram. Soc., 73(6] 1768-70 (1990). Metall., 13,227-38 (1965).

"ID. M. Roy, R. R. Neurgaonkar, T. P. O'Holleran, and R. Roy, "Preparation "A. M. Glaesar. "Microstructure Development in Ceramics: The Role of
of Fine Oxide Powders by Evaporative Decomposition of Solutions," Am. Grain Growth," Yogyo Kyokaishi, 92 (10] 537-46 (1984).
Ceram. Sac. Bull., 56111] 1023-24 (1977). "J. W. Christian, The Theory of Transformations in Metals and Alloys, Part I,

"3'1. B. Baldo and R. C. Bradt, "Grain Growth of the Lime and Periclase Phases Equilibrium and General Kinetic Theory, 2nd ed.; pp. 534-48. Pergamon Press.
in a Synthetic Doloma,"J. Am. Ceram. Sac., 71(9] 720-25 (1988). Oxford, U.K., 1975.

"R. J. Brook, "Controlled Grain Growth"; pp. 331--64 in Treatise on Materials I'M. Pechini, "Method of Preparing Lead and Alkaline-Earth Titanates and
Science and Technology, Vol. 9, Ceramic Fabrication Processes. Edited by F. F. Niobates and Coating Method Using the Same to Form a Capacitor," U.S. Pat.
Wang. Academic Press, New York, 1976. No. 3 330697, July 11. 1967.

"A. U. Daniels, Jr., R. C. Lowrie, Jr., R. L. Gibby, and 1. B. Cutler, "Observa- 'P. A. Lessing, "Mixed-Cation Oxide Powders via Polymeric Precursors,"
tions on Normal Grain Growth of Magnesia and Calcia." J. Am. Ceram. Sac., 4S Am. Ceram. Soc. Bull., 68 [5] 1002-1007 (1989).
(6] 28245 (1962). "R. W. Nurse, J. H. Welch, and A. J. Majumdar, "System CaO--AI203 in a

""C. Greskovich and K. W. Lay, "Grain Growth in Very Porous AI 2O, Com- Moist-Free Atmosphere"; Fig. 4308, p. 103 in Phase Diagrams for Ceramists,
4 pacts," J. Am. Ceram. Soc., 55 (3] 142-46 (1972). 1975 Supplement. Edited by M. K. Reser. American Ceramic Society, Colum-

"I'S. W. Freiman and L. L. Hench, "Kinetics of Crystallization in Li2O-SiO,
Glasses,"J. Am. Ceram. Sac., 51 (7] 382-87 (1968). b 0. KH e "op f O

""S. W. Freiman and L. L. Hench, "Further Analysis of Glass Crystallizatiorr Kubaschewski, "He Thermodynamic Properties of Double Oxides (A

Kinetics," J. Am. Ceram. Soc., 52(2] 111-12 (1969). Review)." High Temp.-High Pressures, 411) 1-12 (1972).
"R. A. Ligero, J. Vazquez, P. Villares, and R. Jimenez-Garay, "A Study of the "I. Nettleship, J. L. Shull, Jr., and W. M. Kriven. "Chemical Preparation and

Crystallization Kinetics of Some Cu-As-Te Glasses," J. Mater. Sci., 26, 211-15 Phase Stability of Ca2SiO, and Sr.SiO4 Powders,"J. Eur. Ceram. Soc.. 11, 291-
(1991). 98(1993).

". IG. C. Nicholson, "Grain Growth in Magnesium Oxide Containing Iron "K. S. Chou and G. Burnet, "Formation of Calcium Aluminates in the Lime-
Oxide or Titanium Dioxide." J. Am. Ceram. Soc., 49 [1147-49 (1966). Sinter Process. Part 1. Qualitative Studies," Cem. Concr. Res., 11, 57-64 (198 I).

"11C. S. Ray. W. Huang. and D. E. Day. "Crystallization Kinetics of a Lithia- "K. S. Chou and G. Burnet, "Formation of Calcium Aluminates in the
Silica Glass: Effect of Sample Characteristics and Thermal Analvsis Measure- Lime-Sinter Process. Part 11. Kinetic Study," Cem. Coner. Res., il, 167-74
ment Techniques," J. Am. Ceram. Soc., 74 [1160-66 (1991). (1981). 0 -



0

XPS Studies of Bond Structure Between Polyvinyl Alcohol and a

* Titanate Cross Coupling Agent
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Chemical interactions between polyvinyl alcohol (PVA) and triethanol
amine titanate chelate were studied using X-ray photoelectron spectroscopy
(XIPS) and scanning electron microscopy (SEM). The titanate chelate cross
coupled the PVA solution and produced a viscous gel. The gel had a three
dimensional cage structure containing -CpVA-O-Ti-O-CpVA- organic complexes.
The water of the PVA solution was physically retained in the cage structure and

0 was readily available for chemical reactions. The removal of this entrapped
water was irreversible and lead to a collapsed film of Ti-cross linked PVA.

0 I. INTRODUCTION

Polyvinyl alcohol (PVA) is one of the key components of the high alumina
based (HAC), macro-defect-free (MDF) cement composite materials. These

* composites were introduced in the early 1980's and had superior mechanical
properties compared to any cement paste known at that time 1, 2.

Microstructural and microchemical studies of HAC-MDF have shown that the
polymer not only acted as a rheological aid that facilitated effective particle
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packing during processing, but its chemical reaction with the ceramic grains also
contributed to the improved properties of the composite 3. The microstructure

consisted of anhydrous cement grains, the polymer, and an interphase region

composed of a mixture of amorphous and crystalline hydrates of calcium
aluminate 3,4. Although the water soluble polymer was essential in obtaining
the improved properties of the composite, it also proved itself to be the Achilles'
heel of the system. HAC-MDF cement lost -32% of its dry strength upon
prolonged exposure to moisture 5. Other properties such as electrical resistivity
and dielectric loss constant followed the trend of strength after moisture

exposure. In-situ environmental transmission electron microscopy (TEM) studies
of the composite showed that the polymer and the interphase region absorbed 0
moisture when exposed to humidity. Water swelled up the polymer and the
interphase, leading to degradation of the properties 6. It appeared thus that the
polymer matrix and the interphase region needed to be rendered insensitive to

moisture after the setting reactions in the composite. 0
Incorporation of an organic cross-coupling agent into the composition of

the HAC-MDF during processing has been a promising solution to this problem 5.
The basic requirements for a cross coupling agent for the composite are (1) its
addition should not impair the processability of the composite, and (2) It must be 0
stable and active at the high pH values present during composite processing.

A titanate cross-coupling agent, triethanol amine titanate chelate (Tyzor
TE®, DuPont de Nemours) have been incorporated into the composition of MDF
cement. The composite thus modified, had a significant increase in moisture 0
resistance when compared with the original one 5. While the original composite
retained only 68% of its strength after 28 days of moisture exposure, the modified

one retained up to 84% after the same treatment. However, there was a practical
limit to the amount of the titanate cross-coupling agent that could be added to 4
the system. Higher than 0.21 parts by weight of triethanol amine titanate chelate
interfered with the processing of the composite 5. Studies on titanate modified
HAC-MDF composites showed that the torque required during high shear
mixing increased with the addition of cross coupling agent, and the window of •
processability decreased 7. It is surprising that such a small quantity of triethanol
amine titanate chelate could significantly modify both the processing window
and the moisture resistance of this composite. It was therefore imperative to
understand the nature of the chemical interactions between various components 0



of the modified composite. The interactions between the PVA and a calcium
aluminate ceramic have been previously reported 8.

In this paper, X-ray photoelectron spectroscopy (XPS) was used to study
the bond structure and the chemical reactions between triethanol amine titanate
chelate and polyvinyl alcohol.

