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1111n/Cd perturbed angular correlation (PAC) gamma spectroscopy was used to

study the point defect thermodynamics of tetragonal zirconia (t-zirconia).

PAC can be used to measure, among other things, oxygen vacancy defect
concentrations in t-zirconia. Higher than expected concentrations of oxygen vacancies in

undoped samples were found using PAC. It was hypothesized that negatively charged

extended defects grew in during grain growth, and in order to maintain charge-balance

extra numbers of positively charged oxygen vacancies were introduced. Further studies

using scanning electron microscopy and neutron activation analysis in conjunction with

PAC, however, indicated that it was probably impurities rather than extended defects that

introduced these extra vacancies.

Improved sample-making techniques were also developed, and as a result the
expected axial symmetry of the electric field gradient (EFG) produced by a tetragonal
lattice was finally observed in t-zirconia by PAC. The axial symmetry, however, was
found to be sensitive to impurity and/or dopant content. Models that include this effect

are being developed; as soon as this effect can be parameterized, accurate hopping
enthalpies for the vacancies can be determined. The EFG of the tetragonal lattice was

found to be temperature dependent; this was attributed to formation of vacancy-
substitutional cation defect pairs. Binding enthalpies for vacancy-cadmium and vacancy-

yttrium pairs were found to be 0.62(3)eV and 0.28(5)eV, respectively. Vacancies were

found to bind to cadmium in the nearest-neighbor position, while they were found to bind

to yttrium in the next-nearest-neighbor position.
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A cubic structure was also found to form in undoped t-zirconia under reducing

conditions between 600°C and 1500°C. Because PAC yields only information about the

very local structure of the Cd PAC probe (a few lattice parameters) and because the Zr-O

phase diagram is not well-known in this regime, details of this cubic structure found in

reduced t-zirconia remain unclear. Precipitation of a defective zirconium metal phase

most likely explains the existence of the observed cubic structure. However formation of

cubic defect clusters or stabilization of the cubic phase of zirconia by high oxygen
vacancy concentrations cannot yet be ruled out.

Oxygen vacancy concentrations of t-zirconia in reducing atmospheres were

measured at 1400°C, 1300°C, 1200°C, and 1100°C. At lower oxygen partial pressures

(<1011 atm) measurements were consistent with the Brouwer approximation that
electrons and oxygen vacancies dominate; vacancy concentrations were proportional to

the oxygen partial pressure to the -1/6 power. At higher partial pressures, vacancy
concentrations were found to be wholly determined by extrinsic impurity concentrations.

Equilibrium constants were found, and a vacancy formation enthalpy determined.
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Dependence of Oxygen Vacancy Concentration in Zirconia on Processing Parameters and
Reducing Conditions

1. INTRODUCTION

Point defects result in many useful properties in solids. The dominant point
defects in zirconia (Zr02) are oxygen vacancies, and the presence of these defects in large

numbers gives rise to an exceptionally high ionic conductivity. Much like the number of

electronic defects in semiconductors, doping and temperature can be used to control the

number of ionic defects in ionic conductors. However, unique to oxide ionic conductors

is the dependence of defect concentration on oxygen partial pressure. The

thermodynamics of isolated point defects is well developed. Interactions of point defects

are also thought to result in unusual properties in solids, but the thermodynamics of
interacting point defects is still under-developed. In this work, most of the results can be

explained by assuming that it is primarily point defects and simple defect pairs that are of

importance. There are, however, indications that perhaps more complicated defect
structures are also important in zirconia.

Chapters 2 through 5 are devoted to reviewing the materials and methods studied

and used in this work. Because they are a relatively neglected class of materials, an
introduction to ceramics is given in Chapter 2 before introducing the ceramic material
studied in this work, zirconia. Outstanding texts on ceramics have been written by
Chiang1 and Kingery,2 and good introductions to zirconia have been written by Stevens3

and Green.4 Perturbed angular correlation (PAC) spectroscopy was the primary
investigative tool used in this study, and an introduction to PAC is presented in Chapter

3. It is a brief summary of the detailed discussions of Frauenfelder and Steffen.5 The

thermodynamics of isolated point defects is reviewed in Chapter 4; further details may be

found in any of a number of excellent texts.6'7'8'9 Experimental studies of point defects in

zirconia are also presented. Defect interactions are considered in Chapter 5. Though
complex defect interactions are poorly understood, they are observed in many ceramic



2

oxide systems. Observations of complex defect interactions in oxides with the fluorite
structure are particularly important to this work.

The later chapters are devoted specifically to PAC studies of zirconia. Chapter 6

summarizes the results of previous studies of zirconia with PAC.10'11"2'13 The dependence

of oxygen vacancy concentration in zirconia on processing parameters is discussed in

Chapter 7. PAC parameters are then adjusted for processing effects in Chapter 8. The

unexpected formation of a cubic PAC site in zirconia under reducing conditions is
discussed in Chapter 9. Results of studies of the nonstoichiometry of zirconia under
reducing conditions are presented in Chapter 10. A summary of this work is presented in

Chapter 11.



2. MATERIALS

2.1. CERAMICS

3

Traditional Ceramics. Most people have an idea of what ceramics are and what

they are used for. Ceramics are products formed by molding clay into various forms and

then fired in a kiln to produce products that are light, hard, and very resistant to heat and

chemicals, but are also very brittle. Ceramics are used domestically for pottery and
porcelain. Industrial applications include bricks, tiles, cements, enamels, abrasives, and

refractories. Ceramics used for these purposes are called traditional ceramics.

New Ceramics. In the past few decades, however, new ceramics have been
developed with unique mechanical, thermal, electrical, magnetic, and optical properties.

These ceramics simply referred to as new ceramics, include pure metallic oxides,
ferromagnetic ceramics, ferroelectric ceramics, nonoxide ceramics (borides, carbides,

nitrides, and silicides), and single crystals.
Definition of Ceramics. Given these recent developments, a broad definition of

what ceramics are is needed. Kingery has defined the term "ceramics" as "the art and
science of making and using solid articles which have as their essential component, and

are composed in large part of, inorganic, nonmetallic compounds."2 This particular

definition emphasizes the fact that it is both the material and the process that the material

undergoes that determines a ceramic; processing and materials are equally important.

Processing of Ceramics. There are only two processes by which ceramics are
made: either from powders or from melts. We will concentrate only on the former. The

general process by which ceramics are made from powders consists of first powder
preparation, then shape forming, and finally sintering (firing). Powders are prepared from

either processing of naturally occurring ores or from synthesis by various methods such

as precipitation, vapor reaction, or sol-gel. The powder may need to be calcined (heat-

treated to transform the oxysalt to the oxide). Further powder preparation includes
particle size re-distribution via sieving and/or milling. After powder preparation, some

type of shape forming technique is employed. Shape forming techniques include dry

pressing, slip and tape casting, plastic forming, and injection molding. Finally, the green



(unfired) body is sintered under carefully controlled conditions to produce a sintered
(fired) ceramic. Temperature, atmosphere, and pressure are important parameters that
need to be controlled during sintering. The exact details of the process used to form a

ceramic can be crucial in arriving at a ceramic with the desired properties.

2.2. ZIRCONIA

Applications. Zirconia has earned prominent status in the ceramics industry.

Properties unique to zirconia have led to important mechanical and electrical
applications. The monoclinic-tetragonal phase transformation in zirconia has led to the

so-called transformation toughening of ceramics, while the high ionic conductivity of

zirconia has led to the use of zirconia in oxygen sensors, solid electrolyte fuel cells, and

in high temperature heating elements. Thermal, optical, and chemical properties of
zirconia have been utilized as well. The high melting point of zirconia makes it useful as

a refractory material. With a refractive index and a dispersion close to diamond, single

crystal cubic zirconia is commonly used in costume jewelry. The biocompatibility and
nonreactive nature of zirconia, along with its high strength, make it suitable for use in

prosthetic devices.

Polymorphism. In order to understand the properties of zirconia that make it so

useful, the atomic structure and atomic processes in zirconia first must be understood.

Zirconia (Zr02) is polymorphic; that is, as a solid it exists in more than one crystalline
structure, although its stoichiometry always remains the same. The three polymorphic

phases of zirconia--monoclinic (m), tetragonal (t), and cubic (c)--are shown in Figure 2.1.

All three phases are based on the fluorite crystal structure shown in Figure 2.2: face-
centered cubic packing of the cations and all tetrahedral interstitial sites occupied by the

anions. The crystal structures of the monoclinic and tetragonal phases are distorted
derivatives of the fluorite structure, while the crystal structure of the cubic phase has the

exact fluorite structure.

Fluorite-based Structures. The crystal structure of the monoclinic phase
deviates the most from the ideal fluorite structure. The Zr coordination number in the m-

phase is seven, rather than the ideal eight. Three of the oxygens (Or) are triangularly
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coordinated to the Zr, while the other four (0) are tetrahedrally coordinated. This
asymmetry causes buckling in the plane. This buckling is often used to explain the

twinning behavior observed in the rn-phase of zirconia. The deviation from the fluorite

structure in the tetragonal phase is less pronounced. The coordination number in the t-

phase is now eight, but a slight distortion still exists in the oxygen sublattice. This

distortion can be relaxed by the introduction of oxygen vacancies; that is, the crystal

structure of the t-phase approaches the ideal fluorite structure of the cubic phase with the

addition of anion vacancies.

a

(a)

NT

(b)

I '

LN. _.Q\/

CIQfi//*

a

(c)

Figure 2.1: The (a) cubic, (b) tetragonal, and (c) monoclinic polymorphs of zirconia.1
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Figure 2.2: The fluorite-based structure of zirconia.1



Phase Transformations. All the phase transformations between the polymorphs

of zirconia are displacive transformations; the transformations do not require any bond

breaking, are diffusionless, and involve only the displacement of atoms. Displacive
transformations occur at nearly the speed of sound--much faster than reconstructive
transformations, which require bond breaking and the rearrangement of atoms. The m-t

transformation is believed to be a martensitic displacive transformation, requiring only

the shear of one phase to obtain the other. As seen in Figure 2.3, the m-t transformation

exhibits a hysteresis in transformation temperature. The rn-phase of zirconia exists at

room temperature up to a temperature of about 1170°C where it begins to transforms to

the t-phase. The t-phase, however, does not begin to revert back to the rn-phase until

Zr02 cools to temperatures of about 1000°C. This hysteretic behavior results from the

significant volume change of about 4-5% that accompanies the m-t structural

transformation. As alluded to earlier, the tetragonal crystal structure deviates only slightly

from the cubic structure, and so the t-c transformation is not accompanied by such a
significant volume change and occurs at about 2370°C. It rernains cubic until it begins to

melt at about 2600°C.

1OC

80
(U

0
6C

4C

2(

oheating
ocooling

0 0

o .0
600 700 800 900 1000 1100 120

Temperature oc

Figure 2.3: The hysteresis behavior of the m-t transformation.3
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Stabilizers. The volume expansion that occurs in pure zirconia as it cools from
the t-phase to the rn-phase causes cracking in the ceramic that renders a product made

entirely of pure zirconia useless. Ceramicists have circumvented this problem by the
addition of so-called 'stabilizers" to zirconia that stabilize the c- and t- phases down to

room temperatures, thereby avoiding the t-m transformation all together. By far, the most

extensively studied stabilized systems are the CaO-, MgO-, and Y203-Zr02 systems, and

the phase diagrams for these systems are shown in Figure 2.4. Other rare earth oxides

such as CeO2, Sc2O3, La2O3, and Yb203 also form stabilized systems with Zr02 and have

been studied as well. The exact stabilizing mechanism is still not well understood,

although ionic radii of the stabilizing cation and its solubility in zirconia seem to be

important parameters.14
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Figure 2.4: Phase diagrams of (a) Ca-Zr02, (b) Mg-Zr02, and (c) Y-Zr02, the three
most common stabilized zirconia systems.4

CSZ, PSZ, TZP. The amount of c- or t-phase that can be stabilized down to room

temperature depends on the stabilizing oxide and the amount added. The stabilized phase

may be either a thermodynamically stable phase or only a metastable phase. If a zirconia

is fully stabilized in the c-phase at room temperature, it is referred to as a cubic stabilized
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zirconia (CSZ). If a stabilized zirconia is a two-phase mixture of the c- and the t or the

rn-phases, it is referred to as a partially stabilized zirconia (PSZ). If a stabilized,
polycrystalline zirconia is fully stabilized in the t-phase, it is referred to as a tetragonal

zirconia polycrystalline (TZP) ceramic. It was found that PSZ and TZP ceramics
possessed higher thermal shock resistance and greater fracture toughness than CSZ

ceramics.

Toughening. These improved mechanical properties result from the t-m phase

transformation in zirconia and its associated volume expansion. If, upon cooling, stable

tetragonal particles transform into monoclinic particles, microcracking will occur around

the particles that have transformed. These little rnicrocracked domains will dissipate the

stress energy of a macroscopic crack propagating through the ceramic, and the crack will

not travel far. This mechanism of toughening is called microcrack toughening, and it is

temperature induced. If a cooled ceramic still contains metastable tetragonal particles, the

stress energy of a crack propagating through the ceramic will be enough to destroy the

conditions of metastability, and the metastable particles will transform to monoclinic
particles. The stress energy will be used by the transformation, and the crack cannot
propagate further. This mechanism of toughening is called transformation toughening,

and it is stress induced.15 Both of these toughening mechanisms are shown in Figure 2.5.

Critical

crack

(a)

o 0
C

o
Q OrigiaaI metastable zircona particle (tetragonal)

Mart ensitically transformed zirconia particle
(monoclinic)

Stress field around crack tip

(b)

Figure 2.5: (a) Microcrack toughening and (b) transformation toughening.3



ZTC. It was soon realized that these toughening mechanisms found in PSZ and
TZP ceramics could be applied to other ceramic systems as well by incorporating
stabilized zirconia particles into other ceramic matrices. Ceramics toughened in this
manner are called zirconia-toughened ceramics (ZTC) or zirconia dispersed ceramics

(ZDC). Zirconia toughened alumina (ZTA) is a typical example. The possibility of
making ceramics that are strong and tough, not brittle, has driven numerous studies on

how to optimize the toughening mechanisms of zirconia. Because the toughening results

from the volume and shape change associated with the t-m transformation, control of

microstructure has found to be crucial.'6 Thus, numerous studies of how to control the

microstructure of zirconia have also been undertaken. Microstructural classifications of

ZTCs are shown in Figure 2.6.
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3. PERTURBED ANGULAR CORRELATIONS

3.1. INTRODUCTION

Angular Distribution. Radioactive nuclei decay to more stable nuclear states by

emitting radiation. The direction in which the radiation is emitted depends on the angle

between the emission direction and the orientation of the nucleus defined by its spin axis.

