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ABSTRACT

Solid State lonic (SSI) materials are key materials for devices where high ionic
diffusivity and conductivity are crucial for their proper operation. The most common SSI
materials for these applications are doped zirconia or ceria based materials, with yttria-
stabilized zirconia (YSZ) being the benchmark one. The mechanical properties are
extremely important for their use as electrochemical devices which frequently operate
under high temperature, mechanical stresses, electric fields and reducing or oxidizing
environments. In this study, Resonant Ultrasound Spectroscopy (RUS) is used to
evaluate the mechanical properties of these materials at high temperature and under
electric fields.

A high temperature RUS system was developed for measuring moduli of solids
from room temperature up to 1300 °C in controlled environments. Elastic moduli of
different materials were obtained using high temperature RUS and were statistically
analyzed and systematically compared to the values obtained using other high
temperature techniques. This system was used for the remainder of the study.

The elastic properties of polycrystalline Yttria-stabilized Zirconia (YSZ),
Scandia-Ceria-Stabilized Zirconia (SCZ) and Gadolinia Stabilized Zirconia (GSZ) were
analyzed using Resonant Ultrasound Spectroscopy (RUS) in air, from room temperature
up to 1000 °C. In all samples, the both Young’s and shear moduli were found to
decrease significantly, i.e. for up to ~50%, in the 250 °C to 600 °C. In the same

temperature range, two major frequency dependent attenuation (Q™') peaks are observed



that can be attributed to the anelastic relaxation of oxygen vacancy — cation complexes.
Assuming single Debye relaxation model, activation energies for the anelastic relaxation
were calculated and a linear trend of increasing activation energy with increasing ionic
radii mismatch was observed. The effect of dopant cation (Gd**, La**, Sm**, and Y*")
on elastic properties and anelastic relaxation of doped ceria. For comparison, elastic
properties of pure stoichiometric ceria (CeO,) and reduced ceria (CeO,.;) were also
examined. It was found that although the elastic moduli decrease monotonically with
temperature, Q* shows a frequency dependent maximum at different temperatures
ranging from 100 °C to 300 °C for differently doped ceria. Unlike the doped zirconias,
only a slight trend was observed in the activation energy for anelastic relaxation due to
the more complex defect clusters that can form in doped ceria.

The mechanical damping peaks produced by RUS of 8 mol% yttria stabilized
zirconia (8YSZ) were further studied to understand the number of relaxation
mechanisms occurring within the material. The previous assumption of two Debye
peaks did not match the data when the relaxation curves were reconstructed. It was
found that a six peak model minimized the RMS error between the reconstructed curve
and the experimental data. In addition, 8YSZ was studied under electric fields of 0
V/mm, 50 V/mm, 100 V/mm and 150 V/mm. It was observed that the elastic moduli
become stiffer as a result of the applied electric field. The mechanical damping curves
change slightly as a result of some defect clusters becoming frozen in place while others

are more likely to move.
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NOMENCLATURE

INN Nearest neighbor

2NN Next nearest neighbor

8YSZ 8 mol% Yttria Stabilized Zirconia
10GDC 10 mol% Gadolinia Doped Ceria
10YSz 10 mol% Yttria Stabilized Zirconia
20GDC 20 mol% Gadolinia Doped Ceria

Al,O3 Aluminum oxide (Alumina)

CeO, Cerium oxide (Ceria)

CaSz Calcia stabilized zirconia

DMA Dynamic Mechanical Analysis

E Elastic modulus

E/Ert Normalized elastic modulus

EXAFS Extended X-ray absorption fine structure
f Frequency

FWHM Full width at half maximum

G Shear modulus

Gd,03 Gadolinum oxide (Gadolinia)

GSz Gadolinia stabilized zirconia

Ha Association enthalpy

HT-RUS High temperature Resonant Ultrasound Spectroscopy
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Samaria doped ceria
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1. INTRODUCTION

1.1 Background
1.1.1. Doped Zirconias and Cerias

Solid State lonic (SSI) materials are key materials for devices where high ionic
diffusivity and conductivity is crucial for their proper operation’®. Nowadays, SSls are
widely used in Solid Oxide Fuel Cells (SOFCs), gas sensors, batteries and gas separation
membranes® * > °. The most common SSI materials for these applications are doped
zirconia or ceria based materials, with yttria-stabilized zirconia (YSZ) being the
benchmark one? * %2, High ionic diffusivity and conductivity in these materials can be
achieved in one of two ways: (1) doping with aliovalent dopants that introduces oxygen
vacancies in the host material while maintaining charge neutrality or (2) changing the
stoichiometry of the material through reduction or oxidation®.

Zirconium Oxide, ZrO,, is a polymorphic material with three main crystal

structures at different temperatures. At room temperature, ZrO, has a monoclinic

structure with C>, symmetry and a centrosymmetric space group P2, /c. At
approximately 1400 K, it transforms to tetragonal structure with D;; symmetry and
centrosymmetric space group P4, /nmc. Then, at 2650 K it transforms into the cubic
fluorite phase with O symmetry and centrosymmetric space group Fm3m B 1f some

of the tetragonal structure is present at room temperatures, such as in tetragonal or

partially stabilized zirconia, it results in shape memory effect or significant

14-16

transformation toughening Due to the large volume expansion ZrO, undergoes



during heating because of those phase transformations, it is important to stabilize its high
temperature cubic phases down to the room temperature. This can be done with the

18,19

addition of aliovalent dopants, such as scandia®’, calcia™® *°, samaria®’, gadolinia,

20.21 and yttria *" #. The most commonly, ZrO, are doped with

ytterbia'’, magnesia
more than 8 mol% yttrium oxide (Y»O3) to stabilize cubic structure %%, Y,03 s cubic
with a body centered space groupT,’ (1a3)®. In the stabilized fluorite phase, the

zirconium, Zr**, or yttrium, Y**, ions site on the FCC lattice sites while the oxygen ions
or oxygen vacancies occupies tetragonal sites?®.

More importantly, stabilization of the cubic fluorite phase with aliovalent cations
also introduces oxygen vacancies that can be exploited for use in SSIs where the oxygen
vacancies act as charger carriers through the material. While the addition of aliovalent
dopants increases the ionic conductivity due to increased number of oxygen vacancies,
there is a maximum amount of dopant that results in a maximum ionic conductivity for a
particular doped system. For example, Figure 1.1a shows the effect of increasing the
amount of yttria on the ionic conductivity of zirconia at 800 °C with the clear maxima in
ionic conductivity at approximately 8-10 mol% Y,0Os. This drop in ionic conductivity at
higher doping concentrations is related to complex defect (oxygen vacancies and dopant
cations) ordering, vacancy clustering and/or electrostatic interactions™®. Figure 1.1b
shows the effect of dopant type on the ionic conductivity at 800 °C for three of the more
common dopants. There is a clear trend that the ionic conductivity decreases as the

dopant ion gets larger.
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Figure 1.1. (a) Effect of Y203 dopant concertation on ionic conductivity of ZrO2
at 800 °C and (b) change of ionic conductivity of zirconia with different types of
dopants at 800 °C where SSZ, YSZ, and CaSZ are scandia, yttria and calcia
respectively, doped zirconias.

Similar to zirconia, cerium oxide, CeO,, can be doped with different dopants,
such as samaria®” ¥, scandia®, gadolinia®*°, yttria® *°, lanthana® ***" ytterbia**, and
neodymia®* to increase the ionic conductivity by adding oxygen vacancies into the
crystal lattice*”. Unlike zirconia, ceria has cubic fluorite (Fm3m) from room
temperature to melting temperature so there is a far greater range of aliovalent dopants
and dopant concentrations that can be used* to increase concentration of oxygen
vacancies and thus ionic conductivity in doped cerias. Figure 1.2b shows the effect of
changing the dopant type on the ionic conductivity of ceria at 800 °C. Here four dopant
with different the ionic radii is used to illustrate the effect of the dopant size on the ionic
conductivity. In Figure 1.2b, the ionic conductivity again increases with increasing

dopant radius, and after that decreases again. To understand effect of the dopant size on



ionic conductivity, one has to understand effect of the doping on elastic strain in
introduced in the host lattice by doping with aliovalent cations with different size.

The addition of different sized dopants introduces elastic strain into the crystal
lattice by causing distortions in the lattice. It has been previously shown that doping
cations that produce smaller lattice distortions tend to produce high conductivities
because due to the effect of dopant-vacancy associations** *°. Gerhardt-Anderson et al.*!
show that the association enthalpy between dopant and oxygen vacancy is much stronger
when there is a larger mismatch between dopant ionic radius and host radius. A model
developed by Kim“® predicts the elastic strain as a function of ionic radii difference
between the host and dopant atom be developing a model to determine the critical radius
size, r, for a trivalently doped cation in a MO, host. For ceria the critical ionic radius
was determined to be 1.038 A***’. Previous work has shown that Gd** has the closest
ionic radius to r. and the highest ionic conductivity® ***®. Similar work has been done
for trivalently doped zirconia, and the critical ionic radius has been determined to be
0.0948 A*®. Figure 1.2 illustrates how the ionic conductivity is maximized when the
difference between the dopant ionic radius (ry) and the critical ionic radius (rc) is
minimized. It can clearly be seen in Figure 1.2 that small difference in ionic radii of the
host and dopant in GDC and SDC results in the highest ionic conductivity, when

compared to other doped cerias and zirconias.
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Figure 1.2. (a) The change of ionic conductivity of zirconia with different types of
dopants at 800 °C where YDC, 10GDC, SDC and LDC are yttria, 10 mol%
gadolinia, scandia, and lanthana respectively, doped cerias and (b) ionic
conductivity as a function of the difference between the critical ionic radius and the
dopant ionic radius at 800 °C

In addition, unlike doped zirconia, doped ceria is prone to easy reduction. As
oxygen leaves ceria in in reducing environments forming oxygen vacancy, it is
thermodynamically favorable for Ce** reduces to Ce***. This reduction in valency is
accompanied by a large increase in ionic radius from 0.97 pm to 1.143 pm which can
cause micro-cracks in the material®. Using the Kroger-Vink notation, the reduction of
ceria can be written as:
2CeX, + 0O <>V +2Ce., +1/20,(g)™ (1.1)
In addition to the size change, CeO, starts becoming more electrically conductive when
it is reduced®. However, this reduction results significant volumetric changes (up to 4%)
that in turn might lead to large stresses and microcracking of ceria during reduction-

%0.52°54 the later can be especially problematic for applications like

5
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SOFCs where the anodic side of the cell is exposed to low oxygen partial pressures. As
a way to combat this problem, either a thin layer of 8YSZ is coated on the ceria or a

mixture of 8YSZ or 3YSZ is made with the doped ceria®.

1.1.2. Defect Complexes

Aliovalent dopants increase the number of oxygen vacancies which act as charge
carriers in the material, thus enhancing oxygen diffusivity and ionic conductivity. The
oxygen vacancies are formed to maintain charge neutrality in the material as shown here
in the Kroger-Vink nomenclature®:

R,0,—¥% 2R, +VJ" +302 (1.2)
where R represents the doping aliovalent cation, typically a rare-earth element and M
represents the host cation. Oxygen vacancies can place themselves on different sites in
oxygen sublattice, having dopants in nearest (1NN) or next nearest (2NN) positions, as it
is discussed in more details in the subsequent sections.

Initial models for atomic placement have suggested that the oxygen vacancies
introduced by doping tend to sit in the site with the dopant ion as the nearest, Figure 1.3.
This model is based on electrostatic attraction between oppositely charged dopant ion
and the oxygen vacancy and the defect symmetry the oxygen vacancy introduces>.

157

According to Wachtman’s model”’, the oxygen vacancy occupies one of the eight

nearest neighbors surrounding the dopant ion, Figure 1.3. The insertion of the trivalent

dopant and the subsequent oxygen vacancy cause local elastic distortions and disrupts

I 58, 59

the symmetry of the host cell. Nowick et a showed in numerous studies that that
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the defect symmetry of this defect cluster is trigonal doped in cubic ceria and zirconia,

thus lowering local symmetry of the otherwise centrosymmetric fluorite structure.
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Figure 1.3. Fluorite structure after adding a dopant to the ceria or zirconia host
lattice, showing oxygen vacancy in the nearest neighbor position (LNN)
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Figure 1.4. Fluorite structure after adding a dopant to the ceria or zirconia host
lattice, showing oxygen vacancy in the next nearest neighbor position (2NN)



According to several recent computation studies, the Y** ions preferentially
occupies site second (or next) nearest neighbors (2NN) site relative to the oxygen
vacancies®® ®. Extended X-Ray Absorption Fine Structure (EXAFS)®*® neutron
diffraction® and Nuclear magnetic resonance (NMR)® studies have shown that the Y**
ions sit on 2NN sites to the oxygen vacancy while the Zr** ions sit at nearest neighbor
(INN) sites to the oxygen vacancy, as it is illustrated in Figure 1.4. Additionally, the
computational studies show that the oxygen vacancies prefer the third nearest neighbor
(3NN) position to each other along the <111> direction® ®’. There are two prevailing
theories that explain 2NN configuration. Work published by Bogicevic and Wolverton®
suggests that the elastic interaction between the dopant ion and oxygen vacancy is
repulsive, causing the dopant ion and vacancy to sit in the second nearest neighbor
position relative to the dopant. The other explanation is 2NN configuration in doped
ceria and zirconia leads to more stable eightfold O* coordination of the Y** similar to its
coordination in Y03 and sevenfold O coordination around the Zr** ion that is NN to a
vacancy similar to its coordination in the preferred low temperature monoclinic phase*®
69.

Additional studies on stabilized zirconia show a trend in the type of dopants on
the structure of the vacancy-dopant clusters. Trivalent metal dopants typically have a
smaller radius than the Zr** ions and favor NN positions around the oxygen vacancies
and do not necessarily stabilize the cubic phase at low temperatures due to its sevenfold
coordination. However, larger dopants prefer the 2NN site and stabilize the cubic phase

at lower temperatures due to their eightfold coordination®®. According to those studies,
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the point at which tendency of dopant ions to occupy NN position changes to 2NN
positions is at approximately the radius dopant being equal to that of the Zr** ion®®.
Significantly smaller number of studies examined vacancy clustering and

ordering in doped ceria. Ahn et al*? studied position of oxygen vacancies in gadolinia-
doped ceria using DFT with exchange-correlation energy function treated by Perdew—
Burke—Ernzerhof (PBE) analysis within the generalized gradient approximation (GGA).
They concluded that it was energetically more favorable for the vacancy and dopant ion
to be in first nearest neighbor (1NN) positions under every strain condition. Nakayama

etal.””

performed a first principles DFT study and concluded that the smaller dopant ions
sit NN to the oxygen vacancies while larger dopant ions sit 2NN to the oxygen vacancies
and the crossover point is at approximately the ionic radius of Gd**. Experimental
results from Kossey et al.”* show through EXAFS studies of thin films that his may not
be the case and the oxygen vacancy sits NN to ceria ions instead. Inaba et al.”
performed molecular dynamics simulations that agreed with the EXAFS results showing
that the oxygen vacancy prefers to be NN to ceria at low temperatures. However, at high

temperature, it has a tendency to form Gd-Gd pairs within the system and be nearest

neighbor to an oxygen vacancy especially’.

1.1.3. Relaxation of Defect Complexes
Anelastic relaxation is a time-depended response of a material when it is exposed
to the external stress field. In this case for ceria and zirconia materials, anelastic

relaxation is proposed to be result of the stress induced reorientation of point defects
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introduced into the material by doping. As mentioned in the previous section, the
addition of dopants into a CeO; or ZrO, lattice also introduces oxygen vacancies to

maintain charge neutrality. According to the model by Nowick, et.al®® *°

, at low
temperatures, these oxygen vacancies are thought to be trapped by the dopants whose

radii are different from host or dopant cations. In dilute solutions simple oxygen

vacancy-dopant complexes form (R'Z,VJ ) as illustrated in Figure 1.3.
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Figure 1.5. Reorientation of oxygen vacancy under (a) an electric field and (b)
under an applied stress for the cluster presented in Figure 1.2.