II. EXPERIMENTAL

A. Materials

1. Polyvinyl alcohol (PVA):

100% hydrolyzed polyvinyl alcohol (PVA) with an average molecular
weight of 50,000 was used in all experiments. 2 wt% PVA was dissolved in de-
ionized water, by simply stirring the solution at room temperature. Solutions
with higher PVA contents were prepared at temperatures below 670C. The pH of
the solutions was measured as a function of PVA content using a microprocessor
controlled pH meter.

2. Triethanol amine titanate chelate (Tyzor TE®):

This titanate cross coupling agent is compatible with high pH
environments, and its cross linking reactions can be activated in aqueous
solutions 9. It is "a mixture of various chelates with at least one component in
the solution having a cage structure" as depicted in Fig. 1 9. No further detail on
possible other structures in the solution was available in the product literature. It
was observed that the Tyzor solution aged with time and changed its color from
pale yellow to amber. The material was also suspected to decompose on
standing for extended time at room temperature. The Tyzor series of organic
titanates cross linked polymers through the active hydrogen of hydroxyl, amino,
amide, carbonyl, and thio functional groups 9. They were not very susceptible to
hydrolysis. The chelates were supposedly unreactive when mixed with cross
linkable materials at room temperature. Raising the temperature between 1000C
and 250'C activated the chelates by decomposing their structure. The cross
linking reactions could also be initiated by increasing the pH of the system in the



range of 6 to 10. The chelates were known to cross link at room temperature in a
few seconds in an aqueous guar gum solution at pH 7.0 9.

B. Sample Preparation

1. XPS

Three sample configurations used are schematically shown in Fig. 2 (a-c).
The films were prepared by spin coating the appropriate solutions on to a pre-
cleaned glass slide under a rotation speed of 4,000 rpm. In the first configuration
the Tyzor solution was spread on the glass substrate. A PVA solution was then _
spun coated on the Tyzor layer. The order of the layering was reversed in the
second configuration. While the PVA layer uniformly spread over the Tyzor
layer in the first configuration, in the second, the instantaneous reaction
prevented a uniform spread of Tyzor over the PVA. The third was a reference 0
configuration with an intermediate gold layer between the Tyzor and the PVA
covering half of the specimen. The purpose was to assure that the depth probed
during XPS was completely within the top PVA layer. The whole procedure was
carried out in a Class-1000 dean room. The samples were stored in a dessicator -
for one day prior to XPS analysis.

2. SEM and XRD

In a vial, a droplet of triethanol amine titanate chelate solution
(approximately 0.02 g of 1/50 by weight Tyzor TE/isopropyl alcohol solution)
was added to 5 ml of 2 wt% PVA solution. The mixture gelled instantaneously.
Highly reactive, fine monocalcium aluminate powders 10,11 were sprinkled on to 4
the PVA-Tyzor TE gel thus produced. After 48 h, the powders were separated
from the gel. Microstructural characterization and microchemical analysis of the
separated powders were performed using X-ray diffraction, scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS).

S



C. Characterization

1. XPS Analysis

A PHI 5400 X-ray photoelectron spectrometer equipped with a Perkin-

Elmer hemispherical analyzer was used to collect the XPS data. The Mg anode
(Mg Kcc at 1253.6 eV) was operated at 400 W (15 kV) under a base pressure of 2 x

10-8 Pa. The X-ray source was approximately 15 mm directly above the sample

surface. The hemispherical analyzer was operated in the constant energy mode

with a pass energy at 17.9 eV giving a resolution of 1 eV. It was reported earlier
that some degradation of the polymer occurred after 1 hr of continuous exposure

to X-ray irradiation under the above conditions 8,12. Multiplex data acquisition

was completed in 30 to 40 min. The C(ls), O(ls), and Ti(2p 3/2) energy lines were

analyzed. Mixed Gaussian and Lorentzian line shapes were used for spectral

deconvolution. The full widths at half maximum (FWHM) were set at 1.33 ± 0.1

eV for C(ls), 1.70 ± 0.1 eV for O(ls) and 1.20 ± 0.1 eV for Ti(2p3/2) 8,12-16. Plasma
deposited gold film was used to calibrate the binding energies in the spectra.
The Au(4f7/2) peak was set to 84.0 eV 17-20 and all the other peak positions were

referred to this binding energy level. Under these conditions the binding energy

of the C(ls) peak associated with the CH2 group in PVA was 285.0 eV 8,12,13,21

III. RESULTS

When an aqueous solution of 100% hydrolyzed polyvinyl alcohol (PVA)

was mixed with triethanol amine titanate chelate in a weight ratio of 4/1000:
Tyzor TE/PVA, the whole solution formed a very viscous gel at room

temperature within seconds. This gel did not flow when the vial containing it

was turned upside down as shown in Fig. 3. No water rejection was observed

after several months in a dosed container. When the gelled solution was left in
air on the other hand, the structure lost its water and shrunk.

Thermogravimetric analysis (TGA) of the gel at a heating rate of 1°C/min.

revealed that most of the water was lost below 80°C. Once the gel was dried and

shrunk leaving a filmy residue, it did not dissolve or swell in cold or boiling

water.
The XPS survey spectrum indicated that the sample was free of impurities.

The survey spectrum from the sample with the configuration depicted in Figure
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2 c. did not reveal any gold peaks. Thus, it was conduded that the spectra

observed originated from the reacted PVA layer. Fig. 4 shows the experimental

and synthesized O(ls) spectra from pure PVA (a), and from PVA coated on to

Tyzor TE (b). After the correction for sample charging effects, the spectrum from

pure PVA revealed a single 0(ls) peak centered at 533.0 ± 0.1 eV having a FWHM

of 1.70 ± 0.1 eV, in agreement with the values reported in the literature 13,14

Although there may be more than one type of oxygen-carbon bond in PVA, the

various O(ls) peaks due to these could not be distinguished given the resolution

limit of 1 eV. The possible bond structures contributing to the observed O(ls)

spectrum were C-OH, C--O and C-O-C groups. The binding energy for the O(ls)

photoelectron from the C-OH group was at 533.0 eV (Table D). A comparison of

the two O(ls) spectra from pure PVA and from PVA on Tyzor TE, in Figs. 4 (a

and b) indicates dearly that oxygen is taking part in an additional type of

bonding in the later configuration. Fig. 4 b reveals a new O(ls) peak at 531.3 eV

in addition to that from the C-OH group.

The C(ls) multiplex spectra from pure PVA and PVA coated on to Tyzor

TE are shown in Fig. 5. In the pure PVA film, the C(ls) spectrum can be

deconvolved into 3 peaks. The first, located at 285.0 eV is associated with the

CH2 group, while the second, at 286.5 eV is due to the C-OH group. The third

peak at 288.3 eV resulted from C=O and C-O-C groups (Table II). These groups

formed as a result of X-ray irradiation induced degradation of the -OH groups in

the polymer 8,12. Consequently the C(ls) peak associated with the -OH group is

slightly attenuated. The experimental C(ls) spectrum from PVA coated on Tyzor

TE (Fig. 5 b) reveals another peak in addition to the three PVA peaks mentioned

above. This new carbon ls peak is at 285.7 eV. The peak from the C-OH group is

further reduced in intensity. The intensities of this new peak and the peak which

is due to C=O and/or C-O-C groups are such that their sum equals the reduction

in intensity of the C-OH peak from the 50:50 ratio with CH 2 peak intensity.

