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ABSTRACT

Abstract

Electrophoretic deposition of yttria-stabilized zirconia for application in thermal
barrier coatings
Fangwei Guo
The University of Manchester for the degree of Doctor of Philosophy in the Faculty
of Engineering and Physical Sciences
2011

Electrophoretic deposition (EPD) has been used to produce the yttria-stabilized
zirconia (YSZ) coatings on metal substrates. Sintering of YSZ with and without
doping has been carried out at 1150 °C for 2hrs. The properties of these coatings
have been examined in light of thermal barrier applications.
For EPD, the green density increases with an initial increase in the HCl concentration
and the EPD time. This suggests that particle packing was influenced by a time
dependent re-arrangement, in addition to the initial suspension dispersion state. The
green density peaks at a electrical conductivity of around 10×10-4 S/m achieved by
an 0.5 mM HCl addition for the 20 g/l suspensions with the EPD time of around 8 ~
10 minute. For sintered coatings, the HCl concentration had a marked effect on the
neck size to grain size ratio of the 8 mol% yttria-stabilized zirconia (8YSZ) coatings.
The presence of ZrCl4 and ZrOCl2, and a high concentration of oxygen vacancies at
the grain boundaries are believed to promote neck growth in the early stage of
sintering at 1150 °C.
During sintering of 3 mol% and 8 mol% yttria-stabilized zirconia (3YSZ and 8YSZ)
at 1150 ºC for 2hrs, the densification rate substantially increased with a small amount
of Fe2O3 addition (0.5 mol%) to the 3YSZ/8YSZ deposits. A more pronounced grain
growth was present in the Fe2O3 doped 8YSZ deposits. The increased Zr4+ diffusion
coefficient is mainly responsible to the rapid densification rate of the Fe2O3 doped
3YSZ/8YSZ deposits. A small grain growth observed in the Fe2O3 doped 3YSZ
deposits is attributed to the Fe3+ segregation at grain boundary. A small amount of
CeO2 doping was found to substantially inhibited densification rate of the doped
3YSZ deposits with a minor grain growth.
Fe2O3 doping reduced the thermal conductivities of 3YSZ/8YSZ. It is found that
Rayleigh-type phonon scattering due to the mass difference alone is inadequate to
explain the thermal conductivity of Fe2O3 doped YSZ systems. The lattice strain
effects due to the ionic radius difference could more effectively reduce thermal
conductivity of the Fe2O3-doped 3YSZ. A decrease in the growth rate of the TGO
scale with the increasing Fe2O3 additions was observed for the oxidized FeCrAlY
metal substrates with the Fe2O3-doped 3YSZ coating, which was found to be
attributed to the early formation of the stable and dense α-Al2O3 phase due to the
presence of Fe3+ ions.
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Chapter 1
Introduction

1.1

Yttria-stabilized zirconia as thermal barrier coatings

Thermal barrier coatings (TBCs) are used to reduce the surface temperature and
prolong the lifetime of the hot-section metallic components, such as turbine blades,
combustor cans, ducting and nozzle guide vanes [1-5]. The use of TBCs along with
internal cooling of the underlying superalloy components, provides major reductions
in the surface temperature (more than 500°C) of the superalloy. This has enabled
modern gas turbine engines to operate at gas temperatures well above the melting
point of the superalloy (~1300°C), thereby improving engine performance and
efficiency [2-4]. Further new generations concern components for glass-melting
furnaces and diesel engines, such as heat exchangers and vales, which have to be
protected against high temperature and hot gases [1, 5, 6].

A schematic view of a TBC system [7-11], along with the requirement of each
component, is shown in Figure 1.1. TBCs are multilayered systems consisting of a
ceramic top coat, typically YSZ (ZrO2 stabilized with 7-8 wt.% Y2O3) for thermal
insulation due to its low thermal conductivity (~2.1Wm-1K-1), a thermally grown
oxide (TGO) scale formed during high temperature operation that provides oxidation
resistance, a metallic bond coat with a chemical composition formulated to result in
growth of a stable TGO over the life of the system, and a superalloy substrate.

The YSZ top coat can be obtained by various approaches, such as electron beam
physical vapour deposition (EBPVD) [7] and air plasma spraying (APS) [7,8]. Both
APS and EBPVD are of high cost and not suitable to produce a YSZ coating on a
geometrically complex substrate [1-3].
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Electrophoretic deposition technique (EPD) [12-14] provides a potential to fabricate
new-generation ceramic coatings due to their cost-effectiveness, controllable
parameters, adjustable structural design and flexibility to coat non-flat substrates.
When a coating bonded to a rigid substrate is sintered at high temperatures, the
shrinkage only occurs in the thickness direction, whereas the in-plane contractions
are constrained by substrates [14-15]. Tensile stresses arise and reduce the sintering
potential of the coating, resulting in a high porosity [16], cracking and even
delamination [17-19].

Schematic view

Designation
Oxide thermal barrier
(6-8 wt.% YSZ)
Thermally growth
oxide (TGO)
Intermetallic bond
coat (Pt-aluminide or
MCrAlY alloy)
Ni-based Alloy

Requirements
Low thermal conducitivity.
Strain tolerance.
Microstructure stability.
Chemical compatibility.
α-alumina.
Lowest thickness.
Adherent with bond coat.
Form α-alumina.
Chemical homogeneous.
Creep/Yield resistant.
Oxidation resistant.
Withstand high T.

Figure 1.1 Four major elements and their requirements of a TBC system [7-11].

1.2

Goal of the dissertation

The aim of this project is to investigate the sintering behaviour of YSZ ceramic
coatings on metal substrates fabricated by EPD, and to explore a method to reduce
the sintering temperature of the YSZ ceramic coating to 1150 ºC, but not to be at the
expense of the durability of the ceramic coating and metal substrate. In chapter 2, the
background literature is reviewed on TBCs, EPD and YSZ sintering. In chapter 3,
experimental procedure and characterisation techniques are introduced.
In chapter 4, the effect of HCl concentration on electrophoretic deposition of yttriastabilized zirconia particles in organic solvents, and on the sintering behaviour of 8
mol% Y2O3 stabilized ZrO2 deposits.
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In chapter 5, the densification, grain growth and phase stability of Fe2O3 and/or
CeO2 doped yttria-stabilized zirconia (YSZ) coating are investigated. The doped
3YSZ (3 mol% yttria-stabilized zirconia) and 8YSZ (8 mol% yttria-stabilized
zirconia) coatings are produced using an electrophoretic deposition (EPD) method.
The effect of Fe2O3 and CeO2 doping on the lattice parameters and occupied sites in
the 3 YSZ are investigated using X-ray diffractometry (XRD) and Raman
spectroscopy. The fast densification and grain growth are related with Fe3+ ion
interstitial defects and an interstitial diffusion mechanism.

In chapter 6, the bulk thermal conductivities of the Fe2O3 doped 3YSZ/8YSZ were
measured. The purpose of this study is not only to give the thermal conductivity of
the Fe2O3 doped 3YSZ, but also to understand the effect of metal ion interstitials on
the thermal conductivity of the 3YSZ. Secondly, the effect of the Fe2O3 doped 3YSZ
coating as a top coat on oxidation of FeCrAlY substrate is investigated. Finally, the
durability of the top ceramic coatings on metal substrates (FeCrAlY and NiCrAlY)
was evaluated using the Burner rig testing and furnace testing.

In chapter 7, the main results and conclusions are summarized, along with the
inspirations obtained from current studies and outlook for further research.
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Chapter 2
Literature Review

2.1 Electrophoretic deposition (EPD)
EPD is a colloidal procedure of forming both thin and thick ceramic coatings on
planar or complex shaped substrates [1-3]. Figure 2.1 presents a schematic
illustration of EPD along the gravity direction. EPD involves two processes[1, 4, 5],
one well understood (electrophoresis) and one less so (deposition). When a D.C.
electrical field is applied between the two electrodes, charged particles migrate to the
oppositely-charged substrate. This step is known as electrophoresis, and is followed
by a deposition step which proceeds by a complex superposition of electrochemical
and aggregation phenomena[1, 2].

Figure 2.1 Schematic of an electrophoretic deposition cell.

The EPD technique enables the production of unique microstructures and
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nanostructures as well as novel and complex material combinations in a variety of
macroscopic shapes, dimensions and arrangements starting from micrometer or
nanometer particles in a low cost and a simple set-up [1, 3, 5, 6]. These advantages
have made EPD more economical than conventional deposition methods in
comparison of air plasma spray (APS) [2, 7-11], electron-beam physical vapour
deposition (EBPVD) [12-14]and sputtering for producing both thick and thin ceramic
deposits to be used for superconductors, laminar components, solid state fuel cells [7,
13, 15, 16] , etc .

2.1.1 Electrophoretic kinetics
In order to effectively apply EPD to process materials, it is essential to prepare a
stable suspension containing charged particles that are free to move when an electric
field is applied. Therefore, EPD can be applied to a wide range of solid materials,
including metals, polymers, ceramics and glasses [1,17-20].
In an EPD process, the yield from the deposition is basically given by Hamaker’s
equation[4, 21]:
dY
= f µ cES .
dt

(2.1)

where Y is the yield, t the deposition time (s), µ is the electrophoretic mobility of the
colloidal particles, c is the particle concentration in the suspension, E is the electrical
field over the suspension, S is the substrate area, f is a coefficient which takes into
account that not all particles brought to the electrode are incorporated in the deposit
(f <1). The electrophoretic mobility of a rigid colloidal particle can be derived from
the Henry’s equation[1, 4, 22]:

µ=

2εζ f (κ RP )
.
3η

(2.2)

where ζ is the zeta potential of the rigid particles, ε and η are, respectively, the
dielectric constant and the viscosity of the solvent, and f (κ RP ) is a Henry’s function,
which depends on the relation between the thickness of the electrical double layer
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( 1 ) and the particle radius (RP).

κ

The Hamaker’s equation (2.1)) suggests that the efficiency of the yield is related with
the particle concentration, the electrical field, the substrate area and the
eletrophoretic mobility of the charged particles.
The Hamaker’s equation only describes a stationary condition of a suspension. It
failed to demonstrate the deposition rate during a dynamical EPD process. The
particle depletion and ionic depletion during an EPD process will result in an
unstable suspension. This will change zeta potential of particles, particle size
distribution and particle concentration. All these variation will affect deposition rate
of the yield [1,4,21,22].

2.1.2 Effect of electrical conductivity of suspensions on EPD
The suspension conductivity is linked with the pH value, ionic concentration and
particle concentration – all three of which can vary during the EPD process,
especially for a static suspension (i.e. without ultrasonic-vibration or stirring). Anné
et al. [18, 25] developed a mathematical model to describe the deposition yield
during EPD, taking into account the influence of the particle concentration in the
suspension and the deposition efficiency. They described the electric field as a
function of the current in the deposition cell and the conductivity of the suspension,
allowing changes in the electric field during the deposition to be considered. Figure
2.2 shows the evolution of the potentials in an EPD cell [25]. The voltage drop over
an EPD cell with two identical electrodes can generally be described in the equation
(2.4) [5, 25]:
U 0 = U ele1 + U dep + U sus + U ele 2 ,

(2.4)

where the applied voltage U0 drop over four parts in the EPD cell: Uele1 and Uele2 are
the voltage drop at the electrodes caused by the polarization of the electrodes,
respectively; Usus is the voltage drop caused by suspension; and Udep is the voltage
drop across the deposit.
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The resistance over the EPD cell can be written as equation 2.5 [18]:
U 0 = U ele1 +

I
[rdeposit ildep + rsuspension i(d − ldep )] + U ele 2 .
A

where I is the current (A); r

deposit

and r

suspension

(2.5)

are the electrical resistivities for the

deposit and the suspension, respectively (Ohm·m); A is the effective surface area of
the two electrodes; d is the electrode separation (m); ldep the thickness of the deposit
(m). Generally, the Uele1 and Uele2 are minor and can be neglected [5,18]. Thus, the
electrical resistivity of the deposit is of same order of magnitude as that of the
suspension [1, 5, 18].

Figure 2.2 Evolution of the potential in an electrophoretic deposition cell: The
applied potentials consumed by a potential drop at each electrode and by an ohmic
potential drop over the suspension and the deposit [5].

The rsuspension can be directly derived from the conductivity of the suspension Λ (S/m)
as [18, 25]:

rsuspension =

1
,
ΛA

(2.6)

The potential drop over the suspension, Usus, as a function of time is given by:
U sus = I i(d − ldep )irsuspension ,

(2.7)

Inserting Eq.(2.6) into Eq.(2.7) gives:
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U sus = (d − ldep )i

I
.
ΛA

(2.8)

From Eq.(2.8), the electric field in the suspension, Esus, can be written as:
Esus =

I
.
ΛA

(2.9)

Assuming that the cross-section of the EPD cell near the deposition electrode is equal
to the surface area of the deposition electrode, the yield during EPD can be
calculated as [18]:
Φd
dY
I
= f µc i
.
dt
Λ Φd − Φs

(2.10)

From Equation 2.10, the yield Y is determined by the ratio of the current (I) to
conductivity of the suspension (Λ) when the volume fraction of the powder in the
suspension (Φs) is appreciably lower than the volume fraction of the powder in the
deposit (Φd). Anné et al [18,25] suggests that a highly conductive suspension and a
poorly conductive deposit are beneficial for the formation of coatings with a uniform
thickness on an electrically non-uniform substrate surface. However, The equation
used by Anné et al [18] is only plausible when the particle concentration of the
suspension is above 3.0 vol% and the suspension is circulated (e.g. by a peristaltic
pump).

Moreno and Ferrari [26] reported that the deposited mass per unit area is proportional
to zeta potential divided by electrical conductivity of the suspension as the particle
concentration electric current and deposition time are fixed. Their model suggests the
sticking probability of particles to particles within the deposit is unity, which
indicates that the electrical conductivity of the suspension is the controlling
parameter for EPD. When the suspended particles having a high enough
zeta-potential form a deposit, the electrophoretic deposition-rate must decrease with
increasing suspension conductivity. This allows particles to find proper sites in the
deposit. Again, it is assumed that the particles are the majority current carriers, and
the free-ions in the system are ignored. Ji et al. [27]

reported that the final wet

density of EPD-coatings increased after a treatment of electric field densification
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treatment (EFD) in which an as-deposited wet coating was immersed in a pure
acetylacetone solvent under a D.C. electric field. They attributed the increase in
packing density of wet EPD-coatings to the rearrangement of particles by
electro-osmotic flow, and considered the rearrangement ability of deposited particles
to be proportional to the strength of the local electric field in the deposit [28, 29]. The
local electric field around a deposited particle is distorted by the presence of charges
on the particle surface, causing an electro-osmotic flow that can pull particles
together to form aggregating [28, 29]. However, the EFD had a limited effect on the
densities of the green and free standing sintered coatings [30]. To our knowledge,
there has been little study on relation between the suspension conductivity or/and
deposition time with the density of the EPD-coating after drying treatment.

Stappers et al. [31] observed deposition experiments in a Hull cell showed that a
ethanol-based suspension with a high-conductivity yielded uniform deposits, while
the suspension with a low-conductivity resulted in non-uniform deposits. The
difference in the deposition behaviour is because of the resistance increase over the
deposit during EPD. They claimed that the resistance over the deposit is caused by
the interaction of ions with the deposit and by the depletion of ions at the deposition
electrode. Negatively charged ions are depleted in the deposit by migration toward
the positively charged counter electrode, while positively charged ions undergo
electrochemical reactions at the deposition electrode. This change in the ionic
concentrations near the deposition electrode changes the acid/base properties of the
particles in the deposit, as proven by adsorbed pH indicators on the particles. The
change in acid/base behaviour is quasi-irreversible and results in a memory effect of
the deposit resistance when the voltage is reapplied. Additionally, the zeta-potential
on the particle surface also varies with pH value of the suspension, which could lead
to individual particles aggregate.

2.1.3 Aggregation of deposited particles during EPD
Studies of electrodynamic particle aggregation during EPD have been carried out
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under steady and alternating electric fields. Experimental observation of clustering of
colloidal particles deposited near an electrode in a D.C. electric field is also reported
by many researchers and interpreted by considering convection due to
electro-osmotic flow [28, 29, 32, 33]. Numerical simulations have also been
employed to a limited extent to model the accumulation of charged particles on an
electrode during EPD [34, 35]. Ristenpart et al. [36, 37] have recently studied, both
theoretically and experimentally, the flow around a charged spherical colloid particle
next to an electrode in order to understand the nature of long-range particle-particle
attractions near the electrode, which is schematically shown in Figure 2.3.

Figure 2.3 Schematic illustration of the electro-osmotic flow around a spherical
charged particle[27, 38].

Assuming particle-1 is fixed on one electrode and the local electric field around the
particle is distorted by the presence of the surface charge of particle-2 together with
its diffuse double-layer, the electro-osmotic flow around particle-1 is proportional to
the strength of the electric field near particle-1 (Edep) and the zeta- potential (ζ) of
particle-1. The velocity of the electro-osmotic flow (u) is expressed as equation 2.11
[32]:
u=

ε r ε 0ζ E dep
.
η ld

(2.11)

where εr and ε0 are the relative dielectric constant of the solvent and the dielectric
permittivity of a vacuum, respectively; the η is the viscosity of the solvent. If there is
another particle (particle-2) in the electro-osmotic flow around the fixed particle-1,
particle-2 will be dragged toward particle-1 by the electro-osmotic flow and form an
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aggregate. The aggregate formation rate is proportional to the Edep and ζ of particle-1.
The aggregates can re-dispersed by an electric field with reversed direction [33, 36,
37].

2.2 Sintering of the YSZ coating
The unfired ceramic coating is termed “green coating” which is sintered at high
temperature to consolidate the coating and improve the coating/substrate adhesion
[39,40]. A high sintering temperature can give the ceramic coating a high density and
strong adhesion with the metal substrate [7,30], but it can damage the metal
substrates [30, 39]. Although low sintering temperature can avoid damage to the
metal substrate, highly porous coatings are normally produced by using this process
[39-42]. Normally the high porosity of coatings leads to poor mechanical strength of
the coatings. Additionally, high sintering temperatures mean high production cost [43,
44]. Therefore, a low sintering temperature and a high performance are a big
challenge for the EPD-coating.

2.2.1 Sintering mechanisms
In order to optimize the sintering parameters of the YSZ coating, let us briefly review
the sintering mechanisms. The driving force for sintering is the reduction of the total
interfacial energy. The total interfacial energy of a powder compact is expressed as

γ A [54-56], The reduction of the total energy can be expressed as
∆ ( γ A) = A∆γ + γ∆A [56]. Here, the change in interfacial energy ( ∆γ ) is due to
densification and the change in interfacial area ( ∆A ) is due to grain coarsening, also
named grain growth. For solid-state sintering, ∆γ is related to the replacement of
solid/vapour interfaces (surfaces) by solid/solid interfaces (grain boundaries). Then,
during sintering, the reduction in the total interfacial energy occurs via densification
and grain growth, which are indeed two competing mechanisms [43, 54, 57-60].
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2.2.1.1 Neck growth
Kuczynski [55] first considered the case of the two-sphere model shown in Figure
2.4. He analyzed the rate of neck growth for various mass transport mechanisms and
derived the following generalized equation 2.12 [55]:
x
t
( )n = K m .
R
R

(2.12)

where K is a temperature-dependent constant, t is time, x is the radius of the neck, R
is the radius of the spherical particle, n and m are exponents whose values depend on
the mechanism of mass transport shown in Table 2.1.

Figure 2.4 Schematic of the two-sphere sintering model [55].

Table 2.1 n and m exponent values and K depending on the mechanism of mass
transport [43, 55, 59, 61].
Mechanism of mass transport

n

m

K

Viscous

2

1

3γ/η

plastic flow

2

1

9π γbDg/kT

Evaporation-condensation

3

2

(3Pγ/ρ2)( π/2)1/2(M/kT)3/2

Volume diffusion

5

3

80γDvΩ/kT

Grain boundary diffusion

6

4

20δDgγΩ/kT

Surface diffusion

7

4

56Dsγ Ω4/3/kT

According to Eq.2.12, the neck growth is dependent of particle size, sintering
temperature and sintering time. Where r is the surface energy; η, viscosity; b,
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Burgers vector; k, Boltzmann’s constant; T, absolute temperature; ρ, theoretical
density; δ, grain boundary width, Dv, volume diffusivity; Ds, surface diffusivity; Dg,
grain boundary diffusivity; P, vapour pressure; M, molecular weight; and Ω, atomic
volume.

Pan et al. [62] investigated the initial neck growth mechanism of gold nanoparticles
using Molecular Dynamics simulation. The simulation results suggested that both
surface diffusion and grain boundary diffusion dominate neck growth at the initial
sintering stage (Figure 2.5). Kuczynski [55] experimentally measured the rate of
neck growth between spheres on plates of copper and silver at the intermediate and
final sintering stages. He determined that the dominant mechanism in these materials
is volume diffusion.

Figure 2.5 Initial neck growth with respect to temperature [62].

2.2.1.2 Grain growth
Mass transport parallel to grain boundaries can dominate compact densification.
Mass transport perpendicular to grain boundaries is essential for grain growth, and
leads to microstructural coarsening [55-57]. Control of grain growth is thus an
essential aspect of controlling the densification-coarsening competition, and
producing ceramics with desirable microstructures and properties. A grain grows at
the expense of its neighbours: small grains disappear and big ones get bigger. The
total number of atoms is conserved. Let the mean grain diameter be D, its growth rate
is proportional to the grain boundary mobility Mgb, the surface tension γ, and the
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curvature. The curvature is inversely proportional to the grain diameter, 1/D. Thus
[55, 60,63, 64],
dD
γ
= M gb ,
dt
D

(2.13)

The solution of this differential equation 2.13 is the parabolic grain growth law as
equation 2.14 [65-68]:

D 2 − D02 = 2M gbγ t.

(2.14)

Eq. (2.14) suggests that the grain growth rate is determined by the grain boundary
mobility Mgb, the surface tension γ and the sintering time t.

2.2.1.3 Grain boundary mobility (Mgb)
The grain boundary mobility, Mgb, can be understood from the atomic point-of -view
[66, 69, 70]. Consider a cubic crystal lattice, with an atomic spacing a, and the
volume per atom Ω. When an atom relocates from one grain to the other, it has to
jump over an energy barrier εm. All of migration made by the atom require a fraction
exp(-εm/kT) above the energy barrier. Let v be the atomic vibration frequency.
Consequently, per unit time, the atom jumps vexp(-εm/kT) times over the energy
barrier. When the driving pressure is far less than kT, the grain boundary mobility is
given as [42, 55, 70, 71]:

M gb =

ν a4
 ε 
exp  − m  .
κT
 κT 

(2.15)

Equation 2.16 indicates that grain boundary mobility is dependent of atomic spacing
a, energy barrier εm, and atomic vibration frequency v for a given temperature.

The atomic spacing a, energy barrier εm, and atomic vibration frequency v of ionic
crystals are substantially affected by point defects resulting from impurity or doping
[66, 69]. Thus, the Mgb in ionic crystals can be influenced by point defects, e.g.
vacancies, substitutions, and interstitials [66, 69, 70].
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2.2.2 Sintering of YSZ
Yttria-stabilized zirconia (YSZ) is a refractory ceramic material with a melting point
of ~ 2700 °C [7,9,52,53]. Generally, the sintering temperature of pure YSZ materials
are ~ 1400 °C which is above the melting temperature of metal materials [52,53,72].
Therefore, sintering dopants are considered to use to lower the sintering temperature
of the YSZ.

2.2.2.1 Types of the sintering dopants
(a) Solid state sintering
Bulk transport (grain boundary diffusion, volume diffusion and plastic flow) is
considered to be responsible for improved sintering ability and fast densification of
the doped ceramics [40, 43, 54-56, 60, 71, 72]. The soluble dopants in the matrix are
likely to segregate to surfaces and grain boundaries. A segregated element at the
grain boundary may enhance grain boundary diffusion that will improve sinterability
of the matrix ceramic [43, 44, 54, 60-62, 73, 74]. If the concentration of segregant
exceeds the solubility limit a second phase may be formed at the grain boundaries,
which can inhibit grain growth. This favours the densification [42, 43, 51, 54, 55,
74-79]. Additionally, doping defects can reduce activation energy barriers of the
volume diffusion and plastic diffusion, which also favours densification of matrix
ceramic [44,54].