These complexes are also electric dipoles that are associated with the partial
separation of effective charges ">. When an alternating electric field is applied, the
electric dipoles will reorient by the oxygen vacancy “hopping” around the dopant ion in
what is a thermally activated, reversible, time, temperature and frequency dependent
reorientation process, illustrated in Figure 1.5a. This process was first proposed by

74
l.

Breckenridge et al.”” in 1948 and a significant amount of work has been done to study it
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in doped zirconia and ceria since then As the amount of dopant is increased, more

' oo \X
complex oxygen vacancy-dopant complexes, such as (2 R,.V, ) or more complex

clusters, can form3%: 7°,

However, it has been also been hypothesized that external stress can reorient the
oxygen vacancy-defect complexes as well. In this case, under a zero stress or electric
field condition, the vacancy has an equal probability of occupying any one position
around host or dopant. However, once a stress field is applied, the hopping of the
oxygen vacancy around the cation becomes preferential in one direction, as it is
illustrated in Figure 1.5b. Therefore, this anelastic relaxation under alternating stresses
is an analog to dielectric relaxation under an electric field.

The insertion of the trivalent dopant and the subsequent oxygen vacancy cause
local elastic distortions, it also disrupts the symmetry of the host cell. Nowick et al.”® >
have done numerous studies to show that the defect symmetry is trigonal for defects in

cubic ceria and zirconia, thus lowering symmetry of the otherwise centrosymmetric

fluorite structure.
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Figure 1.6. Free energy level splitting under a stress field, zero line indicates where
levels would be under no external field

One of the conditions for anelastic relaxation is that the symmetry that results
from the defect is lower than the symmetry of a perfect crystal®. Since trigonal
symmetry is lower than cubic symmetry, anelastic relaxation occurs in this system. To
characterize anelastic behavior in a homogeneous stress field, like the ones produced in
this study, one only needs to know the symmetry of the system®. However, unlike the
electric dipole which can be characterized by a vector, the elastic dipole is characterized
by a second-rank tensor, A%. The A-tensor that characterizes the elastic dipole is related
to the strain produced by point defects, as a result it is symmetric and results in three
mutually perpendicular axes that can be used to characterize the relaxation strength and

80
I

relaxation time in the material™. When small stresses are added to the system, the strain

is equal to the elastic strain plus anelastic strain, & = &® +&® causing the A-tensor to
lose its symmetry. This in turn causes a change in the free energy levels,

12



Yo =V, . A" . of atomic sites which makes some site more favorable for the defect to

“hop” into, Figure 1.6. Further derivations by Nowick et al.?* ', not included here,
have been done to fully characterize the relaxation strength and relaxation time of
trigonal defects in cubic crystals. The relaxation strengths depend on the orientation of
the defect symmetry in the crystal and the strength of the Young’s modulus relaxation
increases as the strength of the shear modulus relaxation decreases. In addition, the

relaxation time depends on the reorientation frequency and can be calculated by

™ = 4v®. From the equation, it can be seen that the relaxation time does not depend
on the stress levels or a splitting of energy levels, only on reorientation frequency®".

This study uses mechanical spectroscopy to understand anelastic relaxation or
internal friction in doped cerias and zirconias. Mechanical spectroscopy can be defined
as an “absorption spectroscopic technique” where a mechanical oscillating stress with
frequency f interacts with a solid and the mechanical energy absorbed by that solid is
measured®. This will provide information about the microsturcture of the solid as well
as the mechanisms controlling the mobility of the point defects in the solid.

Typical mechanical specectroscopy experiments, like those done by Weller et
al.”®, Gao et al.* and Lakki et al. % result in two internal friction peaks due to the defect
motions in the material. Figure 1.7 shows two internal friction curves at 0.1 and 50 Hz
measured Gao et al.®? using DMA up to 600 °C. Two peaks can be clearly observed that
shift to higher temperature with increasing frequency. These two peaks which relate to
the defect motion under a stress field and are typically described by a Debye peak. The

Debye peak can be calculated by
13
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1+ w?7?

Q*=A

where A is the relaxation strength, o is the frequency and t is the relaxation time.
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Figure 1.7. Typical mechanical loss spectra for doped ceria and zirconia showing
two internal friction peaks at two different frequencies. The frequency shift to

higher temperatures indicates that this process is frequency dependent.
Reproduced from DMA data by Gao et al.®
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This can be used to study anelastic relaxation by understanding the underlying
atomic motions with and without a stress field. Anelastic relaxation is a thermally

activated process and an be explained using an Arrhenius relationship:

=1, exp(AG%Tj (1.4)

where 1 is the relaxation time, k is Boltzmann constant, T is temperature in Kelvin and
AGo is the energy to overcome the barrier at equilibrium. In a zero stress state, defects
are in an equilibrium position corresponding to a local energy minimum with an energy
barrier of AGo, Figure 1.8a. Once a stress field is applied, one position becomes more

favorable for the defects to sit in and will move to that position resulting in an anelastic

deformation strain, £*". The result of applying a stress will also unbalance the energy

diagram in one direction, Figure 1.8b. The effective energy barrier reduces to:
AG =AG, —bAc™* (1.5)
where A is the activation area, and o* is the difference between the applied stress and

the internal stress.
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AG,

Figure 1.8. Thermally activated jumps across an energy barrier under (a) no stress
field and (b) an external stress field®

From thermodynamics, AG = AH —TAS, in this case, one can assume the
entropy is small and neglect the term which results in:
H,. =AH, —bAc™* (1.6)
where Hy is the activation enthalpy of the system. The relaxation time of the stressed
system can finally be expressed as
T=1, exp(Ha%T). .7
When modeling anelastic or dielectric relaxation peaks using single Debye
relaxation model, one typically assumes that the number of possible relaxation
mechanisms is directly related to the number of relaxation peaks observed®®. When

using the nearest neighbor model championed by Wachtman®’ and Nowick®®, one peak

would be clearly due to (R'Z,VO“ ) defect complexes and the second peak would be due

to either more complex defect complexes or local ordering of oxygen vacancies, as it

was previously suggested in the case of doped ceria and zirconia.
16



1.1.4. Elastic and Mechanical Properties of Doped Zirconia and Ceria

A large amount of work has been done on studying the transport properties of
point defects in materials doped zirconia and ceria systems, especially above critical
temperatures (usually referred as order-disorder temperature) when oxygen vacancy —
dopant clusters dissociate resulting in “free” oxygen vacancies and high ionic
conductivity; however less work has been done on how point defects affect mechanical
properties in general, and elastic properties, in particular, especially below critical
temperatures in these materials. The mechanical properties are extremely important for
the structural stability, reliability and durability of the SOFC and other electrochemical
devices in which SSI are crucial materials® %, Some studies on zirconia materials, for
example, Kushi et al.®® showed a large drop in elastic modulus (an “clastic anomaly”)
that occurs in the same temperature range, around 600 °C where the mechanical
damping peaks relating to anelastic relaxation. They suggested the reason for this was a

.82 showed that there was

phase transformation in both YSZ and SCZ, however, Gao et a
only a phase transformation in SCZ and not in YSZ. Another study by Radovic et al.?’
showed that the fracture toughness of YSZ also showed a non-linear change with
temperature, again having a minimum value around 600 °C, which is expected in the
brittle materials in which fracture toughens can be related directly to the change of the
elastic moduli with the temperature. The “elastic anomaly” in YSZ is shown in Figure
1.9 where the elastic moduli, fracture toughness, and strength all show a significant drop

around 600 °C before increasing again. DMA results by Gao et al.®? show that the

calculated mechanical loss coefficient (dissipated elastic energy / stored elastic energy)

17



at the temperature where elastic modulus show minima is comparable to polymer
materials while still maintaining a relatively high elastic modulus. This can be seen in

the Ashby plot in Figure 1.10 where the position of YSZ as high temperature is marked.
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Figure 1.9. Mechanical properties of YSZ as a function of temperature, the “elastic

anomaly” is clearly seen around 600 °C where there is a large drop in the
mechanical properties
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Figure 1.10. Ashby plot of Young’s modulus and the loss coefficient, YSZ at high
temperatures is comparable in strength to other ceramics and in mechanical loss to
polymers.

1.2 Problem Statement

Due to their high operating temperature, the materials used as electrolytes in
SOFC must have long term stability in reducing and oxidizing atmospheres, thermal
cycling capabilities, compatibility with the anode and cathode materials and good

88-90

mechanical properties Typical SSI are aliovalently doped cerias (CeO,) or

zirconias (Zr0O,), with gadolinia doped ceria (GDC) and yttria stabilized zirconia (YSZ)
being the most popular choices™® ** %,

During operation, these doped oxides are exposed to high temperatures,
mechanical stresses, electric field and low oxygen partial pressures*? 8 %92 Combined

all these external factors influence the behavior and diffusion of the oxygen vacancies,

and thus not only the conductivity of the SSI but also its mechanical properties®! > 82 9
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% A large number of studies have focused on the transport properties of these materials
and characterized how the oxygen vacancies move under these different external fields.
However, less work has been done to understand the mechanical properties, especially in
stabilized zirconias that exhibit a large decrease in elastic moduli at around 600 °C?* &
97.

This work looks at how temperature, loading frequency and composition of
doped oxides with fluorite structure influence their elastic properties and mechanical
damping using Resonant Ultrasound Spectroscopy (RUS). In addition, this work is
devoted to understanding how the dopant ion radius will affect the activation energy of
vacancy hopping during anelastic realxation. It is believed that the activation energy
will depend on the dopant ion radius similarly to how the ionic conductivity depends on
the dopant ion radius. As the difference between the dopant ion radius and the critical
ionic radius of the host lattice increase it is assumed the activation energy will also

increase.

1.3 Research Objective
The proposed work will investigate the fundamental aspects of the elastic and
anelastic behavior as a result of relaxation in doped oxides as a function of dopant size
and concentration. To achieve this objective, the following must be completed:
e Develop of High Temperature Resonant Ultrasound Spectroscopy (RUS)
System - for carrying out mechanical spectroscopy studies at high frequencies

(over 200 Hz)
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Fabricate of Doped Cerias and Zirconias samples with fully stabilized fluorite
structure and aliovalent (+3) dopants of different sizes

Measure of Elastic Moduli and Mechanical Damping — using RUS technique in
the wide range of temperatures for different samples

Determine Activation Energies for anelastic relaxation from RUS measurements
and compare to that determined using other low frequency mechanical spectroscopy
methods.

Determine of Relationship between Activation Energies for Anelastic
Relaxation and Dopant Size — from the results of mechanical spectroscopy.
Evaluate Effects of Applied Electric Field or Reduction on anelastic relaxation
of selected SSI.

Determine the number of relaxation mechanisms and their most likely cause in

yttria-stabilized zirconia using RUS and DMA results

1.4 Dissertation Organization

This dissertation is organized into seven sections: Section 2 details the

development of a high temperature Resonant Ultrasound Spectroscopy (RUS) setup in

an environmental chamber; in Section 3 the elastic moduli and the mechanical damping

of doped zirconias were studied using RUS; Section 4 further explores doped cerias

using RUS and how different dopants effect the activation energy of anelastic relaxation;

Section 5 explores the idea of multiple relaxation mechanisms in YSZ and how the

analysis realization with multiple relaxation mechanisms observed in RUS; in Section 6
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the effects of an electric field on YSZ samples were observed to discover the coupling
between anelastic and dielectric relaxation; and finally Section 7 gives a summary of the

major findings and offers suggestions for future work.
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2. RESONANT ULTRASOUND SPECTROSCOPY FOR DETERMINING ELASTIC
PROPERTIES OF SOLIDS AT HIGH TEMPERATURES

2.1 Summary

Here we report on the development of a simple and inexpensive experimental
technique that can simultaneously provide more than two elastic constants for solids of
lower symmetry and has the potential of being used at elevated temperatures, Resonant
Ultrasound Spectroscopy (RUS). RUS is a relatively novel, highly accurate technique in
determining the elastic moduli of a material from the single resonant spectra of a freely
suspended solid. The goal of this project was to develop RUS for measuring moduli of
solids from room temperature up to 1300 °C in controlled environments. Elastic moduli
of different materials were obtained using high temperature RUS and were statistically
analyzed and systematically compared to the values obtained using other high

temperature techniques.

2.2 Introduction
Elastic constants are considered to be some of the most fundamental properties of

any solid. They relate the stress and strain tensors in the constitutive equations for a

linear elastic solid according to: o; =Cy,, &,, Where o, and &, are the stress and

ijkm
strain tensors, respectively and Cijm are 81 elastic constants® *. A symmetry and the
fact that the strain energy density must be positive further reduces the number of

independent elastic constants to 21, which is the maximum number of elastic constants

for crystals with the lowest point group symmetry, i.e. triclinic. In the case of an
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isotropic linear elastic solid (such as non-textured polycrystalline material), the number
of independent elastic constants can be further reduced to only two independent
constants, namely Young’s modulus, E, and Shear modulus, G. The elastic constants are
also of fundamental importance as they are the second derivatives of the free energy
with respect to strain and are directly related to the atomic bonding of the material'®*%,
In addition, they are connected to thermal properties of solids through the harmonic
vibrational theory (i.g. Debye theory)'® %2, Therefore, elastic constants can be used in
combination with specific heat and thermal expansion measurements to determine the
fundamental equation of state and various thermodynamic functions of solid materials.
While the elastic constants represent primarily equilibrium thermodynamic properties,
the internal friction or mechanical damping is a direct manifestation of irreversible
processes related to energy absorption by various physical processes® 2% 1% due to

anelastic processes such as thermoelastic relaxation, movement of point defects (e.g.

105, 106 107

interstitial hydrogen ), as well as movement of linear (e.g. dislocations™") or planar

defects (e.g. domain walls'®®).
Considering the fundamental importance of elastic properties of materials, it is
not surprising that a great number of static or dynamic experimental techniques have

been developed to determine them®®®

. Among them, acoustic and ultrasonic methods as
non-destructive techniques (NDT) that provide highly accurate characterization of a
material’s elastic properties has been widely used for decades, and especially valued for

their ability to test a material without damaging it or altering its physical properties in

any way"*> ', In sub-resonant ultrasonic or sonic methods, sonic or ultrasonic waves
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propagate through the material, and their elastic interactions with the material affect their
velocity and attenuation which in general yield information about the elastic constants

100

and energy absorption of the material respectively . Although those techniques are

quite powerful, they suffer from certain limitations®® 1 112

, chief among them are
requirements for relative large samples and a number of independent measurements,
often on separate samples to fully characterize the elastic properties of a material.
Several acoustic methods, such as the pulse echo continuous wave method, also require
that the materials are highly symmetric and can occasionally experience problems with
bonding the sample to the transducers'®. Last but not least, measurements of elastic
constants become even more difficult --- if not impossible --- at extremely low and high
temperatures.

On the other hand, the resonant methods rely on measuring mechanical
resonance frequencies of a freely suspended solid object. Resonant Ultrasound
Spectroscopy (RUS) is an inexpensive and elegant resonant experimental technique for
determining the full set of material elastic constants of solid samples has gained a lot of
attention over the last few decades'®” 1% 193 113115 "n|ike many other techniques, RUS
allows simultaneous measurement of more than one elastic constant using only one
sample that can be as small as 1 mm?®. In the same time, it can be used to measure
ultrasonic attenuation (Q*) as a direct manifestation of irreversible energy absorption by

various physical processes in the solid. Importantly, RUS provides highly reproducible

and repeatable results when compared to other conventional techniques™.
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RUS is based on measuring the mechanical resonance spectrum for a sample of
known geometry, dimensions and mass. It is well known that the resonant frequencies of
a freely suspended solid object are special solutions of the equations of motion, which
depend on density, geometry and elastic moduli and the object shape. These solutions
determine all possible frequencies at which such an object would “ring” if struck. In the
tripod RUS configuration, a transmitting transducer is used to generate an elastic wave
of constant amplitude and varying frequency, while the other two transducers detect the
sample’s response, Figure 2.1a. Another common RUS configuration is the tip-to-tip
setup, Figure 2.1b, where the sample is carefully clamped and held between two
transducers, one transmitting and one receiving. This configuration, in addition to being
difficult to setup, also applies a small load on the sample which can have an adverse
effect on the results’® . The spectrum obtained from receiving transducers cannot be
de-convoluted directly to deduce elastic constants. Instead, an approximate spectrum is
first calculated from the known sample dimensions, density and a set of “guessed”
elastic constants, which can be obtained, for example, from ab initio calculations'®. A
multidimensional algorithm is then used to obtain the material’s elastic constants
through an iterative process that minimizes root-mean-square (RMS) error between the
measured and calculated resonant peaks®® *®. An example of a typical RUS spectra and
its calculated peaks (grey +) is shown in Figure 2.2. Although many different shapes

d117, 118’ Cy|lnder119,

can be used for RUS, typically one uses a rectangular parallelepipe
or sphere'?® since these shapes decrease the amount of computation necessary to

determine elastic constants. In addition to the elastic moduli, the internal friction, Q?,
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can be determined from the RUS spectra assuming: Q'x = Aw/oke where oy is the
frequency associated to with kth eigenmode, and Aw is the full width at half maximum,

FWHM, of that mode'®.
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Figure 2.1. Schematic of experimental RUS (a) tripod setup and (b) tip-to-tip setup
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Figure 2.2. Typical RUS spectra obtained for borosilicate glass. Gray crosses
indicate the peak frequencies obtained by fitting the measured spectrum.