This angular dependence is referred to as the angular distribution (Figure 3.1 a). In a
typical bulk radioactive sample, the angular distribution is wiped out over the observation

of many decays of nuclei that are randomly oriented, and the observed radiation pattern is

isotropic (Figure 3.lb). If, however, the nuclei of the bulk sample can be aligned, the
angular distribution of radiation from the aligned nuclei can be observed as an anisotropic

radiation pattern (Figure 3.lc).

0
0

(a) (b) (c)

Figure 3.1: (a) The angular distribution, (b) the isotropic radiation pattern of nuclei
with randomly oriented spins, and (c) the anisotropic radiation pattern of nuclei

with aligned spins.
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Spin Orientation. There are two common methods by which nuclei of a bulk
sample can be oriented. The first method consists of orienting the nuclei of the bulk
sample at very low temperatures in very strong magnetic fields or electric field gradients.

The second method, employed in this work, consists of observing only those nuclei of the

bulk sample oriented in a particular direction. This can be done by using nuclei that
rapidly decay from an initial nuclear state by the emission of a radiation Ri to an
intermediate nuclear state to a final nuclear state by the emission of a radiation R2. The

nuclear states are specified by the quantum number M corresponding to the z-component

of their spin. The emission direction of Ri is chosen as the reference z-direction. Then by

conservation of angular momentum, only certain intermediate nuclear M-states can
participate in the R1-R2 decay. Thus, only those nuclei oriented in certain intermediate

nuclear spin directions are observed (Figure 3.2a), and the angular distribution of R2

from these aligned nuclei is observed as an anisotropic radiation pattern (Figure 3.2b).

M=
0 l=O

+1
0 1=:!

ydetector I

0 Jf;=O

detector 2

(a) (b)

Figure 3.2: (a) Spin orientation by observing only certain allowed transitions, and
(b) the resulting anisotropic angular correlation function.57
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Angular Correlation. The angular distribution observed by this second method
of spin orientation is called an angular correlation. There are actually two types of
angular correlation: directional and polarization. In directional correlations only the
alignments (MI) of the radiations are determined, while in polarization correlations the

polarizations (sign of M) of the radiations are determined as well. This work uses
directional correlation, but angular correlation is the generic term commonly used to refer

to either type. Nuclear physicists have used angular correlations to determine the spins

and relative parities of nuclear states as well as the multipole character of emitted
radiations.

Perturbed Angular Correlation. When the radioactive nuclei are perturbed, the

resulting angular correlation is called a perturbed angular correlation (PAC). Nuclear
physicists have used PAC to determine nuclear electromagnetic moments by studying the

angular correlations of nuclei perturbed by known electromagnetic fields. Solid state
physicists, on the other hand, use PAC to determine the perturbation by assuming the

nuclear state has already been well determined by the nuclear physicists. In PAC solid
state studies, the well-characterized radioactive nuclei are implanted in the material to be

investigated, and the local electromagnetic fields of the material act as the unknown

perturbation. The perturbation is determined by comparing the perturbed angular
correlation to the well-determined angular correlation.

'11cd rapidly decays from an excited initial nuclear state by the emission of a

radiation yi to an intermediate nuclear state to a final nuclear state by the emission of a

radiation y2, and its angular correlation and the relevant nuclear states have been well
determined by the nuclear physicists (Figure 3.3). It is particularly well suited for use as a

PAC probe in zirconia."2
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Figure 3.3: The well-determined states of 1111n/Cd.17

3.2. PAC FOR GENERAL PERTURBATIONS

Perturbed Angular Correlation. The perturbed angular correlation function is

denoted W(k1,k2,t), and the probability that a nucleus will decay by successively emitting

two radiations Ri and R2 in the directions k1 and k2, in a time t between the two

radiations, and into the solid angles d1 and dQ2 is then W(k1,k2,t)d1d2. The
probability function W(k1,k2,t) can be found by specifying the state of the nucleus
immediately after the emission of RI and of R2 and by specifying the time evolution of

the intermediate state over its lifetime t. The states immediately after emission are

specified by the density operators p(k1) and p(k2), and the time evolution of the

intermediate state p(k1,t) is specified by the time evolution operator A(t):

A(t) = ex[_ K(t' )dthl
Equation 3.1

where K is the interaction Hamiltonian. Choosing the complete set of eigenstates of j2

and I of the intermediate state of spin I as our basis, the perturbed angular correlation

function is:
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W(k1,k2,t) = Tr[p(k1,t)p(k2)]

= (ma p(k1 t) ma ')(ma p(2 ) ma)

A(t)p(k1 )A(t)I ma )(ma I("2 )I
ma)

= (ma IA(t) m/, )(mb p(k1 ) m, )(mb' A(t) ma ')(ma 'p(k2 ) ma)
m0,m mb,mb

= (m p(k1 ) m, ')(mbmb (t) mama ')(ma 'P(k2 ) ma)
m ,m mb,m,,

Equation 3.2

where (mbmbG(t)mama) = (ma A(t)mb)(ma'IA(t)mb')

Perturbation Function. The perturbed angular correlation function Equation 3.2

can be written in terms of the spherical harmonics y1m as:

W(k1 2' t)
A (l)Ak (2)

GN2
(t)Y* (O 01 )Yk2 (02,02)

k1,k,N1,N, (2k1 + 1)(2k2 + 1)
k1k2

Equation 3.3

where Ak(l)=Ak(Ll,Ll',I,I) and Ak(2)=Ak(L2,L2',If,J) depend only on the

multipolarities L of the radiations Ri and R2 and the spins I,, I, and I of the nuclear
states. The perturbation function G(t) has also been defined as:

r' i k1J1 I k2
G1"2(t) = (_l)2l+m+mb/(2k, +1)(2k2

'L ]m,mmb,mb ma'maNij mbmbN2
(mbmb! G(t) mama)

Equation 3.4

All information about the perturbation is contained in this term.

Angular Correlation. If there is no perturbation (i.e., A(t)=1), the perturbed
angular correlation function Equation 3.3 reduces to the angular correlation function:

W(0) AkkPk(cosO) Equation 3.5
even
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where Pk(COSO) are the Legendre polynomials and 0 is the angle between Ri and R2. The

notation Ak=Ak(1)Ak(2) has been introduced. A00 is usually normalized to one. For "Cd
with 15/2, km=4, and A44-O so that

W(0) = 1 + A22G22P2(cosO) Equation 3.6

makes a good approximation to the angular correlation.

3.3. PAC FOR STATIC PERTURBATIONS

Static Perturbed Angular Correlation. The interaction Hamiltonian for a static

perturbation is time independent, and the time evolution operator becomes:

A(t) ex[_ KtJ Equation 3.7

Introducing the eigenstates of E, the diagonalized interaction Hamiltonian, with
eigenvalues E, the perturbation function Equation 3.4 becomes in the static case:

[1 1 k1J1 I k
G2 (t) = J(2k, + 1)(2k2

I?nb,mb
ma? ma N1 ]Lmb mb N2j

x (n Imb)(n ma )(n'Imb ')(n'Ima exp[- i(n ? )tIl

Equation 3.8

Polycrystalline Case. The perturbation function for a polycrystalline sample can

be found by averaging Equation 3.8 over all the possible random orientations of the tiny

single crystals that make up the powder. The static perturbation function becomes:

r j I k
Gkk(t)= (_i)2!mmbf(2k, +1)(2k2 +1)1

,n,,m n,n' Lma
? ma N mb

?

mb N

x (n ma (n 1mb )(n'
I
ma

?)(fl?j m exp[ i(n n' )t]

Equation 3.9
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Representing the sums over ma, ma', mb, and mb by S,, the static perturbation function

expressed in terms of the energy eigenvalues E as:

r(E En)
1 Equation 3.10Gkk (t) = 'V S' + S cos[

h ]%nn
n nn'

The first sum is time independent and is called the hard-core term. Because of this term, a

static perturbation can never fully annihilate the angular correlation in a powder sample.

Since the perturbation function does not depend on N, and N2, the static perturbed

angular correlation function for a powder can be written in terms of the Legendre
polynomials as:

W(k1 ,k2, t) * W(O, t) = AGkk(t)Pk(cosO) Equation 3.11
even

Comparing this to Equation 3.5, the angular correlation (no perturbation), it is obvious

why Gkk(t) is often referred to as the attenuation factor; Gkk(t) simply attenuates the
angular correlation.

3.4. ELECTRIC QUADRUPOLE INTERACTION: A STATIC PERTURBATION

In this work, the external electric field (magnetic fields are negligible) produced

by the zirconia lattice acts as a static perturbation on the "Cd nucleus, and as a result, its

angular correlation will be perturbed. The static perturbed angular correlation can be
found by specifying the time evolution operator, or, equivalently, the interaction

Hamiltonian.

The interaction Hamiltonian of a charge distribution in an external electric field is

well known. The charge distribution q(r) of the "Cd nucleus is specified by its nuclear

electric moments, and the external electric field E(r) produced by the zirconia lattice is

specified by the multipole expansion of its potential field c1(r). The interaction

Hamiltonian is:
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K $ q(F)'t(F)dF

-. 1 Equation 3.12

The definite parity of nuclear states causes all the odd order nuclear electric moments to

vanish. Higher order terms are negligible, and thus only the quadrupole term needs to be

considered.

The interaction Hamiltonian is:

Equation 3.13

where Q, are the elements of the nuclear quadrupole moment tensor and the V11 are the

electric field gradient (EFG) components in Cartesian coordinates. The principal axes

system is chosen so that all cross-derivatives vanish and IVi < < VZj. The Laplace

equation requires that V + V, + = 0, so that only two components of the EFG are

independent. Defining the asymmetry parameter i by:

11 = Equation 3.14

The EFG, the perturbation, is then completely specified by the largest component of the

EFG and the asymmetry parameter i (O<ii<1).

The interaction Hamiltonian for 111Cd with 1=512 is diagonalized, and the energy

eigenvalues for the diagonalized interaction Hamiltonian are:

E512 = 2cthwQ cos[-cos' /3] Equation 3.15

E312 = 2cthwQ cos[+(7r + cos1 /3)] Equation 3.16

E112 = -2ahwQ cos[--(ir cos /3)] Equation 3.17

where

eQV /28 2 8O(1-2)
40h

a=j(17 +3) f3=
a3

The PAC frequencies are:



= 1E312 E1121 = 2vawQ sin[-cos' fi] Equation 3.18

= 1E512 E3121 = 2hawQ sin[-(ir cos' /3)] Equation 3.19

(03 = E112 = 2.JawQ sin[--(ir + cos1 /3)] Equation 3.20

and the perturbation function is

Gkk(t) = Sko(17) + Sfl(1)cos[w(ij)t] Equation 3.21
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Terminology. Point defects may be either ionic (vacancies, interstitials, and

impurities) or electronic (electrons and holes). They may be either intrinsic (thermally-

generated) or extrinsic (introduced by the presence of dopants or unintentional
impurities). If only intrinsic ionic defects (i.e., Frenkel or Schottky) are present, the
stoichiometry of the crystal is preserved. If there are extrinsic ionic defects present as

well, the crystal becomes nonstoichiometric. Further deviations from stoichiometry can

also occur through oxidation/reduction reactions between the crystal and its surrounding

atmosphere. Defects arising from these reactions are thermodynamically reversible, but

cannot be regarded as being either intrinsic or extrinsic. Nonstoichiometric crystals have

a cation excess, cation deficit, anion excess, or anion deficit. For a generic metal oxide

MO, these nonstoichiometric conditions are written M1+O, M1O, MO1+, and MO1,

respectively.

Kroger-Vink Notation. Kroger-Vink notation will be used. In this notation, the

ionic or electronic defects are identified by their location and by their charge. Both
location and charge are expressed relative to a perfect ionic crystalline lattice. Location of

a defect is specified in the subscript as an interstitial site, a cation site, or an anion site.

Charge of a defect (relative to the lattice) is specified in the superscript as so many

positive charges , as so many negative charges ', or as neutral X It is easiest to

illustrate with examples.

For a generic (divalent) metal oxide MO, vacancies in the anion sublattice are

denoted V, while vacancies in the cation sublattice are denoted V. Trivalent

substitutional impurities located on metal sites are denoted I, while trivalent

interstitial impurities are denoted I". Notice that the same trivalent impurity can have a

different relative charge in a lattice, depending on its location in the lattice. Free electrons

and holes are denoted e" and h, respectively. Point defects may bind together to form

defect associates. For example, if metal vacancies and an oxygen vacancies bind together



to form dimers, these defect associates would be denoted (V V )X Concentrations of

defects are denoted by square brackets. The concentration of vacancy dimers, for

example, would be denoted as [(Vi v fl. Finally, the concentrations of free electrons

and holes are often denoted by n andp rather than [e'] and [h].

Diffusion and Electrical Conductivity. Diffusion and electrical conductivity are

among the most important point defect-related properties. Diffusion occurs when point

defects move under the influence of a concentration gradient; diffusional processes
include sintering and grain growth. Electrical conduction occurs when point defects move

under the influence of an electric potential gradient; conduction may be ionic, electronic,

or mixed. Diffusion coefficients and conductivities are directly proportional to defect

concentrations. In addition to defect concentration, conductivity also depends on defect

mobility. Electron mobilities are often orders of magnitude greater than ionic mobilities,

but ionic conduction can become significant when ionic defect concentrations are much

greater than electronic defect concentrations.' Figure 4.1 compares conductivities found

in various types of materials.

iO
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E
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0a
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10-I 6
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Figure 4.1: Conductivity in a various types of materials.1
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Anionic Conductivity. Cationic conduction is found more often than anionic
conduction. Intuitively this makes sense, as cations are in general smaller than anions.

Anionic conduction is found in some halides and oxides.'8 Oxides with fluorite-based

structures in particular have been extensively studied.'9 These oxides include UO2, Th02,

Bi2O3, CeO2, and Zr02. Oxygen vacancies and oxygen interstitials are believed to be the

dominant defects in these conductors, and the ionic conductivity of these oxides is
directly proportional to the anionic defect concentration. Defect concentrations depend on

the thermodynamics of the point defects in the crystal.