The experimental multiplex and synthesized Ti(2p) duplets from a Tyzor

film and from PVA reacted with Tyzor are shown in Figure 6. In Fig. 6 a the

Ti(2p3/2) and Ti(2pi /2) peaks are separated by 5.75±0.05 eV, indicating that

titanium in Tyzor was surrounded by oxygen atoms. Moreover the Ti(2p 3/2) can

be deconvolved into two peaks located at 459.0 eV and 457.5 eV. These peaks can

be attributed to Ti4+ and Ti3+ valence states, respectively (Table II). Fig. 6 b

shows exactly the same features as does Fig. 6 a. This indicates that there was no



change in the chemical environment around the titanium atoms in Tyzor and in
PVA reacted with Tyzor.

The X-ray diffraction studies of the calcium aluminate powders sprinkled
on to the gel that formed during PVA/Tyzor TE interaction revealed that
hydration had occurred. Fig. 7 shows that hydrates (CaA12014H20) and
carbohydrates (Ca4Al2CO21H22) formed. Fig. 8 is the SEM micrograph from the
same powders. It clearly shows needle-shaped morphology typical of
carbohydrates. The EDS analysis revealed Ca, Al and very small amounts of Ti
in the hydrated powders. However, the Ti peak may have been due to the
polymer which adhered to the powder surface.

IV. DISCUSSION

From a visual inspection of the PVA solution mixed with Tyzor TE in the
vial it was apparent that the two had reacted at room temperature. This was
evidenced by the instantaneous viscosity increase and immediate gelation of the
mixture. The XPS analyses of the reacted polymer revealed new peaks in the

O(ls) and C(ls) spectra. The new oxygen signature at 531.25 ± 0.1 eV and the
carbon signature at 285.7 ± 0.1 eV were indicative of the formation of a new

complex.
By analogy with the binding energies obtained for the O(ls) peak in other

transition metal carboxylates (Table I), the new O(ls) peak could be assigned to a

C-O-Ti-O-C organic complex. Consistent with this, the binding energy of the
C(ls) peak would be expected to lie in the range 285.6-285.9 eV (Table II). A
value of 285.7 eV was observed in the Tyzor-reacted PVA. Since titanium had
the same chemical environment in Tyzor as in the C-O-Ti-O-C complex formed
during the Tyzor-PVA reaction, no binding energy change was expected, as was

observed. The formation of the C-O-Ti-O-C complex and corresponding
decrease in the C-OH peak intensity indicated a mechanism involving cation
exchange with the OH group of the PVA. Such a mechanism is schematically

depicted in Fig. 9.
The exceedingly low concentration of titanium added indicated that the

cross linking occurred at only a few sites between the PVA chains. One could

envision that the joining of chains in the solution will increase the viscosity by
limiting the molecular configurations. Consequently, the average molecular



weight per chain is increased. Random cross linking across chains would form a
three dimensional cage structure which could entrap water molecules by Van der
Waals' interactions and stearic hindrance (Fig. 10). Such a model could explain
why there was no water rejected during instantaneous gelation, although water
made up approximately 95 wt% of the solution. Furthermore, this non-

chemically bonded water was easily extracted by the highly reactive calcium
aluminate powders forming hydrates. Removal of this water left a collapsed
residue film of Ti-cross linked PVA, and was irreversible.

Earlier in situ environmental TEM studies showed that water was
absorbed by the polymer matrix phase in MDF-HAC, leading to a degradation in
mechanical and electrical properties 8. The present study suggests that the
polymer could be rendered insensitive to water resulting in a water resistant film

encapsulating the partially hydrated calcium alumninate grains. Such a
mechanism could eliminate the water sensitivity problem of MDF cement.

V. CONCLUSION

A commercial titanate cross coupling agent, Tyzor TE, reacted with an
aqueous solution of 100% hydrolyzed PVA and formed a viscous gel at room •
temperature. The XPS analysis indicated that cross linking of the PVA chains
occurred through formation of CpVA-O-Ti-O-CPVA bonds. Some hydroxyl
functional groups of the polymer reacted with the titanate agent to form a three
dixiensional cage structure. This cross linked structure retained the water of 0
solution in the network of the gel. The water was only physically held in the
structure and was available for reaction with calcium aluminate powder. The
irreversible removal of the physically entrapped water left a collapsed residual
film of Ti-cross linked PVA.
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FIG. 1. Schematic of one of the structures present in Tyzor TE solution.

FIG. 2. Schematic of the sample configurations used in XPS experiments.

FIG. 3. Triethanol amine titanate chelate cross coupled PVA solution shown in a
vial that has been turned upside down. The 2 wt% PVA solution does not flow,
and no water rejection from the reacted structure was observed.

FIG. 4. Experimental and synthesized O(ls) spectra from pure PVA (a), and
from PVA coated on Tyzor TE (b)

FIG. 5. C(ls) spectra from pure PVA (a) and PVA coated on Tyzor TE (b).

FIG. 6. Experimental multiplex and synthesized Ti(2p) duplets from Tyzor TE
film (a), and from PVA reacted with Tyzor TE (b). The experimental Ti(2p)
spectrum from reacted PVA is much weaker compared to Tyzor TE spectrum.

FIG. 7. X-ray spectrum of calcium aluminate powder sprinkled on "gelled" PVA-
Tyzor TE solution. Hydrates and carbohydrates of calcium aluminate formed as
result of reactions with the water in the "gelled" structure.

FIG. 8. SEM micrograph showing typical rod-like morphology of carbohydrates
of calcium aluminates.
FIG. 9. Schematics of cross linking reactions in PVA-titanate cross coupling

agent mixture.

FIG. 10. Two dimensional schematic model of the three dimensional cage
structure of titanate cross coupled PVA solution with the retained water of
solution.
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Table I. Binding energy levels of O(ls) photoelectrons in
related compounds.

Compound/ Binding Energy Reference
environment in (eV)

in TiO2  530.2 - 530.3 22-24

in Ti2O3  529.8 - 531.4 22,24,25
in M-O-M-OOC* 529.9 26

Ni(acac)2 532.0 27

Cr(acac)3 531.4 28

metal carboxylate 531.6 25

C-OH 533.0 - 533.4 13,21
0 C-OH 533.1 ± 0.05 this study

C-O-Ti 531.25±0.1 this study
* carboxylato oxohydroxide type compound with transition metals (M)

0



Table II. Binding energies for the C(ls) photoelectrons in
certain compounds.

Compound/ Binding Energy Reference
environment in (eV)

C-OH 286.5 29
O-C-H (carbonyl) 288.0 29
O-C-OH 289.5 29
(carboxyl)
CH30 (methoxy) 286.3 15
Ni(acac)2  286.4 27
Cr(acac)3 285.3 28
C-O-Zr 285.6-285.9 25
C-C/CH2  285.0 this study
C-OH 286.5 ± 0.2 this study
C-O 288.3 ± 0.2 this study
C-O-Ti 285.7 ± 0.1 this study

"0
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Table II. Binding energies of Ti (2 p3/2) XIS line in different compounds.

Ti(2p3/2 ) XPS Binding enrgy Compound/ Reference
Line/ in (eV) environment
Valence State

Ti4 + 458.5 - 459.1 in TiO 2  15, 16,21-23,25,
30, 31-35

Ti4 + 458.4 in [TiO(acac)] 22
Ti4 + 459.1 in carboxylate 25

environment
Ti3 ÷ 456.2 - 458.2 in Ti20 3  15, 21,24,27,31,

36-37
Ti2+ 454.7 - 457.3 in TiO 15,25,27,31,36-37
Til+ 454.9 in reduced 15

titanium oxide
Tio 453.8 - 454.0 Ti-metal 15,25,30

Ti4+ 459.0 ± 0.2 Ti-O-C this study

Ti3 + 457.5 this study
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FIG. 3. Triethanol amine titanwte chelate cross coupled PVA solution shown in a
vial that has been turned upside down. The 2 wt% PVA solution does not flow,
and no water rejection from the reacted structure was observed.
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FIG. 4. Experimental and synthesized O(ls) spectra from pure PVA (a), and
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FIG. 7. X-ray spectrum of calcium aluminate powder sprinkled on
"gelled" PVA-Tyzor TE solution. Hydrates and carbohydrates of
calcium aluminate formed as result of reactions with the water in
the "gelled" structure.