RUS equipment, such Quasar RUSpec System (Magnaflux, Glenview, IL) used in
this study, are commercially available nowadays only for the measurements at room
temperature. A couple of RUS instruments have been developed for measurements at
cryogenic temperatures*?™*2*. However, regardless of the fact that RUS shows great
potentials for measuring elastic constants of the solids at high temperatures when
compared to other more conventional methods --- primarily because it requires only one
small sample to obtain a full set of elastic constants --- its use has been mostly limited to
temperatures below ~727 °C** 128 The main problem with using RUS at high
temperatures is that the piezoelectric barium titanate or lead zirconate titanate
transducers (both transmitting and receiving) must be kept well below their Curie

129-131

temperatures , .. below ~50°C to obtain a good quality signal. To overcome this
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problem, a long buffer rods (or extension rods) has been used in the past to transmit the
ultrasonic signal between the sample located in the furnace, and the transducers located
outside of it. For example, Goto and Anderson** developed RUS apparatus for testing
small single crystal rectangular parallelepipeds up to 1500 °C, using high temperature
piezoelectric transducers (LiNbOs3) and long buffer rods to prevent the transducers from
heating up. However, their system used a tip-to-tip setup, which severely limits the
capabilities of the system to the very small samples. More importantly, the forces
exerted on the samples during clamping it into tip-to-tip configuration affect the
measurement results. Furthermore, thermal expansion of the setup at higher temperatures
can exerted additional forces on the samples. Herein, we report on development and
testing of high temperature RUS (HT-RUS) setup for measurements using more robust
and reliable tripod configuration to temperatures up to 1300 °C, in the controlled

environment.

2.3 Experimental Methods
2.3.1. A New Apparatus for HT- RUS

A tripod setup was selected for HT-RUS apparatus developed in this study since
it allows an easy placement of the sample on transducers and measurements using larger
samples when compared to edge-to-edge setup. More importantly, no stresses are
exerted on the sample during measurements in the tripod set up. Commercially available
RUS transducers (MagnaFlux, Glenview, IL) with the gold coated lead zirconate titanate

(PZT) were used in this study. To transmit the ultrasonic signal to and from the sample
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located in the furnace (Figure 2.3) to transducers located outside of the furnace, a 152.4
mm long single crystal sapphire (Kyocera, Kyoto, Japan) extension rods with 1 mm
diameter and rounded tips where glued to the transducer using a low viscosity
cyanoacrylate adhesive Loctite® 406 Instant Adhesive. Low viscosity glue allows
application of very thin layer of adhesive between buffer rods and transducers, and thus

good transition of the ultrasonic waves through it.

=

Buffer rods
[

Transducers

Figure 2.3. Left: HT RUS tripod setup with transducers, transducer stands,
cooling jackets, and buffer rods. Right: tripod sent up with the furnace and
insulation pad. The inset shows the cross section of the cooling jacket.

Application of relatively short buffer rods allows RUS measurements only to the
very limited temperatures. Although sapphire (Al,O3) has relatively low thermal

conductivity (8-15 W/m-K), a heat transfer thorough the buffer rods results in heating of
30



transducers to temperature exceeding 50 °C when temperature of the sample in the
furnace reaches only ~700 °C. To further prevent overheating of the transducers, special
cooling jackets for the transducers were developed. The transducer cooling jackets were
machined from brass and include cooling channels, as it is shown in the inset in Figure
2.3. They hold transducers with buffer rods and sit on sliding holders that allow
adjustment of the transducer’s position to accommodate samples of the different sizes.
The rods are separated by a center support rod that holds additional insulation pad to
further protect the transducers, Figure 2.3 right. A 360 W Fibercraft™ cylindrical
furnace (Thermcraft, Winston Salem, NC) with a thermocouple is place on the top of
insulation pad (Figure 2.3 right) surrounding the tips of the buffer rods. A thermocouple
and heater are connected to a programmable controller (TSCI Corp, Tomball, TX).
Infrared (IR) images of the setup were taken during heating the furnace in the
HT-RUS set up shown in Figure 2.3, while running cooling water with temperature of 5
“C at 5 L/min rate through the cooling jackets. IR images of the setup during RUS
measurements at 800 °C in Figure 2.4 shows ~250 °C, while the temperature of

transducers remains below 18 °C.
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Figure 2.4. Infrared images the transducer assemblies during operation at 800 °C

The entire setup can be placed in a specially designed vacuum chamber (not
shown here) for measurements in the controlled atmosphere. The latter is especially
important for measuring elastic constants of the materials that oxidize in ambient air at
elevated temperatures. The vacuum chamber has wall-trough electrical connectors for
transducers, heater and thermocouple, as well as inlets and outlets for cooling fluid to be
fed to the cooling jackets. In addition, it has connectors for a vacuum pump and an inlet
that can be connected to different gas canisters to change the atmosphere within the

chamber.
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Figure 2.5. Resonant spectra of Al203 obtained using commercial (red) and
developed (blue) tripod setups.

2.3.2. Comparison of Resonant Spectra from HT-RUS and Commercial Apparatus
The HT-RUS setup was first tested by comparing the resonant spectra obtained
using the developed and commercial tripod setup (Magnaflux, Glenview, IL). Both
setups were connected to the Quasar RUSpec (Magnaflux, Glenview, IL) signal
processing system. Alumina discs (Zircar Ceramics Inc., NY) 20 mm in diameter and 4
mm thick were used as a standard material in this exercise. Figure 2.5 shows resonant
spectra of the same alumina sample obtained by using both tripod setups at the room
temperature. In general, resonant peaks obtained using the developed setup with buffer
rods (blue in Figure 2.5) show a lower overall intensity when compared to those
obtained using commercial setup (red in Figure 2.5) due to some dissipation of signal

occurring within the sapphire extension rods. However, more importantly the
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frequencies of the resonant peaks in the 20-500 KHz range obtained using two different
setup are almost the same and show differences smaller than 1 KHz between frequencies
obtained in two different setups. To farther test reproducibility of the results, five
frequency scans were carried out using the same alumna sample in each setup, and the
standard deviations of resonant peaks frequencies were determined from all 5
measurements and plotted in Figure 2.6. Figure 2.6 clearly shows a good
reproducibility of the results obtained using developed HT-RUS tripod setup, because
the standard deviation for resonant frequencies from multiple measurements in HT-RUS
setup is comparable, and at some frequencies even lower, than that obtained using

commercial tripod setup.
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Figure 2.6. A comparison on the standard deviations of resonant peak frequency
obtained from 5 measurements using developed HT-RUS (red) and commercial
(black) tripod setups.
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2.4 Experimental Results

The developed HT-RUS apparatus has been used to determine elastic constants
(Young’s and shear moduli) of different materials at high temperatures, in different
testing environments. In all cases, the commercial software Quasar RuSpec (Magnaflux
Quasar Systems, Albuquerque, NM) was used to calculate elastic constants from 20-40
resonant frequencies for samples with the known mass, geometry and dimensions. This
software iteratively minimizes the root mean square error between analytically
calculated and experimentally measured resonant frequencies of the specimen. An
initial guessed values of Cy; and Ca4 needs to be fed to this nonlinear regression fitting
algorithm as the starting values. In the remainder of this section, we compare changes of
elastic moduli with temperature obtained for different high-temperature materials using
developed HT-RUS apparatus and other more conventional techniques or ab initio

calculations.

2.4.1. Aluminum Oxide

Aluminum oxide (Al,O3) was the first material tested due to its high stiffness and
linear elastic behavior. Figure 2.7, shows Young’s and shear moduli at different
temperatures obtained using developed HT-RUS (black) in comparison to the literature
data. The red lines in Figure 2.7 show RUS results published by Goto and Anderson*3*

133 while the green line represents data from Wachtman and Lam***

obtained by impulse
excitation technique. The difference in the magnitude of elastic moduli can be attributed

to the different density of the samples used in different studies, since the porosity of the

35



samples have a large effect on elastic properties of ceramics™*> **®. The samples tested
by Goto and Anderson showed the highest values of elastic moduli, but they also had the
highest density of 3.982 g/cm®. The samples tested in this study had density of
3.888g/cm?®, and thus lower values of elastic moduli were measured in that case.
Wachtman and Lam used samples with density of only 3.710 g/cm?, and
correspondingly they measured significantly lower moduli at all temperatures. Despite
the differences in porosity, elastic moduli for all alumina samples change with
temperature following the same trend, and they in all cases drop for 23% from room

temperature to 1000 °C.
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Figure 2.7. Young’s modulus of Al,O3samples: black —results obtained using HT-
RUS in this study, red from Goto and Anderson'® and green from Wachtman and
Lam™*,

2.4.2. Doped Cerium and Zirconium Oxide

Doped oxides, such as those typically used as a solid oxide fuel cell electrolyte
materials were also tested using the developed HT-RUS apparatus. The change of the
elastic moduli of gadolinia doped ceria (CegsGdo20,) with temperature determined
using developed HT-RUS are plotted in Figure 2.8, together with the results obtained
using molecular dynamics simulations by modeling a three-body interaction of interionic

potentials™" *®, Note here that 20 mm dia. x 2 mm thick Ceg gGdj 20, discs with relative
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density of 98% were processed by cold isostatic pressing and subsequent pressures
sintering of the commercial CegGdy 20, powders (Fuel Cell Materials, Lewis Center,
OH) at 1500 °C for 2 hours in ambient air. Here again, the magnitude of the elastic
moduli obtained using HT-RUS slightly below those predicted by molecular dynamics
calculations, due to lower relative density of the real samples. However, the changes of

elastic moduli with temperature show the same trend in both cases.
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Figure 2.8. The normalized modulus for three samples of CeyGd; .0, black —
data obtained from our RUS setup, red — data obtained from Sun, et al.** by
molecular dynamics simulation and green — data obtained from Cui, et al.**® by
molecular dynamics simulation.
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The second doped oxide tested in this study was 8 mol% yttria-stabilized zirconia
with the composition of (Y.0sZr0.9202) (8YSZ). This material was chosen due to its

unusual frequency dependent elastic behavior at high temperatures® 4

, 1.e. significant
drop of elastic moduli in ~200-500 °C temperature ranges due to anelastic relaxation of
defect complexes. Figure 2.9 shows elastic moduli of 8YSZ obtained using the

developed HT-RUS setup (black) in comparison with data collected by Kushi et al.®®

using cantilever resonance technique and by Giraud et al.*’

using impulse excitation
techniques. Results in Figure 2.9 shows an excellent agreement between results
obtained in this study and previously published data, only below ~150 °C and above ~
600 °C. The discrepancy between results obtained by HT-RUS and other methods in
150-600 °C temperature range can be attributed to the frequency dependent elastic

behavior of YSZ. As it is explained in more details in the literature™** 4!

, the large drop
in elastic moduli of 8YSZ moves towards higher temperatures as testing frequency
increases. Therefore, minimum values of elastic moduli were obtained in this study at

around 600 °C using ultrasonic frequency range (20-400 KHz), while previous results

using lower sonic frequencies (< 20 KHz) shows minimum values at around 400 °C.
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Figure 2.9. The Young’s and shear modulus for 8YSZ: black — data obtained using
developed HT-RUS setup, red — data obtained by Kushi, et al.* using cantilever
resonance methods, and green — data obtained by Giraud, et al.%” using impulse
excitation method.

2.5 Conclusions

Herein we report on development of a high temperature tripod setup for resonant
ultrasound spectroscopy (RUS) measurements up to 1300 °C that is capable of working
in different environments. Specially designed buffer rods and transducer cooling jackets
allows testing at temperatures of 1300 °C, while keeping temperature of PZT

transducers below their operational temperature limit of 50 °C. The design of the tripod
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stage allows housing of the samples of specimen size and shape. The resonant spectra
measured using developed tripod setup for high temperature RUS are in excellent
agreement with those produced using commercial setups for room temperature
measurements. In addition, Young’s and shear moduli of different materials were
measured at different temperatures for the variety of materials (Al,O3, CepGdp 20, and
Yo0.08Zr0.9202), and found to be in the good agreement with previously published
experimental and/or modeling results. Newly developed tripod set up for high
temperature RUS, can be used to determine a set of elastic constants in 25-1300 °C
temperature range easily and inexpensively, but with high accuracy, using only one

sample of the materials.
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3. STUDY OF ANELASTIC RELAXATION IN STABILIZED ZIRCONIAS BY
RESONANT ULTRASOUND SPECTROSCOPY
3.1 Summary
In this study, the elastic properties of polycrystalline Yttria-stabilized Zirconia

(YSZ), Scandia-Ceria-Stabilized Zirconia (SCZ) and Gadolinia Stabilized Zirconia
(GSZ) were analyzed using Resonant Ultrasound Spectroscopy (RUS) in air, from room
temperature up to 1000 °C, using frequencies ranging from 20 to 500 kHz. In all
samples, the both Young’s and shear moduli were found to decrease significantly, i.e. for
up to ~50%, in the 250 °C to 600 °C. In the same temperature range, two major
frequency dependent attenuation (Q™) peaks are observed that can be attributed to the
anelastic relaxation of oxygen vacancy — cation complexes. Assuming single Debye
relaxation model, activation energies for the anelastic relaxation where found to be in the
0.97-1.2 eV for the first relaxation peak (Peak 1) and 1.7-2.4 eV for the second one
(Peak 2), depending on the type of dopant. Those results are in good agreement with
previous mechanical spectroscopy studies carried out at significantly lower frequencies
of up to 3 kHz. In the case of SCZ, additional relaxation peak was observed that can be
attributed to the cubic to rhombohedral phase transition. Results of this study show that
RUS can be used to analyze anelastic relaxation due to vacancies hopping at high

frequencies.
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3.2 Introduction