Radford and Bratton [44] reported that the addition of 2 mo1% Al2O3 or 5 mol %
TiO2 to commercial CaO-stabilized zirconia (CSZ) and YSZ improves the low
temperature sinterability of the powders, and allows impervious, high density (>93%)
electrolytes to be made at temperatures below 1500 °C. They suggested that the
sintering occured by a liquid phase mechanism. Matsui and coworkers [72] found
that a small amount of Al2O3 included in a fine ZrO2 powder changed the diffusion
mechanism of the initial sintering stage from grain boundary diffusion (GBD) to
volume diffusion (VD) and remarkably increased the densification rate due to the
decrease in the activation energy of VD. Transition metal oxides (TMO) such as
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Fe2O3 have been proven to be an effective sintering aid for densification of cubic
phase 8YSZ (8 mol% yttria stabilized zirconia) [51, 77, 80-82]. However, the
densification mechanism of the Fe2O3 doped 8YSZ is currently under debate.
Verkerk et al. [74] assumed that the Fe2O3 doped materials are not brought about by a
liquid mechanism. They proposed that the impurity drag mechanism contribute to the
rapid densification rate in the Fe2O3 doped YSZ ceramics according to an enrichment
of Fe2O3 in the grain boundary. The resulting impurity drag at the grain-boundary
impeded grain growth, which resulted in smaller grains. Dong et al. [51] suggested
that a reduction in sintering activation energy probably contributes to the rapid
densification and grain growth of the Fe2O3 doped 8YSZ. However, they did not
provide further evidence and analysis to support their claim.
(b) Liquid phase sintering
An additive which is liquid phase at the sintering temperature is required, but the
solid phase matrix does not melt. Densification proceeds via surface tension of the
liquid phase pulling wetted solid phase particles together [78, 83-85]. Or an additive
which is liquid at the sintering temperature is also required – however distinct from
vitrification the matrix phase has some solubility in this liquid which allows
enhanced sintering due to dissolution and re-precipitation of the matrix phase [44, 54,
71, 78, 85].
When considering liquid phase sintering of YSZ, it should be considered that a
certain amount of Si [43, 51, 60-62, 71, 78, 84] impurity is usually contained, which
is able to form a ternary eutectic with zirconia and yttria that melts at 1350 °C.
Calcium alumina silicate (CAS) has been found to produce >99% density at 1300 °C
when 5 wt. % addition was made [84]. Qin and Huang [78] also found consistent
results when magnesium alumina silicate was added. Hwang and Chen [83] reported
that CuO addition to the YSZ powder resulted in the formation of a liquid phase
which enhanced densification. Seidensticker and Mayo [86] also confirmed the
formation of a liquid film although they attributed it to a Y2Cu2O5 phase formed due
to excess Y at the grain boundaries. There may be some solubility of CuO in YSZ,
however this is controversial.
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(c) Reaction bonding
The reaction bonding involves using a precursor compound which decomposes /
oxidises to form the final compound. The precursor can be used as a mixture with the
final phase or in it’s entirety. The progress of the reaction allows bonding between
neighbouring particles. A precursor can also be selected that undergoes a volume
expansion as the result of a chemical reaction which will further benefit densification
[41].
Chen and Xue [87] investigated the effect of Mn, Fe, Co, Cu, and Zn on the sintering
temperature and the grain growth of YSZ. Those oxidized metals having low melting
points presented glassy phases between YSZ particles during the sintering. This
promoted the matter diffusion rate of YSZ. It is found that Mn, Fe, Co lowered the
sintering temperature and promoted grain growth. Cu was found to lower the
sintering temperature but slightly increase the grain size. Wang et al. [10, 88] have
studied the use of Al powder as a reaction bonding additive to lower the sintering
temperature of YSZ. In the reaction bonding of Al2O3 (RBAO), Al precursor powders
were prepared by attrition milling Al/YSZ mixtures. During heat treatment in an
oxidising atmosphere (usually air), the metal phase in RBAO powder compacts was
fully converted to nanometer-sized oxide crystals which were sintered and bonded
the primary YSZ particles. The volume expansion associated with the
Al→Al2O3 reaction partially compensated for the sintering shrinkage, hence
low-shrinkage YSZ ceramics were fabricated. However, this approach has not
produced an obvious increase in density of the sintered EPD-coatings. Recent work
by Baufeld et al. [41] have adapted this strategy using ZrN as a precursor which
decomposes in air to form zirconia. This approach successful reduced the porosity of
the EPD-coating. However, the addition of ZrN also promoted the formation of
monoclinic phase in the matrix phase.

2.2.2.2 Effect of sintering dopant on Grain boundary mobility
In a single phase system, dopants are usually expected to reduce grain boundary
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mobility M gb via a solute drag effect [66, 69, 70]. Such a reduction has been
observed in alkali halides [70]. The extent of the grain boundary mobility reduction
is dependent on both the size misfit and the charge misfit of the dopants [48, 66, 67,
70]. Specifically, for isovalent dopants, those with a larger size mismatch appeared to
produce a more significant reduction in M gb [70, 89-92]. However, the results
generally suggest that aliovalent impurities have a much more significant impact on
M gb than isovalent impurities[70, 89, 90, 93]. The results also suggest that

aliovalent impurities at the ppm level can dominate The grain boundary migration
characteristics [94].

Recently, Chen and Li [48] have investigated the effects of a wide variety of dopants
on M gb in several ceramic systems. Hwang and Chen [95] investigated the effects of
divalent to pentavalent cation dopants on grain growth kinetics and grain-boundary
segregation in tetragonal zirconia polycrystals (TZP) with stabilizers either 12 mol%
CeO2 (12Ce -TZP) or 2 mol% Y2O3 (2Y-TZP). The dopants studied included Ca, Mg,
Y, Yb, In, Sc, Ce, Ti, Ta, and Nb. Additive levels in the 12Ce-TZP were fixed at 1%
substitution of the cation sites, and at 0.6% in the 2Y-TZP. These levels are
significantly higher than the theoretical solubility limits of those additives in YSZ
materials [48, 66, 70]. The sufficiently high dopant levels imply extrinsic defects
dominated in the matrix phases. For the dopants in 12Ce-TZP, the final grain sizes
increased with dopant as follows [70]:
Ca 2+ < Mg 2+ < Y 3+ < In3+ < Sc3+ < Ce 4+ ≤ Ti 4+ < Ta 5+ ≤ Nb5+ .
For the divalent through isovalent dopants, the computed M gb values span more
than three orders of magnitude. The results of this study indicated that the charge
mismatch is the dominant factor affecting M gb , and that for dopants with

identical

charge, cations with larger ionic radius have a more important effect [90].
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2.2.2.3 Fe2O3 doping position in YSZ
The investigations of the ZrO2-Fe2O3 systems have been done by a few researchers
[48, 74, 81, 96-100]. However, the position of the Fe3+ ions in zirconia lattice is
controversial. The undersized Fe3+ dopant can occupy two types of positions in the
zriconia lattice: the substitutional site and the interstitial site [48,74,81,96-100].
Verkerk et al. [74], Li and chen [48] and Jiang et al. [96] observed a decrease of the
unit-cell volume of cubic ZrO2-Y2O3 with the Fe2O3 doping after sintering. They
suggested that the undersized Fe3+ ions substituted Zr4+ ions and underwent an
off-centered displacement toward the oxygen vacancy it shares with Zr4+ host cations.
Karas et al. [97] argued that Fe3+ ions occupied the interstitial sites of the zirconia
lattice. They supported their argument by the observation of a slight increase in the
unit-cell volume of the 0.5 mol% Fe2O3 doped 3YSZ. They also found that the
unit-cell volume decreases again for the higher Fe2O3 concentrations (1-2 mol%).
This suggests that up to 0.5 mol% Fe3+ ions can incorporate interstitially, while Fe3+
ions substitute for Zr4+ ions at higher Fe2O3 concentrations [97].

Hoffmann and

Fischer [98] have earlier studied 2 - 9 mol% Fe2O3 – doped cubic CaO stabilized
ZrO2, and found that 30% - 50% of the iron atoms were at interstitial positions.
Wilhelm and Howarth [99] also reported that the iron dopant can enter the crystal
lattice of zirconia ceramic or reside interstitially. Berry et al. [100] using Mössbauer
effect (ME) spectroscopy, reported that Fe3+ ions incorporated at interstitial sites of
the zirconia solid solutions. Stefanic et al. [81] and Figueroa et al. [101] suggested
that the occupied-positions of Fe3+ ions in the zirconia lattice depend on Fe3+ ion
content and annealing temperature.

2.2.3 Summary of sintering dopants for YSZ
A vast array of sintering dopants have been found to be helpful for solid state
sintering of YSZ. Most dopants favour monoclinic phase formation which is not
desirable for practical application of the materials. However, Fe2O3 is a promising
additive, but limited studies of sintering kinetics are found in literature.
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2.3 Properties of TBCs
2.3.1 Technologies for the TBC deposition
State-of-the-art TBCs are essentially produced by the air-plasma spraying (APS) and
electron beam physical vapour deposition (EB-PVD) approaches [7,8,12,13]. APS
TBC has a highly inhomogeneous lamellar and porous microstructure as shown in
Figure 2.6 [102]. The lamellar splats are mechanically bonded to the metal substrate.
The 10 ~ 25% porosity and lamellar splats with antisotropic distributions of
intra-splat lamellar pores help reduce the thermal conductivity of the TBC from ~ 2.3
W·m-1·K-1 for a fully-dense YSZ material to 0.8 ~ 1.1 W·m-1·K-1 [16, 8,12,102].
(a)
(b)

Figure 2.6 Cross-section micrograph of a plasma sprayed YSZ coating, (a) shows
splats along with other features with interlamellar pores, cracks and globular pores
and (b) shows splat/splat interface along with globular pores and interlamellar pore
(improper adhesion) [102].

EB-PVD technology emerged in the 1980s, which is more advanced and expensive
than the APS technique [7,8]. EB-PVD YSZ grows in columnar form, and
chemically bonds to the metal substrate [14]. A typical microstructure of an EB-PVD
coating is shown in Figure 2.7 [103].

The columnar YSZ grains (2 ~ 10 in diameter)

and nanometre-porosities within the columns in the EB-PVD TBCs contribute a
higher degree of thermal-mechanical strain than the APS technique. However,
thermal conductivities of EB-PVD TBCs (1.5 ~ 1.9 W·m-1·K-1) are higher than those
of APS because the channels are parallel to the direction of heat flow [7,8,14].
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Figure 2.7 (a) a typical microstructure of an EB-PVD coating; (b) Schematic
illustration of a porous electron beam physical vapour deposition (EB-PVD) thermal
barrier coating (TBC) [103].

In recent years, a number of alternative coating fabrication technologies have been
developed, based on the chemical vapour deposition (CVD) technology. For instance,
metalorganic precursor CVD [104] and plasma enhanced CVD (PECVD) [105] have
been investigated to deposit a columnar microstructural TBC, but these approaches
do not seem to offer a significant improvement in performance or durability over
EB-PVD TBC [104]. Two developments in APS technology are particularly
outstanding. The first one is the development of dense, vertically cracked (DVC)
TBCs [106]. The other one is the plasma spray of solution precursors (SPPS) [107].
It has been claimed that the DVC microstructure has a significant improvement in
thermal cyclic durability over the APS and even EB-PVD coatings. However, the
thermal conductivity is significantly higher than that of a conventional APS coating.
The high investment and operation cost of above technologies restrict TBC
applications on a large scale. TBCs produced by Electrophoretic deposition (EPD)
technology has emerged in the last ten years [9,10,11]. This technique has a
particularly low investment and operation cost compared with APS, and has no
restriction on the geometrical shape and size of metal substrates compared with
EB-PVD [1,10,11]. Therefore, EPD is a promising technique to expand TBC
applications in industries.
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2.3.2 Phase stability
YSZ exists as three different phases: cubic (c), tetragonal (t) and monoclinic (m)
[108]. With respect to the application of a thermal barrier coatings system (TBCs),
the meta-stable tetragonal-prime phase (the mixture of c and t which contains more
yttria than the stable tetragonal phase, as the blue bar shows in Figure 2.8) is found to
be the most preferred due to its long life during thermal cycling [109,110]. Thus, 6-8
wt. % yttria is added to obtain this composition since less yttria content gives rise to
a larger monoclinic fraction [111].

Figure 2.8 Binary phase diagram of ZrO2-YO1.5 [12]. The blue bar shows the
current TBC composition and temperature range.

The Y3+ cations substitute for the Zr4+ cations and leave oxygen vacancies ( VOii ) to
scatter heat-conducting phonons which account for the low thermal conductivity of
YSZ. When 6-8 wt% YSZ is cooled down slowly from 1050 ºC or under stresses, the
phase transformation t→m occurs which results in a m+c mixture. The monoclinic
phase is thought to have a negative effect on the TBC toleration due to the microand macrocracking caused by the volume change (3% - 4% volume expansion from
the t-m transformation) during heating and cooling [112].
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2.3.3 TGO growth
The thermally grown oxide (TGO), which forms between the YSZ ceramic layer
( termed as “top coat”) and the metallic bond coat (BC), acts as a diffusion barrier to
suppress the formation of other detrimental oxides during extended thermal exposure
in service, thus helping to protect the metal substrate from further oxidation and
significantly influencing the durability of TBCs [12,13,16]. The thickness of the
TGO increases with the thermal exposure time following a parabolic law, therefore
influencing the stresses within the YSZ coating [113-115]. TGO layer develops a
large compressive stress (2-6 GPa), as the system cools to ambient, primarily
because of its thermal expansion mismatch with the metal components. In addition,
stresses also arise during the TGO growth, but they are smaller (less than 1GPa)
compared with the thermal misfit stress [111-114]. All these compressive stresses are
the primary driving force for the TBC failure. Moreover, the constituents of the TGO
exert different influences on the thermal fatigue behaviour. The TGO layer usually is
α-Al2O3 because of its low oxygen diffusivity, stability at high temperature and
superior adherence [111, 114]. A uniform and dense α-Al2O3 scale is desirable for its
low growth rate and insolubility within YSZ. Practically, a thin (<1µm), protective
aluminium oxide, which can be thermally grown or deposited on the bond coat, is
utilized as adherent surface for the TBC.

2.3.4 Thermal conductivity
The thermal conductivity of a material, k (W·m-1·K-1), is a measure of heat flow in a
temperature gradient, as described by the Fourier’s law [116]:
q = − k ⋅∇T ,

(2.17)

Where q is the heat flux density through the cross-section per unit time (W·m-2)
and ∇T is the temperature gradient (K·m-1). By analogy with the kinetic theory of
gases, Bisson et al. derived an expression of the thermal conductivity, written as
[117]:
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1
k = C ⋅ v ⋅ Λ,
3

(2.18)

where C is the specific heat, v is the phonon velocity and Λ is the phonon mean free
path. In the form of lattice waves, over a spectrum of frequencies ω, Eq.(2.18) can be
rewritten as [118]:
k=

1 ωD
C (ω , T ) ⋅ v ⋅ Λ ( ω ) d ω ,
3 ∫0

(2.19)

where ωD is the Debye frequency; C(ω)dω is the contribution to the specific heat
from the vibration modes having a frequency between ω and ω+dω.
In a polycrystalline ceramic material, the phonon mean free path usually includes the
contributions from phonon-phonon scattering, phonon-point defect scattering and
phonon-grain boundary scattering. The contributions from the above processes are
introduced in the following subsection.

YSZ is the state-of-art TBC material because it provides the best performance in high
temperature applications [11,12]. It has a low and temperature-independent thermal
conductivity which is usually attributed to the presence of a high point defect
concentration caused by the substitution of Zr4+ by Y3+ ions in the distorted

fluorite

structure, producing a small spacing between point defects [13]. Thermal
conductivity of YSZ, both its bulk material and coatings, has been extensively
studied. In the mean time, a great deal of efforts has been devoted to modify YSZ,
e.g., by adding other dopants, to decrease its thermal conductivity.

2.3.4.1 Phonon-phonon and phonon-defect scattering in YSZ
In YSZ, the thermal conductivity is determined by both the phonon-phonon
scattering (intrinsic) and the phonon-defect scattering [118].
The mean free path caused by phonon-defect scattering, as described in Eq.(2.20),
can be rewritten as [119]:

1
a3
 ∆M 
=
c
 ,
2 D
Λ D (ω ) 4π v
 M 
2

(2.20)
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where M is the atomic mass of the host atom, ∆M is the mass difference between the
host and the foreign atom; a3 is the mean atomic volume and v is the averaged sound
velocity. In the presence of point defects, the thermal conductivity is written as [119,
120]:

ω 
ω 
k = kU (min)  0  arctg  m  ,
 ωm 
 ω0 

(2.21)

where ωm is the Debye frequency of the acoustic branch, given by ωm = ωD m −1/ 3
with m as the number of atoms per molecule. And [119-122]:
−1

2

2
 ω0   4γ 2    ∆M  

 =  3   cD 
  ,
 ωm   µ a    M  

(2.22)

where γ is the Grüneisen constant and µ is the shear modulus.
In YSZ, two types of point defects are created: (1) substitutional solute atoms (Y on
Zr sites); (2) oxygen vacancies due to the aliovalent nature of the dopant (anion sites).
Thus the term cD (∆M / M ) 2 in Eq. (2.22) is composed of two parts corresponding to
the two types of point defects. Also according to the defect chemistry, adding x mol
Y2O3 into ZrO2 can generate 2x mol YM' and x mol VOii , therefore [123]:

 ∆M O −Vacancies 
 ∆M 
 ∆M 
cD 
+ x
,
 = 2x 


M
 M 
 M Y − solute

O −Vacancies
2

2

2

(2.23)

where M is the average atomic weight in a unit cell. For oxygen vacancies [121]:

∆M O −Vacancies
M
= − O − 2,
M
M

(2.24)

where the term -2 arises because the number of broken bonds at the vacancy is twice
the number of bonds per atom [122, 123]. Due to the small difference between the
atomic mass of Y and Zr, the contribution from the cation sites is minor compared
with that from the anion sites in YSZ.

2.3.4.2 Effect of the yttria concentration
It is known that the oxygen vacancies in YSZ are the most effective scattering sites
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for phonons [123]. The yttria concentration determines the oxygen vacancy
concentration in YSZ and thus influences the thermal conductivity of YSZ. From Eq.
(2.20) it is expected that the thermal conductivity decreases monotonically with
increasing yttria concentration. However, the experimental results show no further
decrease of thermal conductivity when yttria concentration is higher than 9 mol%
[124], which is attributed to the formation of defect associates at high yttria
concentrations.

On the other hand, with an increase in the yttria concentration, there is a change of
phase composition in YSZ, from monoclinic, via a mixture of cubic and tetragonal,
to the fully-stabilized cubic phase. Different phases have different lattice parameters
and various physical properties, i.e., Young’s modulus, density, etc., which might
also have influences on the thermal conductivity. The phase change might be another
reason for the reduction of thermal conductivity with increasing yttria concentration.
In summary, the introduction of yttria into ZrO2 changes the oxygen vacancy
concentration, as well as the phase composition of YSZ. An overall picture showing
the effect of the yttria content on the thermal conductivity of YSZ, is shown in Figure
2.9.

Figure 2.9 Effect of yttria content on thermal conductivity of YSZ. Phases are
indicated, where M represents monoclinic, C cubic and T tetragonal. After [125,
126].
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2.3.4.3 Effect of co-doping
Dopants are important to zirconia in both stabilizing its tetragonal or cubic phase and
decreasing its thermal conductivity. Additions of other metal oxides into YSZ can
result in further thermal conductivity reduction. The mechanisms of the reduction of
thermal conductivity are different according to the valency of the metal oxides. For
example, additions of trivalent oxides into YSZ generate more oxygen vacancies
which strongly scatter phonons, and thus decrease the thermal conductivity.
Additions of tetravalent oxides into YSZ do not generate any vacancies. The
reduction of thermal conductivity is due to the substitutional defects, which are less
effective in decreasing thermal conductivity than the vacancies [126]. Additions of
pentevalent oxides into YSZ decrease the oxygen vacancy concentration but they still
result in a thermal conductivity close to or lower than that of YSZ. Both the oxygen
vacancies and the sustitutional defects are responsible for the reduction of thermal
conductivity, depending on the relative amount between the pentevalent oxides and
yttria.

2.3.4.4 Effect of porosity
The presence of porosity has the greatest effect in decreasing the thermal
conductivity of a material. A frequently used relationship between the thermal
conductivity of a porous sample and a fully-dense sample is [127]:
 4 
k porous = kdense 1 − Φ  .
 3 

(2.25)

where Φ is porosity of compact.

2.3.5 Failure mechanisms [128-138]
The main obstacle to the use of TBCs in the prime reliant mode is the limited service
life. Failure occurs by top coat delamination as a result of cracking in the top coat
parallel and adjacent to, but not coincident with, the irregular top coat / bond coat
interface. Although the failure mechanisms of TBCs are still not entirely understood,
bond coat oxidation and thermal expansion mismatch stresses are generally believed
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to be the main causes of failure [111-113,124-127,133]. Table 2.2 provides an
overview of the observed failure modes [127,132]. In TBC systems, since the
coefficients of thermal expansion of both the YSZ coating and the TGO are smaller
than those of the bond coat and the superalloy, a large compressive stress develops in
the TGO as the system cools to the ambient [127,132], as schematically inllustrated
in Figure 2.10. There are two main sources of stress: one from the thermal expansion
misfit with the substrate and the other from TGO growth [127-131]. Edge and
buckle-driven delamination compete as mechanisms of final TBC failure. TBC
systems operate within the following two principle domains [128-130]:
(a) When the TBC experiences thermal-mechanical loadings typical of those
applicable to “powder generation”, with long high temperature exposures and
minimal thermal cycling, the cracking patterns are dominated by a combination of
the TGO growth stresses and those from the thermal expansion misfit[129, 130].
(b) Loadings representative of aero-engines comprising extensive thermal cycling are
more likely to be affected by strictly cyclic phenomena such as ratcheting, wherein
cyclic displacement of the TGO into the bond coat set-up the delamination strains in
the TBC [130-132].

Figure 2.10 Schematic of the stress development of TBC systems upon cooling
[127,129].
2.3.5.1 Furnace testing
The behaviour of TBCs during thermal testing can provide an indication of the
coating performance in actual gas turbine operation. In the literature several methods
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are described for subjecting coatings to a thermal load. A coated specimen can be
placed in a high temperature furnace for isothermal heating cycles [125,127, 134,136]
In this case, hereafter referred to as furnace testing, the entire specimen is kept at an
elevated temperature for a long time, after which the specimen is cooled in a
relatively short time, and this is repeated many times.
Table 2.2 Schematic overview of failure modes [131]. Grey-shaded material
represents top coat.
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2.3.5.2 Burner rig testing
Another method is the burner rig testing [53,135,137], where the top coat surface is
heated with a flame. The heating period can be short or long enough to result in a
steady state temperature profile in the specimens. In both cases, heating periods are
followed by short cooling periods. Nevertheless, it is recognised that the behaviour
of TBCs during the burner rig testing and actual gas turbine use is the true indicator
of coating performance. Figure 2.11 show the photograph of burner rig test
technique.
Flame

Sample

Compress air cooling

Figure 2.11 Photographs of burner rig test technique [138].

2.4 Summary
Investigation of the current state-of-the-art in electrophoretic deposition (EPD)
technology has indicated that EPD is a promising method to fabricate the modern
TBC system. One such opportunity is to reduce the cost of TBCs fabrication, and to
achieve a reasonable durability of a TBC system by the EPD technique. To
accomplish this, however, it appears that fair mechanical properties and good
adhesion between the top coat and bond coat are heavily demanded. This motivates
further investigations of principles, models and properties of the ceramic coatings
(top coat) fabricated by the EPD technique.
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Chapter 3
Experiments
3.1 Materials
In this study ceramic coatings were fabricated using 3 mol% and 8 mol% yttriastabilized zirconia (termed “3YSZ” and “8YSZ”, Pi-KEM, UK) based ceramic
powders. The particle size of the as-received 3YSZ and 8YSZ powders were ~0.8
µm. The YSZ powders were attrition-milled in ethanol (Aldrich, UK) to reduce
particle size. The attrition mill (type 01HD, Szegvari Attritor System, Union Process)
with a 0.75×10-3 m3-capacity milling tank, was loaded with 0.04 kg of the powder
mixture, 0.8 kg of tetragonal zirconia polycrystalline (TZP) milling balls (diameter of
3mm), and 0.2×10-3 m3 of ethanol. The rotation speed of the stirring arm of the
attrition miller was 550 rpm while cooling water was used to keep the milling tank at
a constant temperature. The mean primary particle size of these starting YSZ
powders were ~ 0.20 ± 0.05 µm. α-Fe2O3 powder (>99%, Sigma-Aldrich, UK) with a
mean primary particle size of 0.5 ± 0.1 µm and a fluorite phase CeO2 (99.98%, PiKEM, UK) with a mean primary particle size of 0.5 ± 0.05 µm were used as the
sintering dopants.