FIG. 8. SEM micrograph showing typical rod-like morphology of carbohydrates
of calcium aluminates.
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FIG. 9. Schematics of cross linking reactions in PVA-titanate cross coupling
agent mixture.
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Abstract

The phase stability of the Ni-based compounds Ni 3Al, Ni 3Si, Ni3Ga and Ni3Ge was studied by calculating the
total electronic energy in the L12 and D022 phases on the basis of the recursion method within the tight-binding
approximation. A close relationship was observed between the total electronic energy difference of the L12 and
D022 phases and the number of valence electrons in the Ni-based compounds as well as in Al-based ones, AJ3X
(X=Ti, Y, Zr and Nb). For the Ni-based compounds, a structural change from L12 to D022 by alloying, in which
Ni atoms are replaced by substitutional solute elements, is predicted.

Introduction uminides and silicides have attracted much at-
tention lately; their relatively high melting points,

Several attempts have been made to understand together with other attributes such as low density,
the structural stability of the A13X and Ni3X (X high strength and good corrosion resistance, make
is metalloid or metal) intermetallic compounds them highly promising as high-temperature struc-
through calculations of electronic structures using tural materials. The biggest drawback of inter-
various methods [1-8]. For example, Guo et al. metallics is their brittle nature. Therefore, finding
[5] and Sluiter et al. [6] used a full potential linear ways to improve their ductility is an important
augmented plane-wave (FLAPW) method to study area of alloy development. One of the approaches
the relationship between phase stability, bonding to ductilize these intermetallics is to promote a
nature and mechanical properties for AI3Li; Xu structural transformation to a structure with higher
and Freeman [3] used a linear muffin-tin orbitp' symmetry, such as an ordered L12 structure. This
method associated with the atomic-sphere ap- gave us the impetus to investigate the phase stability
proximation to study AI3X (X = Y, Zr) and Ni3V. in Ni-based intermetallic compounds.
Moreover, Freeman's group proposed a criterion We investigated the phase stability of inter-
for phase stability based upon their theoretical metallic compounds Ni3X (X= Al, Si, Ga and Ge)
work using the linear muffin-tin orbital (LMTO) and AI3X (X = Ti, Y, Zr and Nb) using a recursion
method [3, 4]. tight-binding (RTB) method [11] focusing our at-

Recently, Inoue et al. [8] have studied the phase tention on the tetragonal D022 and the cubic L12
stability of Al3Nb as a function of Ni addition and phases. For the former compounds we also con-
of AI3Ti using the extended Huckel tight-binding sidered the possible structural change caused by
(XHTB) method developed by Kitamura and Mur- alloying in which Ni atoms are replaced by sub-
amatsu [9]. Results obtained were in good agree- stitutional solute elements. The advantage of the
ment with experiment. This indicates that the recurtion tightebelemethe advanta ofuteXHTB band structure calculation is a useful tool recursion tight-binding method based on a cluster
for studying the phase stability of intermetallic calculation is that it does not use the Bloch theorem,
compounds. Intermetallic compounds such as al- so the method can be applied to disordered systems
compounds. [11]. It has the further advantage that one can 0

"Present address: Department of Physics, University of Yeong- easily calculate the density of states, unlike the
nam, Kyungsan 713-749, South Korea. band structure calculations based on the Bloch

0254-0584/93/S6.00 © 1993 - Elsevier Sequoia. All rights reserved
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theorem. In this paper, we wish to demonstrate OA. OB
that the recursion tight-binding method works well
in treating the phase stability of intermetallic com- D

pounds. 0 0

Calculational procedure 20

We briefly describe the essence of the recursion 0/
method (see ref. 11 for details). In this method 0

the local density of states p(E, ri) at site r, is - - ,
expressed as (a) (b)

p(E, ri) = -(1/7r) lim Im G(E + ic, ri) (1) Fig. 1. Crystal structures for A3B compounds: (a) cubic L12; (b)
e-o tetragonal DO,.

Here G(z, ri) is Green's function, which can be
represented by a continued fraction involving the We need to evaluate the Hamiltonian matrix
recursion coefficients a,, and b,: elements such as (4,,IH4,,,> between orbitals on

the same atom, and ones such as (4 PI,- ) between
G(z, r,)= 1 (2a) orbitals on nearest-neighbor atoms. The former

b_ corresponds to the on-site atomic energy (en1),Z-o b2 2 whereas the latter corresponds to the hopping
z-al -. energy (Ehop) of an electron from atom to atom.

We use the atomic energy values obtained from
where the recursion coefficients a. and b,, satisfy a self-consistent field calculation based on the
the following recursion relation: prescription of Herman and Skillman [12] using
Hlu,=>) (2b) Schwarz exchange-correlation parameters [13], and

Ehorp values obtained from universal parameters

Here H is a one-electron Hamiltonian, and {uj} proposed by Harrison [14]. We have treated clusters
denotes the orthonormal basis set, which tridi- of 2046 atoms for all the compounds investigated
agonaiizes the Hamiltonian matrix consisting of here, taking a recurrence chain length as L = 17.
elements (4•bH1b) between atomic orbitals 4, Gaussian quadrature was used when integration
and 45.. Suffixes A. and v indicate atom sites, was involved, such as in eqn. (3). We checked the

The total electronic energy EtotaI can be cal- convergence of Ettal, varying L from 15 up to 25,
culated as and found that sufficient convergence is obtained

EF at L =17. The total energies of each compound
f' in the D022 and L12 structures were calculated

Etotal = " Ep(E, r) dE (3) for a given lattice constant. Experimentally ob-
- tained lattice constants were used for stable phases,

where summation over r, is taken for all inequiv- and for the other virtual phases theoretical values,
alent sites in the unit cell, and EF denotes the determined by Xu and Freeman [3], were used.
Fermi energy. For Ni-based compounds, however, there are no

theoretical data available. We therefore set the
TABLE 1. Lattice constants (A) used in this wL.k value of the c/a ratio of D0 2 2 to be 2, since this

is close to the experimental values of 2.037 in
Compound LI2  DO, Ref. Ni 3V and 2.055 in Ni 3Ta [15]. The lattice param-

* eters used are listed in Table 1. Crystal structures
a a c for L12 and D0 22 are shown in Fig. 1.

AlaTi 3.968 3.848 8.585 8
AI3Y 4.275 4.123 9.194 4
AI3Zr 4.073 3.928 8.759 4
AI3Nb 3.991 3.845 8.601 4 Results and discussion
Ni 3AI 3.570 3.570 7.140 15
NiSi 3.507 3.507 7.014 15 In order to verify the validity of our approach,
Ni 3Ga 3.582 3.582 7.164 15 based on the RTB method, we chose AI3Nb and
NiGe 3.567 3.567 7.134 15 AI3Ti as test cases. Results for EtotaI obtained using



216

TABLE 2. Total electronic energy E,., in eV per unit cell and
the energy difference AE -E,•(L1z) -E,,(D0%) in eV per atom |
for the Al-based compounds '4

Zr
cI

Compound E,o,,(L12) Et.,(DO-a) AE Ref. -y
03 Nb 39 40 41 42

AI3 Ti -270.085 -271.324 +0.155 this work 0 CIA)
+0.19 8
+0.06 2 01

+0.025 7++0.02505 47 <•00 ý9 4,0o 4 1 ý-,.2 43•

AI3 Y -267.784 -266.797 -0.123 this work alA) -y

-0.115 2 -02

-0.115 3
AI3Zr -269.015 -269.662 +0.081 this work

+0.03 2 Fig. 2. Total energy difference AE between the L12 and DO0
+0.01 3 phases for Al-based compounds as a function of the lattice

AlNb -273.143 -274.662 +0.19 this work constant in the L12 phase. The solid line denotes the present

+0.79 8 results; the dashed line, the results of Freeman's group [3, 4].