4.2. THERMODYNAMICS OF POINT DEFECTS

Defect Chemistry. The simplest thermodynamic treatment of point defects in
crystals is to treat the defective crystal like an ideal, dilute solution. This quasichemical

approach works remarkably well and is often referred to as defect chemistry. The lattice

acts as the solvent; the point defects act as the solute. Each kind of point defect is
regarded as a chemical component in a reacting solution. Familiar concepts like free
energy, chemical potential, and activity are defined for each kind of point defect. The

formation of each kind of defect is treated like a chemical reaction.

In principle, the number of kinds of defects N that exist in a real crystal is nearly

limitless. Knowledge of things like crystal structure, electronic behavior, or doping level

often provides insight as to which defects are important. The number of kinds of defects

that need to be included for an adequate description of defect-related properties of the

system can then be reduced to a smaller, more tractable number.

It can be shown that only (N-i) linearly independent defect formation reactions
can be written. At equilibrium each of the (N-i) reactions obeys a law of mass action, and

for an ideal solution, the activities may be replaced with concentrations. The N
concentrations are completely determined by the (N-i) law of mass action equations and

the Nth equation which expresses the electroneutrality condition. The N concentrations

can now all be expressed as functions of temperature (implicit in the (N-i) equilibrium

constants) and pressure.
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Often a further simplification is made when, in place of the full electroneutrality

condition, a Brouwer approximation is used. In this approximation, only one positive

defect and one negative defect are assumed to be important. Several Brouwer

approximations are usually possible. The pressure range over which a given

approximation is valid is called a Brouwer regime. The log-log isothermal variations of

defect concentrations with pressure are graphically displayed on what's called a Brouwer

diagram (also known as a Kroger-Vink diagram). A Brouwer diagram typically spans
several Brouwer regimes, and because of the Brouwer approximation that defines each

regime, the log-log plots are linear within each regime.

Pure Zirconia. Determining which kinds of defects dominate and need to be
included for an adequate description of the system is often the most difficult part of
defect chemistry. Once this has been done, calculating the defect concentrations is a
relatively simple task. Let us assume that the relevant defects in pure zirconia are anion

vacancies V, anion interstitials Of', electrons e', and holes h. We are considering

only 4 kinds of defects to be relevant, and the concentrations of each kind of defect are

completely determined from the 4-1=3 law of mass action equations and the 4th equation

that expresses the electroneutrality condition:

O ->-O2(g)+V' +2e'

null -4 V +O

null -p e' + h

2[V°]+p =2[O]+n

There are four possible Brouwer approximations to the electroneutrality

condition:

2[V°] = n

p = 2[O']

p=n

[V°] = [O']

The third approximation is valid when intrinsic ionic defects dominate; the fourth

approximation is valid when intrinsic electronic defects dominate. At or near
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stoichiometry, only intrinsic defects are important. Which kind of intrinsic defect
dominates depends on what the Frenkel formation energy is relative to the band gap
energy. In zirconia, let us assume that the Frenkel formation energy is much, much less

than the band gap energy so that the intrinsic ionic defects dominate the intrinsic
electronic defects at or near stoichiometry. Then the fourth Brouwer approximation will

not need to be considered, and there are only three Brouwer regimes on the Brouwer

diagram. The calculated and experimentally measured Brouwer diagrams for pure
zirconia are shown in Figure 4.2.

In the low partial pressure regime, the nonstoichiometric oxide has an anion
deficit. The anion vacancies are charge-compensated by electrons, and the conductivity is

n-type. The conductivity decreases with partial pressure to the -1/6 power in this regime.

In the intermediate partial pressure regime, the oxide is stoichiometric. Intrinsic Frenkel

defects dominate, and the conductivity is ionic. The conductivity is independent of partial

pressure in this regime. In the high partial pressure regime, the nonstoichiometric oxide

has an anion excess. The anion interstitials are charge-compensated by holes, and the
conductivity is p-type. The conductivity increases with partial pressure to the +1/6 power

in this regime.

Stabilized Zirconia. Pure zirconia can seldom be used because of the deleterious

t-m phase transformation that occurs upon cooling. This phase transformation can be
avoided by using stabilized zirconias, but the aliovalent dopants, which stabilize the c-

and t-phases down to room temperatures, must be charge-compensated by other defects.

Because zirconium is tetravalent, divalent and trivalent dopants must be charge-
compensated by the introduction of some type of positive defect, while pentavalent
dopants must be charge-compensated by the introduction of some type of negative defect.

Assuming that the defects in stabilized zirconia are anion vacancies V, substitutional

dopants of lower valency M, and electrons e', there are two Brouwer regimes on the

Brouwer diagram. The calculated and experimentally measured Brouwer diagrams for

stabilized zirconia are shown in Figure 4.3.
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As with pure zirconia, in the low partial pressure regime, the nonstoichiometric
stabilized oxide has an anion deficit. The anion vacancies are charge-compensated by
electrons, and the conductivity is n-type. The conductivity decreases with partial pressure

to the -116 power in this intrinsic regime. In the high partial pressure regime, the
nonstoichiometric stabilized oxide still has an anion deficit. The doping level fixes the

anion deficit, and the conductivity is ionic. The conductivity is independent of partial
pressure in this extrinsic regime. This analysis was made for doped zirconia, but, of

course, it is equally valid for nominally pure zirconia that actually contains aliovalent

impurities.

4.3. EXPERIMENTAL STUDIES OF POINT DEFECTS IN Zr02

It is generally accepted that the structurally fluorite-based conductors have an
anion deficit andlor anion excess when nonstoichiometric.2' Zirconia is believed to have

an oxygen deficit when substoichiometric (ZrO2), although the substoichiometry could

in principle be accommodated by a zirconium excess (Zri+O2). As previously mentioned,

there is no way to know apriori which kinds of defects need to be included for an
adequate description of the system; ultimately, the results of experiment are used to

hypothesize which defects dominate.

Lattice Parameter Measurements. Lattice parameter measurements made by
Ruh and Garrett22 support the hypothesis of an oxygen deficit in nonstoichiometric
zirconia. The zirconia-rich part of the Zr-O phase diagram was studied. Samples were
made nonstoichiometric by equilibrating pure zirconia with zirconium. The volume of the

unit cell calculated from the measured lattice parameters was found to decrease with
increasing nonstoichiometry. From this it was concluded that the nonstoichiometry was

accommodated by oxygen vacancies rather than zirconium interstitials.

Density Measurements. Density measurements made by Diness and Roy23 are

frequently cited as evidence that it is indeed anionic vacancies that dominate in zirconia.

The CaO-Zr02 system was studied. Calcium acts as a substitutional dopant (Ca) in this

system and is negative with respect to the zirconia lattice. The lattice must be charge-
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compensated by the introduction of a positive defect. The two possible positive defects

are oxygen vacancies (V) or zirconium interstitials (Zip). From known masses and

ionic radii, the crystal densities corresponding to compensation by oxygen vacancies and

compensation by zirconium interstitials were calculated and then compared to the
experimentally measured density. The measured density of samples quenched from
1600°C agrees well with the density corresponding to compensation by oxygen vacancies

(Figure 4.4a). In samples quenched from 1800°C, however, density measurements seem

to indicate that compensation by zirconium interstitials occurs at the lower doping levels,

while compensation by oxygen vacancies occurs again at the higher doping levels (Figure

4.lb).
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Figure 4.4: Density measurements to investigate compensation by anion vacancies
and by cation interstitials.23

Conductivity Measurements. Conductivity measurements made by several

groups all support the hypothesis that oxygen vacancies dominate in zirconia at lower

oxygen partial pressures; in this partial pressure regime, the conductivity is always found
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to decrease with partial pressure to the -1/6 power. For higher partial pressures, however,

the various groups disagree about which defects dominate. Kofstad and Ruzicka,24

studying m- and t-zirconia, found a complex behavior of the conductivity (Figure 0.5 a).

In order to explain their results, they proposed that the dominant defects were oxygen

vacancies and oxygen interstitials, but that a coupled transport of the vacancies and
interstitials occurred at higher oxygen partial pressures. Vest et al.25 found a +1/5
dependence in m-zirconia, concluding that zirconium vacancies dominated at higher

oxygen partial pressures (Figure 0.5b). Kumar et al.26 found a +1/4 dependence in m-

zirconia, concluding that oxygen interstitials dominated at higher oxygen partial
pressures (Figure 0.5c). Studying t-zirconia, both McClaine and Coppel27 and Vest and

Tallan28 were able to confirm the -1/6 dependence at lower partial pressures but unable to

determine which defects dominated at higher oxygen partial pressures (Figure 0.5d).
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Figure 4.5: Conductivity measurements showing that oxygen vacancies dominate at
low oxygen partial pressures.24'25'26'28

Thermogravimetric Measurements. Thermogravimetric measurements first

made by Aronson29 between 900°C and 1100°C implied that at constant partial pressures

of oxygen, the stoichiometry of zirconia actually increased with increasing temperature.

The thermodynamic unlikelihood of this occurring led McClaine and Coppel27 to suggest

that perhaps the dissolution of hydrogen, used to achieve low oxygen partial pressures,

was to blame. Kofstad and Ruzicka24 attempted to make thermogravimetric

measurements between 1100°C and 1300°C using CO-CO2 atmospheres to achieve low

oxygen partial pressures, but small weight changes precluded any conclusion about the

dominant defects in zirconia. With increased precision, Xue and Diekmann3° made

thermogravimetric measurements between 900°C and 1400°C. They confirmed that
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oxygen vacancies dominated at lower oxygen partial pressures and proposed that
zirconium vacancies dominated at higher oxygen partial pressures (Figure 4.6).
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Figure 4.6: Thermogravimetric measurements suggesting that oxygen vacancies
dominate at low oxygen partial pressures.3°
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5. DEFECT INTERACTIONS

5.1. DEFECT INTERACTIONS IN OXIDES

From low to high concentrations, point defects in a lattice behave much like
solute in a solvent. Defect concentrations are found from law of mass action equations.

At low defect concentrations (<<1%), the defects in the crystal are non-interacting and

randomly distributed, behaving like an ideal solution. Defect activities are simply

replaced by defect concentrations. At higher defect concentrations, the defects in the

crystal begin to interact, behaving more like a real solution. Now defect activities need to

be used. These activities can be found by applying Debye-Huckel type corrections to the

concentrations. At even higher defect concentrations, the defects may associate into
dimers, trimers, larger clusters (also called complexes, associates, or aggregates), line

defects, or planar defects.

Defect Pairs. Point defects often bind together to form defect pairs also referred

to as dimers. The formation of a defect pair is written as a defect reaction, and associated

with the reaction is an equilibrium constant that depends only on the temperature and the

binding energy of the defect pair. As a first approximation to the binding energy, simple

electrostatic Coulomb calculations may be made.

More often, however, the defect pair interaction is more than just a simple
Coulombic one. Gerhardt-Anderson and Nowick,3' for example, found that conductivity

in lightly doped CeO2 depends on the size of the trivalent dopant used. This was
attributed to the formation of dopant-vacancy defect pairs (MzVo). The binding energies

of the various defect pairs were hypothesized to include a size-dependent elastic
interaction in addition to the simple Coulombic interaction. The binding energies
calculated from the conductivity measurements agree well with energies calculated from

atomistic computer simulations made by Butler et al.32 Apparently, lattice strain and

relaxation effects can be significant.

Defect Clusters. Defect clustering is found in oxides of two structural types: the

rock-salt structure and the fluorite structure. Wustite, FeO, has the rock-salt structure;
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UO2 and CeO2 both have the fluorite structure. Defect clustering in these systems have

been well characterized by x-ray and neutron diffraction techniques.

Wustite has a cation deficit when nonstoichiometric (FeiO). Roth complexes,
consisting of a trivalent iron interstitial bound to two iron vacancies (Figure 5. la), are

randomly distributed throughout the wustite crystal at higher temperatures, but at lower

temperatures, the complexes begin to approach each other and form larger defect
complexes known as Koch-Cohen clusters. The Koch-Cohen cluster is made up of four

trivalent iron interstitials and thirteen iron vacancies (Figure 5. lb).21'33'34

(a)

o - anion
M -cation
0-cation vacancy
_cqtion vacancy
A- intersticial cation

(b)

o - orion
0-cation vacancy
A- interstic/al Cation

Figure 5.1: (a) Roth complexes and (b) Koch-Cohen clusters in wustite (rock-salt
structure).35

UO2 can have either an anion excess or deficit when nonstoichiometric, but the

superstoichiometric form UO2+, has been more widely studied. Willis complexes are also

commonly referred to as 2:2:2 clusters. They consist of two excess oxygen interstitials

which, because of the tight close-packing in the anion sublattice, displace two oxygens

from their regular lattice sites, thereby creating four additional defects: two more oxygen

interstitials and two oxygen vacancies (Figure 5.2a). The Willis complexes are randomly

distributed throughout the UO2 crystal at higher temperatures, but at lower temperatures,
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the complexes order into superstructures. Eventually, a completely separate phase, the

U409 phase, forms.21'34

CeO2 has an anion deficit when nonstoichiometric (CeO2 ). Bevan clusters

consist of a pair of oxygen vacancies centered about one six-fold coordinated cation and

surrounded by six seven-fold coordinated cations (Figure 5.2b). The cluster is dumbbell-

shaped and aligns itself along the [1111 direction of the cubic fluorite cell. Bevan clusters

order themselves into defect superstructures. Different spacings in these superstructures

correspond to the different intermediate phases of the homologous series CeO22 where

n=6, 7, 9, or 11. Phases describable by such a formula are also known as Magneli
phases.21'34

(a) (b)

Figure 5.2: (a) Willis complexes and (b) Bevan clusters in UO2 and CeO2 (fluorite
structure).

Planar Defects. Planar defects are found in the higher transition metal oxides like

Ti02, V205, Nb205, MoO5, and W05. Common to all these oxides is the eight-fold
coordination of the cations. The cation coordination octahedra share edges and/or
corners, forming a rather open, loose crystal structure. Anion vacancies introduced into
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these oxides, either by reduction or by doping, cause structural instabilities. The point
defects aggregate along a particular crystallographic direction and order until the crystal

collapses. This process is called crystallographic shear, and the planar defects formed by

crystallographic shear are called Wadsley defects.35 The formation of a Wadsley defect is

equivalent to the removal of a whole sheet of anion sites. Nonstoichiometry in these
oxides is accommodated by a structural change to the crystal, and point defects are
actually eliminated from the crystal.

Nonstoichiometry in these oxides had been originally attributed to an anion
deficit, although several groups, as early as the 1950s, had hypothesized that the
nonstoichiometry was rather due to a homologous series of phases of ordered planar

defects--Magneli phases.34 As with dislocations in metal crystals, these planar defects

were predicted to exist long before they were ever actually observed experimentally.