In chapter 4, the 8YSZ powder was used.
In chapter 5, two groups of composition were used to fabricate ceramic coatings.
One group of the ceramic coating/composite was fabricated using the mixture of αFe2O3 (0.5 ~ 2.0 mol%) and 3YSZ/8YSZ powders. The other group of the ceramic
coatin/composite was fabricated using the mixture of α-Fe2O3 (0.4 ~ 1.6 mol%) /
CeO2 (0.4 ~ 3.8 mol%) and 3YSZ powders.
In chapter 6, the group of α-Fe2O3 (0.4 ~ 1.6 mol%) doped 3YSZ / 8YSZ powders
were used to study the thermal conductivity of bulk materials. the α-Fe2O3 (0.4 ~ 1.6
mol) doped 3YSZ powders were used to fabricate ceramic coatings (top coat) on
metal substrates using electrophoretic deposition (EPD) method in order to study
durability of the ceramic coatings attached on the metal substrates.
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The particle size, shape and surface morphology of agglomerates were investigated
under a Scanning Electron Microscope (SEM; XL30 FEG, Philips, Netherlands). The
primary sizes of fine particles were measured by the Transmission Electron
Microscope (Tecnai F30, 300kV, FEI). The mean values were calculated from the
about 150 particles. The mixtures of MOx (Fe2O3 or CeO2) and YSZ powders were
dispersed into the ethanol, and were well mixed using a SpeedMixer (DAC, 150FVZ
(K), UK). After mixing, freeze dried powders were used to fabricate ceramic coatings
and composits. A mixture of absolute ethanol (Et-OH, >99%, Sigma-Aldrich, UK)
and acetylacetone (ACAC, >99%, Sigma-Aldrich, UK) with a molar ratio of 7:4 [1]
was used as the solvent for all the studies in this thesis. This mixture is referred to as
“the mixed solvent” throughout this thesis. The physical properties of Ethanol and
ACAC are summarized in Table 3.1. HCl (0.1 mol/l in distilled water) and HNO3
(0.1 mol/l in distilled water) were used to adjust pH and electric conductivity of the
suspension.
Table 3.1 physical properties of the solvent [2].
Solvent

Ethanol

Acetylacetone

Density (Kg/m3)
Dielectric constant
Surface tension
Viscosity (Poise)
Boiling point(°C)
Conductivity (S/m)
pH value

789
24.3
22.4
0.0012
78
0.5×10-5
7.0

972.1 (at 25°C)
26.5 (at 30°C)
31.2
0.0106
138
0.18×10-4
6.8

3.2 Experimental procedure
3.2.1 Suspension preparation
A fresh suspension, with a solid concentration in the range of 20 ~ 100 kg/m3 (0.3 ~
1.5 vol %) was prepared as follows: a certain amount ( 0.8 × 10-3 ~ 2.0 × 10-3 kg) of a
powder was first placed in a glass beaker (50×10-6 m3), the mixture of ethanol and
acetylacetione was then added to reach 40×10-6 m3 , and, thereafter, HCl or HNO3
was added, followed by a 300-s ultrasonication using an ultrasonic probe (22.5 kHz,
MICROSON, Ultrasonic Cell Disruptor, Misonix, Famingdale, NY). All the prepared
suspensions were quite stable with less than 2 wt% powder sediment after 30 minutes.
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3.2.2 Coating / deposit preparation
The ceramic coatings were deposited on FeCrAlY metal substrates (Fe72.8, Cr22,
Al5, Y0.1 and Zr 0.1, (wt%), Goodfellow, UK) or Hastelloy with MCrAlY bond coat
(Germany) metal substrates by the electrophoretic deposition (EPD) method. EPD
was carried out in freshly prepared suspensions with a constant D.C. electric field of
50Vcm-1 applied. The distance between a platinum counter (anode) and the metal
substrate (cathode) was 10×10-3 m. The deposition time was varied within the range
of 1~14 minutes to achieve crack-free coatings with thicknesses in the range of 100
µm ~ 500 µm after ambient drying overnight [1, 3].
There is need to mention that the selection of the FeCrAlY metal substrate in this
study is because (1) FeCrAlY is resistant to high temperature oxidation due to
formation of alumina scale at surface of the substrate; (2) FeCrAlY has a similar
coefficient of thermal expansion with that of the YSZ ceramic material (11 × 10−6
K−1) [4], which leads to low thermal mismatch between the ceramic coating and
metal substrate; (3) FeCrAlY is a commercial product. Taking into account a
potential application, FeCrAlY is an ideal candidate for the laboratory research of
YSZ ceramic coatings on metal substrates.

3.2.3 Sintering of the ceramic specimens
All the EPD-deposits and EPD-coatings with metal substrates were sintered at 1150
ºC in ambient air for 2hrs. It should be noted that a free standing deposit (separated
from the metal substrate) was used in this study to avoid any constraint force on the
ceramic coating imposed by the metal substrate. For a study of coloration and
thermal properties of bulk materials, the bulk ceramic specimens were sintered at
1300 ºC ~ 1500 ºC to achieve full density.

3.3 Characterization of the suspension
3.3.1 Particle size distribution and suspension stability evaluation
The particle size distribution of the studied mixtures was measured by the laser
scattering method (Mastersizer, MiroTrac X100, Malvern, UK). In general, the
sedimentation rate of the particles reflects the stability of a colloid which can be
evaluated by the Relative Sedimentation Height (R.S.H.) method. A freshly prepared
suspension with a solid loading of 25 kg/m3 was filled in a sealed 10×10-6 m3
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cylinder. The interfacial position of the relatively clear supernatant liquid and the
cloudy bottom suspension was recorded as a function of the time. The electric
conductivity of the suspension was measured using a conductivity meter (SevenMulti,
Mettler Toledo, Switzerland). Results were averaged from three independent
measurements.

3.3.2 Electric conductivity measurement
The electric conductivity measurements were carried out using a conductivity meter
(Mettler Toledo, UK). The conductivity test meter was held in a suspension vertically.
The measured values would underestimate the real values if sedimentation takes
place during measurement as the contribution of charged particles to the electric
conductivity can be significantly higher than that of the solvent used. In this study,
conductivity readings were stable within 3 minutes of immersion in suspension, and
all the measured suspensions remained stable, with less than 2 wt% sediment over 30
minutes, so sedimentation was not considered to influence the electric conductivity
measurements. The physical measurement accuracy of the conductivity meter was
within ±1% over the range from 4×10-4 S/m to 120×10-4 S/m and within ± 2% from 1
to 4×10-4 S/m. Errors between measurements, calculated from the standard deviation
of three repeated measurements, were within ± 0.05×10-4 S/m for conductivities
below 5 ×10-4 S/m and within ± 0.3 ×10-4 S/m in the range from
5×10-4 S/m to 80×10-4 S/m.

3.3.3 Zeta potential measurement
The zeta potential values of the suspensions at different pH values were measured
using a zeta potential analyzer (ESA 9800, Matec Applied Science, USA). The ESA
System can only operate when the particle volume fraction is below a certain level
(i.e. ~1%). The variation of zeta potential with increasing YSZ concentration is
expected to be negligible because the quantity of HCl additions far exceeds the
quantity of H+ adsorption in the YSZ suspension without the addition of HCl. The
zeta potential values given in the thesis are the average of five measurements, the
standard deviation of which was within ±3.5 mV .
3.3.4 pH value
The operational pH values of the studied suspensions were measured using a KCl
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/AgCl glass electrode pH meter (pH-212, Hanna, UK). The pH electrode was
calibrated using aqueous buffer solutions for each measurement. Before each
measurement, the electrode was rinsed with ethanol and allowed to dry thoroughly in
order to minimise the introduction of water to the suspension. The operational pH
values given in the thesis is average value of three measurements, and the standard
deviation was within ± 0.3.

3.4 Characterization of the green coatings
3.4.1 Density
The coatings were dried thoroughly in ambient, which are termed “green coating” in
this thesis. The masses of green coatings (md) were measured using a balance (Ohaus
AB-S, Leicester, UK) which has a sensitivity of 1.0×10-8 kg. The deposit areas of the
coatings were calculated by analyzing the image of the coatings taken by an optical
microscope (Olympus BH, Tokyo, Japan). The green densities (ρd) were measured
and calculated by a mass and volume method [5]:

ρd =

md
Aild

(3.1)

where ld is the thickness of the green coating, which was measured by a magnetic
thickness gauge (± 2µm, Ecotest Plus, Sheen Instruments, UK), and A is the coating
area. The green densities were obtained by taking the mean value from three coatings
fabricated under identical conditions. The results are reproducible to ± 3%. Images of
the top surfaces of the green coatings were taken using an optical microscope
(Olympus BH, Tokyo, Japan). The as-received images were analyzed to obtain the
surface area of the green coating (Image tool, University of Texas Health Science
Center, San Antonio, TX).

3.4.2 Microstructure
The microstructures of the green coatings were examined by scanning electron
microscopy (SEM, XL30 FEG, Philips, Netherlands). Due to the weak strength of
the green coating, only the coating fracture surfaces were investigated. In order to
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enhance the electrical conductivity of the ceramic coatings, a thin layer (several nm)
of carbon or gold was applied on sample surfaces.

3.4.3 Young’s moduli
Micro-indentation with a spherical tipped indenter was used to quantify the
mechanical properties (Young’s moduli, E) of the green coatings, in relation to the
density and the EPD condition [6]. The mechanical properties of the green coatings
are expected to be determined by a range of issues, such as porosity, void size,
particle shape, and particle binding, which can be reflected on the density. A 0.3 N
load (30 s loading duration, 10 s dwelling duration) was used .Young’s moduli (E) of
green coatings were obtained from the average of 15 measurements at different
positions. The Young’s moduli of the sintered samples were also measured by microindentation with a pyramid tipped indenter in order to estimate the degree of
densification after 1150 °C – 2hrs sintering. The Young’s moduli of the sintered
samples reflects the porosity of the sintered samples, namely low Young’s moduli of
samples have high porosity. Therefore, the densities of the sintered samples were
presented in this thesis instead of the measured Young’s moduli of the sintered
samples.

3.5 Characterisation of the sintered specimens
3.5.1 Density
The sintered specimens contained the EPD-coatings, EPD-deposit and bulk
specimens. Free standing sintering and constraint sintering were involved in this
study. For the samples undergoing a free standing sintering, the samples can shrink
free because no constrained force from the metal substrates. The densities of the
sintered samples were determined by the Archimedes’ method [7]. For the coatings
taking a constraint sintering, the coatings can only perform shrinkage along the
thickness direction. Therefore, the constraint density of the sintered coatings ρcs can
be calculated from the equation 3.2 [5]:

ρ cs = ρ d

ld
.
lcs

(3.2)

where lcs is the thickness of the constrained sintered coating measured by the
thickness gauge.
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The microstructures of the sintered specimens were observed from both the fracture
cross-section and the top surfaces using SEM. The grain size was measured (using
SEM) by counting the number of grain boundaries intersecting straight lines of
known length in the SEM image of each specimen. The mean grain size was then
equal to 1.5 multiplied by the mean intercept, as described in Ref. [8].

3.5.2 Chemical analysis
Fourier Transform Infrared Spectroscopy (FT-IR Nicolet 5700, Thermo Electron,
USA) was employed to detect the chemical compounds adsorbed at the surface of
particles from the EPD suspension. Thermogravimetric Analysis (TG) accompanied
by the Differential Scanning Calorimetry (DSC) instrument (Thermostar, GSD300T,
Germany) were employed on raw powders and powders from green coating in an air
ambient atmosphere to trace the reactions occur during the heating of the coating to
1500ºC. X-ray photoelectron spectroscopy (XPS, Axis Ultra) with monochromatic
Al Kα radiation (of energy E = 1486.6eV) was used. The surface C1s photoemission
at E = 284.6 eV [9] was used as a reference binding energy. The surface composition
was then calculated utilizing the atomic sensitivity factors of all surface elements as
described in Ref. [10-12]. The grain boundary structure and element segregation
were characterized by analytical transmission electron microscopy (TEM/STEM,
TecnaiTM G2 F30 U-TWIN). Semi-quantitative analysis of Y3+, Zr4+ and O2segregation at grain boundaries was performed using scanning TEM (STEM) mode
with a probe size of about 2nm and an energy dispersive X-ray spectroscopy (EDS)
system. For each sample, three grain boundaries were analyzed. For the TEM study,
the samples were prepared (adopting the method described in Ref. [13]) by cutting
the cross-section of a sintered 8YSZ coatings using a focused ion beam (FIB, FEI
Nova 600 Dual Beam system).

3.5.3 Characterization of the phase composition
To study the phase composition and phase stability, the specimens were studied using
a standard X-ray diffraction (XRD; Philips PW1 050 X-ray Diffractometer, Cu Kα
radiation) technique. The diffracted intensity was measured between 10 to 85 degrees
2θ to detect the phase transformation of YSZ during the sintering. All XRD spectra
were obtained with a scan speed of 10s/step and scan size = 0.05º. XRD spectra were
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analyzed to evaluate the volume content of monoclinic phase using the equation
proposed by Toraya et al. [14]:

Vm =

1.311( I m(111) + I m(111) )
I t(111) + 1.311( I m(111) + I m(111) )

(3.3)

where I is the integral intensity and the subscripts m and t refer to the monoclinic and
the tetragonal phase, respectively. The intensities were corrected for the background.
The lattice parameters of the specimens were determined from XRD data, which
were used to calculate the unit-cell volume of the specimens.
Raman spectroscope (2000 RenishawTM, UK) was also used to indentify small
amount phases in the specimens (monoclinic phase, cubic phase or tetragonal phase)
which could not be clarified by XRD.

3.5.4 Sample preparation for colour change observation
The chemical defects introduced via doping can affect the coloration of matrix
materials. The colors of the samples were recorded using Digital camera (Olympus
X-43, Japan). The samples were prepared as following procedures: the mixture of
powders (3YSZ/8YSZ and Fe2O3) was dispersed into the ethanol and were well
mixed using SpeedMixer (DAC, 150FVZ (K), UK). The resulting mixtures were
subsequently dried at 50 ºC in air overnight, and then milled by mortar and pestle and
passed through a 45 micro sieve. The final mixed powders were cold-pressed into
cylindrical tablets under a uniaxial pressure of 200 MPa, and sintered at 1400 ºC for
2 hrs in air with a heating and cooling rate of 3 ºC min-1. The undoped YSZ tablets
were also obtained by the same cold pressing and sintered at 1500 ºC for 4 hrs in air
with a heating and cooling rate of 3 ºC min-1.

3.6 Characterization of thermal properties
3.6.1 Measurement of thermal conductivity [15-20]
3.6.1.1 Density
The specimens used in the thermal conductivity measurement were prepared using
same experimental procedures described in the 3.5.4 subsection. The XRD patterns
revealed that the tetragonal phase dominated the Fe2O3 doped 3YSZ samples, and the
Fe2O3 doped 8YSZ had a pure cubic phase. The densities of the sintered specimens
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were measured by the Archimedes’ method. The theoretically full densities of the
doped YSZ composites were obtained according to the rule of mixtures [15], such as:

ρ mix = VYSZ ρY SZ + VFe O ρ Fe O ,
2 3

(3.4)

2 3

where VYSZ and VFe2O3 are the volume fractions of YSZ and Fe2O3, ρY SZ and ρ Fe2O3 are
the theoretical densities of pure YSZ and Fe2O3, which are 6100 kg/m3 for 3YSZ
[18], 5900 kg/m3 for 8YSZ [19], 5240 kg/m3 for α-Fe2O3 [18]. This is only an
approximation that is justified because the change in density is negligible in
comparison with the observed variations in thermal conductivity for low Fe2O3
dopant levels. The measured densities, theoretical densities and the relative densities
of the Fe2O3 doped YSZ composites are listed in Table 3.2.
Table 3.2 Theoretical density, measured densities and relative densities of the
1 mol% Fe2O3 doped 3YSZ / 8YSZ.
Sample ID
3YSZ
8YSZ
Doped 3YSZ
Doped 8YSZ

Theoretical Density
(kg/m3)
6100
5960
6160
5860

Measured Density
(kg/m3)
6060 ± 5
5730 ± 5
6130 ± 3
5840 ± 3

Relative density
(%)
97.8 ± 0.5
96.2 ± 0.6
99.5 ± 0.2
99.6 ± 0.2

3.6.1.2 The measurement of specific heat capacity
Specific heat capacities, Cp, of the undoped 3YSZ/8YSZ and the Fe2O3 doped
3YSZ/8YSZ were determined in the temperature range 45 ºC - 1150 ºC at a scanning
rate of 5 ºC/min by differential scanning calorimetry (DSC) (Thermostar, GSD300T,
Germany). A Sapphire and a platinum crucible are used as DSC standards. The Cp of
the samples also can be calculated from the values of ZrO2, Y2O3 and Fe2O3
according to the Neumann-Kopp rule [21]. The Cp of ZrO2, Y2O3 and Fe2O3 were
obtained from Refs. [19-21] and the calculated specific heat values of the 1.0 mol%
Fe2O3 doped 3YSZ/8YSZ are listed in Table 3.3.

3.6.1.3 Measurement of thermal diffusivity of doped YSZ
The thermal diffusivity α measurements were conducted with a laser flash system
(Manchester, UK) from room temperature to 900 ºC [22]. A schematic view of the
laser flash system is shown in Figure 3.1[23,24]. During the measurement, a highintensity short-duration laser pulse is applied to the front surface of the sample. The
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temperature rise at the backside is measured by an infra-red detector. The thermal
diffusivity (α) can be determined from the temperature versus time curve at the rear
surface by [24]:

α=

1.38d 2 0.1388d 2
=
,
π 2t0.5
t0.5

(3.5)

Where d is the sample thickness and t0.5 is the time required for the back surface to
reach half of the maximum temperature rise. The thermal diffusivity value can be
converted to thermal conductivity by multiplying the specific heat capacity (Cp) and
the bulk density (ρ) [22-24]:
k = α C p ρ.

(3.6)

Because the sintered samples were not fully (100%) dense, the measured thermal
conductivity value should be corrected as the real data k cm using equation (3.7) [24]:

km
4
= 1 − φ.
kcm
3

(3.7)

where ø is the fractional porosity and was determined by the relation ø=ρ/ρmix. Only
a slight increase of the thermal conductivity can be obtained after correction.

Table 3.3 The specific heat capacities (Cp) of ZrO2, Y2O3 and Fe2O3 and their solid
solutions.
Temperature
(°C)

Specific heat (J g-1 K-1)
ZrO2[19] Y2O3[20] 3YSZ

8YSZ

Fe2O3[21]

Doped
3YSZ

Doped
8YSZ

50
150
250
300
400
500
600
700
800

0.476
0.525
0.555
0.565
0.581
0.593
0.603
0.612
0.621

0.475
0.521
0.532
0.562
0.578
0.590
0.600
0.609
0.617

0.701
0.773
0.833
0.860
0.906
0.958
1.039
0.967
0.923

0.474
0.535
0.600
0.571
0.583
0.596
0.607
0.610
0.627

0.473
0.534
0.559
0.565
0.581
0.594
0.604
0.601
0.629

0.465
0.497
0.520
0.528
0.541
0.552
0.562
0.571
0.580

0.477
0.528
0.549
0.569
0.584
0.595
0.605
0.612
0.623

The thermal diffusivity measurement by laser flash technique is fast and convenient,
especially at high temperatures. Only a small amount of material is needed for the
measurement. The specimens were in the form of disks, 1.1×10-3 m thick and 1.1×102

m in diameter. Before the measurements, the samples were mechanically ground to

obtain coplanar surfaces. Both surfaces were coated with a thin layer of carbon using
colloidal graphite (Agar Scientific Ltd., UK) to ensure complete and uniform
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absorption of the laser pulse. The samples were then dried to remove the remaining
solvents. During the measurements, the front face of the samples was subjected to a
short-duration heat pulse which was supplied by a neodymiumglass laser 0.67×10-3s
pulse duration. A liquid nitrogen cooled InSb infra-red detector was used to measure
the temperature rise on the backside of the samples. Measurements were made at
various chosen temperatures during the heating procedure. For each temperature, ten
measurements were made to obtain the mean value of the thermal diffusivity value.

Figure 3.1 A schematic view of the laser flash system [24].

In chapter 6, the values, obtaining from the estimated Cp by the Neumann-Kopp rule
multiplied by the measured thermal diffusivity and bulk densities, are defined as
“theoretical thermal conductivity”. The values, obtaining from the measured Cp by
DSC multiplied by the measured thermal diffusivity and bulk densities, are defined
as “measured thermal conductivity”.

3.6.2 Characterization of TGO scales
To investigate the influence of the Fe2O3 dopant on thermally grown oxide (TGO),
the undoped 3YSZ coatings and the Fe2O3 doped 3YSZ coatings were characterized
in detail. The crystalline phase of the TGO layer in 1000 ºC-oxidized metal
substrates were identified using X-ray powder diffraction (XRD, Philips X’PERT
MPD) with Cu Kα radiation (wavelength, 1.5405Å). The morphology of the TGO
layers and 3YSZ for all the sintered samples were studied using SEM. The
thicknesses of the TGO layers for all the sintered samples were also estimated using
SEM with back-scattered electrons (BSE).
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3.6.3 Measurement of thermal cycling life
In order to evaluate the durability of EPD-coatings on the metal substrates in chapter
6, the samples with the Fe2O3 doped 3YSZ as a top coat were studied using a Burner
rig testing and a Furnace testing. The Burner rig testing of the EPD-coatings on
Hastelloy with a MCrAlY bond coat was carried out in Germany (Institute of Energy
and

Climate

Research,

IEK-1:

Materials

Synthesis

and

Processing,

Forschungszentrum Jülich GmbH, Germany). More details about the burner rig test
set-up can be found in Refs. [25,26].

Furnace cyclic tests were carried out at 1200°C using a box furnace in air with 45
minutes hot time cycles. The samples were the Fe2O3 doped 3YSZ as a top coat
attached on the FeCrAlY substrates. The cooling time was 3 hours for the box
furnace, and the specimens were cooled to ~200 °C after each cooling cycle. The
specimens were inspected in 10 or 20 cycle intervals. The coating cycle lifetime was
determined by the cycle numbers when the coating failure occurred, using a failure
criterion of observed delamination or spallation region being equal or larger than
20% of the total coating area [27]. The specimens with spalled coatings were
examined using X-ray diffraction for phase analysis, and SEM for detailed failure
morphological analysis.
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Chapter 4
The effect of HCl on EPD of YSZ and sintering of YSZ

4.1 Introduction
It is commonly accepted that suspension dispersion has a decisive effect on the green
density of deposits produced by electrophoretic deposition (EPD) [1,2], Well
dispersed, homogeneous and de-agglomerated particles are more able to pack into a
dense deposit, in common with all colloidal processing techniques [3] in which pH,
ionic strength and solid concentration all influence the particle dispersion [4].
Optimum packing also requires sufficient time for particles to rearrange during EPD.
For instance, Chen et al. [1] observed a porosity gradient, with a more porous
structure close to the substrate where deposition was more rapid.

The pH, ionic concentration and particle concentration parameters (which are all
interrelated with the electrical conductivity of suspensions) can influence the rate of
EPD and all the three can vary during a EPD process [3], especially for a static
suspension (i.e. without ultrasonic-vibration or stirring). Anné et al. [5] developed a
mathematical model to describe the deposition yield during EPD, taking into account
the influence of the particle concentration in the suspension and the deposition
efficiency. They described the electric field as a function of the current in the
deposition cell and the electrical conductivity of the suspension, allowing a changing
electric field during the deposition procedure as a function of time to be accounted.
Anné et al.’s equation suggests that the potential over the deposit is influenced by the
ratio of the electrical conductivity of the suspension and deposit. Therefore, we
consider that a highly conductive suspension and a poorly conductive deposit are
beneficial for the formation of coatings with a uniform thickness on an electrically
non-uniform substrate surface.

Ferrari and Moreno [6] reported that the deposited mass per unit area is proportional
to the zeta potential divided by the electrical conductivity, if the particle
concentration, electric current and deposition time are fixed in a suspension. Their
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model suggests the sticking probability of particles to particles within the deposit is
unity, which leaves the electrical conductivity of the suspension as the controlling
parameter for EPD. When the particles have a high enough zeta-potential to deposit,
the electrophoretic deposition-rate and deposition-probability must decrease with
increasing suspension conductivity. Again, it is assumed that the particles are the
majority current carriers, and the free-ions in the system are ignored.