Fully stabilized zirconia ceramics have been widely used in solid state
electrochemical devices, such as Solid oxide Fuel Cells (SOFCs), gas separation
membranes, and sensors, because of their high oxygen diffusivity and ionic conductivity
%11 Doping zirconia (ZrO,) with aliovalent cations, such as Y**, Sc**, Gd**, etc, not
only stabilizes its high temperature cubic (fluorite) structure down to the room
temperature, but also introduced one mole of oxygen vacancies per two moles of
dopant!** 3, The latter increases the number of charge carriers in the zirconia, and thus
its conductivity at higher temperatures, usually above 600 °C, when oxygen vacancies
become readily mobile****®, However, the ionic conductivity of doped zirconia is
found to be a strong function of the type of dopant (i.e. size of dopant) and its amount,
having maximum values when the size of the dopant is close to that of Zr*"*°.
Multiple studies have focused on the chemical stability, transport and

electrochemical properties of stabilized zirconias> % 14° 149

at high temperatures, i.e.
above ~600 °C, when oxygen ions dissociate from the dopant ions and freely migrate
increasing the ionic conductivity of the material at high temperatures. However, at
temperatures below 600 °C, the oxygen ions are thought to be trapped in defect
complexes as it minimizes strain energy of the system and due to electrostatic forces

between oppositely charged vacancy and dopant**> **°. Previous models place the
p

oxygen vacancy in one of the eight first nearest neighbor positions (LNN) surrounding

the dopant ion, which causes a simple oxygen vacancy-cation pair (R'erc;' ) complex to
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form, where R is a doping cation. At higher concentrations of dopant, more complex

complexes such as (2R}, V") can also form®®: 1%,

Under a stress field an anelastic relaxation oxygen vacancy-cation occurs and
oxygen vacancy can hop around the dopant ion to minimize lattice stress. This anelastic
relaxation has been previously observed using different mechanical spectroscopy
methods’® **3. Typically, two major relaxation peaks has been observed in mechanical
spectroscopy results for doped zirconia carried out in low frequency range, i.e. from 10™
Hz to 3 kHz% 8 #,_ The first peak one was attributed to the reorientation of the simple
vacancy-cation pairs, while the second one was associated with relaxation of more

complex defect complexes or local ordering of oxygen vacancies®® > **2 Weller et

a|.76, 83, 151, 152, 154' Lakkl |.83 |.82

et al.”, and Gao et al.” studied anelastic relaxation of yttria
stabilized zirconia using different low frequency methods: torsional pendulum, flexural
oscillations, forced vibration inverted torsional pendulum, and dynamic mechanical
analysis, and found that the first relaxation peak in 20-200 °C range has an activation
energy of 1.2-1.4 eV for 8YSZ and 1-1.3 eV for 10 YSZ5 ¥ *° The consistency of
these results obtained using different methods, added to the fact that the peaks shifts are
frequency dependent, suggests that the peak is due to anelastic relaxation of the elastic
dipoles. However, the nature of the second major relaxation peak is still elusive. Weller
first showed that the activation energy of the relaxation mechanism responsible for
second relaxation peak observed in 200-450 °C temperature range changes from 2.2 eV

for single crystal 8YSZ to 2.7 eV for polycrystalline 8YSZ, and proposed that this peak

can be attributed to the relaxation of more complex vacancy-cation complexes. Aging
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experiments by Kondoh et al.”® **® and Gao et al.?? show a decrease in the intensity of in
the second damping peak with an activation energy of approximately 2.7 eV after aging
and concluded that complex ordering of the oxygen vacancies in zirconia stabilized with
yttria affect this relaxation peak. Only a few mechanical spectroscopy studies have been
carried out on Sc,03-doped ZrO, suggesting different mechanisms for the observed
internal friction peaks. Kushi et al.?® attributed the damping peaks to phase
transformations in SCZ, while Weller et al.™>” and Gao et al.** attribute some of the
observed damping peaks to anelastic relaxation and some to phase transformations.
Note here that scandia-doped zirconia has a well-documented cubic to rhombohedral,

157159 " In addition,

and back to cubic phase transition in 300 - 500 °C temperature range
Gao et al.? showed large drops in Young’s modulus with temperature correspond to
observed maxima in internal friction, and also that Young’s modulus is frequency
dependent at the temperatures where high internal friction was observed.

All of the previous experiments were done at relatively low frequencies, below 3
kHZz® 83154155 " Recent studies have started using resonant ultrasound spectroscopy
(RUS) which can be useful tool to study anelastic relaxations at very high frequencies,
i.e. above 20 kHz. RUS is a relatively novel, highly accurate, dynamic technique for
characterizing the full set of elastic constants using only one small sample®®* 103 112 115
116,180 - ynlike many other techniques, RUS allows simultaneous measurement of more
than one elastic constant as well as the determination of ultrasonic attenuation (Q*) as a

direct manifestation of irreversible energy absorption by various physical processes in

the solid such as defect motion ' and phase transitions ***. RUS is a very sensitive
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technique to the study of defect motion in the high frequency range due to low levels of
dissipation at the resonant modes™® ***. This sensitivity can be exploited for a variety of
different studies, including monitoring hydrogen versus deuterium motion where
hydrogen was seen to move faster through crystals'® %213 Zhang, et al. used RUS to
study the relaxation mechanisms related to minute changes is elastic strain in LaCoO3
and SrZr,TiO03™2% ¥4, In the case of LaCoOs, the changes in elastic strain were related
to anelastic relaxation of twin boundaries in the system and changes in the spin state. In
SrZr,.,TixOs, phase transitions coincide with an increase in mechanical loss, Q*, with the
maximum occurring at the transition point.

In this study RUS is used to observe the changes in elastic moduli and internal
friction (Q™) of 8 mol% and 10 mol% Yttria stabilized Zirconia (8YSZ and 10 YSZ,
respectively), 10 mol% Scandia and 1 mol% Ceria stabilized zirconia (SCZ), and 10
mol% Gadolinia Stabilized Zirconia (GSZ) from room temperature to 1000 °C, in the
ambient air. The tripod RUS setup used in this study provides a stress free boundary
condition which eliminates all potential stress effects on the results*®. The changes in
Q™ with temperature and frequency ranging from 20 to 500 kHz, are used to characterize
anelastic relaxation in stabilized zirconias, and determine activation energies for those

relaxation processes.

3.3 Materials and Methods
All samples in this study were processed from commercially available powers:

(@) 8YSZ (Y0.08Zr0.9201.96) Samples from 8 mol% Yttria stabilized Zirconia powder
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(TOSOH Corp., Japan); (b) 10YSZ (Y0.10Zr0.9001.95) Samples from 10 mol% Y'ttria
stabilized Zirconia powder (TOSOH Corp., Japan); (¢) GSZ (Gcy.10Zr0.9001.95) Samples
from the mixture of Gd,O3 (Alfa Aesar , USA) and ZrO, (Alfa Aesar , USA) powders;
and (d) SCZ (Scp.10Ce0,01Zr0.8901.95) from 10 mol% Scandia, 1 mol% Ceria stabilized 89
mol% Zirconia powders (Daiichi Kigenso Kagaku Kogyo Co. Ltd., Japan). Samples
were uniaxially cold pressed at 20 MPa for 10 seconds into 25 x 8 mm? cylindrical green
samples. The green samples were then sintered at 1500 °C for 2 hours in air using
heating and cooling rates of 5 °C/min. Samples were then cut into 14 x 11 X 2 mm
rectangular parallelepiped for Reasoned Ultrasound Spectroscopy (RUS). The relative
density of each sample was measured to be above 98% using the Archimedes principle
according to the modified standard procedure C20-00'%, described in more detail
elsewhere 118,

Each sample was initially tested at room temperature using the commercially
available Quasar RUS system (Magnaflux, Glenview, IL) with PZT transducers to
ensure that each sample is defect free and provide a good RUS signal. Samples were
then placed on a custom built high temperature tripod stage for testing™® in ambient air,
from room temperature up to 1000 °C. The high temperature setup uses three 6 inch
single crystal alumina rods glued to PZT transducers: one of them transmits ultrasonic
waves at sweeping frequency and constant amplitude to the sample, and two of them
monitor the signal from the sample. Each sample was tested from 20 kHz to 500 kHz
according to the following temperature pattern: every 50 °C up to 200 °C, then every 20

°C up to 700 °C, and finally every 50 °C up to 1000 °C. RUSpec Software (Magnaflux,
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Glenview, IL) was used to determine elastic constants at each temperature from the
collected resonant spectra using procedure describe in more details elsewhere! 113169
Since all samples examined in this study had polycrystalline structure with random
orientation of the grains (no texture), they were treated as isotropic elastic solids, and
only two elastic constants, namely Young’s (E) and shear (G) moduli were calculated.
The attenuation or mechanical damping was determined by measuring the full width at
half maximum (FWHM) of selected peaks at every temperature, as described

104,170

elsewhere , using Fityk software’™* with Pearson 7 peaks models.

The mechanical damping during anelastic relaxation represents the dissipated
energy caused by the movement of defects during mechanical excitation® 10 163172,
The activation energy for the defect motion can be calculated using a single Debye

relaxation model as

f=f, exp(_k?_r) (3.1)

where H; is the activation energy for the relaxation process®’, k is Boltzmann constant, T
is the temperature in Kelvin and fy is attempt frequency. The attenuation peaks of
several frequencies need to be measured as a function of temperature to calculate the

activation energy, and it can be calculated as a slop of an Arrhenius plot (Inf vs 1/T).
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3.4 Results and Discussion

3.4.1. Resonant Ultrasound Spectroscopy of YSZ
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Figure 3.1. (a) Resonant spectra of in 40-65 kHz range for 8YSZ and alumina
(Al,O3) at different of temperatures. Position of resonate peak for 8YSZ shows a
large shift to the indicating significant drop in the elastic moduli. (b) Shear and
Young’s Modulus of 8YSZ and their derivatives with respect to temperature
determined using Resonant Ultrasound Spectroscopy. Both moduli show a
decrease of about 40% at 600 °C.

When compared to other typical oxides, such as alumina (Al,O3), resonant
spectra of 8YSZ obtained using RUS show some unique features. As it is illustrated on
the example of the resonant peak at around 57 Hz in Figure 3.1a, resonant peaks shift
significantly towards lower frequencies with temperature increasing from 200 °C to 600
°C, and after that they again move towards higher frequencies with increasing
temperature. Note, that resonant peak for alumina in Figure 3.1a monotonically shifts
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towards lower frequencies with increasing temperature. As a results of such a
pronounced change in position of resonant peaks for 8YSZ in 200-600 °C temperature
range, significant drop in both Young’s and shear moduli can be observed in that
temperature range, Figure 3.1b. First derivatives of the elastic moduli with respect to
temperature (dE/dT and dE/dG) suggest that actually the first initial drop in the elastic
modulus occurs from about 200 °C to 400 °C, followed by the then second larger drop
from 400 °C to 600 °C, after which the elastic modulus starts to increase slightly again.
Note here that Young’s and shear moduli of 220 GPa and 80 GPa, measured by RUS in
this study at room temperature are in good agreement with previously published results
for 8YSZ®" %173 However, previous results obtained using dynamic methods at lower
frequencies, show that significant drop in elastic moduli occurs at much lower
temperature than reported here. For example, Gao et al.?? showed that elastic modulus
determined using DMA in 0.01 — 100 Hz frequency range, had minimum value at around
400 °C, and that it moved towards higher temperatures with increasing frequencies.
Thus, it is not surprising that minimum modulus was observed in this study at around

600 °C because RUS tests were carried out at significantly higher frequencies.
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Figure 3.2. (a) The attenuation of 100 kHz resonant peak as a function of
temperature for 8YSZ has two obvious major peaks similar to those reported using
other techniques® 2 ***, (b) Arrhenius plot (Inf vs. 1/T) obtained from RUS and
DMA® studies of 8YSZ. Dashed lines are the best fitting lines for both set of data.

Figure 3.1a also shows that resonant peaks of 8YSZ become significantly
smaller and broader in 200-600 °C temperature range, suggesting very high attenuation.
Following the method described earlier, attenuations for six resonant peaks at each
temperature was determined from the full with at the half maxima of each resonant peak.
Figure 3.2a shows selected but typical Q* vs. temperature plot (relaxation spectrum) for
the resonant peak at around 100 kHz. As in the previous studies that used sub-resonance

mechanical spectroscopy methods®* & %4

, @ two major relaxation peaks can be observed
for 8YSZ. Therefore, relaxation spectra at each temperature where deconvoluted using

XPSPEAKA4.1 (The Chinese University of Hong Kong, Hong Kong) assuming two major
relaxation peaks (black lines in Figure 3.2a), that are further denoted as Peak | and Peak

I. Figure 3.2b shows Arrhenius plot of Inf, where f is a frequency of the resonant peak,

51



vs. 1/T, where T is temperature of the maximum attenuation determined from
deconvoluted relaxation spectra for each frequency, such that in Figure 3.2a. For
comparison, data obtained by Gao et al. ® using DMA at much lower frequencies are
also shown on the same Arrhenius plot (Figure 3.2b). Figure 3.2 shows that the first
major mechanical damping peak (Peak I) appears in the 200-400 °C temperature range,
the same range as the first drop in elastic moduli shown in Figure 3.1b. Similarly, the
second major peak (Peak I1) lies in the 400- 700 °C temperature range, in which the
second drop in elastic modulus can be observed in Figure 3.1b. Note here that results in
Figure 3.2b clearly show that both relaxation peaks | and Il appear at much higher
temperatures in RUS results, when compared to DMA results. However, is can be seen
in the same plot, both RUS and DMA results follow the same trend suggesting that the
same relaxation mechanisms are operative in both testing conditions having the same
activation energies and relaxation times.

Results in Figure 3.2b can be further used to determine activation energies of the
relaxation mechanism responsible for the Peaks | and Il from the slopes of Inf vs. 1/T
lines, assuming that each of them can be model using single Debye relaxation model
described earlier (Eq. 3.1). The values for the activation energies determined for Peak |
and Il in this study are shown in Table 3.1 together with the data from the previous
DMA?®?, together with R? values for linear fitting of the results in Figure 3.2b. First,
Table 3.1 shows that the values for the activation energies obtained from the RUS and
DMA results are in good agreement. Second, when two sets of data were combined and

fitted assuming liner relationship (dashed lines in Figure 3.2b) for relaxation peaks | and
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1 over the entire frequency range of 10 orders of magnitude, high values of R? are
obtained (Figure 3.2b). This suggest that the same relaxation mechanisms are
responsible for appearance of both relaxation peaks within the frequency range of 10
orders of magnitude, i.e. that relaxation of the vacancy-cation clusters is responsible for
relaxation peak | while relaxation of more complex defect clusters or vacancy ordering is
responsible for relaxation peak I, as it is proposed based on the results of subresonant

mechanical spectroscopy® 83 152 154,

Table 3.1. Activation energies for relaxation peaks | and Il determined from RUS
and DMA results®.

Peak | Peak II
Activation Energy Activation
(eV) R? Energy (eV) R?
DMA 1.25+0.074 0.98 2.57 £ 0.011 0.96
RUS 1.21 + 0.008 0.96 2.18 £+ 0.011 0.95

RUS results obtained using 10YSZ shows qualitatively similar results as in the
case of 8YSZ, i.e. shear and Young’s moduli of 10 YSZ and their derivatives with
temperature show an initial decrease to approximately 80% of the room temperature
values in the 200-400 °C temperature range Figure 3.3(a). However, the second drop in
elastic moduli in the 400-700 °C range is significantly smaller in 10YSZ when compared

82,154 that showed smaller

to 8YSZ. This is in good agreement with previous results
values of Q! for 10YSZ than those for 8YSZ in this temperature range. The later can be

explained by the fact that larger number of oxygen vacancies in 10YSZ tends to cluster
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in more complex complexes, while the smaller number of them can relax by oxygen
vacancy hopping, leading to the smaller decrease in the real part of the elastic modulus.
Relaxation spectra of 10YSZ (Figure 3.3b) were also deconvoluted into two major
relaxation peaks as in the case of 8YSZ, and Arrhenius plots for both major peaks | and
Il are plotted in Figure 3.3c. Activation energies for relaxation peaks I and Il were
determined from Arrhenius plots in Figure 3.3c, and listed in Table 3.2 together with
those obtained in the previous DMA study®?. Once again, Figure 3.3c and Table 3.1
shows that results obtained using two different techniques in the wide frequency range
are in the good agreement. More importantly, results in Table 3.2 show that activation
energies of 1.18 eV and 2.2 eV for relaxation peaks | and I, respectively, observed in

10YSZ are very close to those determined for 8YSZ.

Table 3.2. Activation energies for relaxation peaks I and 11 observed in 10YSZ
using RUS together with data preciously obtained using DMA®,

Peak | Peak Il
Activation Activation
Energy (eV) R? Energy (eV) R?
DMA 1.44 + 0.049 0.99 2.61+.113 0.97
RUS 1.18 £ 0.005 0.94 2.20£0.042 0.95
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Figure 3.3. (a) Young’s and shear Moduli and their derivatives with respect to
temperature for 10YSZ determined using Resonant Ultrasound Spectroscopy at
various temperatures. (b) Attenuation of 100 kHz resonant peak as a function of
temperature for 10YSZ. (c) Arrhenius plot of 10YSZ data for both attenuation
peaks determined by RUS and DMA?® with best fit lines through the two damping

peaks.