Unequivocal experimental proof of the existence planar defects in these oxides came in

the 1970s with the advent of high-resolution electron microscopy.34

5.2. DEFECTS INTERACTIONS IN CSZ

It is widely accepted that defect interactions are important in cubic stabilized
zirconia. The defect structures are not as well characterized as they are in other oxide

systems. Diffraction, conductivity, and diffusion measurements do, however, provide

ample evidence that defect interactions and ordering are significant in CSZ.

X-ray Diffraction Measurements. Simultaneous x-ray diffraction and

conductivity measurements led Tien and Subbarao36 and Subbarao and Sutter37 to first

suggest the existence of an order-disorder transition in CSZ. They proposed that an order-

disorder transition occurs in l5CaO-85ZrO2 at about 1100°C (Figure 5.3). Extra
diffraction lines were found to appear after aging at 1000°C, while conductivity was

found to decrease. The extra diffraction lines disappeared upon reheating to 1400°C, and

conductivity increased. The simultaneous appearance of extra diffraction lines and the

decrease in conductivity observed at lower aging temperatures was attributed to defect

ordering. The extra diffraction lines seemed to indicate that the defect superstructure was

cubic with a unit cell 4 times the length of the c-Zr02 unit cell.
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Figure 5.3: Order-disorder transition at 1100C first suggested by Tien and
Subbarao.36

Neutron Diffraction Measurements. Neutron diffraction studies of Ca-CSZ
made by Carter and Roth38 provided further evidence of defect ordering. The "forbidden'

peaks associated with the ordered state were easily seen in the diffraction patterns of the

lOCaO-9OZrO2 and l9CaO-81ZrO2 samples, which were aged at 1010°C for 2200 hours.

These peaks disappeared when the system disordered at higher temperatures, and the
statistical disorder of the oxygen vacancies produced diffuse scattering, as seen in the

diffraction pattern of the l3CaO-87ZrO2 sample which was quenched from 1200°C
(Figure 5.4). They proposed that at higher temperatures the oxygen vacancies were
statistically displaced from their ideal fluorite positions, while at lower temperatures the

vacancies developed long-range, correlated order. Diffuse neutron scattering peaks for
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YSZ have been observed as well.39 The diffuse peaks observed by Gibson and frvine4° in

the 8Y302-92ZrO2 system were attributed to vacancy ordering, and the order-disorder

transition was found to occur at --650°C.

Figure 5.4: Disappearance of diffuse neuton scattering peaks when vacancies order
at lower temperatures.38

Conductivity Measurements. A decrease in the conductivity is observed in

CSZs upon aging at low temperatures. Carter and Roth38 observed this decrease in

conductivity upon aging in their Ca-CSZ samples, and as Tien and Subbarao36 had found,

the decrease in conductivities upon aging were accompanied by the observation of diffuse

scattering peaks. The decrease in conductivity upon aging in Y-CSZs has been
thoroughly studied by Kondoh et al.41'42'43

The ionic conductivity in CSZ should be proportional to the dopant concentration

as it fixes the ionic defect concentration. At lower dopant concentrations, this is observed.

The conductivity, however, is not found to increase indefinitely with dopant

concentration. At higher doping concentrations, a decrease in conductivity with
increasing dopant concentration is observed. This behavior is shown in Figure 5.5. This

has been qualitatively attributed to defect interactions. At such high defect

concentrations, defect interactions become unavoidable. Defects become bound and are



then unable to participate in conduction. The free defect concentration and defect
mobility are simultaneously reduced, and conductivity decreases.
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Figure 5.5: Conductivity as a function of dopant concentration.44

Atomistic Models. Many models have attempted to quantify this observed
behavior in the CSZ systems. The decreasing conductivity with increasing dopant
concentration corresponds to an increasing activation energy. Schmalzried45 considered a

generic M203-Zr02 system. By assuming Debye-Huckel interactions at low dopant

concentrations and perfect ordering of charged point defects at higher dopant

concentrations, he was able to show qualitatively that an increase in activation energy

with dopant concentration was possible. Catlow and Parker46 considered the Y203-Zr02

system. They followed arguments first made by Nowick et al.47 about the Y203-Ce02

system. By considering the possible formation of (VY ) defect pairs bound in a
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nearest neighbor configuration, they were able to simulate the general behavior of
conductivity with dopant concentration. Nakamura and Wagner considered both the

Y203-Zr0248 and CaO-Zr0249 systems. By considering the possible formation of

(VY ) and (VCa defect pairs bound in either a nearest neighbor or in a next

nearest neighbor configuration, they were able to obtain even closer fits to experiment

than those initially made by Catlow and Parker.

Diffusion Coefficient Measurements. The oxygen self-diffusion coefficient in
CSZ should be proportional to dopant concentration as it fixes the oxygen vacancy defect

concentration and should follow an Arrhenius behavior. Simultaneous Arrhenius plots of

the oxygen self-diffusion coefficient of samples of varying dopant concentrations should

consist of a set of parallel lines, each line corresponding to a particular dopant
concentration. The lines should shift according to dopant concentration: the higher the

dopant concentration, the higher the vacancy concentration, the higher the self-diffusion

coefficient, and the higher the line will be. The lines should all be parallel because the

defect diffusion activation energy (graphically, the slope) should simply be the oxygen

vacancy migrational energy, which is independent of dopant concentration.
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Figure 5.6: Higher diffusion activation energies due to defect interactions.50



In many systems, however, more than one defect diffusion activation energy is

measured. This occurs if defect formations and/or defect interactions become significant.

Formation and interaction energies add to the migration energy, increasing the observed

diffusion activation energy. This is the case for CSZ. Oishi and Ando measured oxygen

self-diffusion coefficients in the Y203-Zr025° and CaO-Zr0251 systems. Activation
energies of 0.50eV and 1.32eV were found for 12Y203-88ZrO2 and 30Y203-70ZrO2,

respectively (Figure 5.6). The higher activation energy found in the more highly doped

system was attributed to defect interaction. Activation energies of 0.84eV and 1.5eV
were found for l5CaO-85ZrO2 in the high and low temperature regimes, respectively.

The higher activation energy found in the low temperature regime was attributed to
defect ordering. At higher temperatures, the defects are disordered. The order-disorder

transition was found to occur at 1400°C.

5.3. DEFECT INTERACTIONS IN Ce20 VERSUS CSZ

CSZ and CeO2 both have the cubic fluorite structure and are anion-deficient when

nonstoichiometric. They are structurally very similar, and often what can be found in one

system, can be found in the other. For example, as Gerhardt-Anderson and Nowick31

found in lightly doped CeO2, Strickler and Carlson52 found that conductivity in CSZ

depends on the size of the trivalent dopant used. Binding energies for various dopant-
vacancy pair interactions for these systems were calculated by Butler et al.53 and later by

Cormack and Catlow.54

But because a doping level of a few percent is needed to stabilize c-Zr02, defect

concentrations are well outside the range considered to be "dilute." Defect interactions in

stabilized zirconia are inevitably more complex than just simple pair interactions as found

in lightly doped ceria; the defect structures in stabilized zirconia remain controversial.
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6. PREVIOUS PAC STUDIES OF ZIRCONIA

6.1. EXPERIMENTAL HARDWARE

This OSU research group has pioneered the use of '11Cd PAC as a tool to study

zirconia. Jaeger,'° Su,11 Zacate,12 and Karopetrova13 all have contributed significantly.

Jaeger and Su built most of the hardware that is used in the lab today, and they were the

first to characterize zirconia with PAC. Hardware details can be found in their theses.

Zacate and Karopetrova continued where Jaeger and Su left off, refining techniques,
expanding the ranges of study, and interpreting the subtle details of PAC data.

Spectrometer. The PAC spectrometer is essentially a scintillator device; it is used

to count and record radioactive decay. Four BaF2 scintillator crystals attached to four

photo-multiplier tubes (PMTs) circle the radioactive sample, 900 apart from each other.

As soon as one of the PMTs detects a yi, the other three look for a corresponding y2; y15

and 2S are identified by their energies. Because the half-life of the intermediate state Tp is

85ns, if a yi and a y2 are detected within 500ns of each other, the two are assumed to be

from the same decaying '11Cd nucleus. The ?1-Y2 pair is called an event. Accidental

coincidences--when the yi and Y2 are not actually from the same nucleus--are corrected

for.

y' is detected by the ith PMT; y2 is detected by the jth PMT. 0 and t are recorded

for each event. 0 for the event, the angle between y' and y2, is fixed by the PMT positions

and is either 90° or 180°. yi starts the clock, and Y2 stops the clock. t for the event, a

measure of the lifetime of the intermediate state, is thus determined. A typical
exponential radioactive decay in time is recorded by each of eight possible pairs of PMTs

i andj, but the decay is modified by the perturbation according to:

D (0, t) = N0E 1E ex[_ _L}V(0, t) + B Equation 6.1

N0 is the sample activity, Ej and Ej are PMT efficiencies, and B1 is the background count.

The background count is subtracted off to form the counting rate:
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C(O,t) = D,1 B11 = N0eE1 exP[__LJW(Ot) Equation 6.2

The exponential decay and relative PMT efficiencies are removed by forming the

counting rate ratio

R(t)
2CO2C13 \1CO3C12 Equation 6.3

co2c13 +ijco3ci2

which simplifies to approximately the perturbation function multiplied by the anisotropy

R(t) A22 G22 (t) = A2G2 (t) Equation 6.4

where A2G2 is short-hand for A22G22." The exponential decay modified by the
perturbation is depicted in Figure 6.la, and the counting ratio is depicted in Figure 6.lb.

Over the span of a PAC measurement, typically 12-24 hours, Os and ts for about 106

events are tallied, and the perturbed angular correlation function (recall, a probability

distribution) is built from this counting procedure.
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Figure 6.1: (a) Exponential decay modified by the perturbation and (b) the counting
rate ratio, R(t).55

Furnace. A multi-purpose tube furnace was used to prepare the zirconia sample

and to heat the sample to the temperatures of interest for in-situ PAC measurements.
Calcining of the zirconia sample was typically done at 800°C, while sintering was usually

done at 1200°C. !?Temperatures of interest were limited by the furnace. Resistance

heating by 18 gauge Kanthal-A wire limited in-situ measurements to 1300°C. In-situ
measurements between 1300°C and 1500°C were attempted with molybdenum disilicide

heating elements, but the thick insulation needed to sustain these temperatures resulted in

low count rates. A maximum temperature of 1700°C could be achieved in an external
Lindberg box furnace. Although in-situ measurements were not possible, this was useful

for investigating the effects of various thermal treatments. Pt-Pt/10%Rh thermocouples

were used for all temperature measurements.

Chemicals. Zirconium salt solutions were prepared either as oxychloride or as

nitrate solutions by Dr. James Sommers of Oremet-Wah Chang. Impurities in these salt

solutions were found by inductively coupled plasma (ICP) spectroscopy. Reagent grade

ammonium hydroxide, nitric acid, and ethanol were used. Deionized water was used to



dilute solutions, to rinse glassware, etc. Commercial grade hydrogen, argon, and oxygen

and high-purity hydrogen, carbon monoxide, and carbon dioxide gases were used to
control the atmosphere of the samples. The indium probes were dissolved in microliter

quantities of 0.05M hydrochloric acid.

Glassware. Disposable plastic centrifuge tubes and pipette tubes along with re-

used Pyrex glassware were soaked for at least 24 hours in a nitric acid bath and then

rinsed with water. Whatman filter paper and weighing paper were always used. 99.995%

pure fused quartz tubes usually were used as sample holders; short, 99.8% pure alumina

tubes were used for samples that were taken to temperatures above 1300°C or to low
oxygen partial pressures. Powder-free gloves were used in the lab.

SEM. Scanning electron microscopy (SEM) was used to characterize the
microstructure of the zirconia samples. All SEM work was performed with the assistance

of Mr. Al Soeldner of Oregon State University. The AmRay 3300 FE SEM used is
capable of magnifications of lOx to 500,000x and a resolution of 15A.

6.2. EXPERIMENTAL METHODS

Sample Making. Coprecipitation was used to get the indium probe into the
zirconia sample. Micropipetting the indium trichioride, received in microliter quantities,

into the zirconium salt solution was rather difficult given the small size of the droplets.

Therefore, approximately 1-1.5mL of deionized water was used to dilute the indium
trichionde, and a 2mL pipette was used to add one to several drops (depending on the
activity) of the diluted indium solution to the zirconium salt solution. Ammonium
hydroxide was then added to the radioactive zirconium salt solution. The acid-base
neutralization resulted in precipitation of an amorphous hydrous zirconium gel in an
aqueous salt solution. The gel was left to drain and dry in a filter cone under a heat lamp.

The dried amorphous gel was then calcined at 800°C to produce crystalline zirconia.

Data Fitting. When the sample consisted of a single phase, the experimentally

determined perturbed angular correlation function was fit to:



G2(t) = S20(i) + Equation 6.5

This form of the perturbed angular correlation function assumes only static interactions

and broadening ö described in the next section. The parameters A2, co1, (02, and ö were

found by suggesting initial values and then performing a least squares fit.

Computationally, this was done by using the Marquardt algorithm.56 When the sample

consisted of p phases, the experimentally determined perturbed angular correlation
function was then fit to a weighted average over all the phases

G2 (t) = fG2 1 Equation 6.6

where f is the fraction of probes in the pth phase and G2, is the characteristic PAC

function for a probe in the pth phase (see Section 6.3).

6.3. CHARACTERIZING ZIRCONIA WITH PAC

Phase Identification. The polymorphic phases of crystalline zirconia are readily

distinguishable with PAC: each polymorphic phase sets up a unique local EFG and
corresponding to each EFG is a unique frequency triplet {Wi, W2, c03}. Actually, only coi

and (02 need to be specified since c03=C01+W2. Because of the limited temperature ranges,

this group has only studied the monoclinic and tetragonal polymorphs of pure zirconia.

At 800°C, zirconia is monoclinic (Figure 6.2a), and w1 and W2 are 105.1(3) MHz and

148.6(5) MHz, respectively. At 1200°C, zirconia is tetragonal (Figure 6.2b), and o and

W2 are 38.5(3) M}Jz and 73.6 (4) MHz, respectively. These PAC frequencies are used to

uniquely identify the crystalline, defect-free lattice structure in which the probe sits.

Vacancy Concentration. It is not, however, perfect, defect-free crystals that are

of interest; it is the existence of defects that most often give rise to the interesting
properties of materials. In zirconia the defects of interest are oxygen vacancies, and PAC

can be used to determine, among other things, their concentrations.