In the extreme case of an artificially changed suspension without particles, Ji et al. [7]
reported that the wet density of EPD coatings increased after immersing an asdeposited wet coating in a pure solvent under a D.C. electric field. They referred to
this as electric field densification (EFD). They attributed the increase in packing
density of EPD wet coatings to the rearrangement of particles by electro-osmotic
flow, and considered the rearrangement ability of deposited particles to be
proportional to the strength of the local electric field in the deposit. The local electric
field around a deposited particle is distorted by the presence of charges on the
particle surface, causing an electro-osmotic flow that can pull particles together to
form aggregates [8-10]. However, the EFD had limited effect on unsintered coating
(also termed “green coating”) and free sintered coating densities despite the
significant increase in wet coating density [11]. To our knowledge, there has been
little study on the effect of the electrical conductivity of the suspension and
deposition time on the density of the EPD- coating after drying, which we term
“green density” in this study.

Sintering is the final densification stage of EPD coatings. During the sintering
process, neck formation, pore contraction and grain growth play an important role in
defining the mechanical and electrical properties of the final product [12-14]. It is
known that the growth of necks at particle junctions can occur by surface diffusion as
well as by grain-boundary diffusion [15,16]. Kuczynski’s [16] theoretical predictions
gave an insight into the role of surface diffusion in the formation of necks between
particles during early stage sintering. In order to increase the neck area, various
approaches have been adopted including mixing powders with multimodal particle
size distribution and use of dopants that enhance the surface diffusion [17]. Grain
growth during sintering in yttria-stabilized-zirconia polycrystals (YSZ) has been
investigated extensively [18-21]. The extent, to which Y3+ ions segregate to the grain
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boundaries of YSZ has a decisive influence on grain growth. Matsui et al. [22]
systematically investigated the grain-boundary structure and microstructure
development mechanism in 2-8 mol% yttria-stabilized zirconia polycrystals using
high-resolution transmission electron microscopy (HRTEM) and energy dispersive
X-ray spectroscopy (EDS). They observed that low Y3+ ion segregation occurred in
the 8 mol% YSZ as compared with 3 mol% YSZ and 2 mol% YSZ which had
greatest Y3+ ion segregation. It has also been reported that residual chlorine from the
precursor chloride salts such as YCl3 and ZrCl4 can negatively affect the surface
properties and crystallization of the YSZ matrix [23-25]. Moreover, a small leaching
of minor constituents such as the stabilizing agent (yttria in this study) in an acid
solution promotes dramatic degradation. The monoclinic phase transformation
started to appear at moderate acidic pH of about 3.5 to 4 in HF, HCl and HNO3
solutions [26]. Lawson et al. [27] reported that up to 80% monoclinic phase was
found after acidic corrosion of dense samples of 3Y-TZP, which was predominantly
controlled by hydrothermal degradation at 180ºC. Readey and Readey [28] reported
that ZrO2 grain growth was much more rapid in an HCl atmosphere than in air due to
enhanced vapour transport via volatile chloride species. By contrast, Raether and
Springer [29] observed a fast densification and rapid neck formation in Al2O3
compacts, while Suzuki et al. [30] also observed a fast densification and rapid neck
formation in MgO, washed in a concentrated HCl solution before sintering [31].

In this chapter, suspensions were prepared by dispersing sub-micrometre 8mol%
yttria stabilized zirconia (8YSZ) particles in a mixed organic solvent with HCl
additions. With application of a D.C. electric field, the 8YSZ particles were
deposited on an electrode substrate in the prepared suspensions without stirring
during EPD process. The electrical conductivity and pH value as well as the green
density were recorded to investigate the particle packing mechanism. Microindentation with a spherical tipped indenter was used to quantify the mechanical
properties of the green coatings, in relation to the green density and the EPD
condition. The mechanical properties of the powder compacts are expected to be
determined by a range of issues, such as porosity, void size, particle shape, and
particle binding, which can be related to the density [32]. The influence of the HCl
concentration of the EPD suspension and the particle packing of the green coatings
on the sintering behavior of 8YSZ coatings was also investigated. The 8YSZ
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coatings were deposited on FeCrAlY metal substrates from suspensions with various
HCl concentrations using electrophoretic deposition (EPD). For different HCl
concentrations, the neck and grain growth in coatings sintered at different
temperatures (1150°C - 1500°C) for 2hrs were examined using scanning electron
microscopy (SEM), X-ray diffraction (XRD), thermal analysis, photoelectron
spectroscopy (XPS) and high-resolution transmission electron microscopy (HRTEM).
The details of experiment are described in Chapter 3.

4. 2 Results
4.2.1 Characterization of suspensions
When 8YSZ powders are dispersed in the mixed solvent 8YSZ particles can develop
a surface charge by desorbing of ions at the particle surface, chemical reaction at the
solid–liquid interface or ions preferentially adsorbing onto the particle surface such
as protons, metal ions or polyelectrolytes. Forces between neighbouring particles
consist of intrinsic Van der Waals attraction and electrostatic repulsion due to the
particle surface charge. Figure 4.1 (a) shows the electrical conductivity of YSZ
suspensions as a function of the particle concentration of YSZ suspensions without
HCl additions.

Figure 4.1 Electrical conductivity as a function of (a) particle concentration, (b) HCl
concentration of yttria-stabilized zirconia suspension. The error bars ranged in less
than 1% average values that can not be shown in makers.
The mixed solvent alone has an electrical conductivity of around 0.33×10-4 S/m and
this increases gradually as YSZ particle are introduced. This increase results from the
greater dissociation of the solvent ions due to the presence of particle surfaces, as
follows. The surface of fine YSZ particles tends to adsorb hydroxyl groups from
moisture in the air or residual water in the mixed solvent, and form amphoteric
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hydroxyl groups of (Zr–OH)0. Greater adsorption of H+ in the presence of (Zr-OH)0
encourages greater dissociation of acetylacetone (CH3COCH2COCH3) into
(CH3CO)2CH- and H+ causing a higher electrical conductivity [7,33].

Figure 4.1 (b) shows the electrical conductivity of suspensions as a function of HCl
concentration with various particle concentrations. The electrical conductivity
considerably increases with the increasing HCl concentration, but decreases with the
increasing particle concentration. The electrical conductivities of the mixed solvent
and the suspensions increase linearly with the increasing HCl concentration.
Compared with a steep increase of the electrical conductivity with the HCl
concentration in the mixed solvent alone (represented by green diamonds), the
increase becomes more gradual with an increased particle concentration. The
adsorption of dissociated HCl to the YSZ particle surface instead of remaining in the
solution moderates the electrical conductivity increase in the suspensions compared
to the mixed solvent alone.

The electrical conductivities of wet deposits are hard to measure. Therefore, 3100
kg/m3 suspensions with particle volume fractions up to 0.4 were used to represent the
wet deposits. This corresponds to ~ 40% wet density which our preliminary results
suggested to be representative. The measured electrical conductivities of the 3100
kg/m3 suspensions show little difference with the varied HCl concentrations, and are
in the same order of magnitude as the electrical conductivity of wet deposits that
were calculated from the measured specific resistance of wet deposits reported in
Anné et al’s study [34].

According to the Darjaguin, Laundau, Verway and Overbeek (DLVO) theory [2,4],
the stability of a colloid depends on the balance of all forces and the total potential
energy of particle interactions. Therefore, in order to obtain a stable colloid, a high
surface charge/zeta potential is required to induce a high repulsive force [2]. Figure
4.2 shows both the zeta-potential ( ζ ) and the electrical conductivity of a 5 kg/m3
YSZ suspension as a function of the HCl concentration. The zeta-potential
measurement shows that YSZ particles are positively charged in the mixture of
ethanol and acetylacetone (ζ=78×10-3 V). As HCl was added to the suspension there
PAGE 73

CHAPTER 4: THE EFFECT OF HCL ON EPD OF YSZ AND SINTERING OF YSZ

was a very rapid rise in the zeta potential from ~ 78×10-3 V to 132×10-3 V at a 0.2
×10-3 mol HCl addition, at a higher HCl concentration the zeta potential gradually
decreased to 72×10-3 V. The Derjaguin equation [35] predicts that the electrostatic
repulsion depends on the product of the dielectric constant (εr) and the square of the
surface potential. Thus, the surface potential in the mixed solvent (εr = 25.0) should
be about twice of that in water (εr = 78.54) to provide the same repulsion: i.e. if
40mV is adequate in water, 80 mV should be adequate in the mixed solvent [35].
Here a relatively small addition of HCl is sufficient to impart a relatively strong
charge on the surfaces of YSZ particles in the mixed solvent resulting in a high zeta
potential of 132×10-3 V. The zeta potential was substantially reduced at HCl
concentrations above 0.5×10-3 mol. This phenomena can be related to the
compression of the electrical double layer (reduction of the Debye length) with the
increasing ionic concentration.

Figure 4.3 shows the agglomerate size distribution for suspensions with various HCl
additions. The model agglomerate size in the suspension without HCl additions is
0.27 µm. As HCl was added to the suspensions, there was a slight change in the
agglomerate size, e.g. from 0.27 to 0.24 µm with the addition of 0.2 HCl. Figure 4.4
shows the relative sedimentation height (RSH) for the 20 kg/m3 suspensions with 0,
0.2×10-3, 0.5×10-3, and 0.8×10-3 mol HCl additions as a function of sedimentation
time. The lowest sedimentation rate occurred in the suspension with 0.2×10-3 mol
HCl due to the highest zeta potential of 132×10-3 V (shown in Figure 4.2). All the
measured suspensions were stable over the time periods used for EPD, with
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Figure 4.2 Both zeta – potential (ζ) and electrical conductivity as a function of HCl
concentration in a 5 kg/m3 suspension.
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Figure 4.3 Agglomerate size distribution for the suspensions with various HCl
additions.
Figure 4.5 shows the start and end current over 20 kg/m3 suspensions for the 10minute EPD process as a function of the HCl concentration. Both the start and end
currents of the suspensions increased with the increasing HCl concentration of the
starting suspensions. In addition, the current increased during EPD in the suspensions
with the HCl concentrations of 0.7×10-3 mol and 0.8×10-3 mol, which indicated that
the sum of the deposit resistance and suspension resistance decreased with deposition
time. In this case, although the resistance of the deposit is expected to increase in
proportion to its thickness, a larger reduction in resistance is expected in the
suspension which is dependent on the ionic concentration and particle concentration.
However, further study is required to understand the mechanisms for the reduction in
the resistance during EPD.
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Figure 4.4 Relative sedimentation heights (RSH) for the 20 kg/m3 suspensions with
the 0, 0.2×10-3 mol, 0.5×10-3 mol, and 0.8×10-3 mol HCl additions as a function of
sedimentation time.
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Figure 4.5 The start and end currents over 20 kg/m3 suspensions for a 10-minute
EPD process as a function of the HCl concentration.
4.2.2 Characterization of green coatings
Figure 4.6 (a) shows the green densities of coatings deposited from 20 kg/m3 YSZ
suspensions for 5 minute and 10 minute as a function of electrical conductivity of the
suspensions. With an increase in electrical conductivity and deposition time, the
green densities appeared to increase with the increasing electrical conductivity until
10×10-4 S/m, then decrease slightly above 17.5×10-4 S/m. In addition, with EPD from
5 minute to 10 minute, the density increased considerably.
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Figure 4.6 The green densities of coatings (a) produced in 20 kg/m3 suspensions for
various deposition times and (b) produced with various particle concentrations for a
8-minute deposition as a function of the electrical conductivity.
Figure 4.6 (b) shows the green densities of coatings produced from the 20 kg/m3 and
100 kg/m3 suspensions for an 8-minute deposition process as a function of the
electrical conductivity. The green densities increased with the increasing electrical
conductivity. The particle concentration of the suspensions shows no obvious effect
PAGE 76

CHAPTER 4: THE EFFECT OF HCL ON EPD OF YSZ AND SINTERING OF YSZ

on the green densities. Therefore, the deposition time and electrical conductivity
have a more significant influence on the green densities than the particle
concentration in these suspensions.

Figure 4.7 shows SEM images of the typical surface morphology of the deposits
produced in the 20 kg/m3 suspensions with an HCl concentration of 0.5×10-3 mol for
a 5-minute and a10-minute EPDs, together with images of indents generated from
micro-indentation. The 5-minute EPD produced a coating with approximately 1 µm
open pores and loose packing as shown in Figure 4.7(a), whereas the coating
produced from the 10-minute EPD is uniform and more densely packed with a pore
size comparable to the particle size (Figure 4.7 (b)). The indents were generated by
the spherical indenter with a load of 0.5 N, showing a larger impression in the
coating (Figure 4.7 (a)) with a green density of < 55 %, which is relatively free of
cracks, and a smaller impression in the coating (Figure 4.7 (b)) with a green density
of > 60 %, where cracks were formed with an orientation of ~ 90° to each other.

(a)

(b)

Figure 4.7 SEM images of indentation impressions and surface morphologies in
green coatings produced in 20 kg/m3 suspensions with a 0.5×10-3 mol HCl
concentration: (a) 5-minute deposition, (b) 10-minute deposition.
Figure 4.8 shows indentation contact pressure (Pm) and elastic modulus (E) as a
function of the green densities of coatings and deposition time. In powder compacts
like green coatings, the contact pressure (Pm, load divided by the contact area at the
maximum load) is normally used to represent the strength of the compact [17]. The
contact pressure (Pm) and elastic modulus（E）increase appreciably with the green
density and deposition time.
According to the above results and discussion, the green density increases with the
electrical conductivity and deposition time for the suspensions with less than 100
kg/m3 particle concentration, and the green density peaks at a electrical conductivity
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of around 10×10-4 ~ 15×10-4 S/m for 20 kg/m3 suspensions with a deposition time of
8 ~ 10 minutes. The measured contact pressures (Pm) and elastic moduli (E) shown in
the Figure 4.8 (b) are representative of the green densities and agree with directly
measured results shown Figure 4.6 and Figure 4.7.
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Figure 4.8 Contact pressure (Pm) and elastic modulus (E) as a function of (a) green
density of coatings fabricated in 20 kg/m3 suspensions for a 10-minute EPD process,
(b) deposition time for green coatings fabricated in 20 kg/m3 suspensions with a
0.5×10-3 mol HCl concentration.
4.2.3 Density and grain size of sintered coatings
Figure 4.9 (a) shows the relative density as a function of the HCl concentration for
coatings sintered at 1150 ºC. From Figure 4.9 (a), it can be seen that the relative
green densities of coatings prepared with suspensions of 0.2 HCl, 0.5HCl and 0.8
HCl concentrations were nearly identical. However, for the green coatings without
HCl the relative density was ~15% lower than those prepared with HCl additions.
The green densities of coatings deposited using EPD mainly depends on the zeta
potential of the charged particles in suspensions. Figure 4.2 shows that the zeta
potential of 0 HCl suspension is lower than that of 0.2, 0.5 and 0.8 HCl suspensions,
which led to the loose particle packing in these green coatings as shown in Figure 4.6.
After sintering at 1150 ºC, the coatings had slightly higher densities than that of the
green coatings over the whole range of HCl concentration studied. Further, it was
observed that the relative density of the sintered coating followed a similar trend as
seen for the green coatings (Figure 4.9 (a)). This was expected as the sintered density
of coatings substantially depends on the green density of coatings. Figure 4.9 (b)
shows the grain size as a function of HCl concentration for 8YSZ coatings sintered at
1150 ºC for 2hrs. Above the 0.2×10-3 mol HCl concentration, the grain size decreases
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with an increase in the HCl concentration. Figure 4.9(b) also shows the neck size to
grain size ratio (X/D) as a function of the HCl concentration.
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Figure 4.9 (a) Relative density as a function of the HCl concentration for green and
sintered 8YSZ coatings; (b) the grain size and neck size to grain size ratio (X/D) as a
function of the HCl concentration for YSZ coating sintered at 1150 ºC for 2hrs.
The SEM image shown in Figure 4.10 (a) defines the neck size for all sintered
coatings. It is an intercept between two adjacent grains (see black lines in Figure
4.10(a)). For the sintered coatings, the mean neck size data were averaged over 50
measurements. It was found that the mean neck size to grain size ratio (X/D)
increased with increases in the HCl concentration above 0.2×10-3 mol. The largest
grain size (0.65 ± 0.05 µm) was observed for 0.2 HCl coatings, while 0.8 HCl
coatings had the smallest grain size (0.3 ± 0.02 µm). For a 0.8×10-3 mol HCl
concentration, a high neck size to grain size ratio (0.8 ± 0.03) was observed (Figure
4.9 (b)). From the data shown in Figure 4.9 (b), it can be concluded that the HCl
concentration has a significant effect on both the grain size and neck size to grain
size ratio with a transition between a 0.2×10-3 mol and 0.5×10-3 mol HCl
concentration. Figure 4.10 (b-d) show typical surface morphologies of green coatings
(Figure 4.10 (b)), a sintered 0.2 HCl coating (Figure 4.10 (c)) and a sintered 0.8 HCl
coating (Figure 4.10 (d)) respectively. Substantial grain growth was observed in the
sintered 0.2 HCl coating compared with the green coating (Figure 4.10 (b)) and the
sintered 0.8 HCl coating (Figure 4.10 (d)). Further, it can be seen that the
microstructure was not uniform for the sintered 0.2HCl coating. Figure 4.10 (c)
shows that the microstructure consists of large grains surrounded by small grains in
contrast to the 0.8mM HCl concentration coating which has a quite uniform
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microstructure [see Figure 4.10 (d)]. The distinct microstructures for the sintered 0.2
HCl coating and 0.8 HCl coatings are attributed to the difference in electrical
conductivity of the suspensions during EPD. Further details can be found in the
subsection 4.2.1.

(a)

200 nm

(b)

2 µm
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(c)

2 µm

(d)

2 µm
Figure 4.10 (a) SEM image showing the procedure adopted to determine the neck
size for all sintered coatings; (b) SEM image showing the surface morphology of
green coating (HCl concentration = 0.5×10-3 mol); (c) surface morphology of an
8YSZ coating (HCl concentration = 0.2×10-3 mol) after sintering at 1150 ºC for 2hrs;
(d) surface morphology of an 8YSZ coating (HCl concentration = 0.8×10-3 mol) after
sintering at 1150 ºC for 2hrs.
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4.2.4 Thermal analysis of powders
Figure 4.11 shows the TG and DSC curves as a function of calcination temperature
for 8YSZ powder with a 0 mol HCl and 0.5×10-3 mol HCl concentrations. The
weight loss of a raw powder (0 HCl addition) and 0.5 HCl powder increased with the
increasing calcination temperature. For a calcination temperature range of 300°C 900 °C, the weight loss for the 0.5 HCl powder was larger as compared to the raw
powder (Figure 4.11). Moreover, there was a 0.05% weight fluctuation around 450°C
- 600°C in both the raw powder and 0.5 HCl powder. This corresponds to the minor
endothermic peaks shown in the DSC curves for both the raw powder and 0.5 HCl
powder. The large weight losses were attributed to decomposition of the residual
organic solvent (ethanol and acetyl-acetone) and HCl evaporation as well as the
removal of adsorbed gas and water [36]. An exothermic peak occurred at 1220 °C in
both powders, which indicated that there was a phase transformation around this
temperature (see the DSC profiles in Figure 4.11).
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Figure 4.11 Thermo-gravimetric (TG) and differential scanning calorimetric (DSC)
behaviour as a function of the calcination temperature for the 0 HCl powder and 0.5
HCl powder.
Room temperature XRD spectra (not shown) of 0 HCl, 0.2 HCl, 0.5 HCl and 0.8 HCl
sintered YSZ coatings showed only (400) reflections (2θ =73.6°) corresponding to a
single cubic phase with no evidence for the presence of monoclinic or tetragonal
phases. This is consistent with the work reported in Refs. [24-26, 37]. No monoclinic
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or tetragonal phase formation was indicated by the DSC profiles (Figure 4.11) for
any of the coatings.

4.2.5 Composition analysis of green and sintered coatings
Figure 4.12 (a) shows the XPS spectra of green and sintered 0 HCl and 0.5 HCl
coatings. XPS spectra were collected to identify Zr3d, reduced Zr4+ 3d, Y3d and Cl2p
bands. The band positions and splitting of individual bands are also presented in
Table 4.1. For the green 0.5 HCl coating, the binding energies of Zr3d and Y3d shifted
~1.7 eV and ~2.1 eV towards higher binding energies, respectively compared with
the green 0 HCl coating. For the sintered 0.5 HCl coating, the binding energies of
Zr3d and Y3d shifted ~1.2 eV and ~1.5 eV towards higher binding energies,
respectively compared with the sintered 0 HCl coatings. The peaks in the range 170
eV - 178 eV correspond to the reduced Zr4+ 3d bands in a lower valence state [38,39].
No obvious shift in the position of the reduced Zr4+ 3d bands was observed for both
the 0 HCl and 0.5 HCl coatings. For clarity, the fitted and extended Cl2p bands are
shown in Figure 4.12 (b).

(a)

(b)

Satellite peaks of the Zr3+ 3d

Figure 4.12 (a) XPS spectra of green and 1150 ºC - sintered 0 HCl and 0.5 HCl
coatings; (b) the enlarged XPS spectra of 2p bands of chlorine (Cl) for green and
1150 ºC - sintered 0 HCl and 0.5 HCl coatings.
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The satellite peaks of the Zr4+ 3d band at 195.6 eV were observed in all coatings. It
was found that the Cl2p peak in the green and sintered 0.5 HCl coatings partially
overlapped with the satellite peak (see the top two curves in Figure 4.12 (b)) [40].
For green and sintered 0.5 HCl coatings, the Cl2p peak at 197.7 eV corresponds to ZrCl which is a reaction product of HCl and Zr-OH [41]. In the XPS spectra, the shift
in peak positions was expected as the strong electronegativity of Cl- can cause the
positions of Zr3d and Y3d to move towards a higher binding energy [42,43].
Table 4.1 XPS bands of Zr3d, reduced Zr4+ 3d, Y3d, and Cl2p in the 0 HCl and 0.5 HCl
coatings before and after sintering at 1150 ºC.
Band splitting
Binding energy (eV)
0 HCl coating
0.5 HCl coating
Green
Sintered
Green
Sintered
ZrO2
3d5/2
181.2
181.2
182.9
182.4
3d3/2
183.5
183.5
185.3
184.8
4+
Reduced Zr 3d
172.3
172.2
172.4
172.3
174.7
174.4
174.7
174.8
Y2O3
3d5/2
156.0
156.0
158.1
157.4
3d3/2
157.7
157.7
159.9
159.3
Cl 2p
197.7
197.7
Figure 4.13 (a) presents the atomic ratio of Cl2p, Y3d and reduced Zr4+ 3d to the total
Zr3d, for green 0 HCl and 0.5HCl coatings estimated from the XPS spectra (Figure
4.12 (a)) [44]. The total Zr3d is defined as the area sum of Zr 3d5/2, Zr 3d3/2 and
reduced Zr4+ 3d bands. The reduced Zr4+ component represents 43% by area of the
total Zr3d in the green 0 HCl coating (Figure 4.13 (a)). The presence of such a large
amount of reduced Zr4+ indicates that the surface of the starting 8YSZ powder had a
low degree of crystallization. This can be attributed to the presence of Zr-OH at the
particle surfaces [38]. The Zr-OH rich surfaces of the 8YSZ particles possibly
contributes to the low surface oxygen concentration, which could be partially
oxidized after sintering at 1150 ºC [45]. The 0.16 atomic ratio of Y to Zr agrees well
with the stoichiometric composition of the starting 8YSZ power. For the green 0.5
HCl coating, a significant decrease in the atomic ratio of Y/Zr and reduced Zr4+/Zr
was observed as compared to the 0 HCl coating. Figure 4.13 (b) shows the atomic
ratio of Cl2p, Y3d and reduced Zr4+ 3d to the total Zr3d, for the sintered 0 HCl and
0.5HCl coatings. As a proportion of the total Zr3d, about 15% and 7% of the reduced
PAGE 84

CHAPTER 4: THE EFFECT OF HCL ON EPD OF YSZ AND SINTERING OF YSZ

Zr4+ species remained in the 0 HCl and 0.5 HCl coatings after a sintering at 1150 °C,
respectively (see Figure 4.13 (b)). A small increase in the atomic ratio of Y/Zr was
observed in both the sintered 0 HCl and 0.5 HCl coatings. The chlorine species
remained in the sintered 0.5 HCl coating after a sintering at 1150 ºC.
0.5

0.5
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Figure 4.13 The atomic ratio of Cl2p, Y3d and reduced Zr4+ 3d to the total Zr3d for 0
HCl and 0.5HCl coatings (a) before sintering; and (b) after sintering at 1150 ºC.
Figure 4.14 shows the typical elemental distribution profiles across the grain
boundaries of 0 HCl and 0.5 HCl coatings sintered at 1150 ºC. It should be noted that
detection of Cl in 8YSZ using X-ray analysis is hampered by the proximity of the Cl
Kα1,2 and Zr Lα1,2 peaks at 2.62 and 2.04 keV, respectively. Similarly detection of Cl
by electron energy loss spectroscopy is hampered by the proximity of the loss edges
for Cl L2,3 and Zr M 4,5 at 200.00 eV and 180.00 eV respectively. The Cl species were
detected in the sintered 0.5 HCl coating, and no detectable Cl species were found in
the sintered 0 HCl coating. A marginal segregation of Cl species was present across
the grain boundaries in the both coatings. A deficit of Y3+ ion and O2- ion and the
segregation of Zr4+ ion were clearly observed at the grain boundaries in the 0.5 HCl
coatings compared with the sintered 0 HCl coating which had no appreciable
variation of elements across the grain boundaries (Figure 4.14 (a)). Matsui et al. [22]
reported that the grain growth in 8YSZ was much faster than that in 2YSZ and 3YSZ.
The amount of segregated Y3+ ion the grains was significantly less than in 2YSZ and
3YSZ. This indicates that an increase in segregated Y3+ ion retards grain growth,
which is consistent with our results.
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Figure 4.14 Elemental distribution profiles across the grain boundaries of the sintered
8 YSZ coatings : (a) the 0 HCl coating; (b) the 0.5 HCl coating.