3.4.2. Resonant Ultrasound Spectroscopy of GSZ

The elastic moduli of GSZ are plotted in Figure 3.4a, which show a large drop at

around 400 °C and a slightly smaller drop at 600 °C before the moduli values levels off

at about 80% of the room temperature value. The mechanical damping again shows two
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major relaxation peaks as it is illustrated in Figure 3.4b for the 100 kHz resonance peak.
Similar to YSZ, the first peak is likely due to anelastic relaxation of the vacancy-dopant
dipole (R'ero” ) and the second peak is likely due to anelastic relaxation of more

complex vacancy-dopant dipoles or local ordering of the oxygen vacancies. The
activation energies for the two peaks were calculated to be 1.04 eV and 2.39 eV, similar

to the values calculated for YSZ.
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Figure 3.4. (a) Young’s and shear moduli and their derivatives with respect to
temperature for GSZ calculated using Resonant Ultrasound Spectroscopy. (b)
Attenuation of 100 kHz resonant peak as a function of temperature for GSZ. (¢)
Arrhenius plot of 10YSZ data for both attenuation peaks determined by RUS with
best fit lines through the two damping peaks.

Table 3.3. Activation energies for relaxation peaks I and Il observed in GSZ using

RUS
Peak 1 Peak 2
Activation R2 Activation R2
Energy (eV) Energy (eV)
1.04 0.85 2.39 0.92
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3.4.3. Mechanical Damping of SCZ
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Figure 3.5. (a) Young’s and shear Moduli and the derivative with respect to
temperature for SCZ calculated using Resonant Ultrasound Spectroscopy. (b)
Attenuation of 60 kHz resonant peak as a function of temperature for 8YSZ. (c)
Arrhenius plots for SCZ comparing RUS and DMA data82. The first peak for both
RUS and DMA (Peaks 1 and 1) clearly show a similar trend indicating a similar
mechanism. Arrhenius plots for the rest of the peaks determined from RUS and
DMA results do not show the similar trends.
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Table 3.4. Activation energies for different relaxation peaks observed in SCZ using
RUS and DMA®,

Peak | Peak Il Peak 3
Activation Activation Activation
Energy (eV) R> | Energy(eV) | R? Energy (eV) R?
DMA | 1.24+0.04 | 0.975 6.76 £ 0.725 | 0.965
RUS | 1.02+0.079 | 0.848 | 1.51 +0.264 | 0.887

The change of elastic moduli and the moduli derivatives as a function of
temperature are plotted in Figure 3.5a as a function of temperature for SCZ. As in the
case of YSZ and GSZ, both E and G of SCZ also show significant drop to ~50% of their
room temperature values at around 600 °C. Before that, a smaller drop can be also
observed at around 300 °C from dE/dT and dG/dT vs. T plots in Figure 3.5a. Figure
3.5b shows the attenuation or mechanical damping curve of SCZ that was obtained from
the FWHM of the second resonant peak at 60 kHz at room temperature. In this case,
relaxation spectra have to be deconvoluted assuming three mechanical relaxation peaks,
because besides Peaks | and I1, another smaller peak denoted as Peak IV can be observed
on the right shoulder of the Peak Il. Note here that three relaxation peaks, labeled as
Peak 1, 3, and 4 were also observed in relaxation spectra of SCZ obtained using DMA in
previous study®.

Arrhenius plots (Inf vs. 1/T) for relaxation Peaks I, 1l and IV deconvoluted from
RUS relaxation spectra (such that illustrated in Figure 3.5b) are plotted in Figure 3.5c,
together with previous results from the DMA study®. Assuming single Debye relaxation

mechanism for each deconvoluted relaxation peak, activation energies were calculated
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from Arrhenius plots in Figure 3.5c and their values are provided in Table 3.4.
Activation energies for Peak | in Table 3.4 obtained in this study are, but little bit lower
than those in obtained by DMA, as in the case of 8YSZ and 10YSZ. However, when
Arrhenius plots for Peaks I and 1 observed in RUS and DMA results, respectively, are
fitted together a straight line (dashed line in Figure 3.5b), they provide a good fitting
with R?=0.989, suggesting the a the same relaxation mechanisms is responsible for the
observed relaxation peak in the entire frequency range. More importantly, activation
energies of Peak 1 and | obtained using DMA and RUS, respectively, are lower for SCZ
than for those 8YSZ and 10YSZ. The later can be attributed to the smaller ionic radius of
eight-fold coordinated Sc** (87 pm) ion when compared to Y** (101.9 pm) dopant, as it
is disused in more details elsewhere. All this suggest that this peak can be attributed to

the anelastic relaxation of the dopant-vacancy dipole (R'erc;' ) as suggested earlier® 8
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Lnf vs. 1/T plots for the remaining RUS peaks do not clearly align with any of
the DMA peaks, Figure 3.5c. As it is discussed in previous study®?, activation energy of
Peak 2 could not be determined accurately from deconvoluted relaxations spectra
obtained by DMA, because that relaxation peak was covered by the much larger Peak 3
of caused by stress induced cubic to rhombohedral phase transformation in 300-400 °C
temperature range. The fact that the activation energy of 1.7 eV for Peak Il determined
from RUS results is much smaller than that of 6.5-8 eV for Peak 3 calculated from DMA
(Table 3.4), but close to that determined in 8YSZ, 10YSZ and GSC for Peak I1, suggest

that that relaxation peak is not caused by stress induced phase transformation, but rather
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by relaxation of more complex defect clusters or local ordering of the oxygen vacancies.
The Peak 3 observed in DMA and associated with stress induced cubic to rhombohedral
transformation is missing from the RUS relaxations spectra. The most likely reason for
this is that phase transformation cannot occur in RUS conditions because significantly
lower strains and stresses are imposed on the sample in RUS when compared to DMA.
Even if this phase transformation occurs in RUS condition, the volume of the
transformed phase most likely very small, and thus Peak I11 in relaxation spectra is weak
and covered by much stronger Peak 1. For example, studies by Zhang et al.*®* 1% also
observed that applied stress can change the behavior of the mechanical damping peaks in
LaCoOzand SrZr;TixO3 resulting in different trends.

The Peak 1V observed in RUS relaxation spectra results could be due to
rhombohedral to cubic phase transformation and thus it can correspond to the Peak 4
observed in DMA. Results of fitting Lnf vs. 1/T data independently for both Peak 1V and
Peak 4 from RUS and DMA, using straight lines (Figure 3.5c) suggest that both peaks
are frequency independent. This is in good agreement with previous founding that Peak

4 is caused by frequency independent rhombohedral to cubic phase transformation® **7.

However, while Peak 4 shows up at ~450 in DMA results °C%* **7

, it appears at much
higher temperature ~600 °C in relaxation spectra obtained from RUS. Therefore, the
nature of that relaxation peak remains still elusive, and more work is needed to

understand the underlying mechanisms behind that relaxation peak.
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3.4.4. Effect of the Dopant Size on the Activation Energy for Relaxation Peaks | and Il
Figure 3.6 shows the relationship between the activation energies and the
difference between the dopant ionic radius and the ionic radius of Zr** (0.084 nm). The
activation energies from the DMA results®, are consistently slightly larger than the
values calculated the RUS results likely due to the larger strains on the sample. More
importantly, as the difference in ionic radii increases, the activation energy also
increases, shown by the dashed lines in Figure 3.6. Studies** *® have shown that
reducing the difference between the ionic radii of the dopant and host ion decreases the
lattice strain and increases the ionic conductivity in the materials. This same trend can
be applied here, where the close the dopant ion radius is to Zr** the lower the activation

energy and the easier for oxygen ions to hop around dopant.

62



Activation Energy (eV)

N
o

N

-
(6

—_—

o
o

R2=0.94 o -
e
R2=096 3 |
+ DMA - Peak 1
m DMA - Peak 2
RUS - Peak |
o RUS - Peak Il
0 0.005 0.01 0.015 0.02 0.025
[rg-Tz| (nm)

Figure 3.6. The activation energy values for each sample are plotted vs. the

difference between the dopant radius and the radius of Zr4+.

3.5 Conclusion
Resonant Ultrasound Spectroscopy (RUS) study of 8mol% and 10mol% Yttria-

stabilized Zirconia (8YSZ and 10YSZ), 10mol% Scandia — 1mol% Ceria stabilized

Zirconia (SCZ), and 10 mol% Gadalinina stabilized Zirconia (GSZ) from room

temperature up to 1000 °C, in 20-500 kHz frequency range are presented in this study.

The large decrease in Young’s and shear modulus corresponds to an increase in
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mechanical damping that can be explained by anelastic relaxation mechanisms and local
order of oxygen vacancies.

The mechanical damping peaks in both YSZ samples were deconvoluted into two
frequency dependent peaks. The activation energies for the first mechanical damping
peak were calculated to be 1.20 eV and 1.19 eV for 8YSZ and 10Y SZ respectively.

The second damping peak occurs at higher temperatures with activation energies of 2.18
eV and 2.04 eV for 8YSZ and 10YSZ, respectively. The activation energies for the first

relaxation peak are similar, but slightly lower than the determined activation energy for
anelastic or dielectric relaxation of (YZ'rVC;' ) dipoles using other experimental methods.
The mechanism responsible for the second damping peak is still not fully understood,
though it is theorized to be the result of local ordering of oxygen vacancies or anelastic
relaxation of more complex (2Y£rV6° )X dipoles.

Similar to YSZ, the mechanical damping peaks for GSZ were deconvoluted into
two major peaks and the activation energies were found to be 1.45 eV and 2.39 eV. The

mechanisms responsible for the first damping peak is likely due to the reorientation of

(Gd'Zer;' ) dipoles due to anelastic relaxation while the mechanism for the second

damping peak is likely due to more complex dipoles or local ordering of oxygen
vacancies.

The anelastic relaxation of SCZ is more complex than that of YSZ and GSZ. In
this case, they were deconvoluted into three different mechanical damping peaks. The

first damping peak has an activation energy of 1.02 eV and is attributed to anelastic
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relaxation of (Sc'ZrVo“ )'dipoles similar to YSZ. The second damping peak was also

occurred similarly to the second damping peak in YSZ and has an activation energy of
1.51 eV. The mechanism behind the peak is thought to be related to local ordering of
oxygen vacancies or more anelastic relaxation of more complex dipoles. This peak has
been typically overshadowed by stress induced phase transformation peaks in other
methods and has not been clearly observed before now. The final damping peak is
frequency independent and occurs in a temperature range where the cubic to
rhombohedral phase transition occurs.

The calculated activation energies from RUS for all samples were compared to
the difference between the dopant ionic radius and the host Zr** ionic radius. A linear
trend was observed corresponding to lower activation energies for dopants with a closer
ionic radius to Zr** which minimizes the strain in the lattice.

The mechanical behavior of stabilized zirconias makes them suitable for a wide
range of solid state ionic applications at high temperature. The large mechanical
damping seen in these materials at high temperature is comparable to some polymer
materials making them suitable to endure large internal stresses during heating and

cooling cycles.
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4. ELASTIC PROPERTIES AND ANELASTIC RELAXATION OF PURE AND
GD3+, LA3+, SM3+ AND Y3+ DOPED CERIAS WITH TEMPERATURE AS
DETERMINED BY RESONANT ULTRASOUND SPECTROSCOPY
4.1 Summary
In this paper, we report on the effect of the type of doping cation (Gd**, La>*,

Sm*, and Y**) on elastic properties and anelastic relaxation of doped ceria. For
comparison, elastic properties of pure stoichiometric ceria (CeO,) and reduced ceria
(CeO,.5) were also examined. Young’s and shear moduli of pure and doped cerias were
determined using Resonant Ultrasound Spectroscopy (RUS) in the 25 — 1000 °C
temperature range. In addition, the ultrasonic attenuation (mechanical loss or internal
friction, Q) was determined as the full width at the half maximum of the resonant peaks
at different frequencies and temperatures. It was found that although the elastic moduli
decrease monotonically with temperature, Q' shows a frequency dependent maximum at
different temperatures ranging from 100 °C to 300 °C for differently doped ceria. This
phenomenon is discussed in more detail in the paper in the light of the anelastic

relaxation of oxygen vacancy-dopant associates by oxygen vacancy hopping.

4.2 Introduction

Traditionally, fully stabilized doped zirconias have been widely used as solid
state ionics (SSIs) in electrochemical devices, such as Solid Oxide Fuel Cells (SOFCs),
sensors, gas separation membranes, etc.> **® 1" hecause of their high oxygen diffusivity

and ionic conductivity, low electronic conductivity and phase stability at high
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temperature. However, good transport properties can be achieved in those materials
only at relatively high temperatures (above ~800 °C)*? *2 Reducing the operating
temperature of solid state electrolyte would greatly reduce operating costs and extend
the lifetime of the SOFCs and other solid state electrochemical devices'”®. Doped cerias
have been consider in recent years as potential materials for SOFC electrolyte materials
due to their high ionic conductivity in the intermediate temperature range for SOFC
operation®*”>*"" " They have been also used in oxygen sensors and gas separation
membranes, among other applications*"®*®. High ionic conductivity is a result of doping
cerium oxide with aliovalent dopants creating oxygen vacancies in the material
according to the following defect reaction expressed using the Kroger-Vink
nomenclature®:

R,0, —%% 2R +V." +30; 4.1)
where R is a rare-earth dopant. A large amount of work has been done on studying the
point defects and transport properties in these materials. Eguchi et al.?’ studied the
effects of dopant ion radius on ionic conductivity of doped ceria and found that the
maximum ionic conductivity occurs at dopant ionic radius rqy = 1.09 A, corresponding to
the radius of Sm**. Anderson and Nowick** observed a trend in which high activation
energies for ionic conductivity resulted when the ionic radius between the host ceria ion
and the dopant ion was larger. Kilner et al.*®* postulated that the ionic conductivity in all
oxides with fluorite structure, including ceria, is maximized when the addition of a
dopant and the resulting oxygen vacancies cause the least amount of elastic strain on the

crystal lattice®. Kim“*® developed a model for prediction the elastic lattice strains in
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oxides with fluoride structure as a function of differences between ionic radii of the host
and dopant atom and found that 1.038 A a critical dopant radius, r, for a trivalent dopant
in ceria. The critical ionic radius is the radius at which no expansion or contraction of the
lattice will occur in the host fluorite lattice as a result of adding dopant ions. Other
models have predicted different values for critical ionic radius of dopant, ranging from
1.010 — 1.038 A***’. Previous work has shown that Gd** has the closest ionic radius to
r. and is among the highest ionic conductivity® ** . The critical ionic radius also
effects the position of dopant ions relative to oxygen vacancies in the crystal structure,
which affects the relaxation processes in these materials.

Anderson and Nowick’® demonstrated for the first time anelastic relaxation in
yttria doped ceria (YDC). They carried out mechanical spectroscopy of YDC using

flexural vibrations at 8 kHz, and showed two internal friction peaks and different

temperatures, that were related to relaxation of (YC'eOé ) and (ZYC'GOS)defect clusters by

oxygen vacancy hoping. This process is a time-dependent response under the external
stress field that arises from the reorientation of point defects within doped cerias® .
Wachtman®’ proposed the commonly held model that the oxygen vacancy sits in one of
the eight nearest neighbor positions around the dopant ion doped oxides with fluorite

structure, Figure 4.1, and that it can hop around dopant under an external field. The

oxygen vacancy and dopant clusters (such as (R'Ceog ) and (ZR(':eOCX,)) form both elastic

and electric dipole, which in turn gives rise to anelastic relaxation under a stress field

d58, 59, 80, 183. The

and dielectric relaxation under an electric fiel later was experimentally
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31, 36, 58, 73, 183-190

observed in numerous mechanical and dielectric spectroscopy studies on

ceria oxides doped with different cations. As a result of reorientation of those electo-
elastic dipoles, doped carries also show a giant electrostriction under electric field™".

In reducing environments, it is thermodynamically favorable for Ce** reduces to
Ce®* *°. This reduction in valency is accompanied by a large increase in ionic radius
from 0.97 pm to 1.143 pm which can cause micro-cracks in the material and lead to

43,192

failure in the SOFC due to large volume changes . Using the Kroger-Vink notation,

the reduction of ceria can be written as
2CeX, + 0O <>V +2Ce., +1/20,(g)™ (4.2)
It has been well documented that reduced ceria (CeO,.s) keeps its fluorite structure at

non-stoichiometry’s up to & = 0.22°* and that the reduced Ce** ion pairs with oxygen

)° 193

vacancies to form point defect complexes such as (Ce'CeVO“ which are similar to

those seen as doped cerias. Therefore reduced can also result in anelastic and dielectric

relaxation in reduced ceria, like in the case of doped ones.
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Figure 4.1. Defect structure after adding aliovalent dopant to ceria. The resulting
dipole causes anelastic and dielectric relaxation under both elastic and electric
fields.