Within the t-phase of zirconia, cOi is observed to be temperature dependent as

shown in Figure 6.3. The temperature dependence is attributed to the presence of



(VCd ) defect pairs. Allowing for the presence of vacancy-probe defect pairs, there

are two kinds of environments that a probe will see when in the intermediate state: either

it will see a perfect lattice around it, or it will see one of the oxygen ions missing (i.e., it

will be bound to an oxygen vacancy).
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Figure 6.2: The unique frequency triplet corresponding to the (a) monoclinic and (b)
tetragonal phases of pure zirconia.



47

32

31

30

29

28

,.-.. 27

26

25

3
24

23

22

21

20

A Undoped
O.1%Y-doped

1000 1050 1100 1150 1200 1250 1300

T (C°)

I 3M)

Figure 6.3: Temperature dependence of oi due to formation of defect pairs.

Oxygen vacancies will trap and detrap many times with the probe during the
lifetime of the intermediate state. Over the entire lifetime of the intermediate state, the

probe will spend a fraction of its lifetime f spent trapped to a vacancy and a fraction of

its lifetime (1-ft-) in a perfect lattice environment. Each of these probe configurations sets

up a unique local EFG and conesponding to each EFG is a unique frequency triplet. The

Wi corresponding to the perfect lattice configuration, call it Wtut, has already been

discussed above (see also Section 8.3). The COi corresponding to the bound defect pair

configuration, call it W0l, is left as a fitted parameter. The observed WI reported by the

probe is then a weighted average over its lifetime:

f(bound + (1 f )wtt1 Equation 6.7



J increases as temperature decreases, and the observed temperature dependence

of (01 arises from the temperature dependence off. f can be found from simple statistical

thermodynamics and is:

1
= Equation 6.8

EB1 +N[V]exp()

The number of bound vacancy-probe defect pairs depends on the number of vacancies

[V], the binding energy of the defect pair EB, and where the vacancy binds to the probe,

described by the parameter N. N is 8 if the vacancy binds in the nearest neighbor position

and 24 if the vacancy binds in the next-nearest neighbor position.

Measurements of Wi as a function of temperature were made in several samples of

varying doping levels. The number of vacancies in each sample, of course, should depend

on the doping level, but the values of EB and N should be the same for all the

samples. Computer fits of Wi as a function of temperature were made of the samples

using the above equation with [V] 1bound
EB, and N as freely varying parameters.

was found to be 0MHz, EB was found to be O.44(3)eV, andNwas found to be 24.

With these parameters determined the only undetermined parameter is the vacancy

concentration [V]. Rearranging the last equation, the shift in the observed w from

W1latttce yields the vacancy concentration at any given temperature T according to:

[V"]
W1httie CO ( EBexpi Equation 6.9
Nw kT)

The shift in co is a measure of the oxygen vacancy concentration.

EFG Distribution. The peaks of the frequency triplet are not infinitely sharp. The

"1Cd probes do not all see exactly the same EFG because of random imperfections
within the crystal. Rather, the probes sample a distribution of EFGs; i.e., there exists a

distribution of WIS, and the frequency peaks broaden. This broadening is parameterized

by 5; it is a measure of the relative EFG distribution tVZZIVZZ.11 For this work the

distribution of cos was assumed to be Lorentzian:



P(w w') =
2

Equation 6.10
iro

and the perturbation function becomes:

3

G2(t) = whereö
n=1

=

Equation 6.11

The effect of broadening on the perturbation function is shown in Figure 6.4.
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Figure 6.4: The effect of broadening on the perturbation function.57

Dynamic Interactions. An oxygen vacancy trapped by a 111Cd probe can hop

among the eight equivalent sites of the first oxygen coordination shell. This hopping
motion is thermally activated, and the probe sees a temperature dependent, fluctuating

EFG. EFGs that fluctuate within the lifespan of the intermediate state, i.e., time-

dependent EFGs, cause relaxation of the probe's nuclear quadrupole moment.
Experimentally, this is most easily seen as damping of A2G2(t) at larger times. Relaxation

is parameterized by 2; is proportional to the correlation time of the fluctuating EFG.

The perturbation functions of time-dependent perturbations have been considered for
several limiting cases. Time-dependent EFGs were not considered in this work.
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6.4. OXYGEN VACANCY CONCENTRATION MEASUREMENTS

Higher Than Expected Concentrations. Oxygen vacancy concentrations
calculated as previously outlined indicated higher than expected levels of vacancy defects

in all samples, pure and doped. Vacancy concentrations in pure samples, expected to be

negligible, ranged from l5Oppm to 35Oppm. Vacancy concentrations in samples doped

with various dopants and at various doping levels were also found to be hundreds of ppm

higher than expected. A sample doped with trivalent yttria at a doping level of l000ppm,

for example, should have had an oxygen vacancy concentration of 25Oppm, but
concentrations of 600ppm to 7SOppm were found. Studies on truly vacancy-free samples

had to be made on pure samples counterdoped with pentavalent niobium.

Preparation Method Dependence. Oxygen vacancy concentrations in pure
samples were found to depend on preparation method. Lowest vacancy concentrations

(-9Oppm) were found for samples prepared by direct calcinations of the zirconium
oxychloride salt solutions. Intermediate vacancy concentrations (-4SOppm) were found

for samples prepared by precipitating the zirconium oxychloride solutions. Higher
vacancy concentrations (-25Oppm) were found for samples prepared by precipitating the

zirconium nitrate solutions. Highest vacancy concentrations (-3SOppm) were found for

samples prepared by first precipitating the oxychloride solution, removing the excess

aqueous salt solution, redissolving the precipitate in nitric acid, and finally precipitating

this just-made nitrate solution. It will be convenient to denote these preparation methods

as M90, M150, M250, and M350, respectively.

6.5. GROWTH OF OXYGEN VACANCIES

Studies of a metastable t-phase of pure zirconia were possible on samples
prepared by using zirconium nitrate solutions as source solutions (M250 and M350). The

zirconia that crystallized upon calcination at 800°C was found to be partially or even

fully tetragonal. The existence of a metastable t-phase at such low temperatures is not

well understood, though grain size effects and precipitation conditions are speculated to

be important.4
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By preparing pure samples in the metastable t-phase and Y-doped samples in the

stabilized t-phase, oxygen vacancy concentrations at lower temperatures could be studied.

At calcining temperatures of 800°C, all samples crystallized vacancy-free. This was
expected for the pure samples, but surprising for the Y-doped samples for which charge-

compensation of the dopant by oxygen vacancies was expected. The temperature was

stepped up in 50°C or 100°C increments, and all samples remained essentially vacancy-

free until about the 1000°C to 1100°C temperature range where a sharp increase in the

number of vacancies occurred. Vacancy concentrations remained fairly constant after

reaching 1100°C. As mentioned before, final vacancy concentrations were higher than

expected and remained so, even upon recooling to temperatures below the 1000°C-
1100°C temperature range; an irreversible growth of oxygen vacancies was observed.

6.6. "MYSTERY" VACANCIES

The higher than expected oxygen vacancy concentrations and dependence of

vacancy concentrations on preparation method were troubling. The ability to

reproducibly make samples with a given vacancy concentration is needed to study the

dynamic motion of these point defects in zirconia. Fixing the doping level of the source

solution is not enough to pre-determine the vacancy concentration, and the vacancy
concentration becomes an extra parameter to fit.

Using NAA. Samples prepared by the various methods were chemically analyzed

for divalent or trivalent impurities that might act as unintentional dopants. Neutron
activation analysis (NAA) revealed no significant difference in chemical content among

the samples save for appreciable quantities (-4000ppm) of chlorine in the samples
prepared by either directly calcining (M90) or precipitating (M150) the zirconium
oxychloride solutions. Recall that these samples were also found to have the lowest

number of oxygen vacancies.

Using SEM. Preliminary SEM studies to investigate the possible relationship of

microstructure to vacancy concentration were also begun. Samples prepared by
precipitating the oxychloride solutions (M150) were compared to those prepared by
precipitating the just-made nitrate solutions (M350). At 1000°C, the grains of both
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samples were found to be similar in size, on the order of 0.1gm in diameter. By 1200°C,

the grains of the sample precipitated from the oxychioride solution (M150) had not

grown much at all, while the grains of the sample precipitated from the nitrate solution

(M350) had grown to about 1.tm in diameter. These samples are shown in Figure 6.5a

and Figure 6.5b.

A sample prepared by precipitating the oxychloride solution (M150) was made

and then calcined in and sintered in a chlorine-enriched atmosphere. The lowest vacancy

concentration ever was found for this sample: 8oppm. At 1000°C, the grains were on the

order of O.O1.tm; at 1200°C, the grains had only grown to about 0.1 p.m in diameter and

were not well sintered. This sample is shown in Figure 6.5c. The microstructure found for

this sample was consistent with results found by Readey and Readey.58 They found that

zirconia sintered in an HC1 atmosphere reduced final sintered densities by almost 50%.

(a) (b)

I

I 4 .

I

(c)

Figure 6.5: SEM pictures of (a) M150, (b) M350, and (c) M150+flowing chlorine
sample.'3
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7. EFFECT OF PROCESSING PARAMETERS

7.1. MICROSTRUCTURE

Ultimately we should be able to specify the oxygen vacancy concentration by the

initial doping level in the source solution. Impurities in the initial source solution were

not high enough to account for the 'mystery" vacancies, and results from NAA indicated

that impurities that might have been introduced during processing were not present at
significant levels. The previously reviewed results suggested that perhaps microstructure

might be conelated to these mystery vacancies, and that by controlling microstructure,

we might be able to control and reduce the number of mystery vacancies.

As stated in Chapter 2, interest in the toughening properties of zirconia has led to

numerous studies of how to control its microstructure. The final microstructure depends

on powder preparation, powder processing, and sintering conditions. Precipitation
conditions, agglomeration, thermal history, and sintering atmosphere are all known to

affect ceramic microstructure. Oxygen vacancy concentrations in our zirconia samples

were measured when these parameters were systematically varied.

Specifying Microstructure. Microstructure is usually specified by three
properties: relative density, grain size, and grain shape. Relative density is the ratio of the

bulk density, which includes porosity, to the theoretical density, which assumes zero
porosity; relative density is a measure of the porosity of the ceramic. Grain size, a
measure of the surface area, is of particular importance in the discussion of
microstructure as it is primarily minimization of grain surface energy that drives any
change in microstructure. For that same reason, grain shape is also important. All three of

these properties can be, at least qualitatively, investigated by SEM.

Sintering and Grain Growth. The two processes that alter microstructure are
sintering (or densification) and grain growth. Sintering eliminates porosity and results in

shrinkage (Figure 7.1). Grain growth results in an increase in average grain size (Figure

7.2). In normal grain growth the average grain size increases, and the distribution of grain

sizes, relative to the average grain size, does not change. In abnormal grain growth the

average grain size increases, but in this case the relative distribution of grain sizes does
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change. Sintenng and grain growth both involve atomic mass transport (i.e., diffusion),
and they are competing processes: higher densities are achieved by suppressing grain
growth. Sintering involves volume or grain boundary diffusion, while grain growth
involves evaporation-condensation or surface diffusion. In any case the diffusion of

atoms is necessarily accompanied by the diffusion of vacancy or interstitial point defects.

Change n shape

and shrinkage 0

Figure 7.1: Sintering--densification and shrinkage.2

LL1 -.-_________

S,ze

Figure 7.2: Normal and abnormal grain growth.'
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7.2. CONTROLLING MICROSTRUCTURE

Precipitation Conditions. The starting zirconium salt solution (either

oxychioride or nitrate) used in the precipitation influenced the oxygen vacancy
concentration. Oxychioride samples had lower vacancy concentrations; nitrate samples

had higher vacancy concentrations. The average grain diameter of oxychionde samples

was about 0.8 tm, while the average grain diameter of nitrate samples was about 0.4 p.m.

No abnormal grain growth was observed. SEM pictures of a typical oxychioride sample

and nitrate sample are shown in Figure 7.3.

L

I

:
flt4

(a) (b)

b

/

Figure 7.3: SEM of typical (a) oxychioride sample and (b) nitrate sample.

pH of the precipitation also influenced the oxygen vacancy concentration. Higher

precipitation pH resulted in a higher vacancy concentration, while lower precipitation pH

resulted in a lower vacancy concentration. The pH dependence was observed by
precipitating samples at varying NH4OH base concentrations. Although there was a

reproducible correspondence between pH and vacancy concentration, there was no such

correspondence between pH and grain size. While low pH precipitates did reproducibly



grow smaller--only to about 0.5 tm in diameter (Figure 7.4), high pH precipitates grew to

anywhere between 0.5 to 3.0 tm in diameter (Figure 7.5).

ii
&

Figure 7.4: Low pH.
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I

Figure 7.5: High pH.
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Rinsing of the precipitate well with water increased the oxygen vacancy
concentration. Immediately after precipitation the zirconium hydroxide precipitate in
aqueous solution (pH-12) was centrifuged. The precipitate and the aqueous solution

separated, the salt solution was pipetted away, replaced with an equal volume of fresh

deionized water, and mixed thoroughly with the precipitate. The precipitate in solution

was again centrifuged, etc. Several rinsings were made before the precipitate (pH-.-8) was

finally left to drain and dry in a filter cone. While vacancy concentrations of rinsed
samples were always found to be higher than those of unrinsed samples, no reproducible

difference in microstructure between rinsed and unrinsed samples was observed.

Agglomeration. Oxygen vacancy concentrations were not affected by the
presence of agglomerates in the calcined powder. Agglomerates were broken apart before

sintering by either physically milling the sample with a mortar and pestle or by inducing

microcracks in the sample by cycling through the t-m transformation repeatedly.

Thermal History. Thermal history influenced oxygen vacancy concentrations.
Vacancy concentrations measured at sintering temperatures (1200°C) were not affected

by calcining temperature; the same concentrations were found regardless of calcinations

at either 800°C or 1000°C. If, however, the precipitate was not calcined, but brought
directly to sintering temperatures (fast-firing), vacancy concentrations were lower than

samples in which the precipitate had first been calcined. Maximum sintering temperature

affected the vacancy concentration measured at 1200°C: the higher the sintering
temperature, the higher the vacancy concentration. Sample TZN2O was initially sintered

at 1200°C. The vacancy concentration was lOOppm. The sample was then sintered at

1700°C for 10 hours in the external box furnace. Upon re-measuring at 1200°C, the
vacancy concentration was found to have increased to 2lOppm. TZN41 and TZN42 were

prepared from the same precipitate and sintered at 1200°C and 1700°C, respectively.
Both samples were then measured at 1200°C. TZN41 had a vacancy concentration of

l2Oppm, while TZN42 had a vacancy concentration of 22Oppm.