4. 3 Discussion
4.3.1 Effect of HCl on particle packing in green coatings
As Ji et al. [7] reported the local electric field around a deposited particle is distorted
by the presence of charges on the particle surface, causing an electro-osmotic flow
that can pull particles together to form aggregation. The aggregation velocity is
proportional to the electro-osmotic velocity u:
u=

εζ Vd
.
η ld

(4.1)

where ε, ζ and η are, respectively, the dielectric constant, the zeta potential of
ceramic particles and the viscosity of the solvent. In an EPD process, particle
deposition and particle rearrangement occur at the same time. The deposit porosity is
a combined result of the deposition rate and the rearrangement ability of particles.
In our EPD system, both free ions and charged particles act as current carriers [7].
Therefore, the electrical conductivity of the suspensions and hence the EPD current
are affected by the content of charged particles and free ions. The magnitude of the
potential drop over the deposit depends on the relative resistances of the deposit and
the suspension [34]. The electrode polarization has been previously found to be
negligible in the ethanol-based system [5,34]. We can define a factor Y as the ratio
between the suspension resistivity, rsuspension (Ω•m), and the deposit resistivity, rdeposit
(Ω•m):

Y=

rsuspension
r deposit

,

(4.2)
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The rsuspension or rdeposit can be directly derived from the conductivity of the suspension
or deposit as:
1
r=
.
(4.3)
ΛA
where A (m2) is the deposit surface area and Λ the conductivity(S/m) of the
suspension. Inserting (4.3) into (4.2) gives :
rsuspension
Λ deposit
Y=
=
.
(4.4)
r deposit
Λ suspension
With 0<Y<1 for isolated powder particles, and assuming a serial electrical connection
of deposit and suspension, the voltage drop over the deposit is given by [34] :
Vd = V0

d dep

.
(4.5)
(d dep + ((d − ldep )iY ))
where ldep is the thickness of the deposit, d is the distance between the electrodes, and
V0 is the applied voltage. Assuming ldep = 0.2×10-3 m with d =10×10-3 m, V0 = 50V,
with the electrical conductivity ratio of the 8YSZ deposit and suspension (Y)
obtained from Figure 4.1 (b), Figure 4.15 shows the voltage drop over the deposit Vd
and resistance ratio of the suspension over the deposit Y as function of the HCl
concentration, which indicates Y decreases rapidly with the increasing HCl
concentration until 0.1×10-3 mol, whereas that the potential drop over the deposit (Vd)
increases with the increasing HCl concentration.
The increase in the Vd over a fixed thickness deposit, as shown in Figure 4.15,
suggests that an increase in the Vd contributes to a promotion of densification of wet
coatings with the addition of HCl due to an increase in electrical field. This, in
addition to the increased particle zeta potential and dispersion, may explain the effect
of a small HCl addition on the green coating density. However, it is difficult to
explain the effect of Y and Vd on the green coating density with further HCl additions.
Figure 4.6 (b) shows the green density decreased with the HCl concentration above
0.8×10-3 mol. There is a small increase in agglomerate size (Figure 4.3) due to the
reduced zeta potential (Figure 4.2) caused by the high ionic concentration in the
suspension with a high HCl concentration which will have a detrimental effect on
green density.

The deposition rate during the initial stage of EPD, is much higher than that in the
latter period due to the decreased potential drop over the suspension. At the
beginning of EPD, time may be too short for particles to move into optimum
positions at the substrate surface, resulting in a loose packed structure. Whereas, in
PAGE 87

CHAPTER 4: THE EFFECT OF HCL ON EPD OF YSZ AND SINTERING OF YSZ

the latter stage, more time is available for the particles to find optimal positions. A
gradient structure is expected for EPD deposits, i.e., a loose bottom and a dense top,
which has been observed in other experiments [7,46]. This may be a reason why a
longer deposition time leads to a higher green density, although we have not found a
gradient structure in the green EPD-coatings produced in this study.
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Figure 4.15 The calculated potential drop over the deposit and Y =Λdeposit / Λsuspension as a
function of the HCl concentration during a 10-minute EPD procedure.
As the particle concentration is expected to influence the deposition rate this factor
may be expected to influence the green density by altering the time available for
particle re-arrangement. During EPD, the particle consumption should further reduce
the rate of particle deposition throughout the EPD process. However this study, and
previous work has found no effect of the particle concentration on the green densities
[4]. Hence further study is required to understand how the solid loading affects the
density and particle packing in EPD-coatings.

4.3.2 Effect of HCl concentration on the sintering behavior of YSZ deposits
On introducing HCl into suspensions, a large fraction of Cl- ions will adsorb on the
surfaces of particles in green deposits. During sintering, the Cl- ions were not formed
into the solid state solution but anchored onto the zirconia surfaces and trapped in
pores as the charge and ionic radius of Cl- ( rCl- = 1.81Å) are too different from those
of O2- ( rO2- = 1.36Å) [25]. A strong metal-oxide bond prevents the chlorine ions from
deep penetration. The Cl2p peak at 197.7 eV confirmed that chlorine adsorbed on
surfaces of particles in the 0.5 HCl green deposits (see Figure 4.13 and Figure 4.14)
[40, 41]. A 43% proportion of the reduced Zr4+ species in the total Zr species on the
starting particle surfaces (Figure 4.13(a)) favours interaction with Cl- ions and
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results in the formation of ZrCl4 or ZrOCl2 [23-25]. The presence of Cl- ions with a
strong electro-negativity probably promote Zr4+ ions and oxygen vacancies ([Vö])
migration to the external surfaces and grain boundaries of 8YSZ to maintain eletroneutrality and resulted in the formation of ZrOCl2 and Cl·[Vö]·Cl [40,41]. In addition,
the driving force for the surface migration of Zr4+ ions is the formation of strong
chemical bonds with chlorine. The standard formation molar enthalpy of crystalline
ZrCl4 is given [47] as;

∆H 0f ( ZrCl4 , 298.15K ) = −980.7 ± 1.0kJmol −1

.

(4.6)

ZrCl4 is a more stable compound compared with other zirconium chloride
compounds. Thus, the formation of ZrCl4 on the surface of 8YSZ particles is
energetically favoured. The ZrCl4 content increases with the increasing Cl- ion
concentration and is independent on the pH value of suspensions [47]. Consequently,
ZrCl4 and ZrOCl4 interact with oxygen, which led to the formation of the ZrO4 and
Cl2 at the grain boundaries. This could result in Zr4+ and O2- rich and Y3+ deficit at
the grain boundaries of 8YSZ. However, the grain boundaries in the sintered 0.5 HCl
coating were depleted in O2- [Figure 4.15 (b)] whilst no segregation or depletion of
Cl was observed [Figure 4.15 (b)]. This was consistent with a marginal decrease in
the atomic ratio of Cl/Zr which was observed in the sintered 0.5 HCl coating (Figure
4.14). Thus, it is proposed that the segregation of oxygen vacancy [Vö]
predominantly reduced the O2- concentration at the grain boundaries of 8YSZ in the
sintered 0.5 HCl coating.
For a YSZ solid solution, the oxygen vacancies prefer to associate with Zr4+ ions [48].
A strong electro-negativity of chlorine could drag Zr4+ ions and [Vö] to the surfaces
and grain boundaries of 8YSZ. Therefore, the presence of ZrCl4, ZrOCl2 and [Vö]
segregation at the grain boundary could be responsible for large neck size to grain
size ratio of 8YSZ coating with high HCl concentration. The oxidation of ZrCl4 and
ZrOCl2 in the grain boundaries is beneficial for neck formation and growth because
the formation of nano-sized ZrO2 can lower the sintering temperature of 8YSZ [49].
The neck formation is predominated by the oxygen vacancy (Vö) diffusion for the
8YSZ due to low sintering activation energy as compared with Zr4+ ions [50]. The
relation between the neck radius and diffusion coefficient of vacancies can be found
from an equation proposed by Kuczynski [16]. He suggested that the neck size is
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proportional to the sintering time and concentration of vacancies at the grain
boundaries. A high oxygen vacancy concentration will lead to rapid neck growth.
Thus, the presence of Cl- ions on the surfaces of 8YSZ grains could promote neck
growth in the 0.2, 0.5 and 0.8 HCl deposits (Figure 4.10 (b)) due to the presence of a
high oxygen vacancy concentration.

Substantial grain growth was expected for the 0.2, 0.5 and 0.8 HCl coatings due to
small amount of segregated Y3+ ion at grain boundaries of 8YSZ. Matsui et al. [22]
found a rapid grain growth in 8YSZ compared with 2YSZ and 3YSZ. The amount of
segregated Y3+ ion in 8YSZ was significantly less than in 2YSZ and 3YSZ. This
indicates that an increase in segregated Y3+ ion retards grain growth due to the
solute-drag mechanism of Y3+ ions segregating along the grain boundaries. In our
case, marginal grain growth occurred in the 0.5 and 0.8 HCl coatings compared with
the 0.2 HCl coating. The Y3+ segregation could not be the reason to retard grain
growth of 0.5 and 0.8 HCl coatings due to the deficit of Y3+. Thus, the grain growth
in the 0.2, 0.5 and 0.8 HCl deposits considerably determined by the aggregate size
[12, 28], but marginally depended on the solute drag mechanism [21,22].

4.4 Remarks
It was found that the green density increases with an initial increase in the HCl
concentration. In addition, an increase in the EPD time led to a significant increase in
the green density of EPD-coatings, which suggests that particle packing was
influenced by a time dependent re-arrangement, in addition to the initial suspension
dispersion state. The green density peaks at a electrical conductivity of around
10×10-4 S/m achieved by an 0.5×10-3 mol HCl addition for the 20 kg/m3 suspensions
with the EPD time of around 8 ~ 10 minute. For the particle concentration
investigated, the particle content in suspensions showed little effect on the green
density. The contact pressure (Pm) and elastic modulus (E) of green coatings
increased with the increasing green density and are consistent with the appearance of
the SEM images of the green coating surface.

The effect of the HCl concentration and particle packing on the sintering behaviour
of 8YSZ deposits were also investigated. It was found that the HCl concentration had
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a marked effect on the neck size to grain size ratio of sintered 8YSZ coatings. The
XPS and STEM results suggest that the presence of Cl- ions in the 0.2, 0.5 and 0.8
HCl coatings could interact with Zr-OH on the surface of 8YSZ particles. The
oxidation of the resulting ZrCl4 could lead to Zr4+ ion and oxygen vacancy [Vö]
enrichment at grain boundaries because the Zr4+ and [Vö] would compensate for the
negative charge of adsorbed Cl- ions on the grain surfaces of the 8YSZ particles. The
presence of ZrCl4 and ZrOCl2, and a high concentration of oxygen vacancies at the
grain boundaries are believed to promote neck growth in the early stage of sintering
at 1150 °C. For the low and high HCl concentration coatings, the difference in
aggregate size and size distribution provided the main contribution to the difference
in grain growth behaviour.

However, the optimization of the electrical conductivity of suspensions and
deposition time has a limit effect on the improvement in the density of the sintered
8YSZ coatings which is lower than the 80%. This low density fails to satisfy the
mechanical strength requirement for the application of thermal barrier coatings.
Therefore, a further improvement in the density of sintered 8YSZ coatings is
required.
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Chapter 5
Effect of dopants (Fe2O3 and CeO2) on the sintering of YSZ
5.1 Introduction
Yttria-stabilised zirconia (YSZ) possesses various favorable physical and chemical
properties for thermal barrier coatings (TBCs), such as high fracture toughness and
low thermal conductivity [1-3]. YSZ with a high oxygen ion conductivity is also
suitable for applications in electrochemical devices [4-5]. Sintering of YSZ is a key
step in the manufacturing of YSZ coatings. The densification temperature of the
zirconia based ceramics is around 1300 °C or higher [6,7]. Transition metal oxides
(TMO) such as Fe2O3 have been proven to be an effective sintering aid for the
densification of cubic phase 8YSZ (8 mol% yttria stabilized zirconia) [8-13].
However, the densification mechanism and grain growth of Fe2O3 doped 8YSZ is
currently under debate. Verkerk et al. [8] found fast densification and minor grain
growth for a Fe2O3 doped YSZ. They proposed that an impurity drag mechanism
contributed to the rapid densification rate in Fe2O3 doped YSZ ceramics according to
an enrichment of Fe2O3 in the grain boundaries. The resulting impurity drag at the
grain boundaries impedes grain growth, which resulted in smaller grains, although
they did not supply evidence of Fe3+ ion segregation at grain boundaries. On the
contrary, Dong et al. [12] found rapid grain growth in a Fe2O3 doped 8YSZ, and
suggested that a reduction in sintering activation energy probably contributes to the
rapid densification and grain growth of Fe2O3 doped 8YSZ, although there is no
evidence and analysis to support their claim.

Grain growth of YSZ depends strongly on composition and is related to the phase
content. The growth of cubic grains in zirconia doped with Y3+ is 30 - 250 times
faster than that of tetragonal grains alloyed with the same cation [14,15]. Grain
growth is strongly suppressed if both phases are coexistent [14]. Due to the
introduction of the Fe2O3 dopant, the grain growth mechanism becomes more
complicated since previous studies [8, 16-23] have suggested that the position of the
Fe3+ cation in YSZ lattice is still an open question. Verkerk et al. [8], Li et al. [16]
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and Jiang et al. [17] observed decrease in the unit-cell volume of cubic phase 8YSZ
with Fe2O3 doping. The undersized Fe3+ ions substituted for Zr4+ ions, which led to a
decrease in the unit-cell volume [8,16,17]. Karas et al. [18] observed that the unitcell volume of the 0.5 mol% iron-doped 3YSZ slightly increased in comparison with
that of the undoped 3YSZ. For higher iron concentrations (1 - 2 mol%, the unit-cell
volume decreased again. They suggested that up to 0.5 mol% Fe3+ ion can
interstitially dissolve into zirconia lattice, while at higher concentrations iron
substitutes for Zr4+ ions [18]. Additionally, the undersized dopant is also expected to
alter grain boundary mobility (Mb) which significantly affects grain growth during
sintering process [24-27].
To summarize above references, the occupied position of Fe3+ ion in the YSZ lattice
is dependent on crystalline phase of YSZ and oxygen vacancy concentration at room
temperature, which is expected to be a critical factor for the densification and grain
growth during sintering. Small grain size (< 1µm) for YSZ ceramic products is
critical for possessing a high fracture toughness [1,2]. In order to control grain
growth during the YSZ sintering, a profound knowledge refers of the influence of
sintering aids on grain growth is needed.

It has been shown that Raman spectroscopy can reveal the variations in the bond
lengths of Zr-OI and Zr-OII that result from the substitutions of dopants for Zr4+ ions
in Y2O3-stabilized t-ZrO2 (Y-TPZ) solid solution [28]. Because the frequencies of
these stretching modes are sensitive to the ionic size, the mass, and the content of
dopants [29-32]. Changes in the Zr-OI and Zr-OII bond lengths correlated with
occupation sites, by doping with undersized Fe3+ cation (0.055 ~ 0.078 nm) [12,16]
and oversized Ce4+ cation (0.097 nm) [33], are expected to be delineated by Raman
spectroscopy.

Two parts of investigations were present in this chapter. First, the influence of an
identical Fe2O3 doping content on the grain growth and doping position in the
tetragonal phase 3YSZ and cubic phase 8YSZ were investigated. Second, in order to
examine whether that Fe3+ interstitials are present in 3YSZ, a comparative Raman
studies of Fe2O3 and CeO2 doped 3YSZ samples were carried out. The details of the
studied powders, sample preparation, and facilities for characterization are described
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in Chapter 3.

5.2 Results
5.2.1 Comparisons of Fe2O3 doped 3YSZ and 8YSZ samples
Figure 5.1 shows the relative density and grain size as a function of Fe2O3 addition
for Fe2O3 doped YSZ deposits sintered at 1150 °C for 2hrs. For the doped 3YSZ and
8YSZ samples, the relative density increased with an increase in the Fe2O3 addition.
Fig. 5.1(a) shows that the 1 mol % Fe2O3 doped 3YSZ/8YSZ samples achieved a
relative density of ~ 96%, which were sintered at 1150 °C for 2hrs. This suggests that
the Fe2O3 dopant is significantly effective on densification of 3YSZ/8YSZ deposits
at the low sintering temperature (1150 °C) in comparison with the undoped
3YSZ/8YSZ powders which have a sintering temperature of ~1350 °C to obtain the
similar sintered density [8].
(a)

(b)

Grain size (nm)

Relative density (%)

400
100
95
90
85
Doped 3YSZ
Doped 8YSZ

80

300
Doped 3YSZ
Doped 8YSZ

200

100

Starting particle size

75
0.0

0.5

1.0

1.5

2.0

Fe2O3 addition (mol%)

-0.5

0.0

0.5

1.0

1.5

2.0

Fe2O3 addition (mol%)

Figure 5.1 (a) Relative density and (b) grain size as a function of Fe2O3 addition for
3YSZ and 8YSZ deposits sintered at 1150 °C for 2hrs.
The mean grain size as a function of Fe2O3 addition for doped 3YSZ/8YSZ deposits
sintered at 1150 °C for 2hrs is shown in Figure 5.1(b). For the Fe2O3 doped 8YSZ
samples, a rapid grain growth (350 ± 20 nm) was observed as a Fe2O3 addition was
up to 0.5 mol% compared with the primary particle size (150 ± 20 nm) of the raw
powders. Above 0.5 mol % Fe2O3 additions, the grain size almost remained constant
with the increasing Fe2O3 addition (Fig. 5.1(b)). For the Fe2O3 doped 3YSZ samples,
a small grain growth (165 ± 20 nm) was found. Further, it can be seen that the grain
size of undoped 3YSZ and 8YSZ differ by 100 ± 20 nm, while 3YSZ and 8YSZ have
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similar primary particle sizes.

Figure 5.2 shows the SEM images of the surface morphologies of the undoped and
0.5 mol% Fe2O3 doped 3YSZ/8YSZ deposits. The grain growth in the Fe2O3 doped
3YSZ samples was less pronounced compared with that of the Fe2O3 doped 8YSZ
samples. Furthermore, BSE images (not shown here) confirmed that only zirconia
phase was present in the 0.5 - 1.5 mol% Fe2O3 doped 3YSZ/8YSZ samples. This
meant that the Fe2O3 additions were fully dissolved in the YSZ lattice. An iron-rich
second phase was observed in the 2 mol % Fe2O3 doped 3YSZ/8YSZ samples, as
confirmed using energy dispersive X-ray spectroscopy (EDX). This suggests that the
solid solubility limit of Fe2O3 in the doped 3YSZ/8YSZ sintered at 1150 °C for 2hrs
was ~ 1.5 mol%.

(a)

(b)

500 nm

500 nm

(c)

(d)

500 nm

500 nm

Figure 5.2 SEM micrographs of the surface morphology of (a) the undoped 3YSZ, (b)
the 0.5 mol % Fe2O3 doped 3YSZ (c) the undoped 8YSZ and (d) the 0.5 mol% Fe2O3
doped 8YSZ deposits sintered at 1150ºC for 2hrs.
Figure 5.3 shows the XRD patterns of the Fe2O3 doped 3YSZ/8YSZ deposits sintered
at 1150 ºC for 2hrs. No monoclinic phase (using XRD) was observed in the sintered
3YSZ/8YSZ samples with the increasing Fe2O3 addition. The tetragonal phase and
cubic phase dominated in the sintered Fe2O3 doped 3YSZ samples and the Fe2O3
doped 8YSZ samples, respectively, which indicates that the Fe2O3 dopant did not
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destabilize the 3YSZ/8YSZ.
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Figure 5.3 The XRD patterns of the Fe2O3 doped (a) 3YSZ and (b) 8YSZ deposits
sintered at 1150 ºC for 2hrs.
Figure 5.4 (a) shows the lattice parameters as a function of Fe2O3 addition for 3YSZ
and 8YSZ deposits, which are calculated according to the XRD pattern shown in
Figure 5.3. The lattice parameter, a, for the doped 3YSZ/8YSZ samples decreased
with an increase in Fe2O3 addition up to 0.5 mol%. However, the lattice parameter, c,
for the doped 3YSZ samples appreciably increased with an increase in Fe2O3
addition up to 0.5 mol%. For the doped 3YSZ and 8YSZ samples, a small variation
in lattice parameters (a and c) were found with further Fe2O3 additions. Figure 5.4 (b)
shows the c/a ratio of the doped 3YSZ deposits as a function of Fe2O3 additions. A
rapid increase in the c/a ratio was observed with an increase in Fe2O3 addition up to
0.5 mol%. Above the 0.5 mol% Fe2O3 addition, a marginal variation in the c/a ratio
was found with the increasing Fe2O3 additions. Figure 5.4 (c) shows the percent
change in unit-cell volume (∆V/V%) as a function of Fe2O3 addition for the Fe2O3
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doped 3YSZ/8YSZ deposits. The ∆V/V% negatively increased with an initial
increase in Fe2O3 addition, but it did not further increase above 1 mol% Fe2O3
addition for the doped 8YSZ samples. For the doped 3YSZ, however, the ∆V/V%
slightly increased as Fe2O3 addition was up to 0.5 mol%, then fluctuated with the
increasing Fe2O3 addition.
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Figure 5.4 (a) Lattice parameters as a function of Fe2O3 addition for the doped 3YSZ
and 8YSZ deposits (b) the c/a ratio as a function of Fe2O3 addition for the doped
3YSZ deposits (c) the percent change in unit-cell volume fraction (∆V/V%) as a
function of Fe2O3 addition for the doped 3YSZ and 8YSZ deposits.
5.2.2 Comparisons of Fe2O3 and CeO2 doped 3YSZ samples
According to the above results, Fe2O3 has a limited solubility of ~1.5 mol% in 3YSZ.
Therefore 0.4, 0.8, 1.2, 1.6 mol% addition of Fe2O3 were used in the following
investigation in order to more accurately estimate the change in the crystalline
structure of 3YSZ caused by the Fe2O3 doping within solubility limit. Figure 5.5 (a)
shows the relative density as a function of the content of the dopants (Fe2O3 and
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CeO2) for the doped 3YSZ deposits sintered at 1150 ºC for 2hrs. For the Fe2O3 doped
3YSZ samples, the relative density was observed to substantially increase with an
initial 0.4 mol% Fe2O3 addition, then the relative density slightly increased with a
further increase in the Fe2O3 addition (see square symbols in Figure 5.5(a)). For the
CeO2 doped 3YSZ samples, the relative density was found to decrease with an initial
0.4 mol% CeO2 addition, then no further variation in relative density was observed
with a further increase in the CeO2 addition (see circular symbols in Figure 5.5(a)).
Figure 5.5(b) shows mean grain size as a function of the content of dopants (Fe2O3
and CeO2) for the doped 3YSZ deposits sintered at 1150 ºC for 2hrs. For all the
doped 3YSZ samples, a minor grain growth was found in comparison with the
primary particle size of the raw powders. It is observed that the mean grain size
slightly increased with an initial 0.4 mol% addition of the dopants, afterwards, no
further increase in grain size was observed with the increasing content of the dopants.
The grain growth in the Fe2O3 doped 3YSZ samples is more pronounced compared
with that in the CeO2 doped 3YSZ samples.
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Figure 5.5 (a) Relative density as a function of the content of the dopants (Fe2O3 and
CeO2) (b) mean grain size as a function of the content of the dopants for the doped
3YSZ deposits sintered at 1150 ºC for 2hrs.
Figure 5.6 (a) and Figure 5.6 (b) show the lattice parameters of the 3YSZ a and c
linearly increased with the increasing content of the dopants (Fe2O3 and CeO2). For
the undersized dopant Fe2O3, the c increased as an initial 0.4 mol% Fe2O3 addition,
then no appreciable change in c as a further increase in Fe2O3 content. However, the
a continuously decreased with the increasing Fe2O3 content up to 1.2 mol %, then no
decrease was found as a further increase in the Fe2O3 content. Figure 5.6 (c) shows
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the lattice parameter ratio c/a as a function of the content of the dopants (Fe2O3 and
CeO2) for the doped 3YSZ deposits sintered at 1150 ºC for 2hrs. For the CeO2 doped
3YSZ samples, it is found that the c/a ratio linearly increased with the increasing
CeO2 content (see circular symbols in Figure 5.6(c)). For the Fe2O3 doped 3YSZ
samples, the c/a ratio is found to substantially increase with an initial 0.4 mol%
Fe2O3 addition. Afterward, the c/a ratio gradually increased with a further increase in
Fe2O3 content (see triangle symbols in Figure 5.6 (c)). Figure 5.6 (d) shows the
difference (∆V) in unit-cell volume as a function of the content of the dopants (Fe2O3
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Figure 5.6 (a) Lattice parameter a (b) lattice parameter c (c) the c to a ratio (c/a) as
function of the content of the dopants (Fe2O3 and CeO2) (d) the difference in uni-cell
volume (∆V) as function of the content of the dopants for the doped 3YSZ deposits
sintered at 1150 ºC for 2hrs.
The ∆V = V pure − Vdoped , where Vpure and Vdoped are unit-cell volumes of the undoped
3YSZ and doped 3YSZ samples, respectively. For the CeO2 doped 3YSZ samples, an
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increase in the unit-cell volume was found. The ∆V linearly increased with the
increasing CeO2 content. A fluctuation in lattice volume was found in the Fe2O3
doped 3YSZ samples investigated. An increase in the unit-cell volume occured in the
doped 3YSZ with an initial 0.4 mol % Fe2O3 addition, then the unit-cell volume
continuously decreased with a further increase in Fe2O3 content.
Figure 5.7 (a) shows Raman spectra of the Fe2O3 doped 3YSZ deposits as a function
of Fe2O3 content, sintered at 1150 ºC for 2hrs. Figure 5.7 (b) shows Raman spectra of
the CeO2 doped 3YSZ deposits as a function of CeO2 content, sintered at 1150 ºC for
2hrs.
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Figure 5.7 Raman spectra of (a) the Fe2O3 doped 3YSZ deposits as a function of
Fe2O3 content (b) the CeO2 doped 3YSZ deposits as a function of CeO2 content,
sintered at 1150 ºC for 2hrs.
For the most undoped and doped 3YSZ samples, six characteristic Raman bands of t-
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ZrO2 at 179, 260, 321, 462, 609,