Anelastic relaxation in doped ceria was typically studied at low frequencies that
are several of orders of magnitude lower than natural relaxation frequencies of oxygen
vacancy hopping in doped cerias, using a flexural resonant vibrations®* . However, a
recent study by Bolon et al.*** showed that anelastic relaxation in another doped oxide
with fluorite structure, namely fully stabilized zirconias can be studied by Resonant
Ultrasound Spectroscopy (RUS) and much higher frequencies (> 20 kHz). Resonant
Ultrasound Spectroscopy (RUS) is a relatively novel and highly accurate technique for
characterizing the elastic properties of a solid that is becoming increasingly popular'®
112,115,116, 160,194 |5 RUS, the elastic constants of the solid are determined using a
nonlinear inversion iterative algorithm from the measured natural resonance frequencies,
and for known shape and mass, of the sample. While the elastic constants represent

primarily equilibrium thermodynamics, the attenuation or damping is a manifestation of
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irreversible processes due to energy absorption by various physical entities’® 4. The
attenuation or damping of a RUS resonance peak is defined as the full width half
maximum of the particular resonant peak. RUS is a very sensitive technique to study
defect motion in the high frequency range'®. For example, Foster and Leisure, et. al.*®?,
used RUS to study hydrogen and deuterium motion in TaV,Dg17and TaV,Hg 1, and
found large attenuation peaks in both materials. From those results they concluded that
hydrogen faster moves through the g-sites forming linked hexagons in these materials.
In this study, RUS is used to characterize pure ceria and five different doped
cerias including 10 mol% and 20 mol% gadonlina doped ceria (L0GDC and 20 GDC
respectively), samaria doped ceria (SDC), lanthana doped ceria (LDC), and yttria doped
ceria (YDC). The mechanical damping with temperature and frequency will be used to
characterize the anelastic relaxation behavior with respect to the dopant radius of doped

ceria.

4.3 Experimental Methods

All samples in this study were processed using commercially available powders:
(@) pure ceria samples from CeO, powders (Alfa Aesar, MA), (b) 10GDC
(Gdo.1Ce0.901.95) samples from 10 mol% gadolinia-doped ceria powders (Fuel Cell
Materials, OH); (c) 20GDC (Gdo2Cey019) from 20 mol% gadolinia-doped ceria
powders (Fuel Cell Materials, OH); (d) SDC (Smg2Cepg019) from 20 mol% samaria-
doped ceria powder (Fuel Cell Materials, OH); (e) YDC from the mixture of CeO, and

La,O3 (Alfa Aesar, MA) to yield composition of Lag2CeqgO1.9; and (f) LDC from the
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mixture of CeO; and Y,03 powders (Alfa Aesar, MA) to yield composition of
Y0.2Ce0501.9. The powders were cold pressed to 1 MPa in a 1 inch cylinder die; the pure
ceria samples were then isostatically compressed in a Cold Isostatic Press (AIP, OH) to
275 MPa for 15 minutes. The green samples were then sintered at 1500 °C for 2 hours
using heating rate of 5 °C/min. Samples of each material were cut into parallelepipeds of
with dimensions 1.5 cm x 1.25 cm x 0.2 cm. Relative densities of all samples were
found to be at least 97% using the Archimedes’ method according to the modified

167, 168

standard procedure C20-00"°, described in more detail elsewhere

Reduced ceria samples CeO, ;were produced by sintering CeO, powders at

1500 °C for 2 hours using heating rate of 5 °C/min, and followed by fast cooling. After
that, samples were tested using RUS and subsequently annealed at 800 °C in air for 50
hours to reach equilibrium stoichiometry, and tested again in RUS. For the weight

difference of the samples before and after annealing, the 6 in CeO, ; was estimated to

be around 0.013.

Samples were initially tested at room temperature using a commercially available
Quasar RUSpec System (Magnaflux, Glenview, IL) to ensure no microcracking occurred
during processing. Samples were then tested in a custom built high temperature and
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environmental RUS chamber= up to 1000 °C in air. Measurements were taken from 20

kHz to 500 kHz at every 20 °C up to 400 °C, and every 50 °C from 400 °C up to 1000
°C. Elastic properties were determined form the collected resonant spectra using RuSpec
R14000 software (Magnaflux, Glenview, IL). The attenuation of multiple resonant peaks

was determined by calculating the full width at half maximum (FWHM) at each
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temperature. The attenuation vs. temperature plots for resonant peaks at different
frequencies were then deconvoluted assuming a two relaxation peaks model described
previously by Nowick™ and Wachtman®’. The internal friction (Q) is directly related
to the attenuation of those resonant peaks which represents the dissipated energy during
mechanical excitation by the ultrasonic vibrations®™. An Arrhenius relationship can be
used to describe the frequency and temperature dependent relaxation processes as a

result of the defect motion, assuming single Debye relaxation model:

-E
f=f A 4.3
EA o

where f is testing frequency, T is temperature at which maximum Q" is observed at the
particular frequency in relaxation spectra (Q* vs. T plot), Ea is the activation energy for
the relaxation process, k is Boltzmann constant, T is temperature in Kelvin, f, is the
natural relaxation frequency®'. The activation energy for each sample was calculated

based on at least four different resonant peaks.

4.4 Results and Discussion

Both Young’s (E) and shear (G) moduli were determined using RUS at different
temperatures and their normalized values, i.e. E/Egrand G/GgrtWhere Egrand Ggr are
Young’s and shear moduli at room temperature, respectively, and plotted in Figure 4.2
and Figure 4.3. Both the normalized Young’s (Figure 4.2) and shear (Figure 4.3)

moduli appear to decrease monotonically with temperature to approximately 80% of the
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room temperature value at 1000 °C. The room temperature values for the Young’s and

shear modulus are given in Table 4.1 along with their relative densities.

1.1

o
©

Young's Modulus (GPa)
o
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—+ CeO,
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Figure 4.2. (a)Young’s moduli (E) and (b) their derivatives (dE/dT) pure
stoichiometric and nonstoichiometric ceria and for all doped ceria samples
determined using RUS in 25-1000 °C temperature range
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Figure 4.3. (a) Shear moduli (G) and their (b) derivatives (dG/dT) pure
stoichiometric and nonstoichiometric ceria and for all doped ceria samples
determined using RUS in 25-1000 °C temperature range.

Table 4.1. The room temperature Young’s and Shear moduli for the pure
stoichiometric and nonstoichiometric ceria and for all doped ceria samples
determined using RUS with their relative densities.

Room Room
lonic Radius of Temperature Temperature
Dopant lon Young's Modulus Shear Modulus Relative

(A)'° (GPa) (GPa) Density (%)
10GDC Gd*: 1.053 203.29 + 1.00 77.74+£0.24 97.95+1.26
20GDC Gd®: 1.053 198.40 + 3.37 75.85+1.33 98.01 +0.19
YDC Y3*:1.019 203.37 + 0.07 77.85 + 0.08 99.08 + 0.08
SDC Sm*": 1.079 198.69 + 0.18 75.99 + 0.33 98.28 +1.33
LDC La®>": 1.160 186.79 + 6.18 71.28 + 2.57 97.99+1.32
Ce0,5 ce®:1.143 205.67 78.41 96.64
CeO, 179.93 69.65 96.64
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Figure 4.4. Typical, but selected part of resonant spectra obtained using RUS
for 10GDC, SDC, and YDC and Al,Os.

A selected part of the resonant spectra obtained by RUS between 30 and 38 kHz
for 10GDC, YDC, SDC are shown in Figure 4.4, together with the spectra of alumina
(Al,O3) for comparison. The resonant peak for alumina does not broaden significantly
with temperature up to 600 °C, and its intensity does not decrease abruptly in any
temperature range, Figure 4.4. This is expected since no anelastic relaxation occurs in
alumina in that temperature range. However, resonant spectra of 10GDC, SDC and YDC

illustrated in Figure 4.4 show a distinct broadening and drop in intensity of the resonant
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peaks within different temperatures ranges for each doped ceria. For example, this
broadening occurs in SDC over the largest temperature range from ~200 °C to ~350 °C,
while in 10GDC and YDC it happens in ~150-250 °C and ~200-400 °C temperature
range, respectively. The broadening of resonance peaks is indicative of high ultrasonic
attenuation due to internal friction or mechanical damping (Q™*). Note here that peak
positions in Figure 4.4 moves steadily to lower frequencies with increasing temperature,

indicating monotonic decrease in elastic moduli as shown in Figure 4.1.
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Figure 4.5. Attenuation of the of the resonant peaks at ~80 kHz as a function

temperature for (a) 20GDC and (b) LDC are determined by from FWHM for each
resonant peak at each temperature.
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Figure 4.6. The attenuation of the resonant peak at around 180 kHz as a function of
temperature for of reduced ceria (diamonds) show two relaxation peaks at low
temperatures while the annealed samples (circles) shows no peaks are remains

relatively constant over the entire temperature range.

Attenuation (Q™) for the resonant peaks at different frequencies were determined
as a function of temperature from the FWHM of each resonant peak using procedure
described in more details earlier. Selected but typical relaxation plots are presented in
Figure 4.5 for the resonant peak at ~80 kHz observed in RUS spectra of 20GDC and
LDC. While both attenuation curves show two distinct relaxation peaks where Q™

reaches local maxima, the size and location of the relaxation peaks are different for
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samples with different dopants. Like the doped ceria samples, the reduced ceria sample
also shows two attenuation peaks at low temperature, as it is illustrated in Figure 4.6.
As a result of the Ce**reduction to Ce®", the Ce** ion acted like a dopant ion on the
system creating an elastic and electric dipole in the material. After annealing, the
attenuation of the sample was relatively constant across the entire temperature range

indicating that no anelastic relaxation processes take place in the material.
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Figure 4.7. Arrhenius plot of LDC for both relaxation peaks observed.
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Plots (not shown here) similar to those illustrated in Figure 4.5 and Figure 4.6
are constructed for 5 resonant peaks at different frequencies, and deconvoluted using
XPSPEAKA4.1 (The Chinese University of Hong Kong, Hong Kong) assuming two major
relaxation peaks (black lines in Figure 4.5), that are further denoted as Peak | and Peak
I1. Deconvolution was carried out for all samples except pure ceria where no relaxation
peaks were observed. Then, Arrhenius type plots of Inf vs. 1/T such that shown in
Figure 4.7 for LDC sample are plotted, where f is a frequency of the resonant peak and
T is temperature of the attenuation maxima for Peaks | and Il determined from
deconvoluted relaxation spectra at each resonant frequency. Those plots can be further
used to determine activation energies of the relaxation mechanism responsible for the
observed relaxation Peaks I and 11 from the slopes of Inf vs. 1/T lines, assuming that
each of them can be model using single Debye relaxation model described earlier. For
example, Figure 4.7 shows Arrhenius plots for LDC sample. The values for the
activation energies determined for Peak | and Il in this study are shown in Table 4.2.

The activation energies for both major relaxation peaks also plotted as blue
diamonds (peak 1) and red squares (peak 2) in Figure 4.8 vs. the difference between the
dopant radius and the host radius, and in Figure 4.9 vs. the difference between the
dopant radius and critical dopant radius of 1.038 A*®. These results were then
compared to activation energies for anelastic relaxation in YDC"® ® and Scandia doped
Ceria (ScDC)* determined using forced flexural vibration method. Since anelastic
relaxation in ceria is believed to be caused by reorientation of defect complexes, that in

the same time form not only elastic but also electric dipoles, activation energies for
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31, 36, 48, 184, 196-201 in

anelastic relaxation are compared to those of dielectric relaxation
Figure 4.8 and Figure 4.9. Results in Figure 4.8 and Figure 4.9 suggest that
activation energies for both anelastic and dielectric relaxations are in general increasing
with increasing dopant radius. Increasing dopant radius causes larger elastic strains
around dopant, and thus higher activation energies are required for reorientation of
dipoles by oxygen vacancy hoping in vacancy-dopant complexes. At higher dopant radii
(such as in case of La®>" and Ce®") activation energies for anelastic and dielectric

relaxation decreases again with increasing dopant radius, most likely because of weaker

electrostatic attraction between them.
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Figure 4.8. Activation energy vs. difference in dopant radius to host radius
comparing RUS and data with those obtained using other mechanical spectroscopy

methods such as forced flexural vibrations *" ™ and dielectric relaxation "% %%
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Table 4.2. Activation energy values for all samples calculated using RUS, and
literature values for anelastic relaxation, and dielectric relaxation.

Material RUS Peak 1 RUS Peak 2 Anelastic Lit
(eV) (eV) (eV) Dielectric Lit (eV)
0.64+0.011 | 0.78+0.022 0.88 + 0.176%
0.68" 0.70 + 0.077%
YDC 0.53+0.004 | 0.64+0.036 0.71 196-198
10 GDC | 0.42+0.052 | 0.44+0.028 0.74 + 0.055%%
20 GDC | 0.36 +0.042 | 0.42 +0.037 0.71%%
0.76 +0.028%
LDC 0.47 +0.044 | 0.57 +0.159 200
NDC 1.04%°
0.195%
ScDhC 0.52 + 0.028 0.23%
Ce0s5 0.54 0.87

While these slight trends are observed when compared to the critical ionic radius
for the host cations, more work needs to be done to determine the exact physical nature
of this trend. Recent computation studies suggest that different defect clusters are
forming based on the type and size of dopant in ceria. Andersson et al.?® stated that the
transition point between nearest neighbor and 2NN is with Promethium and the elements
to the right on the periodic table favoring the 2NN position, and those to the left favoring
the nearest neighbor position. However, they were only looking at the effects of
electrostatics on the energies and not the lattice sizes. Nakayama and Martin’ looked at
various different rare-earth dopants in ceria and found that dopants larger than Gd**
prefer to sit in the second nearest neighbor (2NN) distance while dopants that are smaller
prefer the nearest neighbor position. This is slightly confirmed by studies done by
Dholabhai et al. on SDC?% and Praseodymium doped ceria (PDC)*®. Additionally,
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when looking at significantly smaller dopants like scandia, the tendency to form larger
defect clusters is much higher than with larger dopants like Gd** or Y**. Experimental
results from Kossey et al.”* show through EXAFS studies of thin films that the oxygen
vacancy sits NN to ceria ions instead. However, molecular dynamics calculations by

Inaba et al.”®

show that at high temperatures, gadolinia prefers to form Gd-Gd pairs
within the system as a nearest neighbor to an oxygen vacancy’?. Conversely, studies by
Ahn et al.* indicate that the Gd** ion prefers to sit nearest neighbor to the oxygen
vacancy especially under compressive strains. The variety of positions of the dopant ion

compared to the oxygen vacancies and the resulting defect clusters make it hard to

directly compare only by one the differences in ionic radii of the materials.

4.5 Conclusion

Resonant ultrasound spectroscopy (RUS) study of pure and reduced ceria, 10
mol% and 20 mol% Gadolinia doped ceria (L0GDC and 20GDC), 20 mol% samaria
doped ceria (SDC), 20 mol% yttria doped ceria (YDC), and 20 mol% lanthana doped
ceria (LDC) was carried out from room temperature to 1000 °C in the 20 to 500 kHz
range is presented. The Young’s and shear modulus show a consistent monotonic
decrease across the entire temperature range for all samples.

The mechanical damping curves were deconstructed into two relaxation peaks
for each doped ceria and reduced ceria and the activation energies were calculated.
These energies were plotted against either the difference between the dopant radius and

the ionic radius of Ce** or the dopant radius and the critical ionic radius to observe
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trends. Both show an initial increase in activation energy with the difference in radii
before the energy starts to decrease again. The mechanisms behind observed differences
in activation energies for anelastic relaxation among ceria samples doped with aliovalent
cations of different size can be most likely associated to the different structure of

vacancy-dopant clusters.
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5. MULTIPLE RELAXATION MECHANISMS IN 8YSZ

5.1 Summary

In this study, the mechanical damping peaks produced by Resonant Ultrasound
Spectroscopy (RUS) of 8 mol% yttria stabilized zirconia (8YSZ) were further studied to
understand the number of relaxation mechanisms occurring within the material. The
previous assumption of two Debye peaks did not match the data when the relaxation
curves were reconstructed. Models with more peaks were tested to determine the
optimal number of peaks to fit the mechanical damping peaks. It was found that a six
peak model minimizes the RMS error between the reconstructed curve and the

experimental data.