A time dependence in the oxygen vacancy concentration was observed for
samples that sit at higher temperatures (1200°C). Once again, there was an observed
growth of oxygen vacancies, but in time at a fixed temperature, rather than in time at

stepped temperatures. Samples needed to sit at 1200°C for about four days before



equilibrium was completely established. Samples that sat at lower temperatures (1000°C)

reached equilibrium essentially instantaneously.

Sintering Atmosphere. Attempts to reproduce previous results--specifically,
reduction in the number of oxygen vacancies for samples calcined and sintered in a

chlorine-enriched atmosphere--were unsuccessful. Samples in chlorine-enriched

atmospheres consisted of either powders with a continuous flow of air bubbled through

HC1 over the powder or of powders to which extra NH4C1 salt was added before
sintering. Unfortunately chlorine readily forms mCI3, vaporizes upon heating, and
efficiently removes the indium probes from the zirconia sample. In any sample
containing chlorine white, radioactive condensation rings formed on cooler parts of the

quartz tube-sample holder; no such rings were found for chlorine-free samples. The
sample holder also frequently shattered under the high chlorine vapor pressures.

A water-enriched atmosphere had no influence on vacancy concentration.
Continuously bubbling air through water and then over samples did not change vacancy

concentrations, although the microstructures did differ. In the dry atmosphere the grains

grew larger, and the ceramics were more porous (Figure 7.6).

(a) (b)

Figure 7.6: Microstructure in (a) wet and (b) dry atmospheres.
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7.3. DISCUSSION OF RESULTS

Effect of Microstructure. Ultimately the goal is to be able to specify the oxygen

vacancy concentration by the doping level, and this means that the extra mystery
vacancies must be eliminated. If the mystery vacancies result from charge compensation

of some sort of negatively charged microstructural defect that grows in during grain
growth, then these charged microstructural defects must be eliminated or their numbers

minimized. Elimination of any possible extended defect by a high temperature anneal at

1700°C for 10 hours actually resulted in an increase in the vacancy concentration.
Attempts to minimize the number of hypothesized extended defects (thereby minimizing

the mystery vacancy concentration) by controlling microstructure were also unsuccessful.
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Figure 7.7: Differential precipitation.59



Effect of pH. The mystery vacancy concentration can, however, be minimized by

precipitating at low pH. It is known that higher valent cations (i.e., 4+, 3+) precipitate out

easily at low pH, while lower valent cations (i.e., 2+) precipitate out only at higher pH.59

This is shown in Figure 7.7. A tetravalent cation impurity will cause no extra vacancy to

be introduced, a trivalent cation impurity will cause half an extra vacancy to be
introduced, and a divalent cation impurity will cause one extra vacancy to be introduced.

Again, the mystery vacancy concentration is minimized by precipitating at low pH. This

provides strong evidence for the hypothesis that it is impurities rather than charged
extended defects that cause the extra mystery vacancies.

The low pH method of minimizing mystery oxygen vacancies is limited by the

precipitation; the pH must be high enough to ensure coprecipitation of the zirconium
hydroxide and of the indium probe. When preparing low pH precipitates, the aqueous

solution which filters through the filter cone can be saved and precipitated a second time,

indicating that not everything has precipitated out during the first, low pH precipitation.

The first, low pH precipitate has a very low vacancy concentration, while the second
precipitate has a very high vacancy concentration. The results of this two-stage
precipitation provide further evidence for the hypothesis that impurities cause the extra

mystery vacancies; these impurities, however, could not be found by NAA analyses of

these samples.

Because a higher pH is needed to precipitate out trivalent cations, this method
cannot be reliably used to reduce the number of extra vacancies found in the doped
samples. A zirconium oxychloride solution doped with l000ppm yttrium should yield a

vacancy concentration of 25Oppm. Precipitation at high pH yielded a zirconia with
72Oppm of oxygen vacancies, while precipitation at a low pH was incomplete, yielding a

zirconia with only l3Oppm of oxygen vacancies. The fine control needed to precipitate

out just the right amount of dopant is very difficult since the precipitation is carried out

very near the equivalence point of the acid-base neutralization reaction.

Effect of Thermal History. The time dependence of the oxygen vacancy
concentration shown in Figure 7.8 also provides strong evidence that it is impurities that

cause the extra mystery vacancies to "grow in." Because the diffusion of oxygen in
zirconia is six order of magnitudes faster than the diffusion of cations,33 the time-



61

dependence of the vacancy concentration can be used to study the kinetics the slower-
moving, rate-limiting defect--point or extended--which causes the vacancies. Grain
growth and sintering are both known to follow parabolic time kinetics; the diameter of

the grain and the ratio of the neck to grain size are both proportional to the square root of

time. The vacancy time kinetics is not parabolic.

30C

25C

20C

150

100

50

0

U L IU I

Dwell Time at 1200C° (12 hr periods)

Figure 7.8: Time dependence of the oxygen vacancy concentration.

Adsorption of impurities at the grain surface due to things like size misfit is
common.' Let us assume that the grains are spherical with radius a, have an initial
surface impurity concentration C0 adsorped on the grain surface, have an initial impurity
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concentration of zero inside the grain, and have a time-dependent surface concentration

0(t) of adsorped impurities given by:

0(t) = C0[1 exp(/3t)] Equation 7.1

where $ is a measure of the time to reach equilibrium. These boundary conditions can be

applied to Fick's Diffusion Laws to solve for the concentration of impurities within the

sphere as a function of time.6° The solution is of the form

=1 /1cot 1]exP(_$t) +

Equation 7.2

where D is the diffusion coefficient of the diffusing impurities.

This concentration as a function of time fits quite well to the observed vacancy

concentration as a function of time. From the time-dependence of the vacancy
concentration, equilibrium is reached in about four days, which roughly corresponds to a

/3 value of about iO-5 Hz. From SEM, the average grain radius a is on the order of O.5j.tm

or 5x10-5cm. The fitted value of the diffusion coefficient D then turns out to be on the

order of 1012cm2/sec. This agrees quite well with the measured value of cation
diffusitivity in CSZ.33

It is well known that lattice diffusion occurs with a higher activation energy than

that for grain boundary diffusion, which is in turn higher than that for surface diffusion.1

That is, it is only at higher temperatures that diffusion of impurities within the grain
occurs; at lower temperatures impurity atoms move along the grain boundary or along

surfaces. This is very consistent with the observation that the oxygen vacancy
concentration at 1200°C is time-dependent, while at 1000°C it is not.

Effect of Chlorine. Although the attempts to reproduce the reduction of the

oxygen vacancy concentration with chlorine found by previous workers were
unsuccessful due to experimental difficulties, the hypothesis that chlorine reduces the

vacancy concentration is still consistent with other findings. While the white

condensation rings definitely contain indium (the rings were radioactive), it is very likely
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that they also contain other metal impurities. Metal impurities in the sample combine
with the chlorine to form metal chlorides. The metal chlorides vaporize upon heating,
condense away from the sample, and thereby purify the sample. This is consistent with

the observation that samples prepared from oxychioride solutions have lower vacancy

concentrations at sintering temperatures than those prepared from nitrate (chlorine-free)

solutions.
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Figure 7.9: (a) Well-defined PAC sites in nitrate samples and (b) ill-defined PAC
sites in oxychloride samples.



As mentioned in Section 6.5, the starting zirconium salt solution also influences

the phase formed upon calcination. This may be related to the presence of chlorine. In

samples prepared from zirconium nitrate solutions, well-defined monoclinic and/or
metastable tetragonal phases of zirconia are observed upon calcination at 800°C (Figure

7.9a). The probes are well distributed throughout the polycrystalline sample, which
consists of m- and/or metastable t-zirconia grains. (Control of the relative amounts of
each phase formed has not been achieved.) In samples prepared from zirconium
oxychioride solutions, however, no well-defined phases are observed upon calcination at

800°C (Figure 7.9b). Regardless of whether prepared from oxychloride or nitrate
solutions, once samples are sintered at 1200°C, re-measurements at 800°C always yield

the well-defined PAC frequency triplet corresponding to the m-phase.



8. ADJUSTMENTS OF PAC PARAMETERS

8.1. ij AND AXIAL SYMMETRY OF THE EFG

ii parameterizes the axial symmetry of the EFG sampled by the "1Cd probe. ii is

zero if the x- and y-components of the EFG are equal (i.e., an axially asymmetric EFG)

and is between zero and one if these components are not equal. The EFG produced by a

tetragonal lattice is axially symmetric, and i should be zero.

Non-zero j. While '81Hf PAC has been used successfully to verify the axial
symmetry of the t-phase in pure zirconia,10 previous "Cd PAC measurements on t-
zirconia found EFGs to be axially asymmetric. , values found for pure and lightly doped

t-zirconia were always greater than zero.11 Dopants, assumed to be fixed and randomly

distributed if sintered at the appropriate temperatures, are expected to distort the
tetragonal lattice away from axial symmetry, and i was found to increase with doping

level. The largest i values were found for the most heavily doped samples, but even pure

samples were found to have non-zero its.

ij=O. With improved sample-making technique, however, it is now possible to

reproduce the expected axial symmetry of the t-phase in pure zirconia. This can be
attributed to the reduction of impurities in these extra-pure samples. Impurity levels in

samples of previous works were apparently high enough to cause significant distortion in

the tetragonal lattice, resulting in non-zero its. Any strain present in the zirconia grains
may also give rise to non-zero values.

Temperature Dependence of i. The temperature dependence of i is shown in

Figure 8.1. ii was found to increase with decreasing temperature, depending on dopant
and doping level. The temperature dependence was most pronounced in samples doped

with 0.5% Y203 and becomes less pronounced for lower yttrium doping levels. There

was also a slight temperature dependence in pure samples prepared by previous
workers." There was no temperature dependence for extra-pure samples prepared by this

worker, and i was always zero. There was no temperature dependence for Nb205 doped

samples, and i remained constant and non-zero, shifting to higher values for higher

doping levels.
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Figure 8.1: i, dependence on temperature as well as on dopant and doping level.

From the dopant/doping level dependence it can be inferred that the temperature

dependence of ij is oxygen vacancy related. Specifically, i is observed to be temperature

dependent for the same reason that w1, W2, and ö are observed to be temperature

dependent: the thermally-activated formation of probe-vacancy defect pairs. The
temperature dependence observed in all of the PAC parameters--?j, WI, 0)2, and ô --can

ultimately be expressed in terms of the temperature dependence of V as all of these

parameters depend on V:

= 2-ja Q;
sinRcos' 13 =

= 2Ja
40h

sln[3( cos /3)] (5
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The thermally activated formation of probe-vacancy pairs causes the observed
temperature dependence in PAC parameters as shown in Figure 8.2.
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Figure 8.2: Temperature dependence of V22, oi, 5, and ,.

8.2. AND OXYGEN VACANCY CONCENTRATIONS

If only static, perturbing EFGs are considered, the static EFG can be completely

specified by the characteristic frequency set, w and c02. Since PAC is a spectroscopy, it

is often convenient to speak in terms of this characteristic frequency set. The static



perturbation can be equivalently specified by ii and V, and this is more useful when
trying to understand what is happening at the atomic scale.

V Versus w. The oxygen vacancy concentration can be found by studying the

temperature dependence of the formation of (VCd defect pairs--the formation of

these defect pairs will also depend on the number of oxygen vacancies. The temperature

dependence of the defect pair formation can be quantified by measuring the temperature

dependence of the EFG sampled by the probe. is a direct measure of the EFG, while

WI is, in general, a complicated function of the EFG:

= 2a() QV sin[4cos'
V

40h vzz

W becomes directly proportional to V only in the case of an axially symmetric EFG.

Recall from Section 6.3 that oxygen vacancy concentrations were found by
previous workers by measuring the temperature dependence of cot. This assumes that Wi

is a direct measure of the EFG, but this is only true if the EFG is axially symmetric. As

discussed above, the EFGs were always found to be axially asymmetric. For samples

with non-zero i it is not valid to use WI as a direct measure of the EFG; should be

used.

Oxygen Vacancy Concentrations. Using V instead of w1, the procedure of
Section 6.3 used to convert WI into an oxygen vacancy concentration can be used to

convert into a vacancy concentration. The probe will see one of two possible
configurations, and the observed will be a time-weighted average of the two Vs
corresponding to each possible configuration:

= fr"zz + (1 Vb0tt Equation 8.1Jr, zz

where Vt corresponds to the perfect lattice configuration and corresponds to

the bound defect pair configuration.

The form off remains the same. The vacancy concentration [V I will vary from

sample to sample, but , EB, and N should be the same for all samples. Computer fits

of as a function of temperature were made for many samples with [V ], V0LO, EB,



andN as freely varying parameters. V0uT was found to be 0, EB was found to be 0.62(3)

eV, and N was found to be 8.

Allowing for the prescence of (VY ) defect pairs as well, similar analyses

were made of Y-doped samples. Oxygen vacancies were found to bind to yttria in the
next-nearest neighbor positions (N=24) with a binding energy of 0.28(5)eV. This is in

excellent agreement with the atomistic simulations of Cormack and Catlow.54 They

calculated binding energies for several dopant-vacancy defect pairs in t-Zr02. Although

they did not calculate a binding energy for (V0"Cd defect pairs, they did calculate a

binding energy of 0.29eV for (VY2ç ) defect pairs, in excellent agreement with the

results of this work.

With the parameters EB, and N determined, the only undetermined

parameter is the vacancy concentration [V 1. Rearranging the last equation, the shift in

the observed from Vtt yields the vacancy concentration at any given temperature T

according to:

[V0 j

" EBexpi - I Equation 8.2
NV kT)

8.3. PAC PARAMETERS FOR THE PERFECT LATTICE

The Perfect Lattice. The EFG of a perfect lattice is needed for the calculation
described above. A comment should be made here about what is meant by perfect. While

a truly perfect, totally defect-free lattice cannot exist, the PAC probe only sees a very
local part of the lattice. Inasmuch as the lattice is defect-free in this region, the lattice can

be considered perfect. Oxygen vacancies V are very mobile in zirconia and are

attracted to the PAC probe Cd; cation substitutional impurities are present in very low

numbers, are located far from the probe, and are essentially immobile. Therefore, if
oxygen vacancies are removed, the resulting lattice can be considered perfect with
respect to the PAC probe.
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The Vacancy-free Lattice. The introduction of lower valent metal impurities
seems to be unavoidable, and even extra-pure samples cannot be made oxygen vacancy-

free. Oxygen vacancies introduced by these metal impurities can, however, be removed

by additional doping with pentavalent niobium. The successful removal of oxygen
vacancies can be inferred from the observed temperature independence of all of the PAC

parameters for samples counterdoped in this manner--probe-vacancy pair formation is no

longer possible. Pure samples of previous workers had to be counterdoped at 0.5%, while

extra-pure samples of this work only had to be counterdoped at 0.1% to observe this
temperature independence.