and 640 cm-1 were observed

[28,29]. No

appreciable difference in the frequency of Raman modes was observed as the Fe2O3
content increased. Two new Raman bands at ~300 and ~410 cm-1 started to occur in
the 0.8 mol % Fe2O3 doped 3YSZ samples. Raman modes at 317cm-1 and 609 cm-1
were found to disappear as the Fe2O3 content increased to 1.6 mol%. All Raman
modes in the CeO2 doped 3YSZ samples were found to locate at the range of the
lower frequency in comparison with the undoped 3YSZ samples. Figure 5.8 and
Figure 5.9 show the accurate frequencies and full width at half maximum intensity of
Raman modes ( ~260 cm-1 and ~640 cm-1) in the doped 3YSZ deposits as a function
of the content of dopants, obtained from the Raman spectra as shown in Figure 5.7.
The Raman bands of the CeO2 doped 3YSZ samples linear shifted towards lower
wave numbers, which are related to the stretching modes of Zr-OII (~260 cm-1) and
Zr-OI (~640 cm-1) shown in Figure 5.8 (a) and Figure 5.8 (b), respectively. By
contrast, no appreciable frequency shift in the Raman bands for the stretching modes
261
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of Zr-OII and Zr-OI were observed in the Fe2O3 doped 3YSZ deposits.
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Figure 5.8 Frequency shifts of the Raman bands at (a) ~260 cm-1 and (b) ~640 cm-1
as a function of the content of the dopants (Fe2O3 and CeO2) in the doped 3YSZ
deposits sintered at 1150 °C for 2hrs.
Figure 5.9 (a) and Figure 5.9 (b) show the full width at half maximum (FWHM)
intensity of Raman bands at ~260 cm-1 and ~640 cm-1 as a function of the content of
the dopants (Fe2O3 or CeO2) in the doped 3YSZ deposits sintered at 1150 °C for 2hrs.
For all the doped 3YSZ samples, the FWHM of Raman bands at ~260 cm-1 and ~640
cm-1 linearly increased with the increasing content of the dopants. The slope of the
FWHM in the Fe2O3 doped 3YSZ samples is steeper than that in the CeO2 doped
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3YSZ samples. The broadening of Raman bands is a common observation for solid
solutions in which a disorder of the crystal structure is caused by a substitutional
doping [30,34,35]. The linear relationship suggests that the degree of distortion of the
YSZ lattice increased with the increasing content of the dopants within the solubility
limit [34,35].
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Figure 5.9 Full width at half maximum (FWHM) intensity of Raman bands at (a)
~260 cm-1 and (b) ~640 cm-1 as a function of the content of the dopants (Fe2O3 and
CeO2) content in the doped 3YSZ deposits sintered at 1150 °C for 2hrs.

5.3 Discussion
5.3.1 The densification mechanism of the Fe2O3 doped 3YSZ/8YSZ
The main findings of this work are: (1) the addition of Fe2O3 promotes sintering of
YSZ; (2) for 8 mol% YSZ (8YSZ), the grain growth is considerably higher than 3
mol% YSZ (3YSZ), and the doping of Fe2O3 promotes the difference between grain
growth in two YSZ ceramics (i.e. 3YSZ and 8YSZ). (3) the unit-cell volume of
Fe2O3 doped YSZ samples changed more dramatically with addition of 0.5 mol%
Fe2O3 addition, in particular for 8YSZ, while further addition of Fe2O3 has no
significant effect on the unit cell volume for both 3YSZ and 8YSZ. To understand
and explain these phenomena, we should start with defect chemistry. All samples
discussed later are within the range of Fe2O3 solubility limit (~1.5 mol%).
The 3YSZ (tetragonal phase) and 8YSZ (cubic phase) ceramics have a distorted
fluorite structure and perfect fluorite structure, respectively [29]. The Fe3+ (0.55 Å 0.78 Å) radius is much smaller than that of Zr4+ (0.84 Å), Y3+ (1.019 Å) and O2-
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(1.38 Å) [12,16,33]. This indicates that introduction of Fe3+ ions into 3YSZ/8YSZ
further distort crystallite structures. According to Refs [8,16,17,18], there are two
types of sites for Fe3+ ion occupation, which are substitutional sites [8,12,16,17] and
interstitial sites [18-23]. The two defect reactions are represented below in Krögervick notation [36]. The substitution of Fe3+ ion is similar with the Y3+ ion as
described in Eq. (5.1) below [8,12,16,17]:
ZrO 2
Fe 2 O3 
→ 2 FeZr/ +VOii + 3O0×

(5.1)

This substitution reaction generates oxygen vacancies (Vö) to preserve the electron
neutrality of zirconia lattice. Eq. (5.1) illustrates 2x mol Fe2O3 addition can generate
4x mol Fe3+ substituents and 2x mol oxygen vacancies.
The possible Fe3+ ion interstitial doping defect equation in 3YSZ/8YSZ is given
below [37]:
ZrO 2
2 Fe 2 O3 
→ 3FeZr/ + Feiiii + 6O0×

(5.2)

Eq. (5.2) indicates that 2x mol Fe2O3 addition can generate 3x mol Fe3+ substituents
and 1x mol Fe3+ interstitials without formation of oxygen vacancies. For a given
amount of Fe3+ ion doping, the volume of unit-cell is determined by Fe3+ ion
occupation type in YSZ lattice alone [8,16,17,18]. The Fe3+ ions substitute for Zr4+
ions, which decreases the volume of unit-cell [8,16,17], but the Fe3+ interstitials give
rise to an increase in the volume of unit-cell [18]. Practically, it was observed that the
maximum reduction in unit-cell volume of the Fe2O3 doped 8YSZ samples is almost
3 times larger than that of the Fe2O3 doped 3YSZ samples as shown in Fig.5.4 (c).
This clearly suggests that the Fe3+ substituent defect predominated in the doped
8YSZ samples in comparion with the Fe2O3 doped 3YSZ samples in which the larger
amount of Fe3+ interstitial defect occurred. This agreed with the argument of Karas
et al. [18].
Densification of YSZ ceramics is a matter diffusion process. An up to 15% increase
in the density of the Fe2O3-doped 3YSZ/8YSZ deposits compared with the undoped
3YSZ/8YSZ deposits sintered at 1150 ºC for 2hrs was found. This indicates that the
Fe2O3 doping defects promoted the diffusion rate of the Zr4+ ions, because the
densification rate of the YSZ ceramics depends on diffusion rate of the Zr4+ ions
[12,24,26,38,39]. The Fe3+ doping defects are expected to promote the jump
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frequency of the Zr4+ ions. It is believed that Fe3+ ions migrate by a vacancy
diffusion mechanism during sintering process [8,12,17]. However, the co-existence
of Fe3+ interstitials and Fe3+ substituents in the Fe2O3-doped 3 YSZ/8YSZ implies
that Fe3+ ions also probably migrate by an interstitial diffusion mechanism during
sintering [25, 27]. The interstitial diffusion mechanism significantly accelerates
diffusion rate of matters during sintering [27,36]. A cation vacancy will be formed as
a Fe3+ ion migrates from a substitutional site to an interstitial site because the ionic
radius of Fe3+ ions (0.55 Å - 0.78 Å) are far smaller than that of Zr4+ ions (0.84 Å).
This migration increases the concentration of the cation vacancy, which accelerates
Zr4+ ions jump frequency [36,40-42]. The diffusion rate of atoms is proportional to
the jump frequency [41,42]. In other words, each Fe3+ substituent is a potential cation
vacancy for the Zr4+ ion migration if the interstitial migration of Fe3+ ions can
operate during the sintering process. Therefore, the interstitial defects of Fe3+ ions
partially contribute to an increase in the diffusion coefficient D.

The diffusion coefficient D also depends on the activation energy which is dependent
on the bond strength of cations and anions [24,40-42]. In the Fe2O3 doped YSZ
system, the Fe3+ radius is much smaller than that of Zr4+ and Y3+ (1.019 Å). Thus, the
Fe3+ ion doping weakens the bond strength of the Zr-O bonds [43]. In addition, a
greater activation energy is associated with a greater ionic radius [24]. Therefore, the
activation energy for the Fe3+ ion diffusion is lower than that of Zr4+ and Y3+ ions.
Consequently, the presence of Fe-O bonds and the Zr-O bonds with weakened bond
strength that led to a decrease in the activation energy, which partially contribute to
the increase in the diffusion coefficient D.
Finally, the increased Zr4+ ion jump frequency and the decreased activation energy
led to an increase in the diffusion coefficient of Zr4+ ions, which resulted in the rapid
densification of the Fe2O3 doped 3YSZ/ 8YSZ.
It is worth noticing that the Fe2O3 doped 3YSZ/8YSZ deposits have a similar
densification rate for the different levels of the Fe3+ substituent and interstitial (see
the Fig.5.1 (a)). This phenomenon contradicts the theoretical expectation which
suggests that the densification rate of the Fe2O3 doped 8YSZ with larger portion of
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the Fe3+ substituent is far higher than that of the Fe2O3 doped 3YSZ with less portion
of the Fe3+ substituent. Our experimental results only qualitatively give out the
portions of Fe3+ ion doping defects, which can draw an overview on the influence of
the Fe2O3 doping defects on the densification of 3YSZ/8YSZ. But it is not clear the
correlation of the Fe2O3 doping defects and diffusion coefficient of Zr4+ ions.
Therefore, quantitative analysis of the Fe3+ substituent and interstitial in the Fe2O3
doped 3YSZ/8YSZ will be carried out to fundamentally understand the influence of
the Fe2O3 doping defects on the densification of 3YSZ/8YSZ.

5.3.2

Difference in grain growth

Because grain growth is also controlled by a diffusion process, thus a similar grain
size is expected to be found in the Fe2O3 doped 3YSZ/8YSZ samples. However, the
expectation contradicts the significant difference in the grain growth as shown in Fig.
5.1 (b). The smaller grain growth phenomena in 2YSZ, 3YSZ and 4YSZ compared
with 8YSZ were well observed by researchers experimentally [15,44,45]. Matsui et
al. [15] succeeded to observe Y3+ ion segregation at grain boundary using HRTEMand scanning transmission electron microscopy (STEM)-nanoprobe EDS techniques.
They explained growth behavior by the solute-drag mechanism of the Y3+ ion
segregating along the grain boundaries The segregation of Y3+ ion, which directly
affects grain growth, is closely related to the driving force for grain-boundary
segregation-induced phase transformation. The Y3+ ion segregation in 2YSZ and
3YSZ are caused primarily by the driving force for Tetragonal–Cubic two-phase
partitioning, rather than elastic and/or electric factors. The phenomena were
exaggerated in the Fe2O3 doped 3YSZ/8YSZ samples, which suggests that Fe3+ ion
could behave as Y3+ ion that more preferably segregate at grain boundaries of the
3YSZ samples than at that of the 8YSZ samples. Furthermore, dual phases
(tetragonal and cubic) co-exist in the Fe2O3 doped 3YSZ samples, single cubic phase
exist in the 8YSZ.

Figure 5.10 shows the Raman spectra of Fe2O3 doped 3YSZ and 8YSZ deposits
sintered at 1150 ºC for 2hrs. For the undoped and doped 3YSZ samples (Figure 5.10
(a), strong and sharp peaks at 640 cm-1 and 263 cm-1 indicate that tetragonal zirconia
is the major phase. However, a gradually disappeared peak at 609 cm-1 suggested that
cubic zirconia grains were present with the increasing Fe2O3 content [46-48]. The
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activated Raman mode at 621 cm-1 indicates that a pure cubic phase in the undoped
and doped 8YSZ [48-51] as shown in Figure 5.10 (b).
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Figure 5.10 Raman spectra for the Fe2O3 doped (a) 3YSZ deposits and (b) 8YSZ
deposit sintered at 1150 ºC for 2hrs.
Raman results show that the Fe2O3 doped 3YSZ deposits predominately have a
tetragonal phase and a small amount of cubic phase, but the Fe2O3 doped 8YSZ
deposits have a cubic phase alone. It is consistent with the above expectation. The
tetragonal-cubic (T-C) dual phase structure is the result of Y3+ segregation at grain
boundary in yttria (2 - 4 mol%) stabilized zirconia [15]. The presence of the (T-C)
dual phase structure in the Fe2O3 doped 3YSZ samples, which suggests that Fe3+ ions
severely segregate at grain boundary of the doped 3YSZ in comparison with the
doped 8YSZ. Fe3+ ion is able to give colours to solid materials from yellow through
dark-brown, which depends on the concentration and dispersion of Fe3+ ion [52,53].
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For instance, the presence of Fe3+ ions precipitation/segregation at grain boundaries
can give a dark-brown colouration to solid materials [53,54]. The Fe3+ ions dissolved
into a crystal matrix evenly, which give the matrix a yellowish-brown coloration
[53,54]. Therefore, the colour differences of the doped 3YSZ/ 8YSZ samples were
used to estimate the distribution conditions of Fe3+ ions in the host crystal lattice
qualitatively. The digital photographs of the Fe2O3 doped 3YSZ /8YSZ samples (0 ~
1.5 mol % Fe2O3 content) sintered at 1400 ºC for 2hrs were taken. Figure 5.11 shows
the undoped 3YSZ /8YSZ samples give a milky white colour.

Figure 5.11 The digital photographs of the (a) 0 mol %, (b) 0.5 mol%, (c) 1mol %,
(d) 1.5 mol % Fe2O3 doped 3YSZ samples sintered at 1400-1500 ºC for 2hrs; (e) 0
mol %, (f) 0.5 mol%, (g) 1 mol %, (h) 1.5 mol% Fe2O3 doped 8YSZ samples sintered
at 1400 ºC - 1500 ºC for 2hrs.
For the Fe2O3 doped 3YSZ samples, the 0.5 mol % Fe2O3 doped 3YSZ sample gives
a brownish-red colour (Figure 5.11 (b)), and the colour of the remaining samples is
darker with an increase in Fe2O3 content (Figure 5.11 (b)-(d)). This suggests that Fe3+
ion started to segregate at grain boundaries of the 3YSZ as the Fe2O3 content was up
to 0.5mol%, and the segregation degree of Fe3+ ion increased with an increase in
Fe2O3 content. Most of the Fe2O3 doped 8YSZ samples show lighter colours (a pale
yellowish-brown) compared with the Fe2O3 doped 3YSZ samples within an identical
Fe2O3 content (Figure 5.11 (f)-(h)). The colour of the rest samples changed from pale
yellow to moderate yellowish-brown with an increase in Fe2O3 content (Figure 5.11
(f)-(h)). This suggests that Fe3+ ion started to segregate at grain boundaries of the
8YSZ as the Fe2O3 content was up to 1.5 mol%. Therefore, the colour of the doped
3YSZ/8YSZ samples confirmed that Fe3+ ion more preferably segregated at grain
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boundaries of 3YSZ compared with 8YSZ. It is reasonable to believe that the Fe3+
ion segregation at grain boundary results in the small grain growth and the (T-C) dual
phase occurrence in the Fe2O3 doped 3YSZ samples.
No further grain growth was found in the samples having the 2 mol% Fe2O3 content,
which exceeded the solubility limit (~1.5 mol%). Although the contents of Fe2O3 in
the 3YSZ/8YSZ investigated are within the solubility limit, the Fe2O3 precipitation
will occur at the grain boundaries of 3YSZ as the content of Fe3+ ion at the grain
boundaries of 3YSZ exceeds the solubility limit of Fe2O3. This Fe2O3 precipitation
can also affect grain growth. The further investigation of STEM and EDS at grain
boundaries of the Fe2O3 doped 3YSZ/8YSZ will be carried out.

5.3.3

Frequency shifts of Raman active modes

In this subsection, all the samples investigated are solid solutions. The deviations in
the Raman spectra of Fe2O3/CeO2 doped 3YSZ solid solutions are influenced by the
cation mass and the force constant [55]. The harmonic oscillator equation can be
used to predict frequency shifts of Raman active modes. The stretching vibration of a
diatomic molecule is described by the harmonic oscillator equation as [55-57];
1

λ

=

µ=

ν
c

=

1

k

2π c µ

,

mX mY
.
(mX + mY )

(5.3)

(5.4)

where (1/λ) is the wave number (cm-1), ν is the vibrational frequency (s-1), c is the
speed of light (cms-1), k is the bond force constant (kg-2), and µ is the reduced mass
(kg), mX and mY are the atomic masses in kilograms. The frequency of a Raman
mode is proportional to the root of the bond force constant and inversely proportional
to the root of the reduced mass. Badger’s empirical relationship [56-58] which relates
the force constant k for stretching a bond X-Y to the bond distance Re is given by:
ke = A(R e − B ) −3 .

(5.5)

where Re = RX+RY, RX and RY represent ionic radiui of X and Y atoms. A is a
universal constant, and the parameter B depends on the rows of the periodic table to
which the nuclei X and Y belong.
PAGE 111

CHAPTER 5: EFFECT OF DOPANTS (Fe2O3 AND CeO2) ON THE SINTERING OF YSZ

For the CeO2 doped 3YSZ samples, the Ce4+ ion randomly substitutes for the Zr4+
ion at the lattice site of eight-fold coordination (8 CN) with oxygen ions [43].
According to the Eq. (5.4), Ce4+ doping leads to an increase in the reduced mass (µ)
due to the mass of the Ce4+ ion (140.12 g/mol) which is higher than that of the Zr4+
ion (91.22 g/mol) [35]. The force constant of Ce-O is lower than that of the Zr-O due
to a stronger covalency for CeO2 compared with ZrO2 [59,60], which is consistent
with the decreasing force constant estimated by Eq. (5.5) based on larger Ce4+ ionic
radius (0.097 nm) in comparison with Zr4+ ion (0.084 nm). According to Eq. (5.3),
the frequency of the Raman bands (~260 and ~640 cm-1) in the CeO2 doped 3YSZ
samples are expected to shift downwards lower wavenumbers because of the
decreasing force constant (k) and the increasing reduced mass (µ).This expectation
agrees with our finding (see Figure 5.7 (b)) and results in the Refs [35, 61].
For the Fe2O3 doped 3YSZ samples, suppose Fe3+ ion only substitute for Zr4+ ion,
without occupying interstitial sites in the YSZ sublattice. The Fe3+ doping leads to a
decrease in the reduced mass (µ) due to the low mass of the Fe3+ ion (55.85 g/mol)
and presence of oxygen vacancies [32]. The force constant of Fe-O is higher than
that of the Zr-O due to weaker covalency for Fe2O3 [16], which is consistent with the
increasing force constant estimated by Eq. (5.5). According to Eq. (5.3), the
frequency of the Raman bands (~260 cm-1 and ~640 cm-1) in the Fe2O3 doped 3YSZ
samples are expected to shift towards higher wavenumbers. This expectation
contradicts the experimental results (see Figure 5.7 (a)) in which no variation in
frequencies of the Raman bands at ~260 cm-1 and ~640 cm-1 were observed.
However, the expectation is in good agreement with the work done by Kim et al. [28].
They found the Raman bands at ~260 cm-1 and ~640 cm-1 apparently shifted upwards
higher wavenumbers for all the undersized dopants (TiO2, SnO2 and GeO2) doped
2YSZ solid solutions in which the dopants substituted for Zr4+ ion alone. This
suggests that the Fe3+ ions did not occupy the substitutional sites of the 3YSZ lattice
alone.
Alternatively, suppose that the Fe3+ ions not only substitute Zr4+ ion sites, but also
partially occupy the interstitial sites in 3YSZ lattice. According to defect chemistry
described in Eq. (5.2), x mol Fe2O3 addition can generate 0.5 x mol Fe3+ ions
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occupying the interstitial sites and 1.5 x mol Fe3+ ions substitute for Zr4+ ions in
3YSZ lattice. No extra oxygen vacancies are created to maintain charge neutrality.
The presence of Fe3+ interstitials substantially lead to an increase in the reduced mass
(µ) due to the null mass of the empty interstitial sites. The force constant
predominantly depends on the ionic radiui of the dopants, which arise as Fe3+ ions
substituting for Zr4+ ions. The increases in both reduced mass and force constant
probably contribute the negligible frequency changes of the Raman bands at ~260
cm-1 and ~640 cm-1 in the Fe2O3 doped 3YSZ samples. This Raman finding is a
reliable evidence that supports the presence of Fe3+ interstitials in the doped 3YSZ.
Therefore, Fe2O3 doped 3YSZ samples involve two types of Fe3+ ions which occupy
the substitutioanl sites (Zr4+ sites) and interstitial sites (empty sites), respectively.
The interstitial diffusion mechanism and lower activation energy caused by the
presence of Fe3+ ions in 3YSZ, which contribute to the fast densification of the Fe2O3
doped 3YSZ samples. By contrast, a decrease in densification rate was found in the
CeO2 doped 3YSZ samples. The densification rate of the CeO2 doped 3YSZ
simultaneously depends on diffusion of Zr4+ ions and Ce4+ ions. Because a small
amount CeO2 dopant could fulfil a similar role as the ZrO2 matrix for the CeO2 doped
3YSZ samples. The CeO2 has the same cubic fluorite crystal structure and share the
most similar chemical and physical properties as ZrO2 [57,58,61]. Raman spectra
shown in Figure 5.7 (b) also can support this argument. Minor broadening of Raman
bands were found in the CeO2 doped 3YSZ samples compared with the undoped
3YSZ and Fe2O3 doped 3YSZ samples (see Figure 5.9). This suggests that the Ce4+
doping introduce a negligible disturbance in the crystalline structure of 3YSZ.
As a result, the densification rate of the CeO2 doped 3YSZ samples was reduced due
to the lower diffusion coefficient of Ce4+ ion than that of Zr4+ ion during sintering.