5.2 Introduction

It has been shown in previous studies that yttria stabilized zirconia (YSZ), with
cubic (fluorite) stricture shows two major anelastic relaxation peaks'*'. These peaks
were originally attributed to be the reorientation dopant ion-vacancy complexes that

form elastic dipoles®": > 8. 183,204

, with oxygen vacancy having one or two dopant ions in
the first nearest neighbor (LNN) position. However, recent computational studies have
suggested that the oxygen vacancy prefers at a second nearest neighbor (2NN) position
to the dopant cation while maximizing the space between other oxygen vacancies along
the <111> direction due to local relaxations within the material*® ®*¢"®8_ There are two

prevailing theories that support this configuration. Bogicevic and Wolverton® report

that the elastic interaction between the dopant ion and oxygen vacancy is repulsive
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causing the dopant ion and vacancy to be 2NN configuration, rather than in INN. This
also explains why the vacancies are preferentially 3NN to one another as the elastic
interactions are attractive in that case. The other explanation is that oxygen vacancy in
the 2NN configuration leads to eightfold coordination around the Y** ion that similar to
its coordination in Y203z and sevenfold coordination around the Zr** ion similar to its

13,69 The later has been

coordination in the preferred low temperature monoclinic phase
also confirmed experimentally using Extended X-Ray Absorption Fine Structure
(EXAFS)®® ® neutron diffraction'*, and Nuclear Magnetic Resonance (NMR).

.23 modeled the relaxation effects of isolated defects and in a solid

Stapper et a
solution using ab initio density functional theory framework in the local density
approximation (DFT-LDA). When an Y** ion is added as a 2NN to oxygen vacancy,
the oxygen atoms surrounding oxygen vacancy move closer to the vacancy while the
nearest zirconium atom and the other oxygen atoms move away in the <111> direction.
When the Y*" ion is 1NN to the oxygen vacancy, the Y** ion moves outward while the
oxygen atoms closest to both the vacancy and Y** ion move less towards the oxygen
vacancy than in the case when the Zr** ion is nearest neighbor to the oxygen vacancy.
These models can be used to understand the relaxation motion within the solid solution.

These theoretical studies examined not only the various preferential locations of
the oxygen vacancies relative to the dopant ion and other oxygen vacancies in unstressed
structures, but the activation energy for the oxygen vacancy as it moves hoping in

different configurations. The oxygen ion jumps between caters of two cation

tetrahedrons, where it must pass between two cations, as illustrated in Figure 5.1. For
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example, Figure 5.1 shows two zirconia tetrahedrons in cubic zirconia, where (a) shows
the position of the tetrahedron in the fluorite unit cell and (b) shows the reverse fluorite
cell with an additional layer to complete the tetrahedron. In YSZ, there are basic
configurations that can occur, depending on which site in the tetrahedral is occupied by
dopants, as it is illustrated in Figure 5.2. The oxygen vacancy can (i) hop between two
zirconia ions, (ii) hop between one zirconia and one dopant ion and (iii) hop between
two dopant ions. Each of these types produces a range of activation energies since the
surround ions have a large influence on the energy barrier for hopping. Pornprasertsuk,

|.205

et. al.”™ calculated activation energies in the ground state for 42 different cases of

cations’ positions within the tetrahedrons. Summarized results of the activation energies

from multiple studies®® 2> 2%

are given in Table 5.1 separated by the type of barrier to
oxygen ion must go through. The lowest energies are for the Zr-Zr barrier regardless of
the position of the other atoms in the tetrahedron. The Zr-Y barrier had the next lowest

activation energies and the Y-Y barrier has the highest activation energies.
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Figure 5.1. The position of the tetrahedrons in which hopping of oxygen ions
occurs, highlighting in the (a) stabilized zirconia fluorite structure and (b) the
reversed fluorite structure of stabilized zirconia.

Figure 5.2. Different cases for of the oxygen ion hopping between Zr-Zr, a Zr-Y
and a Y-Y cations®. The red circles are zirconium ions, blue spheres are oxygen
ions and the yellow spheres are yttrium ions.
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Table 5.1. Summary of activation energies for a different number of nearest (1NN)
or next nearest neighbor (2NN) cations in the tetrahedron in which hopping
OCCUFSZG' 205, 206.

Barrier 1: Zr-Zr
NN-NN NN-2NN 2NN-NN 2NN-2NN
0.28-0.7 eV 0.2-0.23 eV | 0.40-0.8 eV 0.3-0.67 eV

Barrier 2: Zr-Y
NN-NN NN-2NN 2NN-NN 2NN-2NN
0.79-1.09eV | 0.7-0.88 eV | 0.71-0.94 eV | 0.85-1.29 eV

Barrier 3: Y-Y
NN-NN NN-2NN 2NN-NN 2NN-2NN
1.20 eV 1.40 eV 1.23-2.3 eV

The lowest energies Pornprasertsuk et al.?®, Kushima et al.?*®and Krishnamurthy

et al.?®

observed were in cases when the oxygen vacancy was moving away from yttria
in nearest neighbor positions. In addition to the nearest neighbors, the second and third
nearest neighbors also have an effect on the energy barrier the atom most overcome to
move. Kushima et al®* modeled the contributions of the number of Y** ions in 2NN
positions and where the nearest oxygen vacancy was located using density functional
theory on a plane wave basis set. They found that the Zr-Zr barrier was the smallest
with a maximum energy barrier of approximately 0.5 eV. They also found that the
relative position of the nearest oxygen vacancies had more effect on the energy than the
number of 2NN Y*" ions. They concluded from the study that vacancy-vacancy
interactions dominate the vacancy-cation interactions when determining energy barriers.

However, this study did not include Y-Y energy barriers®’. The high energy barrier

associated with Y-Y barriers explains the decrease in ionic conductivity with increased
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amount of Y doping because the more Y,O3 is used for doping, the more likely Y-Y
pairs will form and “block” the oxygen vacancy motion® 2.

Relaxation processes in materials can be studied from the attenuation of
resonance peaks produced by Resonant Ultrasound Spectroscopy, as it was described in
more detail in the previous sections. The type of motion and the type of barrier crossed

during the motion determine the relaxation process and its activation energy.

Previously, it was assumed that only either the anelastic relaxation of the vacancy-

dopant dipole (R'ero" ) or more complex vacancy-dopant complexes (2 R'ero") were

responsible for the mechanical damping peaks observed. In that case, the calculated

mechanical loss, Q* can be related directly to the motion of point defects within the

material and can ideally be described as Debye peaks™®

oT
1+ w’r?

Q'=A (5.1)

-1
max >

where A is the relaxation strength which is equivalent to A =2Q_- , © is the frequency

and 7 is the relaxation time found from an Arrhenius relationship

=1 exp( _kiA ] (5.2)

where Ea is the activation energy to cross the barrier, k is Boltzmann constant, and T is
temperature in Kelvin. This study looks at 8 mol% and 10 mol% yttria stabilized
zirconia (8YSZ and 10Y SZ respectively) in detail to determine an approximate number
of relaxation processes occurring in these materials assume all processes behave as

Debye peaks.
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5.3 Results and Discussion
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Figure 5.3. (a) The deconvolution of the 90 kHz resonant peak for 8YSZ as
determined from RUS assuming only two relaxation peaks. (b) Calculated
relaxations spectra using data from parameters from the deconvolution in (a)
assuming only two single Debye peaks for giving a 22.9% error between measured
and reconstructed relaxation spectra. (c) The deconvolution of the 90 kHz resonant
peak for 8YSZ as determined from RUS with the best fit assuming six peaks. (d)
The convolution assuming six single Debye peaks for the 90 kHz resonant peak of
8YSZ using the parameters from the deconvolution in (c), giving the error of 6.9%
between measured and reconstructed relaxation spectra.
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Figure 5.3a shows the attenuation or mechanical damping curve for 8YSZ that
was obtained by calculating the full with at half max (FWHM) of the 90 kHz resonant
peak fitted assuming a two peak model. However, upon using that model to fit the peaks
assuming two single Debye relaxations as proposed by Weller et al. " **% 1> it becomes
clear that the model is not adequately describing all the relaxation processes in the
material. Figure 5.3b shows the reconstructed relaxation spectra based on the
parameters calculated from single Debye models, which give an RMS error of 22.9 %
for the 90 kHz resonant peak and an average of 29.34 + 8.48 % for the entire frequency
range. It is clear from the Figure 5.3b, that measured relaxation peaks are much broader
that reconstructed ones, suggesting a larger distribution of relaxation energies and times.
The attenuation data were then deconvoluted with four, six, and ten peaks, and the
average RMS error between reconstructed relaxation spectra and measured one in all
cases are plotted in Figure 5.4. The 6 relaxation peak model was adopted for the rest of
the fitting as it provides the smallest RMS. Note here that the minimum RMS could
potentially be at 5, 7, or 8 peaks, but these conditions were not tried in this study and

they will be considered in the future.
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Figure 5.4. A graph of the RMS error between reconstructed relaxation spectra
and measured assuming different numbers of single Debye relaxation peaks for
8YSZ and 10YSZ.

The activation energies for anelastic relaxations were calculated using the six
peak model, i.e. assuming six different major relaxation mechanisms, for three separate
samples and the results are summarized in Table 5.2, where the major peak
corresponding to the two peak model discussed in more details in the previous sections
are highlighted. The activation energies for these two peaks are in good agreement with
the results from the two peak model, where the activations energies for Peak | and Peak

Il are 1.207 eV and 2.181 eV, respectively. Peaks 1, 2, and 4 in this model have lower
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activation energies while Peak 6 has a larger activation energy. Comparing to the
previous computation studies, Peak 1 is likely due to crossing a Zr-Zr barrier while
Peaks 2, 3, and 4 are likely due to crossing a Zr-Y barrier and finally Peaks 5 and 6 are
likely due to crossing a Y-Y barrier. Since these are thermally activated processes, it
makes sense that the barrier requiring more energy to cross would occur at high
temperatures. However, more work needs to be done to completely classify the

mechanism responsible for the different peaks.

Table 5.2. The activation energies for the six relaxation processes for 8YSZ, the
highlighted peaks correspond to the two major peaks seen in the two peak model.

Peak Position| 200-225°C | 270-310°C | 300-330 °C | 380-450°C | 470-500°C | 500-530°C

Average 0.595 0.976 1.246 0.978 1.919 2.443
StDev 0.139 0.124 0.318 0.166 0.219 0.438
Major Peak 1 Major Peak 2

10YSZ was also deconvoluted into six major damping peaks similar to 8YSZ, the
RMS error for these peaks was slightly higher than 8YSZ at 16.88 + 2.54 %; however it
still had a lower error than two, and four peaks models, shown in Figure 5.4. The
activation energies for this case were calculated and shown in Table 5.3. Similar to the
8YSZ results, the two major peaks can clearly be observed (and are highlighted) with
similar activation energies to those determined assuming only two peaks, i.e. 1.178 eV

and 2.198 eV for Peak | and Peak Il respectively. The remaining peaks show a slightly
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different trend, where only Peak 1 and Peak 2 have lower activation energies, while Peak
4 has higher activation energy than Peak 3, and Peak 6 has he smaller activation energy
then Peak 5. This is likely due to a higher number of dopants and vacancies in the

material clustering.

Table 5.3. The activation energies for the six relaxation processes for 10YSZ, the
highlighted peaks correspond to the two major peaks seen in the two peak model.

Peak Position | 175-225°C 250-320 °C 300-390 °C 390-470 °C 470-540 °C 500-610 °C
Average 0.707 1.355 1.602 1.734 2172 2.051
StDev 0.047 0.3™M 0.053 0.433 0.246 0.048
Major Peak 1 Major Peak 2

5.4 Conclusions

Resonant Ultrasound Spectroscopy results were further studied to elucidate the
number of relaxation processes in 8 mol% and 10 mol% yttria stabilized zirconia (8YSZ
and 10YSZ, respectively). Four different numbers of peaks were compared and it was
found that six relaxation peak model minimize the RMS error between reconstructed and
measured relaxation spectra. Within the six peak model, the two major peaks
corresponding to the previously assumed two peak model can clearly be observed and
have similar activation. The remaining peaks sit on the shoulders of those two peaks and
represent different relaxation mechanisms in the material. However, more work needs to

be done to determine the specific relaxation process each peak corresponds to and if
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there it there is a more ideal number of peaks that can be fit to the mechanical loss

spectra.
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6. STUDY OF THE EFFECT OF AN ELECTRIC FIELD ON THE ELASTIC
PROPERTIES AND ANELASTIC RELAXATION IN YTTRIA STABILIZED
ZIRCONIA BY RESONANT ULTRASOUND SPECTROSCOPY

6.1 Introduction

As it has been previously discussed yttrium stabilized zirconia (YSZ) with fully
stabilized cubic (fluorite) structure is a common electrolyte material for Solid Oxide
Fuel Cells (SOFCs) due to its high ionic but low electronic conductivity, and good
stability at high temperatures® **. Doping with a trivalent dopant like Y**, introduces
one oxygen vacancy per two dopants and stabilizes its high temperature cubic structure
down to the room temperature. This study continues the in-depth examination of elastic
properties of, and anelastic relaxation in 8 mol% yttria stabilized zirconia (8YSZ).
Herein we investigate effect of the electric field on elastic constant and internal friction
of 8YSZ at different temperatures. The latter is particularly important as the 8YSZ
electrolyte material in SOFC is exposed to electric field of up to 100 V/mm during
normal operation.

It has been well established by now that 8YSZ exhibits an anelastic and dielectric

relaxation as a result of time dependent reorientation of point defect clusters such as

(Yz'rvc;' ) , (ZYZ'rVo“) or more complex clusters in response to a stress field and electric

field, respectively. Both anelastic relaxation and dielectric relaxation share similarities
and as thermally activated, time dependent processes they can be described Arrhenius

relationship. Anelastic relaxation under a static field can be described using

et)/ o =s+&[L—exp(-t/7)] (6.1)
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where s is the compliance, s is the relaxation of compliance related to the
thermodynamics of the process, o is stress, and t is relaxation time. However, under a

dynamic field, the anelastic relaxation can be described through a Debye equation as:

Q*'=tans = A{L} (6.2)

1+ o’r?
where A is the relaxation strength, o is angular frequency, Q™ is internal friction or
mechanical damping, and 6 mechanical loss. In the case of anelastic relaxation due to

point defect hopping, relaxation strength ca be further expressed as®*:

_ aCyVo(2)
anel — SkT

(6.3)
where vy is the volume per molecule, Cq is the mole fraction of defects, o is a numerical
factor of order, S is the average elastic compliance , A is the effective component of the
elastic dipole tensor. If anelastic relaxation due to hopping of the point defects also

causes dielectric relaxation due to the reorientation of electric dipoles, as in the case of

vacancy hopping in 8YSZ, then dielectric relaxation strength, A, can be described as:

_ Cyp°
diel 3&,eV KT

(6.4)
where g is the permittivity of a vacuum, ¢ is the relative dielectric constant, and p is the
dipole moment™. The differences between the two relaxation strengths highlight the
differences between anelastic and dielectric relaxation. In order to interact with an
electric or elastic field, the point defect must be an electric dipole described by a vector

p or an elastic dipole described by a second rank tensor A respectively. As stated

previously in Section 1, the addition of trivalent dopants results formation of oxygen
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vacancies results in trigonal symmetry of the defect. For anelastic and dielectric
relaxation to occur, the symmetry of the defect must be lower than the symmetry of the
host crystal®.