Not-so-perfect. While counterdoping with niobium does efficiently remove

oxygen vacancies, the niobium substitutional defects Nb can affect the local EFG

sampled by the probe, and its effect increases with doping level. This was mentioned

earlier in the discussions of i. i is temperature independent and constant in samples made

vacancy-free by counterdoping with niobium, but it does shift to higher constant values

with higher niobium doping levels. i for a tetragonal lattice should be zero. Extra-pure

samples do have ii equal to zero; counterdoped, extra-pure samples do not. Although only

a 0.1% niobium doping level is needed to remove all the vacancies in the extra-pure
samples, the doping level is high enough to cause a slight distortion of the lattice away

from axial symmetry--away from "perfect."

V". With this caveat in mind, 0.1% Nb-doped, extra-pure samples were taken

as perfect and were used to find the PAC parameters corresponding to the perfect lattice.
T/tt is needed to calculate the vacancy concentration, and it was found to be slightly

temperature dependent (Figure 8.3). This small temperature dependence can be attributed

to slight thermal expansions and changes in vibrational motions with temperature in the

lattice. The following linear fit of the temperature dependence of V!tt was used in

calculating the vacancy concentration:

V1t' (T) = [0.710(1) + 0.0000433(7) x T] 1016 V/cm2 (Tin K) Equation 8.3



71

40

38

36

34

32

30

'- 28

26

24

22

20

900 1000 1100 1200 1300

T (C°)

O.5%Nb-doped
0. 1%Nb-doped

A Undoped
0. 1%Y-doped

1400

Figure 8.3: Negligible temperature dependence in Nb-doped zirconia.



72

9. EFFECT OF REDUCING CONDITIONS: CUBIC SITE

9.1. EXPERIMENTAL METHODS

Reduced Samples. Because of the interaction between the '11Cd probes and
chlorine, unreduced zirconias ("powders") were prepared from zirconium nitrate
solutions as described in Section 6.2. Reduced samples were prepared by either flowing

gas mixtures over the powder ("gas-reduced samples") or by sealing the powder with

zirconium ("getter-reduced samples"). Note the distinction now made between "powder"

and "sample" (= powder + reducing agent). Low oxygen partial pressures (-10-i to 10

15atm at 1200°C) were achieved by equilibriating CO and CO2. and lower partial
pressures (-10' to 10'8atm at 1200°C) were achieved by equilibriating H2 and H20.

Lowest partial pressures ('-1030atm at 1200°C) were achieved by sealing the powders in

quartz ampules with zirconium foil.

Gas Mixtures. The CO and CO2 mixtures were prepared directly from the
separate CO and CO2 gas cylinders and then flowed over the powder. The H2 and H20

gas mixtures were prepared by flowing H2 gas through a saturator tube filled with
dihydrous oxalic acid. Glass beads were mixed with the oxalic acid, acting as an
extender. A given ratio of H2 to H20 could be fixed by keeping the saturator at a given

temperature. The temperature of the saturator was fixed by immersing the saturator in a

water bath. After flowing through the saturator, the water-enriched H2 gas flowed over

the powder.

Gas Lines. Tygon tubing and polyethylene connectors were used. Gas flow rates

of -60cc/mm were used. 2" high alumina tubes, sealed at one end, were used as sample

holders. The sample was dropped into a PAC tube furnace. One end of a 12" long

alumina tube, open at both ends, and of smaller diameter was inserted down into the open

end of the sample holder and held one inch above the powder. The other open end of the

12" alumina tube was connected to the gas flow.

Hydrogen Interactions. Partial pressure measurements were made with the DL

Oxytrol Oxygen Probe. In-situ measurements were not possible because of an interaction

between the hydrogen atmosphere and the platinum lead of the probe; vaporization of the
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lead occurred after prolonged exposure to the hydrogen atmosphere. In any case, partial

pressures should in theory be solely determined by the gas mixture and temperature.
Because of the interaction of hydrogen with platinum, the Pt-Pt/10%Rh furnace
thermocouple also had to be relocated. The thermocouple, normally located inside the

PAC tube furnace right next to the sample, had to be moved outside the alumina tube of

the tube furnace near the heating elements. The temperature difference between this new

location and the previous location of right next to the sample was adjusted for
accordingly to obtain an accurate measure of the sampl&s temperature.

9.2. CUBIC SITE IN GETTER-REDUCED SAMPLES

Zirconia powders under extremely reducing conditions were investigated first. To

obtain these conditions powders were encapsulated in quartz with roughly equal amounts

of zirconium foil. In addition, some powders were also sintered at 1200°C before
encapsulation.

Amount of Cubic Site. The most notable feature of these getter-reduced samples

was the introduction of a cubic PAC site. The relative fraction of this cubic sitef is one if

all the PAC probes are in cubic sites and less than one if the probes are also in other sites

(e.g., tetragonal or monoclinic sites). f at 1200°C was very dependent on the thermal
history of the powder. f=1 when the powder had only been calcined (Figure 9.la). f<1

and J=1-f when the powder had also been sintered (Figure 9.2a). f at 1200°C was often

found to increase over the span of many PAC measurements.

Temperature Dependence. Once observed at 1200°C the cubic site in getter-
reduced samples was observed to temperatures at least as low as 600°C. f remained one

as the temperature of the sample was stepped down. At room temperature the PAC
spectra became too broad to interpret. This broadening phenomenon is also found in

unreduced, monoclinic zirconia10'11 and makes studies of zirconia at lower temperatures

unfeasible. The broadening is thought to be due to aftereffects associated with the
electron capture decay of "In to "Cd.

The t-m phase transition was be observed in getter-reduced samples in whichf<1

(Figure 9.2b). Although the t-m phase transition temperature is not clearly defined
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because of the hysteretic nature of the transformation, the transition temperature did not

seem to be greatly affected by the presence of this cubic site. The tetragonal sites became

monoclinic sites and vice versa, whiIef remained constant.

Reoxidation. f in getter-reduced samples, in general, decreased when the sealed

ampoule was cracked open, and the sample was allowed to reoxidize at 1200°C. Samples

in which the powder had been sintered before reduction by the getter reoxidized
completely and quickly--within 12 hours, the typical length of time for a PAC
measurement (Figure 9.2c). f decreased to zero, while f returned to one. The cos (i.e.,

oxygen vacancy concentrations) returned to the values previously measured before
reduction. Samples in which the powder had only been calcined before reduction by the

getter, on the other hand, reoxidized only very slightly and very slowly, with most PAC

sites remaining cubic (Figure 9.lc).
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Figure 9.1: Cubic site in getter-reduced sample--calcined-only powder at (a) 1200°C,
(b) 800°C, and (c) re-oxidized at 1200°C.
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Figure 9.2: Cubic site in getter-reduced sample--sintered powder at (a) 1200°C, (b)
800°C, and (c) re-oxidized at 1200°C.
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9.3. CUBIC SITE IN GAS-REDUCED SAMPLES

Amount of Cubic Site. Cubic PAC sites were also found in gas-reduced samples.

f at 1200°C was again found to be dependent on the thermal history of the powder
before it was reduced in gas. f(.<1 and j=l-fe when the powder had only been calcined.

fe<<1 (Figure 9.3a), and £=1-f when the powder had also been sintered (Figure 9.4a). In

general, f at 1200°C decreased with higher powder sintering temperatures. f at 1200°C

remained constant over the span of several PAC measurements for samples with powders

that had been sintered at 1300°C or higher. fe at 1150°C, on the other hand, slowly
increased over the span of several PAC measurements in samples with powders that had

only been sintered at 1150°C.fe>0 for samples that had been up to at least 1500°C.

Temperature Dependence. Once observed at 1200°C the cubic site in gas-
reduced samples was observed to temperatures at least as low as 800°C (Figure 9.3b). f
remained approximately constant as the temperature of the sample was stepped down.

The t-m phase transition was also observed in these gas-reduced samples. Again the t-m

phase transition temperature did not seem to be greatly affected by the presence of the

cubic site. f<1 and fm=1-f when the powder had only been calcined (Figure 9.5a) and

was reheated only to 800°C under reducing gases (Figure 9.5b). That is, the cubic site

was observed in a monoclinic sample that had previously never been transformed to the

tetragonal phase.

Reoxidation. f in gas-reduced samples, in general, decreased when the flow of

the reducing gas was stopped, and the sample was allowed to reoxidize at 1200°C.
Samples in which the powder had been sintered before reduction in gas reoxidized,
though not completely, over the span of 12 hours. f decreased, while f increased (Figure

9.4b). The cos (i.e., oxygen vacancy concentrations), however, returned quickly to the
values previously measured before reduction. Samples in which the powder had only

been calcined before reduction in gas, on the other hand, reoxidized only very slightly

and very slowly over the span of 12 hours, with most of the cubic sites remaining cubic

(Figure 9.3c).
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Figure 9.3: Cubic site in gas-reduced samples--calcined-only powders at (a) 1200°C,
(b) 800°C, and (c) re-oxidized at 1200°C.
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Figure 9.4: Cubic site in gas-reduced samples--sintered powders at (a) 1200°C and
(b) re-oxidized at 1200°C.
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Figure 9.5: Formation of cubic site at lower temperatures (800°C).

9.4. DISCUSSION OF RESULTS

The formation of a cubic PAC site in reduced zirconia samples in the temperature

range studied (600°C to 1500°C) was surprising.. The formation of the cubic site must be

related to the oxygen reduction since it is observed in both getter-reduced and gas-
reduced samples. Three possible explanations are considered. The cubic PAC site results

from (1) a defective a-Zr phase, (2) a cubic defect cluster, or (3) a stabilized c-ZrO2

phase. A closer look at the Zr-Zr02 phase diagram will be necessary.
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Zr-Zr02 Phase Diagram. The Zr-Zr02 system was originally studied by
Domagala and McPherson.62 Later studies of this system are in general agreement with

the phase diagram first proposed by these researchers, although a few significant
modifications in the higher temperature (>1500°C), Zr02-rich regime have been made.

The Zr-Zr02 phase diagram is shown in Figure 9.6a, and the Zr02-rich portion is shown

in detail in Figure 9.6b. Gebhardt et al.63'64'65 and Ruh and Garrett66 both found a c-t

inversion at 1500°C, finding values of 1577°C and 1490°C, respectively. The phase

boundaries between the single-phase c-ZrO2 region and the two-phase L + c-ZrO2., a-

Zr + c-ZrO2., and c-ZrO2 + t-ZrO2. regions have been established by Ackermann et

al.67'68 and Rauh and Garg.69 All of these measurements are consistent with a eutectoid at

1500°C and x-0.25.
The phase boundaries in the lower temperature (<1500°C), Zr02-rich regime have

not been clearly established. Of particular interest to this work are the phase boundaries

between the single-phase t-ZrO2 region and the two-phase a-Zr + t-ZrO2 and c-Zr02 +

t-ZrO2 regions. There is a rather large uncertainty in the location of the t-ZrO2/a-Zr + t-

ZrO2 phase boundary. Measurements made by Ruh and Garrett66 suggest that at 1200°C

the precipitation of a second phase, a-Zr, from t-ZrO2 begins to occur at x-0.14.
Measurements made by Gebhardt et al.64, however, suggest that at 1200°C single-phase t-

ZrO2 transforms to a two-phase a-Zr + t-ZrO2 mixture at x-0.02. Rauh and Garg69

were able to conclude that the t-ZrO2/c-ZrO2 +t-ZrO2 phase boundary at 1570°C

must lie to the right of x-0.02 which would be consistent with the t-ZrO2./a-Zr + t-Zr02

phase boundary (x-0.02 at 1200°C) suggested by Gebhardt et al64.

A Defective a-Zr Phase. The formation of a cubic PAC site in reduced
zirconia samples in the temperature range studied could result from a defective a-Zr

phase. The a-Zr phase, a hexagonal close-packed (hcp) structure, can dissolve up to
3Oat% oxygen in the octahedral interstices before Zr02 begins to precipitate out. In
contrast, Zr02 can only tolerate a very small nonstoichiometry before Zr begins to
precipitate out.

The nature of this proposed defective a-Zr phase is unclear, but it must be at least

locally cubic (relative to the "Cd probe) if it is to explain the observed cubic PAC site.



The high number of over-sized interstitial oxygens most likely results in significant
distortion of the hcp structure. The oxygen also have been found to order at
concentrations greater than -2Oat%.33 In addition, fatigued,7° deformed,71'72'73 and

irradiated a-Zr74'75'76 are all known to form complicated dislocation structures. In contrast

to face-centered cubic (fcc) metals, dislocation structures in hcp metals are poorly
understood.

Cadmium is also an hcp metal that can exhibit complicated dislocation structures.

PAC studies of lattice defects in cadmium generated by proton irradiation and by
quenching in defects from temperatures near the melting point were made by Witthuhn et

al.77 Four PAC sites were observed in these defective metals. The first site corresponded

to the perfect hcp lattice. The second and third sites were related to simple luCd vacancy

structures. The fourth site was cubic and was attributed to extended defect loops. These

defect loops change the regular ABAB stacking sequence of the hcp structure to ABCAB,

which is, locally, fcc, and the observance of a cubic PAC site in an hcp metal, as shown

in Figure 9.7, can be thus explained.

0 100 200 300
TIME (ns)

TIME (ns)

Figure 9.7: Cubic PAC site observed in an hcp metal (Cd). '"'



PAC studies of lattice defects in zirconium have not been made. If the formation

of a cubic PAC site in reduced zirconia samples does result from a defective a-Zr phase,

it is very strange that an hcp PAC site corresponding to the perfect a-Zr phase is not

observed as well. This would be possible if the cubic defects in the a-Zr phase always

nucleated around and binds tightly to the probe, but this is purely speculation and
probably unlikely. Nevertheless, the observations made in this work can be nicely

explained by assuming that the cubic site results from a defective a-Zr phase.

f=1 at 1200°C for getter-reduced samples prepared with powders that have only

been calcined; the samples are single-phased. The samples are in the defective a-Zr

single phase region. Roughly the same amounts of Zr and Zr02 are sealed together in the

quartz ampoule, and this composition lies within the single-phase a-Zr region. f remains

1 down to at least 600°C; that is, this observed cubic phase is insensitive to the t-m phase

transformation temperature of 970°C as is the a-Zr phase.

f<1 and fF1-fe at 1200°C for gas-reduced samples prepared with powders that

have only been calcined. The remaining probes are in t-Zr02 PAC sites, and the samples

are two-phased. The samples are in the defective a-Zr phase/t-ZrO2 two phase region.