In comparison with the six characteristic Raman bands in the all CeO2 doped 3YSZ
samples, two new Raman bands at ~300 cm-1 and ~410 cm-1 started to present in the
0.8 mol% Fe2O3 doped 3YSZ sample, and the intensity of the two bands increased as
the Fe2O3 content increased (see Figure 5.7). The Raman modes at ~317 cm-1 and
~609 cm-1 were found to disappear as the Fe2O3 content increased to 1.6 mol%. This
findings and the c/a ratio suggest the tetragonal distortion and tetragonality becomed
large as the undersized dopant was introduced, which is consistent with Kim et al.’s
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work [34,35].

5.4 Remarks
The densification mechanism and grain growth in the Fe2O3 doped 3YSZ/8YSZ
deposits were investigated. It was found that the densification rate substantially
increased with a small amount of Fe2O3 addition (0.5 mol%) for the doped
3YSZ/8YSZ. A larger grain size was found in the Fe2O3 doped 3YSZ/8YSZ deposits
compared with the undoped 3YSZ/8YSZ deposits sintered at 1150 ºC, but more
pronounced grain growth was present in the Fe2O3 doped 8YSZ deposits in
comparison with the Fe2O3 doped 3YSZ deposits. The increased Zr4+ diffusion
coefficient is mainly responsible to the rapid densification rate of the Fe2O3 doped
3YSZ/8YSZ deposits, which is caused by the Fe3+ ions interstitial diffusion
mechanism due to the co-existence of substitutional and interstitial Fe3+ ions. A small
grain growth observed in the Fe2O3 doped 3YSZ deposits is attributed to the Fe3+
segregation at grain boundary. A small amount of CeO2 doping was found to
substantially inhibit the densification rate of the doped 3YSZ deposits with a minor
grain growth. The simple harmonic vibration model was used to predict the influence
of the dopants (Fe2O3 and CeO2) on frequency shifts of Raman bands in the doped
3YSZ deposits. Negligible frequency shifts of the Raman bands at ~260 cm-1 and ~
640 cm-1 is a reliable evidence to support that Fe3+ ions occupied the interstitial
sites in the Fe2O3 doped 3YSZ.
In sum, the density of YSZ coatings sintered at 1150 ºC for 2hrs has been
successfully manipulated in the range of 83% ~ 96% via a small amount of Fe2O3
doping. This overcomes the poor sinterability of YSZ EPD-coatings which leads to
the weak mechanical strength of the YSZ EPD-coatings after 1150 ºC -2hrs sintering.
Next, the thermal conductivity of Fe2O3 doped YSZ materials, oxidation rate of metal
substrates under the Fe2O3 doped YSZ coatings and thermal cycling life time will be
examined, which are determined criterions for a high quality thermal barrier coatings.
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Chapter 6
The Fe2O3 doped YSZ coatings as thermal barrier coatings
6.1 Introduction
The current thermal barrier coating (TBC) material in commercial use is 3.5-4.5
mol% yttria-stabilized zirconia (YSZ) which is applied on engine components by
plasma spraying (APS) or by electron-beam physical vapor deposition (EB-PVD) [16]. Some researchers have successfully produced YSZ coatings by electrophoretic
deposition (EPD) as a potential TBCs application [7-10]. Yttria-stabilized zirconia
has a low and temperature-independent thermal conductivity which is usually
attributed to the presence of a high point defect concentration caused by the
substitution of Zr4+ by Y3+ ions in the tetragonal and fluorite structures (e.g. the mass
difference between Zr4+ and Y3+ ions), producing a small spacing between point
defects (e.g. oxygen vacancies) [2]. The two types of point defects can decrease the
thermal conductivity due to the presence of scattering sites for phonons [11-13]. It is
known that the oxygen vacancies in YSZ are the more effective scattering sites for
phonons [14]. The yttria concentration determines the oxygen vacancy concentration
in YSZ and thus influences the thermal conductivity of YSZ. It is expected that the
thermal

conductivity

decreases

monotonically

with

the

increasing

yttria

concentration. However, the experimental results show no further decreases in the
thermal conductivity when the yttria concentration was above 9 mol% [14], which is
attributed to the formation of defect associates at high yttria concentrations. Few
studies of the influence of cation vacancies and cation interstitials on the thermal
conductivity have been carried out [11-14]. In chapter 5, we found that Fe3+ ions
predominantly occupy the interstitial sites in the zirconia lattice for a 1 mol% Fe2O3
doped 3YSZ. Fe3+ ions predominantly substitute Zr4+ ions in the zirconia lattice for a
1 mol % Fe2O3 doped 8YSZ. Thus, powder of 3 mol% and 8 mol% Y2O3-ZrO2
(3YSZ and 8YSZ) doped with 1 mol % α-Fe2O3 were selected to investigate the
effect of interstitial and substitutional defects on the thermal conductivities of
materials with a low thermal conductivity. The influence of the Fe2O3 dopant on the
thermal conductivity of YSZ is more complicated. Fe2O3 dopant does not only create
PAGE 118

CHAPTER 6: THE Fe2O3 DOPED YSZ COATINGS AS THERMAL BARRIER COATINGS

a large mass difference between the host and the foreign atoms, but also introduces
oxygen vacancies and severe lattice strain into the doped YSZ structure [14,15,16].
Therefore, an investigation of the influence of Fe2O3 dopant on the thermal
conductivity of YSZ is beneficial to further understand the principled of thermal
conductivity and develop a more efficient thermal barrier coating system. In addition,
sintering at high temperature also promotes the formation of the thermally grown
oxide (TGO) layer, which leads to degradation of TBCs [10, 11]. An investigation of
the influence of Fe2O3 dopant on the TGO growth rate is important to improve the
durability of an EPD-coating as a component of TBC system.

This chapter refers to the properties of bulk and coated samples, involving three
sections. The bulk samples were fabricated by cold-pressing technique (applied
pressure = 200 MPa). The coated samples were obtained by electrophoretic
deposition (EPD) method. The Fe2O3 doped 3YSZ powder was electrophoretically
deposited on metal substrates to achieve a “top ceramic coating”. In the first section,
the bulk thermal properties of 3YSZ and 8YSZ doped with 1 mol % Fe2O3 were
investigated. The bulk thermal conductivity of the Fe2O3 doped 8YSZ was used as a
comparison with that of the Fe2O3 doped 3YSZ. The purpose of this study is not only
to give an overall picture of the thermal conductivity of the Fe2O3 doped YSZ, but
also to first understand the effect of metal ion interstitials on the thermal conductivity
of the 3YSZ. Second, the effect of a top ceramic coating on the oxidation of the
FeCrAlY substrate was investigated. Third, the durability of top ceramic coatings on
metal substrates (FeCrAlY and NiCrAlY) was evaluated using Burner rig testing and
furnace testing.

6.2 Background of the thermal conductivity
The properties of materials used in this chapter are detailed in section 3.1. The
measurement of specific heat capacity and thermal diffusivity are described in
subsection 3.5.1.

In YSZ, the thermal conductivity is determined by a phonon-phonon scattering
process (intrinsic) and a phonon-defect scattering process. The intrinsic thermal
conductivity (ki) is written as [11,14]:
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ki =

(3 / 2γ 2 )( µυ 2 / N ωm )
,
T

(6.1)

where γ is Grüneisen constant, N is the number of atoms per molecule, µ is the shear
modulus, ν is the phonon velocity, ωm is the Debye frequency (ωD) of the acoustic
branch, given by ωm= ωD N1/3 and T is the absolute temperature. For zirconia, N = 3,
µ = 53 GPa [14], ν = 3.2 ×10-3 m·s-1 [11], ωm = 4.0 ×1013 s-1 and γ = 1.4 [14]. Using
the above values, Eq. (6.1) can be rewritten as:
ki =

3.39 × 103
.
T

(6.2)

In the presence of point defects, the thermal conductivity (kp) is written as [11,14,16]:

k p = k i (ω0 / ω m )arctan(ω m / ω 0 ) :

(6.3)

1.13 × 10−4 T
.
and (ω0 / ωm ) =
[c(∆M / M ) 2 ]

(6.4)

2

ω0 is defined as λ p (ω 0 ) = λi (ω 0 ) , where λ is the phonon mean free path.; M is the
average atomic mass (for zirconia M = 41), ∆M is the mass difference between the
defect and the host atom and c is the solute concentration in mole fraction per atom.

6.3 Results
6.3.1 Microstructure of bulk samples
Figure 6.1(a) and (b) show the microstructure of the sintered undoped 3YSZ and 1
mol% Fe2O3-doped 3YSZ tablets, respectively. The microstructures of the two
samples share similar features. First, abnormally large grains are observed
surrounded by small grains in both samples. A previous study has confirmed that the
large grains are cubic phase YSZ and the small grains are tetragonal phase [17].
Second, there is no significant grain size difference between the undoped 3YSZ and
the 1 mol % Fe2O3-doped 3YSZ.
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Figure 6.1 Scanning electron micrographs of the sintered bulk samples: (a) the
undoped 3YSZ; (b) the 1 mol% Fe2O3-doped 3YSZ. The undoped 3YSZ samples
were sintered at 1500 °C for 2hrs to achieve closed to 99% density. The Fe2O3-doped
3YSZ samples were sintered at 1400 °C for 2hrs to achieve closed to 99% density.
The surfaces of sintered samples were ground and polished down to 1µm finish.
Then the thermal etching was conducted on these polish samples to achieve clear
grain boundaries. The temperature of thermal etching was 100 °C lower than the
sintering temperature.
6.3.2 Specific heat capacity (Cp)
Figure 6.2 (a) shows the calculated specific heat capacity of the undoped 3YSZ and 1
mol% Fe2O3-doped 3YSZ according to the Neumann-Kopp rule [11-14]. The rule
that the heat capacity of 1 mole of a solid substance is approximately equal to the
sum over the elements forming the substance of the heat capacity of a gram atom of
the element times the number of atoms of the element in a molecule of the substance
[11-14]. For both samples, the calculated specific heat capacity increases
monotonically with an increase in temperature. Compared with the undoped 3YSZ,
the Fe2O3-doped 3YSZ has a slightly higher specific heat capacity

Figure 6.2 (b) shows the measured specific heat capacity of the undoped 3YSZ and 1
mol% Fe2O3-doped 3YSZ at various temperatures. For the undoped 3YSZ, similar to
its calculated Cp-T curve, the measured Cp increases monotonically with an increase
in temperature. The Cp values are in agreement with the ones calculated based on the
reference Cp of Y2O3 and ZrO2 [18, 19]. However, for the Fe2O3-doped 3YSZ, unlike
the calculated Cp, the experimental Cp has an almost temperature-independent feature.
Only a slight decrease from 0.57 J·g-1·K-1 to 0.53 J·g-1·K-1 has been observed over
the measured temperature range.
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Figure 6.2 Specific heat capacities of the undoped 3YSZ and the 1 mol% Fe2O3doped 3YSZ at various temperatures: (a) Theoretical values calculated from the
Neumann-Kopp rule and (b) experimental values obtained from DSC measurements.

6.3.3 Thermal diffusivity/conductivity
The thermal diffusivities of the undoped 3YSZ and the 1 mol% Fe2O3-doped 3YSZ
samples at various temperatures are shown in Figure 6.3. For all the samples, the
thermal diffusivities decrease monotonically with an increase in the temperature. The
introduction of the Fe2O3 dopant substantially decreases the thermal diffusivities of

3YSZ
Doped 3YSZ

1.0

0.9

6

2 -1

Diffusivity x 10 (m s )

both 3YSZ and 8YSZ.

0.8
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0.6
200
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Temperature (°C)
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Figure 6.3 Temperature dependence of the thermal diffusivities of the undoped 3YSZ
and 1 mol% Fe2O3-doped 3YSZ.
Figure 6.4 shows the thermal conductivities of the undoped 3YSZ/8YSZ and the 1
mol% Fe2O3-doped 3YSZ/8YSZ samples at various temperatures. The open symbols
in the figures represent the “theoretical” thermal conductivities, which are calculated
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according to Eqs.(6.2) and (6.4). The solid symbols represent the “measured” thermal
conductivities of the samples. The following information can be obtained from
Figure 6.4. (1) The 1 mol% Fe2O3-doped 3YSZ samples have a lower thermal
conductivity compared with their undoped counterparts. (2) For the undoped 3YSZ,
the measured thermal conductivities agree well with the theoretical thermal
conductivities. By contrast, for the 1 mol% Fe2O3-doped 3YSZ, the measured
thermal conductivities are lower than the theoretical values. The deviation from the
theoretical value is substantial at high temperatures (600 ºC – 800 ºC).
Theoretical 3YSZ
Measured 3YSZ
Theoretical doped 3YSZ
Measured doped 3YSZ

-1

-1

Conductivity (Wm K )

4.0

3.5

3.0

2.5
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400
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Temperature (°C)

800

Figure 6.4 Thermal conductivities of the undoped 3YSZ and 1 mol% Fe2O3-doped
3YSZ samples. The open symbols in the figures represent the theoretical thermal
conductivities, which are calculated according to Eqs. (6.2) and (6.4). The solid
symbols represent the measured thermal conductivities of the samples.
6.3.4 Phase and oxidation rate of TGO scales
The increase in the thickness of the thermally grown oxide (TGO) scale follows a
parabolic law with the sintering time, which leads to degradation of TBCs [10, 11].
An investigation of the influence of Fe2O3 dopant on the thickness of the TGO scale
is carried out in this subsection. Figure 6.5 shows the thickness of the TGO scales as
a function of the mole fraction of the Fe2O3 addition. The thickness of the TGO scale
formed on a bare metal substrate was also included for a comparison with the metal
substrates with coatings. The TGO scales on the metal substrates with coatings had
lower thicknesses compared with that on a bare metal substrate without a coating,
indicating the existence of a top ceramic coating can inhibit the TGO scale growth.
Further, a slight decrease in the thickness of TGO scales was observed with an
increase in the Fe2O3 addition. The reduction of the thickness of the TGO scales by
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Fe2O3 doping is more pronounced for a longer heat-treatment holding time.

TGO thickness (µm)
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Fe2O3 addition (mol%)
Figure 6.5 The thicknesses of the TGO scales (alumina scale) as a function of Fe2O3
addition. The thickness of the TGO scale formed on a bare substrate is also included
for a comparison with the metal substrates with coatings. The samples were heat
treated at 1150 ºC for different holding times (2hrs to 80hrs).
During oxidation, factors such as metastable phases and the grain size of the TGO
scale could affect the scale growth. The samples were sintered at 1000 ºC for 2 hrs in
air in order to examine the effect of Fe2O3 dopant on the phase formation of the TGO
scale of the FeCrAlY metal substrates. All the FeCrAlY metal substrates oxidized
and TGO scales occurred during the sintering process. The SEM images in Figure
6.6 show the surface morphologies of the TGO scale formed on the FeCrAlY metal
substrates under the three conditions in which the TGO scales formed on FeCrAlY
metal substrates without a coating, with an undoped 3YSZ coating and with a 1
mol% Fe2O3-doped 3YSZ coating, respectively. Unlike the needle-like morphology
of the TGO scale on the bare substrate (Figure 6.6 (a)), well crystallized granular
Al2O3 grains are observed in the TGO scale beneath the 1 mol% Fe2O3-doped 3YSZ
coating (Figure 6.6 (c)). It is well known that the phase transformation from θ-Al2O3
to α-Al2O3 during the oxidation of aluminium alloy [28, 29] can result in a surface
morphology change of the oxide layer (for example, from a needle morphology turn
into a ridged α-Al2O3 morphology). Therefore, the observations of the surface
morphologies of the TGO scales suggest that the presence of Fe2O3 in the top
ceramic coatings promoted the formation of the thermodynamically-stable α-Al2O3
crystalline phase.
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(a)

(b)

1 µm

1 µm

(c)

1 µm
Figure 6.6 SEM images showing the surface morphologies of the TGO scales formed
on the FeCrAlY metal substrates after a heat-treatment at 1000 ºC for 2 hrs in air. (a)
the TGO scale on the metal substrate without a coating; (b) the TGO scale on the
metal substrate with an undoped 3YSZ coating and (c) the TGO scale on the metal
substrate with a 1 mol% Fe2O3-doped 3YSZ coating.
The accurate crystalline phases of the TGO scales were examined using XRD.
Before XRD measurements, the top coatings have been carefully removed from the
substrates (with TGO scales). Trace amount of tetragonal ZrO2 phase observed in the
XRD patterns in (b) and (c) belong to the remnants of the 3YSZ coatings. Figure 6.7
(a), (b) and (c) show the XRD patterns of the TGO scales formed on FeCrAlY metal
substrates without a coating, with an undoped 3YSZ coating and with a 1 mol%
Fe2O3-doped 3YSZ coating, respectively. Different phase compositions have been
observed in the three TGO scales: A predominant θ-Al2O3 metastable phase and a
small amount of δ-Al2O3 metastable phase were observed in the TGO scale formed
on the oxidized FeCrAlY metal substrates without a coating; A mixture of θ-Al2O3
and the thermodynamically-stable α-Al2O3 crystalline phase existed in the TGO scale
on oxidized the FeCrAlY metal substrates with the undoped 3YSZ coating; α-Al2O3
crystalline phase dominates in the TGO scale on oxidized the FeCrAlY metal
substrates with the 1 mol% Fe2O3-doped 3YSZ coating. This findings confirm that
the presence of Fe2O3 in the top ceramic coatings promoted the formation of α-Al2O3
phase, which is consistent with the morphologies of the TGO scales as shown in
Figure 6.6
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Figure 6.7 XRD patterns showing the crystalline phases of the TGO scales formed on
the FeCrAlY substrates after a heat-treatment at 1000 ºC for 2 hrs in air. (a) The
TGO scale on a bare metal substrate without a coating; (b) the TGO scale beneath an
undoped 3YSZ coating and (c) the TGO scale beneath a 1 mol% Fe2O3-doped 3YSZ
coating. Before XRD measurements, the top coatings have been carefully removed
from the substrates (with TGO scales). Trace amount of tetragonal ZrO2 phase
observed in the XRD patterns in (b) and (c) belong to the remnants of the 3YSZ
coatings.
6.3.5 Thermal cyclic testing of Fe2O3 doped 3YSZ coatings
As mentioned in chapter 5, the Fe2O3 doping can aid sintering of 3YSZ coatings and
lower sintering temperature of 3YSZ powder. However, severely further sintering of
a top ceramic coating is harmful for the durability of the thermal barrier coatings
(TBCs) during a practical service with thermal loads [1,3-5]. The influence of Fe2O3
dopant on thermal cycling life of the coatings will be investigated in following
subsections. Figure 6.8 shows the surface morphologies of the 1 mol% Fe2O3-doped
3YSZ coating on a NiCrAlY bond coat which was attached on a Hastelloy substrate
before and after 565 cycles of burner rig testing (1033 °C - 1177°C). After 565 cycles,
spallations have been observed on the 1 mol% Fe2O3-doped 3YSZ coating. Figure
6.9 shows a cross-sectional image of the spalled 1 mol% Fe2O3-doped 3YSZ coating
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corresponding to Figure 6.8 (b). It can be seen that the coatings spalled by a
combined mechanism involving both the ceramic (top coat) failure and interfacial
failure between the top coat and the TGO scale. Severely rumpled TGO scale is
attributed to a coarse surface of the bond coat on the Hastelloy substrate (see the
Figure 6.9).

Before testing

After testing

Figure 6.8 Comparison of surface morphologies of the sintered 1 mol% Fe2O3-doped
3YSZ coating on a bond coat (NiCrAlY) which was attached on a Hastelloy substrate
(a) before; (b) after 565 cycles of burner rig testing (1033 °C - 1177°C).

Figure 6.9 A cross-sectional SEM image of the failed coating shown in Fig. 6.8 (b).

A further sintering of the top ceramic coatings is one of main factors which
contributes to the failures of TBC system [4,5]. Figure 6.10 show SEM images of the
polished surfaces of the 1 mol% Fe2O3-doped 3YSZ coating on a bond coat
(NiCrAlY) which was attached on a Hastelloy substrate before and after 565 cycles
of burner rig testing (1033 °C - 1177 °C). Larger pores and grains were observed in
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the coating after 565 cycles of burner rig testing as shown in Figure 6.10(b), which is
attributed to the merger of small pores combined with grain growth at the expense of
small grains. It is suggested that although the Fe2O3 doping promote the initial
densification rate and the grain growth of 3YSZ coatings, Fe2O3 doping did not
accelerate further sintering of the 1150 °C pre-sintered 3YSZ coatings during the
burner rig testing (1033 °C - 1177°C).

(a)

(b)

2µm

2µm

Figure 6.10 SEM images of the polished surfaces of the 1 mol% Fe2O3-doped 3YSZ
coating on a bond coat (NiCrAlY) which was attached on a Hastelloy substrate (a)
before; (b) after 565 cycles of burner rig testing (1033 °C - 1177°C).
The top ceramic coating detached from the TGO scale is the main failure phenomena
in the Figure 6.9. The conditions of TGO scales (thickness and morphology) were
taken into account for evaluating the failure of the coating. The FeCrAlY substrates
with the 1 mol% Fe2O3-doped 3YSZ coating were used to investigate the effect of
morphologies of TGO scales on failure phenomena of the 1 mol% Fe2O3-doped
3YSZ coating, considering facilities and cost in our current laboratory condition.
Figure 6.11 shows the cross-sectional images of the 1 mol% Fe2O3-doped 3YSZ
coatings on FeCrAlY metal substrates with various surface finishes of 0.5 µm, 6 µm
and 15 µm after furnace cyclic testing (65 cycles at 1200°C). After 65 furnace cycles,
a thick TGO scale was observed on the FeCrAlY substrate with surface roughness of
0.5 µm. However, the coatings on the FeCrAlY substrates which having surface
roughnesses of 6µm and 15 µm failed. For the two failed coatings with metal
surface roughness of 6 µm and 15 µm, cracking occurred in the top coating and in
the interface between the top coating and TGO scale, respectively.

Compared the failed coating on a bond coat (NiCrAlY) with that on a FeCrAlY metal
substrate, cracks were present preferentially at the interface between the top coatings
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and the TGO scales. This suggests that the surface roughness of a bond coat is one of
the critical factors for the thermal cycling life of the EPD-coatings. Additionally,
further densification of the top coatings during the thermal cyclic testing also
contributes to the failure of the top coatings on the two metal substrates. As described
in subsection 2.3.5, the large thermal-induced stress and oxidation-induced stress in a
ceramic coating (a top coat) significantly weaken the top coat/bond coat interfacial
region resulting in the extensive cracking during the thermal cycling [1,2].

Figure 6.11 Cross-sectional images of the 1 mol% Fe2O3-doped 3YSZ coating on
FeCrAlY substrates with surface roughnesses of (a) 0.5µm (b) 6µm and (c) 15 µm
after furnace cyclic testing (65 cycles at 1200 °C).

6.4 Discussion
6.4.1 Effect of Fe2O3 on specific heat capacity
For a comparison of the 3YSZ samples, the specific heat capacities of the undoped
8YSZ samples and 1 mol% Fe2O3 doped 8YSZ samples were also measured. The
same phenomena have been observed in the undoped 8YSZ and 1 mol% Fe2O3PAGE 129
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doped 8YSZ samples. The measured specific heat capacities of the Fe2O3-doped
3YSZ/8YSZ samples are temperature independent by contrast with the temperatureindependent Cp of the undoped 3YSZ/8YSZ samples. At temperatures lower than the
Debye temperature ΘD, the specific heat capacity C(ω) is proportional to T3. At
temperatures higher than the Debye temperature ΘD, the specific heat capacity C(ω)
is proportional to ω2 and it is independent of temperature, expressed as [26,27]:
C (ω , T ) = Bω 2 .