Relaxation results from the redistribution of defects among sites that are initially
equivalent but become inequivalent under the application of an external field®® *®. For
instance, assuming a dopant ion is nearest neighbor to the oxygen vacancy (according to
Wachtman’s model®” and Weller et al.”® *** study), there are eight equivalent positions
that the oxygen vacancy could occupy around the dopant ion, the positions are labeled in
Figure 1.3a. Under the application of an external stresses or electric field, one of the
positions will become more favorable for the vacancy, making the positions
inequivalent. However, as recent studies have shown, this is not the mostly likely
configuration since the oxygen vacancy prefers be in the second nearest neighbor (2NN)
position relative to dopant as shown in Figure 1.3b°* %2 However, the same
principle will apply to this case as well, under no external field, the vacancy will sit in

equivalent positions 2NN to the dopant ion until the external field is applied and one of

those positions becomes more favorable.
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Figure 6.1. (a) Fluorite structure after adding a dopant to the zirconia host lattice,
showing oxygen vacancy in the nearest neighbor position (INN) with the equivalent
positions for the oxygen vacancy to sit around the dopant ion labeled (b) Fluorite
structure after adding a dopant to the ceria or zirconia host lattice, showing oxygen
vacancy in the next nearest neighbor position (2NN)

Many studies have focused on characterizing either anelastic relaxation®! ¢ 8 141

154,188, 208 30, 59, 75, 96, 183, 209-211

or dielectric relaxation separately in different doped

zirconia. The results for 8YSZ are compiled by a variety of techniques from low

frequency®® (10 Hz) to high frequency***

(500 kHz) show very similar results for
activation energy for both anelastic relaxation and dielectric relaxation to be 1.2 + 0.2
eV. Furthermore, these studies have also shown that the relaxation time for anelastic
relaxation is twice the relaxation time for dielectric relaxation®" *,

In this study, the internal friction peaks of 8YSZ were observed under an applied
electric field. RUS has been described in more detail in previous sections and will again
be used to determine the elastic constants and attenuation, Q*, of the samples. The

changes in Q! with temperature and frequency ranging from 20 to 500 kHz under
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various electric fields are used to characterize anelastic and dielectric relaxation coupling

in stabilized zirconia.

6.2 Materials and Methods

The samples used in this study were processed from commercially available 8
mol% Yttria stabilized Zirconia (TOSOH Corp., Japan) powder. Samples were made by
uniaxially cold pressing powders to 20 MPa for 10 seconds into 25 x 8 mm? cylindrical
samples and were then sintered at 1500 °C for 2 hours with 5 °C/min heating and
cooling rates. Samples were then cut into 14 x 11 x 2 mm rectangular parallelepipeds
for RUS testing. The density of each sample was measured to be above 98% relative
density using the Archimedes method according to the modified standard procedure
C20-00"%®, described in more detail elsewhere %78,

Each sample was initially tested on the commercially available Quasar RUS
system with PZT transducers to ensure each sample had no defects from processing.
Samples were then placed in the custom built RUS stage'®® for testing up to 700 °C in
the ambient air. The high temperature RUS setup uses two 6 inch single crystal alumina
rods glued to PZT transducers to transmit ultrasonic vibrations at sweeping frequency
and constant amplitude to the sample, and receive signal form the sample. . Each sample
was tested in the 20 kHz - 500 kHz frequency range, from 20 °C to 700 °C, in 10 °C
temperature increments. Platinum electrodes were then applied to both sides of the
samples using a thin layer platinum paste (Fuel Cell Materials, Ohio, USA). A 0.1 mm

thick 99.95% pure gold wires (Alfa Aesar, USA) were attached to electrodes. The gold
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wires were then connected to C.B.S. Scientific EPS 300 X Power Supply, with the
maximum output of to 300 V DC. Samples with the coated electrode where then tested
using RUS at extremal electric fields of 0 V/mm, 50 V/mm, 100 VV/mm, and 150 V/mm.
RUSpec Software from Magnaflux was used to determine the elastic constants at each
temperature and electric field, from the collected resonant spectra, as described in more
details elsewhere'®. The attenuation or mechanical damping was determined by
measuring the full width at half maximum (FWHM) of selected resonant peaks at every
temperature using Fityk software™* with Pearson 7 peaks models.

The attenuation of the 8YSZ sample with and without the electrode is shown in
Figure 6.2, an additional attenuation peak is observed in the sample with the electrodes
at approximately 130 °C. This peak is solely due to the platinum electrode and thus it

will be ignored when analyzing attenuation of 8YSZ in the remainder of this paper.
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Figure 6.2. The comparison attenuation, Q, of 8YSZ sample with and without
platinum electrode at different temperatures, without applied electric field. Q™ was
determined for resonant peak at 90 kHz.

Anelastic and dielectric relaxation are both frequency dependent processes
caused by defect motion during due to either a mechanical or electric field™ %. These

processes can be described using an Arrhenius relationship:

f=f, exp(_kl__ll_’j (6.5)

where H; is the activation energy for the relaxation process™, k is Boltzmann constant, T

is the temperature in Kelvin and fy is the relaxation frequency. The attenuation of at
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least four different resonant peaks was determined to calculate the activation energy as

the slope of the Arrhenius plot (Inf vs 1/T).

6.3 Results and Discussion

—_
—_

[N

o
©

o
o

0 V/mm

o
3

Normalized Shear Modulus {G/Ggy)

Normalized Yound's Modulus

—+—50 V/mm
06 | —°100V/mm —4-50 V/imm
=150 V/mm 06 | —=100 V/mm
05 ——0V/mm No Electrode -=-150 V/mm
0 200 400 600 800 05 L0 VimmNoFlectiode
Temperature (°C) 0 200 400 600 800

Temperature ( C)

Figure 6.3. Normalized (a) shear (G) modulus and (b) Young’s modulus (E) of
8YSZ vs. temperature under the four different electric fields: 0 V/mm, 50 V/mm,
100 V/mm, and 150 VV/mm. In addition, elastic moduli of 8YSZ determined using
sample without electrodes are also plotted in this figure. As the stronger electrical
field is applied, the samples show smaller decrease in the elastic moduli at higher
temperatures.

When compared to other typical oxides, 8YSZ shows a large drop in modulus in
approximately 200 - 600 °C temperature range, referred to as the “elastic anomaly”®" 1*"
159,173 This large decrease in elastic moduli at high temperatures can be detrimental to
the operation of SOFCs or other applications. Figure 6.3 shows the elastic moduli for

8YSZ under different electric fields up to 150 V/mm. At 0 V/mm the platinum electrode

has little effect on the elastic moduli. It is clear from Figure 6.3 that 8YSZ becomes
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stiffer with increasing intensity of electric field and elastic anomaly can be barely
observed in 200 - 600 °C at the field of 150 VV/mm. This observation can be directly
related to the reorientation defect complexes as electro-elastic dipoles. In other words,
application of elastic field freezes electro-elastic dipoles in one direction and their
movement applied external strains becomes more difficult. The latter results in an

apparently stiffer material.
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Figure 6.4. (a) The 45 kHz resonant peak normalized to the same height for
comparison shows a frequency shift towards higher frequencies and higher
intensity of resonant peaks with increasing electric field for the 150 V/mm peak and
(b) the attenuation determined as FWHM of the 45 and 90 kHz resonant peaks at
room temperature vs. electric field.

The internal friction, Q, for resonant peaks at different frequencies is
determined by calculating their full width at half maximum (FWHM), as a function of

applied electric field. The resonant peak at approximately 45 kHz is shown in Figure
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6.4a. It can be seen that the peak at 0 V/mm (blue line) is broader than the peaks under
an electric field. Changes of internal friction with applied electric field at room
temperature for resonant peaks at 45 and 90 kHz are shown in Figure 6.4b.

The attenuation curves for the entire temperature range are shown Figure 6.5 for
the resonant peak at 90 kHz at under different electric fields. The curves for 0 V/mm
(Figure 6.5a) were done at a much finer temperature steps of every 10 °C. In those
curves, a sharp Q! peak can be observed at approximately 130 °C that can be attributed
to the platinum electrode. The attenuation curves for 50 V/mm (Figure 6.5b) and 100
V/mm (Figure 6.5¢) do not show the platinum peaks since the temperature step was too
large to detect that sharp peak at around 130 °C. The internal friction curves for 0
V/mm, 50 V/mm and 100 VV/mm all show two major peaks that were further
deconvoluted into the six peaks, following the deconvolution method discussed in
Section 5. Here is can be seen that although the peaks remain in the same approximate
place, the strength of some of the peaks decreases as the electric field is applied. The
peak at approximately 300 °C for both 0 V/mm and 50 V/mm has a strength of
approximately 0.65, however when the field is increased to 100 VV/mm, the relaxation
strength decreases to approximately 0.3.

The activation energies for each attenuation peak were calculated at different
electric fields and the results are given in Table 6.1. Results in Table 6.1 shows that
activation energy for different relaxation mechanisms is not affected by electric field, i.e.
it remains the same with the error margin with increasing electric field. Therefore,

application of electric field does not change activation energy of different relaxation
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processes, but it only changes amount of dipoles that can reorient with the ultrasonic

strain.
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Figure 6.5. Attenuation v.s. temperature for resonant peak at 90 kHz under electric
field of (a) 0 V/mm, (b) 50 V/mm, and (c) 100 V/mm; the 0 V/mm had a finer step
size of 10 °C and reveals an additional peak at 130 kHz corresponding to the
platinum electrode. Results of deconvolution of relaxation spectra using six
independent relaxation curves (black lines) are shown together with the cumulative
relaxation curves (red lines) obtained by summing deconvoluted ones.
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Table 6.1. The activation energy for the six relaxation peaks at different electric
fields. There is good agreement between the temperatures ranges that the peaks

occur and the activation energies for the first three fields.

200-230 C 250-290 C 300-330 C 400-420 C 460-500 C 500-530 C
0 V/mm 0.59+0.138 | 0.98 £+ 0.123 | 1.25+ 0.317 | 0.98 £ 0.166 | 1.92 + 0.219 | 2.44 + 0.437
50 V/imm 0.61 0.88 1.38 0.97 1.88 3.20
100 V/imm 0.63 1.01 1.23 1.10 1.55 2.34

6.4 Conclusions

Resonant Ultrasound Spectroscopy (RUS) results are present for 8 mol% yttria
stabilized zirconia (8Y'SZ) under a constant electric field. As reported previously, a
large drop in shear and young’s moduli was observed with corresponding internal
friction peaks under no electric field. However, application of electric field results in
smaller drop of elastic properties in 200-600 °C temperature range. The internal friction
vs. temperature curves peaks obtained from RUS spectra for the resonant peaks at
different frequencies were further deconvoluted assuming six independent Single Debye
relaxation mechanisms, and activation energies for each of them were determined. The
activation energies for the mechanisms remained approximately the same for each peak
as the field increased to 100 VV/mm. results presented here suggest that application of the
electric field freezes out electro-elastic dipoles in 8YSZ, making it apparently stiffer at
higher electric field due more difficult reorientation of those dipoles with the applied

stress.
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7. CONCLUSIONS AND FUTURE WORK
In this study, the elastic properties and anelastic relaxation of doped zirconia and
ceria were studied with a custom built High Temperature Resonant Ultrasound
Spectroscopy (HT-RUS) setup. The results can be summarized as follows:

1. A high temperature resonant ultrasound spectroscopy (HT-RUS) tripod setup was
developed for measurements up to 1300 °C that is capable of working in different
environments. The specially designed buffer rods and transducer jackets keep
the PZT transducers at temperatures below their operation limit. The resonant
spectra measured using the HT-RUS setup are in excellent agreement with those
from commercially available room temperature setups and the calculated
Young’s and shear modulus of a variety of materials are in good agreement with
previously published results.

2. Using the developed HT-RUS setup, elastic properties and anelastic relaxation of
stabilized zirconia samples (8 mol% and 10 mol% yttria stabilized zirconia
(8YSZ and 10YSZ), gadolinia stabilized zirconia (GSZ), and 10mol% Scandia —
1mol% Ceria stabilized Zirconia (SCZ)) were studied up to 1000 °C, in the
ambient air. The large decrease in Young’s and shear modulus corresponds to
two large mechanical damping (Q™) peaks observe in 200-600 °C temperature
range, and they can be explained by anelastic relaxation mechanisms by hopping
of and local order of oxygen vacancies. The mechanical damping peaks of
8YSZ, and 10YSZ were compared to DMA results on the Arrhenius type plots of

relaxation frequency vs. temperature of the maximum internal friction at
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particular frequency, and good agreement was found between the two sets of data
despite the large difference in the frequency range between two methods. In the
case of SCZ, a good agreement between RUS and DMA results was achieved
only for the first relaxation peak, because the second peak was not clearly
detected in DMA. More importantly, relaxation peak previously observed in
DMA of SCZ due to stress induced phase transformation from cubic to
rhombohedral was not observed in RUS results, while that one attributed to the
frequency independent rhombohedral to cubic transformation was observed in
both RUS and DMA.

Ceria doped with trivalent dopants (Gd**, Y**, Sm** and La**) were studied with
RUS up to 1000 °C to determine the effect of dopant radius on the activation
energy for anelastic relaxation. Reduced ceria samples were also studied, and the
reduced Ce** acted like a trivalent dopant in the system. The elastic moduli were
calculated and all samples showed a monotonic decrease in moduli across the
entire temperature range. Two internal friction peaks were observed in each
sample and the corresponding activation energies were calculated. These
energies were plotted to compare the effect of dopant ion radius to the difference
between the dopant radius and either the host radius or the critical ionic radius
which is based on minimizing the lattice strain. A slight trend was observed
when compared to the difference between the dopant ionic radius and the critical

ionic radius where the activation energy initially increase then decrease.
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4. The RUS results collected for 8YSZ were further analyzed to elucidate the
number of relaxation mechanisms occurring as a result of the applied stress field.
It was found that six peaks minimize the RMS error between experimental results
and reconstructed mechanical loss spectra, when assuming that each mechanism
can be described using single Debye relaxation mechanism. With the six peak
model, the two major peaks corresponding to the previously assumed two peak
model can clearly be observed and have similar activation energies to that
determined form the model based on only two relaxation peaks.

5. HT-RUS was used to study 8YSZ under different electric field of constant
voltage. It was found that the drop of modulus in 200-600 °C temperature range
was less pronounced while the internal friction peaks showed a suppression of
some peaks in favor of others, as the magnitude of electric field increases. The
mechanical loss peaks were deconvoluted into six relaxation peaks according to
the previous model and the activation energies were determined with good

agreement between 0 V/mm, 50 V/mm and 100 V/mm.

To continue study into relaxation mechanisms in doped zirconia and ceria, the
following questions should be addressed:
1. How many relaxation mechanisms and what are the relaxation mechanisms
occurring in doped zirconia and ceria? This work studied only limited number
of the possible relaxation mechanisms, but the actual number could be a different

amount. In addition, recent computation studies suggest a wide array of possible
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2.

4.

oxygen vacancy motions around dopant that vary depending on the dopant radius
compared to the host lattice, hopping direction, etc. Further studies, particularly
on single crystal samples with different orientations should be carried out to
determine the number of types of defect motion.

What is the effect of ageing on elastic and dialectic relaxation in doped oxides?
It is has been established by now that defect structure and their ordering changes
as a result if long term ageing of doped oxides. However, it is not clear what the
effect of stress and electric field on this process and how it would affect
relaxation due to oxygen vacancy hopping.

Can we build molecular dynamics model that would help understanding
anelastic relaxation and dielectric relaxation of doped oxides with different
confirmations of defect clusters?

What is the optimal electric field voltage to suppress defect motion in 8YSZ?
This worked studied four different electric fields, 0, 50, 100 and 150 V/mm and
saw a suppression of some peaks before a sudden shift in the internal friction
peaks. More refined measurements at smaller electric field increments should be
performed. In addition, to understand the exact relaxation mechanism that is
being suppressed, single crystal 8YSZ of different orientations should be studied.
Can this mechanism be observed in other oxides having cubic structure? In
addition to doped ceria and zirconia, other materials such as uranium oxide
(UO,), thorium oxide (ThO,) and hafnium oxide (HfO,) have a stable cubic

fluorite structure at room temperature when stabilized with trivalent dopants.
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Some initial studies have begun investigating the conductivities and defect
formation of within these doped oxides. Further investigation of their

mechanical properties and their mechanical damping should be performed.
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