+0.20 2 The insert shows the number of valence electrons (n) for the

+ 0.265 3 compounds.

results are not in complete agreement with those
the same lattice constants and the same atomic of Freeman's group [3, 4], we nevertheless are
orbitals as in ref. 8 are tabulated in Table 2 along satisfied with our approach, because - within the
with the results for other compounds investigated framework of the tight-binding approximation -

in this study and the results obtained by other we can reproduce results derived from much more
researchers [2-4, 7, 8]. The atomic orbitals used sophisticated calculations based on the LMTO
were Al 3s and 3p, Ti 3d and 4s, and 4d and 5s method. The insert in Fig. 2 indicates the number
of Y, Zr and Nb. Our results for the energy of valence electrons (n) versus the lattice constant.
difference between the D022 and L12 phases show It is seen that the change in n correlates with the
that the DOz phase is stable against the L12 phase change in AE, particularly for the results of Free-
in both compounds, in agreement with experiment man's group. Xu and Freeman [3] have pointed
[16]. Our value of the energy difference per atom out that the structural stability of these Al-based
for AI3Ti is in good accord with that of Inoue et compounds can be adequately explained in terms
al. [8], who used the XHTB method, but differs of a simple rigid-band concept.
by factors of 2.5 and 6, respectively, from those
obtained by Carlsson and Meschter [2] using an Ni-based compounds
augmented spherical-wave (ASW) method and by Before presenting the results for phase stability,
Fu [7] using the FLAPW method. let us check the results for the density of states

For Al3Nb the energy difference per atom is (DOS), which is an important quantity in deter-
about one half of the value obtained by Xu and mining whether or not a phase is stable. Tanaka
Freeman [3] using the LMTO method; it is a et al. [17] studied valence electronic structures of
factor of 4 smaller than the value of Inoue et al. Ni3Si using soft-X-ray spectroscopy. They mea-
[8] using the XHTB method. Nevertheless, the sured Si KP and Ni 1.3 emission spectra, which
RTB method does correctly predict the stability reflect the partial densities of states (PDOS) of
of the DO22 phase against the L12 phase in Al3Ti Si p and Ni d states, respectively, as well as the
and Ai3Nb. self-absorption spectrum corresponding to the Ni

L3 emission. The latter measurement allowed them
Al-based compounds to determine the Fermi energy.

In Fig. 2, the values of the energy difference In the Ni-based compounds, empty orbitals were
(AE =Etotai(L1 2)-Eto0 .,(D0 22)) per atom between used in addition to the occupied orbitals, namely
the D022 and L12 phases for various Al-based the Ni 3d, 4s and 4p orbitals and the 3s (4s), 3p
compounds are shown together with the values (4p) and 3d (4d) orbitals of Al (Ga) and Si (Ge).
obtained by Freeman's group [3, 4]. The com- Otherwise we could not reproduce the experi-
pounds are arranged on the abscissa in Fig. 2 in mentally determined energy separation [17] be-
such a way that their lattice constants in the L12  tween the peak of the Ni 1-3 emission spectrum
phase increase from left to right. Although our and the Fermi energy in Ni 3Si. In order to take

S
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the d states into account, it is necessary to know
the values of the parameter rd characterizing a to)

length of the d state [14], which enter into the
expression for the hopping energy of an electron
between different sites. However, the rd value for EF
the empty d states is not known, so we estimated
it by extrapolation from known values. The known .... . ..
values [14] of rd for transition metals are plotted
against the metallic bonding radius (rB) proposed
by Pauling [18] in Fig. 3, where the dashed curves
denote the extrapolation. We inferred that Al and FE

Si atoms, which have values of 1.375 and 1.429 .
A for rB, should be located on the extrapolated •
curve for the 3d transition metal series, and that c
Ga (rB=1. 40 4 A) and Ge (rB=1.444 A) should - ---
be located on the curve for the 4d transition metal

series. The adopted values of rd are 0.59, 0.60,
0.91 and 0.89 for the empty d states of Al, Si,
Ga and Ge, respectively. The PDOS calculated
by the RTB method are compared with the ex-
perimental Ni L3 and Si K.3 emission spectra of
Tanaka et al. [17] in Fig. 4, where the results for
Si p-PDOS obtained using another value of rd are
also shown. Both values of rd gave almost the same
results for the Ni d-PDOS, but different results..
for the Si p-PDOS with respect to its peak position, -18 -13 -8 -3
as seen from Fig. 4. This is the reason why we ENERGY (eV)

adopted a smaller rd value. The peak positions of Fig. 4. Calculated Ni d-PDOS and Si p-PDOS (solid curves) for

the Ni d- and Si p-PDOS calculated using rd = 0.60 Ni3Si compared with Ni L3 and Si KP emission spectra (broken
agree well with experiment [17]. The low-energy curves), respectively. (a) Si p-PDOS calculated using ra = 1.0; (b)side of the PDOS for the Si[ p state deviates Si p-PDOS calculated using rd =0.60; (c) Ni d-PDOS calculated
considerb frthe om for the exprimntal resltes. T using rd=0.6 0. Emission spectra taken from ref. 17.considerably from the experimental results. The
reason for this deviation seems to lie in the tight-

o fTABLE 3. Total electronic energy E,.,., in eV per unit cell and
the energy difference AE=E E,.,I(L12) -Eto,,.(D02) in eV per atom

Y for the Ni-based compounds

15
Zr Compound E.o,.,(L1 2 ) E,.. 1(D0 22) AE

* Nb NiAI -785.944 -785.857 -0.011
MOMO - 0.045'

Ni 3Ga -791.825 -791.759 -0.008
Tc To Ni3 Si -821.135 -821.054 -0.010

Ru Ni 3Ge -819.906 -819.835 -0.009

Cr Ag 'Ref. 1.
Mn

Fe
co
Nic.( binding approximation. We should note that the

Ni d-PDOS is dominant, being much larger than
05 the Si p-PDOS by an order of magnitude. There-

fore, the deviation in the low-energy side of the
1.1 13 15 17 19 Si p-PDOS causes little problem in a discussion

*r,6 A of the total energy, which will be made below.
Fig. 3. The parameter rd for transition metals vs. metallic bonding The results for the total energy Et,0 ta for the
radius rB: (0) 3d transition metals; (U) 4d transition metals.
The dashed curves are extrapolated so as to form smooth lines. Ni-based compounds are listed in Table 3, and a
The rd values are from ref. 14; rB values from ref. 18. plot of the total energy difference AE (the same
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34 3.5 3ý6 3 oat (

,- 35 3.6 ot o An ,

• Ge0

-O S, . -9.066 -&612 E(.V)

At Fig. 6. Illustration of An for the case of Ni3Si and Ni3AI. The
curve is the TDOS for the L12 phase. We note that the TDOS

o0 (- of Ni3Si and Ni3AI are hardly distinguishable from each other.