(6.5)

where B is a constant and ω is the frequency of vibration modes. The specific heat
capacity tends to 3Nk where N is the number of atoms in the material. In other words,
the specific heat capacity remain a constant value for T >> ΘD. For ZrO2, the Debye
temperature ΘD is in the range of 197 ºC – 317 ºC [27-29]. A small amount of Fe2O3
doping (1 mol%) can not severely alter the Debye temperature ΘD of YSZ[26].
Therefore it is expected that the specific heat capacity of Fe2O3-doped 3YSZ/8YSZ
is proportional to T3 in the temperature range investigated, which contradicts the
experimental observation. The similar phenomenon has been reported by Huang et al.
[17] in a 5 mol% Yb2O3-doped YSZ.
The mechanism for the temperature independent Cp of the Fe2O3-doped 3YSZ/8YSZ
still remains unclear. To the best of our knowledge, the effects from lattice defects
(Fe3+ interstitials and zirconium vacancies) and the crystal structure should be
considered [30-33]. Sasaki et al. [34] proposed that the specific heat capacity of YSZ
depends not only on the number of defects, but also on the distribution of the defects
in the crystal, which affects the atomic motions and the lattice vibrations in the
crystal and consequently influences the specific heat capacity of the crystal. Further
experimental and theoretical studies are desirable to figure out the mechanisms
behind the temperature-independent Cp of the Fe2O3-doped YSZ.
In the following discussion, the measured thermal conductivities were estimated
from the calculated specific heat capacities multiplied by the measured thermal
diffusivities in order to avoid errors in the experimental measurements of specific
heat capacity.

6.4.2 Effect of Fe2O3 on thermal conductivities
Above room temperature, the low thermal conductivity of zirconias is primarily
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determined from the scattering of phonons by point defects [11-13]. The
effectiveness of a point defect in reducing the thermal conductivity of a lattice
depends on the difference in mass and ionic radius between the defect and the host
atom, and also the change in atomic bonding because of the bonding’s influence on
the elastic constants [11-14, 35].

We found that the interstitial and substitutional chemical defects reaction occurred in
the 1 mol% Fe2O3-doped 3YSZ (Eq. 6.6) and 1 mol% Fe2O3-doped 8YSZ (Eq. 6.7),
respectively, described in chapter 5.
ZrO 2
2 Fe 2 O3 
→ 3FeZr/ + Feiiii + 6O0× .

(6.6)

ZrO 2
Fe 2 O3 
→ 2 FeZr/ +VOii + 3O0× .

(6.7)

It was found that a 1 mol% Fe2O3 fully dissolved into the zirconia without
segregation and precipitation. Thus, the 1 mol% Fe2O3 into 3YSZ can generate 0.5
mol% Feiiii defects and 1.5 mol% FeZr/ defects; however, the 1 mol% Fe2O3 into
8YSZ can generate 2 mol% FeZr/ defects and 1 mol% VOii defects.

The bulk thermal conductivities of the undoped 8YSZ and 1 mol% Fe2O3 doped
8YSZ samples were also measured as shown in Figure 6.12. The open symbols in the
figures represent the “theoretical” thermal conductivities, which are calculated
according to Eqs. (6.2) and (6.4). The solid symbols represent the “measured”
thermal conductivities of the samples. The results were used to clarify the different
effects of Fe3+ interstitial defects and Fe3+ substitutional defects on the bulk thermal
conductivity of YSZ. The Following information can be obtained from Figure 6.4
and Figure 6.12. (1) The 1 mol% Fe2O3-doped YSZ samples (both 3YSZ and 8YSZ)
have lower thermal conductivities as compared with their undoped counterparts. The
reduction of thermal conductivity by Fe2O3 doping is more pronounced in 3YSZ than
in 8YSZ. (2) For the undoped 3YSZ and 8YSZ, the measured thermal conductivities
agreed well with the “theoretical” thermal conductivities. By contrast, for the 1
mol% Fe2O3-doped 3YSZ/8YSZ, the “measured” thermal conductivities are lower
than the theoretical values. Especially for the 1 mol% Fe2O3-doped 3YSZ, the
deviation from the theoretical value is substantial at high temperatures (600 ºC – 800
ºC).
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Figure 6.12 Thermal conductivities of the undoped 8YSZ and 1 mol% Fe2O3-doped
8YSZ samples. The open symbols in the figures represent “the theoretical thermal
conductivities”, which are calculated according to Eqs. (6.2) and (6.4). The solid
symbols represent “the measured thermal conductivities” of the samples.
Considering Rayleigh scattering due to the mass difference alone, Klemens [11,14]
has calculated the thermal conductivity of various doped zirconias. The same model
embodied in Eqs. (6.3) and (6.4) is applied to the chemistries in the present Fe3+
interstitial and substitutional doping in the zirconia study. The values of (∆M/M)2 for
the defects in the 1 mol% Fe2O3 doped 3YSZ / 8YSZ in the current study are listed in
Table 6.1 and Table 6.2, respectively. According to the data in the two Tables, it is
expected that: (1) Because of the large difference in atomic mass between the Fe3+
interstitials and the empty sites in zirconia and therefore strong defect scattering, the
composition Fe2O3 doped 3YSZ should have a much lower thermal conductivity than
the pure 3YSZ; (2) In the presence of oxygen vacancies, the thermal conductivity of
Fe2O3 doped 8YSZ should depend only on the concentration of oxygen vacancies.
Table 6.1 The Data used for calculations of the thermal conductivity of the 1 mol%
Fe2O3-doped 3YSZ (tetragonal phase). ∆M is the atomic mass difference between two
different atoms/ions. ∆r is the ionic radius difference between two different atoms/ions.
Cation
(t- phase) Zr4+
Substitutional Y3+
Substitutional Fe3+
Interstitial Fe3+
Oxygen vacancy

Atomic
mass
(g/mol)
91.22
88.91
55.85
55.85
—

Ionic
radius
(nm)
0.079
0.102
0.078
0.055
—

∆M

∆r

-2.3
35.37
55.85
-98

0.023
0.001
0.055
—

(∆M/M)2

2.5x10-3
0.744
1.86
5.7

(∆r/r)2

0.84x10-1
0.16 x 10-3
0.485
—
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Table 6.2 The Data used for calculations of the thermal conductivity of the 1 mol%
Fe2O3 doped 8YSZ (cubic phase). ∆M is the atomic mass difference between two different
atoms/ions. ∆r is the ionic radius difference between two different atoms/ions.
Cation
(c- phase) Zr4+
Substitutional Y3+
Substitutional
Fe3+
Oxygen vacancy

Atomic
mass
(g/mol)
91.22
88.91
55.85

Ionic
radius
(nm)
0.084
0.102
0.078

—

—

∆M

∆r

(∆M/M)2

(∆r/r)2

-2.3
35.37

0.018
0.006

2.5x10-3
0.744

0.46x10-1
0.51 x 10-2

-98

—

5.7

—

The calculated intrinsic thermal conductivities of the undoped zirconia by Eq. (6.2)
were compared with the reference values [16,17,34] and found to be consistent. The
calculated intrinsic thermal conductivity of ZrO2, the calculated thermal
conductivities of the undoped 3YSZ/8YSZ and 1 mol % Fe2O3-doped 3YSZ/8YSZ
by Eqs. (6.2) and (6.3) are presented in Table 6.3.

Table 6.3 Theoretical calculated thermal conductivities of samples. ∆kp represents the
difference in calculated thermal conductivities between the undoped and 1 mol%
Fe2O3-doped 3YSZ/8YSZ.
Temperature
(ºC)

ki
(W m-1K-1)

200
400
600
800

5.58
4.53
3.89
3.16

Calculated kp (W m-1K-1)
3YSZ Doped 8YSZ
3YSZ
3.3
3.2
2.4
3.0
2.81
2.18
2.71
2.64
2.05
2.32
2.25
1.78

Doped
8YSZ
2.24
2.15
2.0
1.7

∆kp (W m-1K-1)
3YSZ
8YSZ
0.10
0.19
0.07
0.07

0.16
0.03
0.05
0.08

The model used by Klemens [11,14] predicts that thermal conductivities of the
undoped and doped 3YSZ/8YSZ significantly decrease with an increase in the
temperature. The thermal conductivities of the 1 mol% Fe2O3-doped 3YSZ/8YSZ are
lower than that of the undoped 3YSZ/8YSZ. This is consistent with the measured
thermal conductivities of the 1 mol% Fe2O3-doped 3YSZ/8YSZ as shown in Figure
6.4. Table 6.4 presents the thermal conductivities of the undoped and doped
3YSZ/8YSZ samples obtained from Figure 6.4. In a comparison of measured thermal
conductivities of the undoped and doped 3YSZ/8YSZ samples, the calculated
thermal conductivities of all compositions are higher than the measured thermal
conductivities within the temperature range of 200 ºC - 600 ºC investigated. At a
higher temperature of 800 ºC, the calculated thermal conductivities of all
compositions are substantially lower than the measured thermal conductivities. The
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reduction in measured thermal conductivities of the 1 mol% Fe2O3-doped 3YSZ is at
least double compared with that of the 1 mol% Fe2O3-doped 8YSZ.
Table 6.4 Measured thermal conductivities of samples. ∆kcm represents the difference
in measured thermal conductivities between the undoped and 1 mol% Fe2O3-doped
3YSZ/8YSZ.
Temperature
(ºC)
200
400
600
800

Measured kcm (W m-1K-1)
3YSZ
Doped
8YSZ
3YSZ
3.0
2.69
2.2
3.0
2.57
2.15
3.04
2.47
2.15
3.18
2.43
2.2

Doped
8YSZ
2.05
1.99
1.99
2.02

∆kcm (W m-1K-1)
3YSZ
8YSZ
0.31
0.43
0.57
0.75

0.15
0.16
0.16
0.18

The difference between calculated and measured thermal conductivities of all
composites are attributed to lattice strain caused by the difference in ionic radii
between host and dopant ions [11-14,15]. The calculated thermal conductivities are
obtained from the model which takes into account mass differences alone. The lattice
strain effects can further contribute to phonon scattering in the local region
surrounding the defect [15,16, 34]. According to (∆r/r)2 in Table 6.1 and Table 6.2,
the ionic radius difference in the doped 3YSZ is one order of magnitude higher in
comparison with the doped 8YSZ. Thus, the lattice strain in the doped 3YSZ should
be significantly high compared with the doped 8YSZ. This can well explain the large
reduction in thermal conductivity of the Fe2O3 doped 3YSZ. From Table 6.3 and
Table 6.4, the differences in the calculated thermal conductivities between the
undoped and doped 3YSZ/8YSZ (∆kp) are much lower than that in the measured
thermal conductivities between the undoped and doped 3YSZ/8YSZ (∆kcm). This
suggests that the contribution of the mass difference in the thermal conductivity
reduction of the Fe2O3 doped 3YSZ is less effective than that of ionic radius
difference caused by Fe3+ interstitials.

Further differences might arise from errors in experimental measurements of porosity,
density, specific heat capacity, and thermal diffusivity. Nonetheless, the calculated
thermal conductivities provide a reasonable agreement with the experimental values
for the Fe2O3 doped YSZ materials, and will be used to conduct sensitivity studies on
the effects of substitutional and interstitial defects on the thermal conductivity of
YSZ in our future research.
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6.4.3 Effect of Fe2O3 on TGO scales
As indicated in Figure 6.5, Fe2O3 doping can slow down the growth rate of TGO
scales. During high temperature sintering, the FeCrAlY metal substrate is oxidized
to form a alumina scale due to the inward diffusion of oxygen ions along the scale
grain boundaries as the major diffusing species with a minor contribution from
transport of aluminium [35,36]. The scale thickness (hox) can be related to the
effective diffusion coefficient (Deff )[37] by:
hox ∝ De1/ff2

(6.8)

Abderrazik et al. [38] demonstrated that the growth of alumina can be halted by
applying an electric field. This clearly indicated that the alumina growth is controlled
by the diffusion of an ionic species rather than a neutral species (e.g., molecular or
neutral interstitial oxygen). Consequently, for alumina, it grows mainly by the
inward diffusion of O2- ions and minor outward diffusion of Al3+ ions [35,36].

During oxidation, factors such as stress, creep, impurities, metastable phases and the
grain size of the scale could affect the scale growth. Zhao et al. [37] have
investigated the growth rate of alumina scale on a FeCrAlY substrate. They found
that the compressive growth stress from the metal substrate slows the outward
diffusion of carbon in the oxide, resulting in enhanced O2- ion transport, thereby
accelerating TGO growth. Other factors involving creep and the grain size of the
scale had a negligible contribution. In our study, the thickness of all the investigated
metal substrates were 900 µm with a 10 µm standard deviation. Thus small thickness
variations (1.1%) of the metal substrates only has a minor contribution to the
thickness variations of aluminia scales (8.0 ~ 12.5%). Therefore, the influence of
metastable phases of the alumina scale is now considered further.

Although the stable phase α-Al2O3 develops on a FeCrAlY metal substrate at 1150°C,
the formation of transient oxides (e.g., γ, δ, θ- Al2O3) are inevitable and contribute to
the final scale thickness. Fox and Clyne [36,39] suggested the alumina scale growth
rate depends on the density of Al2O3:
Growth rate Al2 O3 =

flux ( O ) × M ( O )
.
ρAl2 O3 ( O )

(6.9)
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where M(O) is the molar mass of oxygen atoms. The density of the low temperature
phase (γ-Al2O3) and the high temperature phase (α-Al2O3) are 3.66 g/cm3 and 3.97
g.cm-3, respectively [10]. The density of other metastable low temperature Al2O3
phases (i.e. δ and θ) is in the range of 3.66 to 3.97 g/cm3 [40]. A similar quantity of
the overall flux(O) was considered due to porous structures of the top ceramic
coatings in our case. Therefore, the density of the Al2O3 phase could be the decisive
variable for the alumina scale growth rate. The large proportion of α-Al2O3 in a scale
slows down the oxidation rate of the FeCrAlY metal substrate according to Eq. (6.9).
It is expected, the α-Al2O3 phase in a FeCrAlY metal substrate with a 1 mol% Fe2O3doped 3YSZ coating occurs earlier than that with an undoped 3YSZ coating.

A well-crystallized α-Al2O3 phase predominates in the TGO scale in the FeCrAlY
metal substrate with the 1 mol% Fe2O3-doped 3YSZ coating sintered at 1000 ºC for
2hrs (Figure 6.7 (c)) as compared to that in the oxidized FeCrAlY metal substrate
without a coating (Figure 6.7 (a)) and with an undoped 3YSZ coating (see Figure 6.7
(b)). The early presence of α-Al2O3 in the TGO scale is consistent with the low TGO
growth rate observed in the Fe2O3 doped 3YSZ coatings. In the alumina system,
phase transformations occur from amorphous alumina (formed during the initial
stage of heating) through various metastable phases (γ, δ and θ- Al2O3) to the stable
α-Al2O3. The final transformation to α-Al2O3 involves a reconstructive process,
which requires a temperature as high as 1200 ºC [41]. Tartaj and Tartaj [42] reported
that the presence of Fe3+ lowered the temperature of α-Al2O3 phase formation to
1050 ºC, because Fe3+ cations are soluble in α-Al2O3 which can reduce the activation
barrier for nucleation [41, 42]. Consequently, the slow TGO growth rate observed in
the Fe2O3 doped 3YSZ coating is attributed to early formation of α-Al2O3 caused by
the presence of Fe3+ ions.

6.5 Remarks
The thermal properties of bulk materials (1 mol% Fe2O3 doped 3YSZ/8YSZ) were
investigated. Fe2O3 doping reduced the thermal conductivities of 3YSZ and 8YSZ. A
more pronounced decrease is found in the 1 mol% Fe2O-doped 3YSZ. This suggests
that interstitial defects caused by doping can be utilized for decreasing thermal
conductivity. The thermal conductivities of the undoped and 1 mol% Fe2O3-doped
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3YSZ/8YSZ also were calculated using the Raleigh-type phonon scattering model. It
is found that Rayleigh-type phonon scattering due to the mass difference alone is
inadequate to predict the thermal conductivity of interstitially doped zirconia systems.
The lattice strain effects due to the ionic radius difference more effectively contribute
to phonon scattering in the 1 mol% Fe2O3-doped 3YSZ.
The TGO scales in the Fe2O3-doped 3YSZ coatings have been investigated. A low
growth rate of the TGO scale was found in the FeCrAlY metal substrate with a
Fe2O3-doped 3YSZ coating compared with that in the FeCrAlY metal substrates
without a coating and with an undoped 3YSZ coating. A decrease in the growth rate
of the TGO scale with the increasing Fe2O3 additions was observed for the oxidized
FeCrAlY metal substrates with the Fe2O3-doped 3YSZ coating, which was found to
be attributed to the early formation of the α-Al2O3 phase due to the presence of Fe3+
ions. It was also found that the surface roughness of the bond coat substantially
affected the durability of EPD-coatings on metal substrates.
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Chapter 7
Conclusions and suggestions for future work
7.1 Conclusions
The sintering and thermal properties of yttria-stabilized zirconia coatings fabricated
by electrophoretic deposition (EPD) are investigated in this thesis. The main
conclusions are:
(1) It was found that the green density of EPD-coatings increases with an initial
increase in the HCl concentration and an increase in the deposition time. This
suggests that particle packing was influenced by the time-dependent rearrangement in addition to the initial state of the suspension dispersion. The
green density peaks at a electrical conductivity of ~ 10×10-4 S/m achieved by the
addition of 0.5×10-3 mol HCl for the 20 kg/m3 suspensions with the deposition
the time of around 8 ~ 10 minute.

(2) It was found that the concentration of HCl in the EPD suspension significantly
influences the neck size to grain size ratio. A high neck size to grain size ratio
(0.8 ± 0.03) was found in the sintered 0.8 HCl coating. The grain growth was
found to depend on the initial particle packing in the green coating. XPS and
HRTEM results suggest that the presence of chloride ions induced an increase in
the oxygen vacancy concentration at the grain boundaries. This high oxygen
vacancy concentration at the grain boundaries is responsible to the rapid neck
growth of 8YSZ.

(3) It was found that the densification rate substantially increased with a small
amount Fe2O3 doping (0.5 mol%). A rapid grain growth was found in the Fe2O3
doped 8YSZ compared with the undoped 8YSZ sintered at 1150 ºC for 2hrs. For
the Fe2O3 doped 3YSZ, a marginal grain growth was observed as compared with
the undoped 3YSZ after sintering at 1150 ºC for 2hrs. Our results of unit-cell
volume and colour defect centres suggest that a partial fraction of the Fe3+ ions
can firstly occupy the interstitial sites in 3YSZ/8YSZ lattice, but Fe3+ substituents
(Fe3+ ions occupy the sites of Zr4+ ions by the substitution reaction) are the main
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defects of the Fe2O3 doped 8YSZ.
(4) The Fe3+ doping defects can migrate via an interstitial diffusion mechanism due
to the co-existence of the Fe3+ substituents and interstitials, which partially
contributes to the rapid densification rate and grain growth in the Fe2O3 doped
3YSZ/8YSZ solid solutions. More pronounced grain growth in the Fe2O3 doped
8YSZ is attributed to the Fe3+ segregation driven by the formation of the dual
phase (tetragonal + cubic phases) at grain boundaries.
(5) A small amount of Fe2O3/CeO2 doping substantially promotes/inhibits
densification rate of 3YSZ with minor grain growth, respectively. Negligible
frequency shifts of Raman bands at ~260 cm-1 and ~ 640 cm-1 is an evidence that
support Fe3+ ions occupy the interstitial sites in the Fe2O3 doped 3YSZ. The
amount and intensity of Raman bands as well as the c/a ratio estimated by XRD
suggest that the tetragonal distortion and tetragonality become large with an
increase in the undersized dopant (Fe3+) content compared with the oversized
dopant (Ce4+)

(6) Fe2O3 doping has reduced the thermal conductivities of 3YSZ and 8YSZ. A more
pronounced decrease is found in the Fe2O3 doped 3YSZ. This suggests that Fe3+
interstitial defects can be utilized for decreasing the thermal conductivity. It is
found that Rayleigh-type phonon scattering due to the mass difference is
inadequate to predict the thermal conductivity of the zirconia system with metal
ion interstitial defects alone. The lattice strain effects due to metal ion interstitial
defects more effectively contribute to phonon scattering in the Fe2O3 doped
3YSZ.

(7) A low growth rate of the TGO scale was found in the FeCrAlY metal substrates
with the Fe2O3 doped 3YSZ coatings sintered at 1150 ºC for 80hrs compared
with that in the FeCrAlY metal substrates without a coating and the FeCrAlY
substrates with the undoped 3YSZ coating. The low growth rate of the TGO scale
was found to be attributed to the early formation of the α-Al2O3 phase due to the
presence of Fe3+ ions. It was also found that the surface roughness of bond coat
substantially affects the durability of EPD- coatings on metal substrates.
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7.2 Suggestions for future work
(1) Optimization of the thickness of EPD-ceramic coatings.
In this thesis, the thickness of EPD-ceramic coatings was ~100 µm deposited using
sub-microsized particles in order to achieve crack-free and well-sintered ceramic
coatings. However, the practical thickness of a ceramic top coat in thermal barrier
coating (TBC) system is greater than 170 µm [1-5]. Cracking in EPD-coatings can
occur during the drying and sintering process [6-8]. The cracking is caused by the
tensile stress produced by the capillary pressure concentration due to the constraint
of the metal substrate macroscopically [6,8]. As widely agreed, large particle size is
considered to be a good method to reduce the possibility of cracking. Lan and Xiao’s
work [6] supported the idea that a nano-slurry added to micro- particles gave a
noticeable decrease in cracking phenomenon. Lan and Xiao [7] also found that the
particle shape can affect the cracking. The coating cracking resistance was increased
by using particles which were more spherical in shape [7]. Tari et al. [9] suggested
that the particle size distribution can also influence the drying process by changing
the packing density and thereby the viscosity of the wet coatings. Therefore,
adjustment of the particle size, particle shape and particle size distribution of the
Fe2O3 doped YSZ powders is expected to increase the thickness of EPD-coatings
without cracks after the final sintering.

(2) Crystalline structure characterization of the Fe2O3 doped YSZ materials
using extend X-ray adsorption fine structure (EXAFS).
Due to X-ray diffraction and Raman spectroscopy can only give the average variation
in crystalline structure of the Fe2O3 doped YSZ materials, the accurate occupied
position of Fe3+ ions in the doped 3YSZ/8YSZ is questionable. The EXAFS method
is able to estimate the coordination numbers (CNs) of Zr4+ and Fe3+ ions, which can
reflect local variation in the crystalline structure of the doped 3YSZ/8YSZ. Therefore,
EXAFS method can directly examine the accurate occupied position of Fe3+ ions in
the doped 3YSZ/8YSZ materials.

(3) Observation of grain boundaries of Fe2O3 doped YSZ materials using high
resolution transmission electron microscopy (HRTEM).
In Chapter 3, a minor grain growth was observed in the Fe2O3 doped 3YSZ samples
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compared with a pronounced grain growth in the Fe2O3 doped 8YSZ after 1150 °C –
2hrs sintering. The difference in grain growth was attributed to more severe Fe3+ ion
segregation at grain boundaries in the doped 3YSZ samples. However, there were no
direct evidences to prove it. An observation of grain boundaries of Fe2O3 doped YSZ
samples using HTEM can directly examine the degree of crystalline structure
disorder and Fe3+ ion segregation at grain boundaries in the doped 3YSZ/8YSZ
samples.

(4) A Study on thermal cycling life of EPD-ceramic coatings on NiCrAlY bond
coats.
Chapter 6 shows the Fe2O3 doped 3YSZ coatings on NiCrAlY bond coats attached to
the Hastelloy substrates failed after 565 cycles of burner rig testing (1033-1170°C).
However, failure of the optimized APS-TBCs generally occurs after 1000 cycles of
burner rig tests [10,11]. Although the failure mechanisms of TBCs are still not
entirely understood, bond coat oxidation and thermal expansion mismatch stresses
are generally believed to be the main reasons of the failure [11-15]. In the
conclusions of chapter 6, the early failure of EPD-ceramic coatings after burner rig
testing is attributed to the severely rough surface of the NiCrAlY bond coat in
comparison of the optimized APS-TBCs. Therefore, optimization of the NiCrAlY
bond coat is expected to increase the thermal cycling life of EPD-ceramic coatings.

(5) Fabrication of the metal bond coat using electrophoretic deposition (EPD)
technique.
The thermal cycling life is determined by the interface condition between the top
ceramic coating and the metal bond coat. Considering metal powders are able to
suspend in some solvents, fabrication of the metal bond coat using EPD technique is
feasible, which could be an alternative method to optimize the metal bond coat and
reduce manufacture cost.
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