The Zr-Zr02 composition is fixed by the reducing gas mixture. As the temperature is
decreased and if the gas mixture is fixed, the composition shifts to lower oxygen content.

The t-m phase transition occurs by 800°C, and the cubic PAC site and the m-Zr02 PAC

site are then observed in the sample. At this point, the samples are in the defective a-

Zr/m-ZrO2 two phase region.

Once observed at 1200°C f remains approximately constant as the temperature

of the sample is stepped down; the relative amounts of the defective a-Zr and the t-ZrO2

phases does not appreciably change as temperature is stepped down. This is consistent
with the nearly vertical phase boundaries that separate the two-phase region from the

single-phase regions.

The dependence off on powder thermal history is a grain size effect. Grains in

powders that have been sintered at 1200°C are an order of magnitude larger than grains

that have only been calcined 800°C, so the sintered powders have less surface area than

do the calcined-only powders. The a-Zr phase nucleates on grain boundaries as shown by



Ruh and Garrett's66 study of the Zr-Zr02 system. The relative amounts of the a-Zr and

the t-ZrO2 phases in equilibrium will be determined by a given temperature and
composition (fixed by the reducing gas mixture). The a-Zr phase precipitates from Zr02

grains, but the precipitation of the a-Zr phase is rate-limited by the metal film growth

that follows the well-known parabolic growth law:

(Ax)2
= k Equation 9.1

2t

where Ax is the thickness of the film at time t and k is the rate constant which is only

temperature-dependent. Then under identical conditions--a given temperature and
composition, the high-surface area, calcined-only powders will reach equilibrium three

order of magnitudes faster than the low-surface area, sintered powders. This explains the

observed increase in f over the span of several PAC measurements in samples prepared

with sintered powders; they have not yet reached equilibrium.

The reoxidation behavior can also be explained by assuming that there are two

phases, the a-Zr phase and t-ZrO2 phase, in the reduced samples: the oxidation rates for

each of these phases are different. Douglass and Wagner78 found that the rate constant for

oxidation of ZrO2 is about two orders of magnitude larger than the rate constant for
oxidation of Zr. Oxidation of the oxide occurs quickly, and the cos return quickly to their

previous values. The relative fractions of the cubic and tetragonal sitesf andft, however,

change relatively slowly because of the slow oxidation of the metal.

A Cubic Defect Cluster. The formation of a cubic PAC site in reduced zirconia

samples in the temperature range studied could result from a cubic defect cluster. As
discussed in Section 5.2, oxygen vacancy ordering is known to be quite significant in
stabilized zirconia in the temperature range under consideration; it may be significant in

reduced zirconia as well. If ordering occurs, the vacancies should order quickly. The very

slow change off over time and upon reoxidation, then, indicates that cations must also

be part of the defect structure; the formation of the defect cluster is rate-limited by their

diffusion.

Increased ordering should occur at lower temperatures, while at high enough
temperatures, disorder should be observed. No order-disorder transition could be



observed between 800°C and 1200°C; f remains approximately constant as the
temperature is cycled between 800°C and 1200°C. The order-disorder transition may
occur at temperatures higher than those studied.

A Stabilized c-ZrO2. Phase. The formation of a cubic PAC site in reduced
zirconia samples in the temperature range studied may result from a stabilized c-ZrO2

phase. As mentioned in Section 2.2, stabilization of the c-phase of Zr02 by the addition

of stabilizers is extremely important in applications of zirconia, but the stabilization is not

well understood. The most commonly used stabilizers, Ca2, Mg2, and y3 stabilize the

c-phase and also introduce extrinsic oxygen vacancies. Stabilization resulting solely from

the presence of oxygen vacancies has been considered,79 but such arguments cannot
explain the observed stabilization by tetravalent stabilizers like Ce4 and Ti4 that do not

introduce vacancies. Li and Chen,80'81'82 in extensive studies of the effect of stabilizer on

stabilization, concluded that ionic radii of the stabilizer, vacancy association, and
ordering of the stabilizer all are important factors in stabilization. Apparently,

stabilization does not result solely from the presence of oxygen vacancies.

Attributing the cubic PAC site to a stabilized c-ZrO2 phase is very inconsistent

with the Zr-Zr02 phase diagram. The c-t inversion temperature of --1500°C has been
verified by several groups, but the cubic PAC site is observed to form at 800°C upon
heating and persists down to 800°C when cooled from higher temperatures. Recalling

that the t-c/c-t transformations are martensitic, it is also difficult to explain the very slow

change off over time and upon reoxidation by assuming the cubic PAC site results from

a stabilized c-ZrO2 phase.



10. EFFECT OF REDUCING CONDITIONS: NONSTOICHIOMETRY

10.1. EXPERIMENTAL METHODS AND RESULTS

The experimental methods described in Section 9.1 were used to study the
nonstoichiometry of reduced t-zirconia. Gas-reduced samples made from powders that

were sintered at 1300°C or higher were used to study the nonstoichiometry of t-zirconia

as a function of oxygen partial pressure. The lowest partial pressures were achieved by
flowing pure H2 over the powder, while the highest partial pressures were achieved by
flowing pure 02 over the powder. At these two partial pressure extremes, no shift in the

tetragonal PAC frequency is observed in samples that were prepared from powders
precipitated at high pH (higher impurity content). The number of oxygen vacancies that

result from reduction in this partial pressure regime is insignificant when compared to the

number of extrinsic vacancies that result from the unintentional impurity doping.

Because many of the "Cd probes are lost when precipitating at low pH to make

"cleaner" powders, powders lightly counterdoped with Nb were used instead to reduce

the extrinsic vacancy concentration. Doping levels of 0. 1%Nb were used at first, simply

because these solutions were already prepared. Doping levels of -0.005% were used
later. Powders were typically calcined at 800°C for six hours and sintered at 1300°C or

higher for another six hours. PAC measurements were then made at temperatures always

lower than the sintering temperature at various partial pressures. Only one sample was
measured at 1400°C, several samples at 1300°C, several at 1200°C, and again only one at

1100°C. The data sets taken at 1300°C and 1200°C are presented in Figure 10.la and
Figure 10.lb, respectively.

For samples with a 0.1%Nb doping level, Vs greater than the Vtu1 reported in

Section 8.3 were found. This was not found for samples with a -0.005%Nb doping level.

The original 0.1 %Nb doped samples used to determine Vt°" were not made by this

worker. Variability in sample reproducibility among workers has always plagued this

group.
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Figure 10.1: Oxygen vacancy concentration as a function of oxygen partial pressure 
at (a) 1300°C and (b) 1200°C. 
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Vs greater than the Vttt result in negative vacancy concentrations. This will

not be troublesome when quantifying the data in the next section. But many of the data
points are lost when making qualitative comparisons to the findings of other experimental

groups because these findings are usually presented in a log[defect concentration or

conductivity] versus log P02 format. Therefore, only so that qualitative-type comparisons

can be made, Vtt was increased just enough such that vacancy concentrations were

always calculated to be positive. These modified concentrations are denoted [V ]*, and

the modified data sets are presented as logE V' I
* versus log P0 plots in Figure 10.2.

10.2. DISCUSSION OF RESULTS

The log-log plots of Figure 10.2 qualitatively show how increasing doping
(impurity) levels in zirconia makes it a better ionic conductor; doping increases the
concentration of the conducting ionic species increases as well as the partial pressure
range over which ionic conductivity is dominates. The plots also show the limiting -1/6

behavior of all samples at low partial pressures as previously discussed in Section 4.2.

Now that qualitative agreement has been established, only the original data of Figure 10.1

will be used in everything that follows.

The data sets of Figure 10.1 are quantified using the defect chemistry introduced

in Section 4.2. The nonstoichiometry in these zirconia samples results from the presence

of extrinsic ionic defects (aliovalent, substitutional impurities) and the reduction of the

sample by the controlled atmosphere. Impurities are assumed to be trivalent. The relevant

defects in these samples are anion vacancies V, substitutional trivalent impurities M,

and electrons e". Two defect formation reactions can be written, one for reduction and

the other for substitution:

O ---O2(g)+V +2e'

M203 2M + 3O + V

The third equation imposes electroneutrality:
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2[Vfl=[M]+n
The three defect concentrations [V0"], [M], and n are completely determined by these

three equations. The concentrations can all be expressed as functions of temperature
(implicit in Kred and the reaction equilibrium constants) and oxygen partial pressure

The Brouwer approximations made in Section 4.2 will not be used here; the full

electroneutrality equation is used to relate [Vs'] to P0:

Kred = [V](2[V] [M ])2P2 Equation 10.1

The experimental values of [V0] and P0 reported in Figure 10.1 are fit to this equation

with Kred and [M] as freely-varying parameters. Kred depends only on the temperature,

and [M] depends only on the sample. Thus, two-parameter fits for {Kred(T), [M ]}
were made for the data at 1400°C and at 1100°C, while multiple-parameter fits for

{Kred(1), [M]1} where the subscript i denotes the ith sample were made for the data at

1300°C and at 1200°C.

The fitted concentrations of trivalent impurities are reasonable when compared

with the corresponding oxygen vacancy concentrations measured at high oxygen partial

pressures, roughly following the Brouwer approximation [M J-2[V J. The equilibrium

constant of the reduction reaction should only be a function of temperature, following a
simple Arrhenius behavior:

Kred = AexP[ Equation 10.2

where A includes an entropy term. The activation enthalpy All can be found from the

slope of a linear fit of ln(Kred) as a function of 1/I'.

Wang and Olander83 used thermodynamic calculations to predict the temperature

dependence of Kred on temperature:

68000
In Kred = 2

T
(T in K) Equation 10.3
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They plotted this temperature dependence with the only available experimentally
determined Kred made by Xue and Dieckmann3° at 1400°C and found good agreement.

This is replotted in Figure 10.3 with the values of Kred at 1400°C, 1300°C, 1200°C, and

1100°C found in this work.
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Figure 10.3: Arrhenius behavior of Kred.
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The values of Kred(1200°C) and Kred(1 100°C) are consistently smaller by a tiny

amount, but otherwise are in excellent agreement with the findings of Wang and Olander.

The values of Kred(1400°C) and Kred(1300°C) are consistently smaller by a sizeable

amount, but the temperature dependence (i.e., All) is still consistent with the findings of

Wang and Olander.

The consistently smaller values found in this work results from the Nb
counterdoping. The counterdoping introduces oxygen interstitials, which in turn removes
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oxygen vacancies since the Frenkel equilibrium must be maintained. More oxygen
vacancies are removed and lower values of the equilibrium constant are measured with

increasing Nb doping levels. Only slightly lower values are measured for Kred(1200°C)

and Kred(1 100°C) because these samples were only doped with -O.005%Nb. Lower

values are measured for Kred(1400°C) and Kred(1300°C) because these samples were
doped with 0.1 %Nb.

To be rigorous, the substitutional pentavalent dopant and anion interstitials must

be included in the defect chemistry calculations. The relevant defects in these samples are

then anion vacancies Vs', substitutional trivalent impurities M, electrons e',

substitutional pentavalent impurities M, and anion interstitials O. Four defect

formation reactions can be written, one for reduction, one for substitution by the trivalent

impurity, one for substitution by the pentavalent dopant, and one for formation of the
Frenkel defect pair:

O ->-O2(g)+V' +2e"

M203 >2M +3O +V
M205 2M + 5O + O

null>V' +O
The fifth equation imposes electroneutrality:

2[V]+[M]=2[O"]+[M]+n
The five defect concentrations [V 1' [M], n, [M], and [Of"] are completely

determined by these five equations. [V I can be related to P0 and is:

Kred = [V'](2[V] [M] + [M] 2KF )2P2 Equation 10.4
[V0]

where KF is the equilibrium constant for Frenkel defect pair formation. Attempts to fit the

experimental values of [V] and P0 reported in Figure 10.1 to this equation with Kred,

KF, [M 1' and [Mç1.] as freely-varying parameters were not successful.



11. CONCLUSION

PAC was used to measure oxygen vacancy defect concentrations in t-zirconia.

Higher than expected concentrations of oxygen vacancies were found in undoped
samples. Based on preliminary SEM and NAA work, these extra vacancies were thought

to be due to extended defects. However, further SEM and NAA studies, in conjunction

with PAC, indicate that it is probably impurities rather than extended defects that
introduced these extra vacancies.

Improved sample-making techniques were also developed, and as a result the
expected axial symmetry of the electric field gradient (EFG) produced by a tetragonal

lattice was finally observed in t-zirconia by PAC. The increasing deviation from axial

symmetry likely results from increasing impurity or dopant content. Corrections to the

PAC parameters used in determining oxygen vacancy concentrations were made to

include this effect. Binding enthalpies for (VCd and ) defect pairs were

found to be 0.62(3)eV and 0.28(5)eV, respectively. Vacancies were found to bind to
cadmium in the nearest neighbor position, while they were found to bind to yttrium in the

next-nearest neighbor position.

A cubic structure was found to form in undoped t-zirconia under reducing
conditions between 600°C and 1500°C. Because PAC only yields information about the

very local structure of the Cd PAC probe and because the Zr-O phase diagram is not
well-known in this regime, details of this cubic structure found in reduced t-zirconia
remain unclear. Precipitation of a defective zirconium metal phase may explain the
existence of the observed cubic structure. However formation of cubic defect clusters or

stabilization of the cubic phase of zirconia by high oxygen vacancy concentrations cannot

yet be ruled out.

Oxygen vacancy concentrations of t-zirconia in reducing atmospheres were

measured at 1400°C, 1300°C, 1200°C, and 1100°C. At lower oxygen partial pressures

(<10-1 'atm) measurements were consistent with the Brouwer approximation that
electrons and oxygen vacancies dominate; vacancy concentrations were proportional to

the oxygen partial pressure to the -1/6. At higher partial pressures, vacancy
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concentrations were found to be wholly determined by extrinsic impurity concentrations.

Equilibrium constants were found, and a vacancy formation enthalpy determined.
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