Fig. 5. Total energy difference AE between the L12 and DO, (= 9.066--8.812) eV in the L12 phase and about
-.4ses for Ni-based compounds as a function of the lattice 0.21 (=9.062-8.852) eV for Ni 3Ge and Ni3Ga.

constant. The result for Ni3A1 obtained by Xu et al. [1] is shown
as an open circle for comparison. The insert is the same as in Therefore the number of electrons acconmodated
Fig. 2. in this shifted energy range, An, is approximately

An = (1.67 + 1.29) X 0.25/2 = 0.37 (electron atom- ')
for Ni3Si and (1.56 + 1.23) X 0.21/2 = 0.29 (electron

plot as that for the Al-based compounds) is shown atom- 1) for Ni3Ge. Figure 6 illustrates An for the
in Fig. 5, where the result for Ni 3AI obtained by case of Ni3Si and Ni3AI. These values are close
Xu et al. [1] is also illustrated for comparison. On to 1 electron per formula unit, which is equal to
the basis of our results the L12 phase is predicted 1/4 (electron atom-'). We note that in the Al-
to be stable in Ni3AI, Ni3Ga, Ni3Si and Ni3Ge. based compounds the number of electrons ac-
This is consistent with experiment [16]. The AE commodated in the energy range shifted in going
value for Ni3Ga is the smallest of the four Ni- from AI3Y to Al3Zr is about 0.36 (electron atom- 1),
based compounds. The variation in the value of and it is about 0.19 (electron atom- t ) between
AE from compound to compound seems to be Al 3Zr and AI3Nb. These values are interpreted
related to the number of valence electrons (n), from Fig. 3 in ref. 3.
illustrated in the insert in Fig. 5. We note that Under the assumption that the rigid-band ap-
AE for the Ni-based compounds is smaller by an proximation holds, we made an attempt to examine
order of magnitude than that for the Al-based how AE varies with the change in the number of
compounds. Therefore no marked difference in valence electrons n and to investigate whether the
the total density of states (TDOS) between the structural change from L12 to D02 occurs by
D022 and L12 phases was observed. The TDOS elemental addition of atoms such as Co and Cu
of the Ni-based compounds are very similar to into Ni-based compounds. We calculated AE(n),
each other: they have a main peak located at defined below, as a function of n, assuming the
- 10.07 eV, corresponding to the atomic 3d level rigid-band approximation:
of the Ni atom, with a shoulder at the Fermi
energy side, their separation being 0.75 eV. This E~i) = 7 dE (4a)
indicates that the rigid-band concept holds for the AE(n) =JEDL(E) dE JEDD(E)
Ni-based compounds studied here, as it does for -.-.
the Al-based compounds, as pointed out by Xu where D(E) and DD(E) are the total densities
and Freeman [3]. In the following, let us compare of states for the Li 2 and D0 22 phases; EL(n) and
the various calculations. The Fermi energies are
-9.066 (-9.068), -9.062 (-9.071), -8.812 ED(n) denote the Fermi energy determined as a

(- 8.806) and - 8.852 (- 8.859) eV for the L12  function of n in the L12 and D0 2 phases as follows:

(DO22) phases of Ni 3AI, Ni3Ga, Ni3Si and Ni3Ge, Ek ) EFn)

respectively; and their densities of states at the n = J DL(E) dE- J DD(E) dE (4b)
Fermi energy are 1.67 (1.70), 1.56 (1.60), 1.29 ....
(1.30) and 1.23 (1.25) (states eV-' atom-'). The
TDOS of the Ni3Si and Ni 3Ge group are to be The calculated values of AE(n) are shown in Fig.
compared with those of NiaAl and Ni3Ga, since 7. The value of AE for NiaAI and Ni3Ga, whose
the former group has one more electron than the constituent atoms belong to the same group, in-
latter g:oup per formula unit. The shift of EF in creases and changes sign with increasing n, while
Ni3 Si from EF in Ni3AI is about 0.25 that for Ni3Si and Ni3Ge, belonging to the same
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erties are completely characterized by atomic ener-
136 gies and Harrison's universal parameters [14]. For

0 - example, in the case of [Ni1 _-Cu.] 3Al, where x%
............ Cu atoms substitute for Ni sites, we thus assign

-1 36 a virtual atom in all Ni sites. This virtual atom

1 (b) is made in such a way that its atomic properties
161 "are defined by a virtual crystal approximation for

>, 000 describing disordered systems. For instance, the"o000 ----------- ,(C)(-x•,•N) W ssm ha l
_-36 on-site atomic energy c., for a virtual atom is given

by xe,,(Cu) + (1 -x)-E,. 1 (Ni). We assume that all
(C) other atomic values, such as hopping energies, are

W 1 defined by Vegard's rule. We have performed the< 00 calculations for the total energy, choosing Co and
-36 Cu atoms as alloying elements substituting Ni-1.6 *atoms. The results are compared with the values

-2.72 o- predicted by the rigid-band approximation in Fig.
(d) 7. The addition of 50% Co shifts EF to the low-

1 36 energy side by about 0.2 eV, and the addition of
000 -50% Cu causes a shift in EF of about +2.0 eV

0(30 (4)

36 - for all Ni-based compounds investigated here.
Model calculations show a variation in AE qual-

28 33 38 itatively similar to that in the rigid-band approx-
n imation. Our model is not exact, as it involves

Fig. 7. The results for eqn. (4), which indicates the variation of some assumptions, but we believe that it provides
the total energy difference AE(n) between the L12 and D02 a qualitatively accurate picture concerning phase
phases with the number of valence electrons n in the rigid-band stability in the case when substitutional atoms are
approximation: (a) Ni 3AI; (b) Ni3Ga; (c) Ni3Si; (d) Ni 3Ge. The ed to replace Ni atoms.
results of model calculations (see text for details) are also shown add
using solid circles: (1) 50% Co; (2) 30% Co; (3) 10% Co; (4)
10% Cu; (5) 30% Cu; (6) 50% Cu.

group, does not change sign in the range of n Conclusions
investigated. It follows that in the former group
there is a possibility of structural change by addition We studied the phase stability of Ni-based com-
of Co and Cu, whereas in the latter group such pounds Ni3X (X=AI, Si, Ga and Ge) as well as
a possibility is unlikely. We are interested in Al-based ones AI3X (X = Ti, Y, Zr and Nb) using
alloying in which Ni atoms are replaced by sub- the recursion method within the tight-binding ap-
stitutional solute elements. However, we should proximation. When our results were compared
note that the results obtained in the rigid-band with previous studies, it was found that the value
approximation do not reflect the effect of site of the total electronic energy difference AE
preference of solute elements, depending only on [ =E,oa1(L12) -Etotag(D0 22)] between the L12 and
the change in the number of valence electrons. D022 phases is correlated with the number of
Therefore, in the following we will try to do a valence electrons in both the Al- and Ni-based
model calculation in which we can specify the sites compounds. We also investigated how AE varies
at which the solute elements substitute. when substitutional solutes are added to the Ni-

It is not difficult to carry out actual calculations based compounds in the rigid-band approximation
for the compounds with alloying. However, these and performed a model calculation in which the
are so many possible configurations to be taken effect of solute addition was expressed by a change
into account that a large computational time is in the atomic nature of the host atoms. Quali-
required. Instead of doing rigorous calculations tatively, the same results were obtained from both
for each configuration, we performed a model the rigid-band approximation and the model cal-
calculation in which the effect of alloying is assumed culation. They predict that there is a possibility
to be represented by a change in the nature of for the structural change from L12 to D022 in
the atoms caused by the replacement of Ni atoms Ni3AI and Ni 3Ga, when solute atoms are added
by substitutional solute elements. Let us remember so as to substitute Ni atoms and increase the
here that in our present treatment atomic prop- number of valence electrons.
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The Mechanism of the Tetragonal to Monoclinir Transformation in YNbO 4, J. L SHULL,
B. N. Sun, and W. M. Kriven, Department of Materials Science and Engineering,
University of Illinois at Urbana-Champaign, Urbana, IL 61801.

The tetragonal (scheelite) and monoclinic (fergusonite) phases of yttrium niobate

(YNbO4) have been shown to be structurally analogous to the tetragonal and

monodinic phases of zirconia. in yttrium niobate, however, the tetragonal to monoclinic

transformation occurs at approximately 810*C compared to 950*C for zirconia. The

mechanism of the transformation in yttrium niobate also appears to be quite different

from that of zirconia. Other investigators have observed that extensive cracking does

not occur in yttrium and other rare earth niobates when they are cooled through the

transformation. This suggests that there is no discontinuous volume change associated

with the transformation in YNbO 4 as there is in zirconia. In this study the authors have

attempted to verify the order of the transformation and determine the actual

transformation mechanism.

Powders of YNbO4 were prepared using a chemical synthesis method, and these were

used to fabricate polycrystalline yttrium niobate disks. Single crystals of YNbO4 were

also grown using the Czocharlski technique. The tetragonal -+ monoclinic and

monoclinic -* tetragonal transformations were observed directly using hot stage optical

microscopy of single crystal YNbO4 and hot stage TEM studies of polycrystalline

YNbO4. The transformation was also studied using high temperature thermal analysis

(dilatometry and differential scanning calorimetry) and high temperature x-ray

diffraction.



High Temperature Phase Transformation in Y4A120 9, Gd4AI20 9, and Dy4A120 9, J. L.
SHULL and W. M. Kriven, Department of Materials Science and Engineering,
University of Illinois at Urbana-Champaign, Urbana, IL 61801.

Some dilanthanide aluminates (2Ln 2O3 • A120 3, where Ln = Y and Th) have been

observed to undergo first order displacive phase transformations at temperatures above

1000°C. These transformations are characterize by a thermal hysteresis of -90°C and a
volume increase on cooling of approximately 0.7%. The low temperature phase has a

monoclinic structure, but the high temperature phase has yet to be determined. It is

believed that similar phase transformations also exist in dysprosium and gadolinium

aluminate. In this study the authors have attempted to determine the high temperature

crystal structure and characterize the transformation mechanism.

Single phase homogeneous powders of Y4AI20 9, Gd 4Al2O9, and Dy4Al2O9, were

synthesized using a chemical preparation method. These powders were studied as

powders and were used to make polycrystalline material. High temperature thermal

analysis (DSC and dilatometry) was used to determine the exact transformation

temperatures, thermal hystereses, and volume changes. High temperature x-ray

diffraction was used to determine the crystal structure of the high temperature phase.

The phase transformation was observed by in-situ TEM studies and by hot stage

polarized reflected light microscopy.
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STRUCTURAL RELAXATIONS IN THE GHz FREQUENCY RANGE IN
GLASS FORMING SILICATE MELTS

JOHN E. MASNIK*, J. KIEFFER* AND J.D. BASS"
*Departnent of Materials Science & Engineering. University of Illinois, Urbana IL 61801

"Department of Geology. University of Illinois, Urbana IL 61801

ABSTRACT

The Briilouin light scattering technique is used for the investigation of structural relaxations in
glass-forming liquids at high temperatures. From the analysis of the line shapes of Rayleigh and
Billouin peaks, the friction coefficients, which are associated with the atomic scale mechanisms of
the structural relaxations in these systems, are determined. Results for a series of K20-SiO2
compositions, which were chosen as model substances. are reported. As a function of
temperature, maxima in the Brillouin line widths were observed, which reflect resonant conditions
of molecular scale structural motions, where the relaxation time is of the order of the reciprocal
Brillouin frequency shift. Due to thermal activation of the component mobilities, different
relaxation mechanisms couple at different temperatures. Typically, at least one strongly absorbing
regime is observed in between the glass transition and the equilibrium melting temperatures. The
prominence of this regime decreases with increasing silica concentration. The friction coefficients
approach the hydrodynamic viscosity in the high temperature limit, when the relaxation times
become short in comparison with the time scale of the Brillouin shift

INTRODUCrION

The predominant method for the production of glassy materials is the melt processing. There is
much incentive for a better understanding of the visco-elastic behavior of glass forming substances
at stages just before the structural constituents become trapped in their final structural state.

The formation of amorphous solids is the result of a kinetic arrest of structural relaxations. As
the mobilities of molecular particles decrease, their motion becomes correlated with that of an
increasing number of neighboring particles. The structural changes in the glass forming liquids
and the dynamic response of their molecular constituents are closely coupled.

Relaxational spectroscopy has long been recognized as a powerful method for the investigation
of complex structures.(1) The actuation of structural components into forced vibration can be done
by direct mechanical coupling,(2"4) or through the intermediate of dielectric polarization.(5-7) In the
latter case, one takes advantage of the polarized nature of atomic constituents of the structure and
induces small scale deformation by applying an alternating electric field. This field can be
established between electrically conducting electrodes or in the form of electromagnetic radiation.
By changing the frequency of the applied force, one can create resonant conditions for various
relaxation mechanisms and determine the characteristic relaxation times of these processes.

At temperatures above the glass transition, the size of structural features, that are likely to form
by stochastic fluctuations and that act as nuclei for crystallization, varies between several and a few
hundred nanometers. Since the density fluctuations can propagate with the velocity of sound, the
lifetime of the clusters can be as short as picoseconds. The expected time amnd length scales
suggests the Brillouin light scattering technique as the suitable tool of investigation, since it covers
the frequency range between 109 and 1011 Hz.

RELAXATIONAL SPECIROSCOPY

When imposing constraints onto a visco-elastic substance that cause it to deviate from its current
equilibrium, the system responds by flowing to a new equilibrium situation. If the imposed
constraint oscillates with time, the relaxational behavior can be characterized by comparing the
phase shift between the excitation and its response. In the limit of very small deformations, which
may be localized within several interatomic distances, the reaction of the structure to the imposed

Mat. Res. Soc. Symp. Proc. Vol. 248. 01992 Materials Research Society -
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constraint can be described by the response function, which is defined as the ratio between the
magnitudes of a system variable, X(R). and the exciting force. FO(w):

F.(W I 8.j-04. -iv • '. W:,-m) +m (I)j

The two coefficients that art used tO describe the dynamic response of - aterial art the elastic
constant, expressed as the resonant frequency. w0. and the kinematic friction coefficient, v. Both
these coefficients are normalized with respect to the mass of structural feature whose response they
describe. The summation in eq. (1) is carnied over all structural details whose behavior may
influence the dynamic variable and the gi arm weighting factors.

Much of the speculation during the analysis of relaxational spectra concerns the nature of the
mechanisms that contribute to the energy dissipation and their relative importance. In the least
number of cases all mechanisms arm known with precision, such that an enumeration as in eq. (1)
is not possible. An alternative form of writing this equation is by replacing the individual
weighting factors, gi, with a continuous distribution. Z(v). and the sum with an integal:

-W 2
0 (CO)=f g(v). - ' 0-,2 =, W v (2)

-1 (0.-cW2 ) +2 V"

The result of this integration is the complex modulus, p*(W) = M'+iM'. which can be divided
into a real and an imaginary part.

When resonant conditions are established between the exciting probe and a sufficiently mobile
structural feature, the imaginary part of this complex modulus, which represents the amount of
energy that is exchanged, is at a maximum. Hence. by measuring the amount of energy that is
absorbed due to internal friction as a function of the frequency . one can determine the friction
coefficient. On an atomic scale the friction in a liquid structur is due to the momentum exchange
during collisions between atoms. The atomic displacements are thermally activated, such that in a

first approximation, one can assume an Axrhenius dependence, v = v.- eE.p, where EA is the
activation energy. By substituting this expression in eq. (2). one recognizes that any activated
processes involved in the relaxation introduce a temperatur: dependence in the complex modulus:

I * (W)-= g(E,) V. .e Ir 22_2+ V. 11 ff A (3)

- , , The additional difficulty arises from the need for information concerning the distribution
function g(E). In the simplest case of a single energy activation, g(E). assumes the form of a Dirac
function. For more complex structural relaxation processes, activation energies are distributed
over a band of energies. It is customary to assume empiri'cal functions that provide a best fit of the
experimental data.(0 8) The examination of complex modulus according to eq. (3) reveals that for
each mode of the distribution function, g(E), the imaginary pan of p" exhibits a maximum
somewhere on the temperature scale.

INELASTIC LIGHT SCATTERING

In this research we used the electric field of light to excite the structure of liquid silicate systems.
The Brillouin technique consists in examining the energy !nanges of electromagnetic waves that
scatter inelastically when passing through a dielectric substance. For a substance to scatter light.
there need to be inhomogeneities of the dielectric constant, which can be realized by density
fluctuations or fluctuations in the chemical composition. In a chemically homogeneous liquid,
density fluctuations can exist due to changes in pressure and temperature. The density fluctuations

!0

I0
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due to temperature, (dp/,T),. cannot propagate but disappear due to a large thermal conductivity.

;L. This leads to Rayleigh scattering at the frequency of the incident light, w. The density

fluctuations due to pressure. (ap/ap)., can propagate with the velocity of sound, co. This leads to
Brillouin scattering at frequencies which are Doppler shift,4 with respect to that of the incident
light by tq'co, where q is the wavevector of the elastic wave.

The relationships between p, T and p in a fluid phase can be established through the balance
equations for mass (continuity). momentum (linearized Navier-Stokes) and energy (Fourier's
second law). The simultaneous solution of these balance equations yields an expression for the

density fluctuations, (p(-q.0)-p(q,t)), which after Fourier transform yields the dynamic structure
factor, S(qw).(9.10) The normalized scattering intensity can be expressed as a function of the
wavevector, q, and the frequency. at as

SqM) q2 .r q3F . 1
S(q.,) W + (q' -]pc)' Y (w+ cq)' + (q" r (w- coq)2 +(qFr) (s cL(o c) r)"++

where Y -Z, r + ") (y - 1), po is the average density, cp and cv are the heat
C. 2po

capacities at constant pressure and constant volume. Based on this formalism, the spectrum of the
scattered light can be analyzed in terms of the transport coefficients in the liquid.

EXPERIMENTAL

The glass melts were prepared from powders of fumed silica and alkali carbonates, with less
than 0.1% total impurities. The powders were intimately mixed before they were melted in a small
platinum crucible. After several hours of equilibration in air the sample holders were filled with
material by simply dipping them into the liquid silicates. The sample holders consisted of
platinum-rhodium wire, that was bent in form of a double-loop spiral. This form allowed for an
optimal containment of the liquid with a minimum of surrounding material, and resulted in a
minimal scattering from the platinum surface. The liquid assumes the shape of a slightly bulged
cylinder of about 3 mm height and 4 mm diameter. The menisci that form at the surfaces, and
through which the incident and scattered light passed were sufficiently flat to conserve the 900
scattering geometry (the light beam entered through the bottom and the scatter.i light was collected

.. , off the center of the side). For the scattering experiments, the samples were suspended in a small
furnace which was heated by a platinum coil.

For the collection of spectra, the samples were heated to the highest temperature and
subsequently cooled in steps of approximately 200C. The samples were held at each temperature
for a few minutes to assure thermal adjustment before spectra were measured. The incident light
was produced by a single-mode Argon laser at a wavelength of 0.5145 l.m. The scattered light
was analyzed using a six pass Fabry-Perot tandem interferometer.( 1) Using standard non-linear
least squares procedures, the data was fit with eq. (4). In this study we were mostly intereso.d in
the viscosity coefficients, which are reflected in the full width at half height of the Brillouin peaks,
according to

S2p, ,poc,
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The magnitude q of the wavevector describing the elastic wave is related to the scattering angle.

0, of the light according to q - i 2 n.)c 01/2, where n is the refractive index of the medium. at
CL

is the frequency and cL is the velocity in vacuum of the incident light. The room temperature
values for n at the various compositions were taken from the literatrc.(12 ) Based on observations
on crystaline oxides,(33) the temperatur dependence of a was assumed to be negligible within the
accuracy of the present data.

RESULTS AND DISCUSSION

The data reported in fig. 1 corresponds to the reduced linewidth rof eq. (5). which has the
dimension of a kinematic viscosity, but contains a contribution due to thermal conductivity. In
principle, it would be possible to eliminate the broadening of the Brillouin peak due to thermal
conductivity by using the width of the Rayleigh peak according to

V = 4/3+1.)=_L]A,,. (6)
P.
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In fig. 1. we plotted the F values determined for a series of K2 0-SiO2 compositions. including
those for pure silica, as a function of the temperature. All measurements. except for those of pure
silica, were taken in the sequence of decreasing temperatures. F increases with increasing
temperature. This tendency reflects the increase of the mobility of structural components with
increasing temperature, as it is expected for thermally activated transport mechanisms. With
increasing temperatures, the relaxation times for the activated processes become smaller. When the
relaxation times coincide with the reciprocal of the frequency of the light, the probe couples
resonantly with the relaxation mechanism. In the limit of very high temperatures, where the
relaxation time for hydrodynamic flow decreases below 10-10 sec. Freaches the value of the
infinite frequency hydrodynamic viscosity. The friction coefficients determined for compositions
with low silica concentrations show a tendency to rapidly increase at temperatures above I 1000C
This indicates that they apprmach the high temperature limit, where they coincide with the
hydrodynamic viscosities of these liquids.

At temperatures around 650WC the alkali-rich supercooled liquids show a small maximum in the
friction coefficients. The prominence of this maximum is reduced with increasing silica
concentration, and tends to disappear above 73% silica. This maximum indicates the activation of
a dissipative process in the supercooled silicates. Its appearance is related to the abundance of the
potassium cations, which suggests cation diffusion as the mechanism that is predominantly
responsible for the energy dissipation at these temperatures. In fig. 2, we compare the friction
coefficients for the K20-SiO2 and the Na20-SiO2 systems with comparable silica concentrations.
It appears that the viscous dissipation in the sodium silicate is significantly stronger than in
potassium silicate, which may reflect a higher cation mobility in the first system.

6.5 -

6.0 t 1

50. - " .30 wt.%.Na•
I .--'5•"O t'-

-"i to. o•i.. °i Fg
4.0 -

Compatison between the

28.2 VAM K 0 reduced Stlkouin fine widt•hs r
3.5 2 - for similar onmpositions ot the

3.5.... systems K20-SiO2 and Na2O-
3.0 -.......---I I I siO2.

0 200 400 600 800 1000 1200

T [OC]

In fig. 3. we compare the Brillouin frequency shifts q.co for the series of K20-SiO 2
compositions as a function of temperature. This shift is proportional to the hypersonic velocity and
is a measurr for the isothermal compressibility of the substance. We notice that for pure silica the
shifts, which were measured in sequence of increasing temperature, increase with increasing
temperature. This behavior was also found by Krol et al.( 14) In the supercooled melts, the
opposite tendency is observed, at least until the glass mastion temperature is reached. The kinks
in the curves of fig. 3 indicate the glass transition temperanire,(1 516) where the elastic properties
change discontinuously. For binary systems we find the highest glass transition temperature at the
composition with 67.5% SiO2. However, the temperature dependence of the hypersonic velocity
varies continuously with the increase of the silica concentration. The slope gradually decreases and
the composition with 73.5% SiO2 shows a negative temperature dependence below the glass
transition, similar to pure SiO2. Hence, with decreasing alkali cation concentration the formation
of a silica network, which determines the elasto-mechanical properties of the glass, is carried to a
higher degree of completion.The trends in the data on fig. 3 also provide room for the speculation

0 " = • m m I
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