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Abstract

The effect of additives on sintering and functional properties of ceramics
is one of the on-going interests in the fabrication of high performance advanced components for novel applications. In the present work, the effect
of additives on yttria-stabilized zirconia (YSZ) was studied. YSZ is a well
accepted electrolyte material used in solid oxide fuel cell (SOFC) system.
In the multi-layer SOFC system, YSZ is sandwiched between the anode
(Ni/YSZ cermet) and cathode (Sr-doped LaMn03)'

There are several

practical concerns in the co-sintering of this system, such as the higher
sintering temperature of YSZ than that of the electrodes, unavoidable interdiffusion of NiO from anode, and ubiquitous presence of Si0 2 impurity.
The present work focuses on the understanding of the influence of the additives, either in the form of purposely added Ah03 or inevitably existed
NiO, Si0 2 , on sintering and conductivity of YSZ. The study aims to clarify
the sintering mechanisms, hence shed light to the lowering of the sintering
temperature, and to improve the conductivity of YSZ. Through the study,
we also established models that provide prediction on the microstructural
evolution during sintering, which could support the design of new material
system in co-sintering and other application.
It has been reported that a small amount of Ah03 or NiO could enhance
the densification of YSZ, however, it was found in the present work that in
the heavily doped YSZ samples, there exists an optimal additive amount
for the densification. Grain growth of YSZ was also found to be initially
advantageous by Al 20 3 or NiO addition, but showed deteriorating effect
upon further addition. In the present work, densification and grain growth
kinetics of YSZ with/without additives were studied via the proposed master curve approach, which consists of Master Densification Curve (MDC)
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and Master Grain Growth Curve (MGGC) approach. During the firststage sintering (p = 60%), the abnormally higher activation energy (620730 kJ Imol) was observed, which was attributed to the contribution from
interface reaction and surface diffusion. For the second stage of sintering
(60%

~ p ~

95%), lattice diffusion was proposed as the dorninant rnecha-

nism for undoped 8YSZ. However, upon 1.0 wt.% A1 20 3, or 0.28 wt.% NiO
addition, grain boundary diffusion was found to significantly contribute to
the densification, where the activation energy was noted to decrease about
250 k.l /rnol. The proposed MDC as well as MGGC were found to be able
to facilitate prediction of microstructural evolution with good accuracy for
a wide range of sintering profiles.
In order to further reduce the sintering temperature of YSZ, the approach
of co-addition of Ab03 and Si0 2 was evaluated. The lowest temperature for maximum densification rate (Tm ax ) has been achieved at 1210°C
in YSZ with 0.5 wt.% Ab03 and 0.05 wt.% Si0 2 co-additives. The improved densification behavior is ascribed to the enhanced grain boundary
diffusivity and liquid phase sintering.
Finally, the conductivity of YSZ with additives was examined, with respect
to its application as electrolyte for SOFC. In contrary to the prevailing
thought that Si0 2 contamination should be especially avoided, the present
work demonstrated that co-addition of Al20 3 and Si0 2 could not only
further enhance densification, but also could improve the conductivity of
YSZ, provided a careful manipulation of additive content and suitable
heat treatment temperatures. The optimum concentration of co-addition
of Al 20 3 and Si0 2 was identified via carefully designed experiments.
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1

Introduction
1.1

Background

The utilization of additives for tailoring of the sintering behavior and functional properties of various ceramic materials has been practiced for many years [1-3]. When a
small amount of additives is introduced into the host material, they can be present as
(1) a single solid/liquid phase, (b) a solid solution within the matrix, or (3) segregation along interfaces (surface/grain boundaries) [4]. The presence and interaction of
additives with the host material could significantly influence the sintering kinetics and
microstructural development, and thus is possible to achieve unique or outstanding
functionality [5]. For these reasons, the effect of additives on processing and properties of ceramic materials is still one of the on-going interests in the fabrication of high
performance components for advanced applications.
8 mol% yttria-stabilized zirconia (8YSZ) is a well known ceramic material which
finds wide applications such as oxygen gas sensor and electrolyte for solid oxide fuel
cell (SaFC) [6], owing to its good conductivity and excellent chemical stability under
both oxidizing and reducing environment. In recent years, with the advances of SaFC
technology, extensive studies have been carried out on processing and properties of
the 8YSZ electrolyte, and one of the essential focuses is to lower the fabrication cost
and to enhance reliability of the SaFC system. SaFC is an energy conversion de1
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vice that comprises all solid-state components, in which the electrolyte is sandwiched
between anode (Ni/YSZ cermet) and cathode (Sr-doped LaMn03) [7]. SOFC possesses the main advantages of high efficiency and environmental friendliness, which
has the potential applications as both auxiliary power unit as well as stationary power
generator.
To fabricate the multi-layered SOFC system, co-sintering is acknowledged to be the
most suitable and cost-effective technique [8, 9]. Nevertheless, the optimization of cosintering temperature profile is usually difficult. A sintering process at temperatures
of 2: 1350°C is always required to obtain gastight 8YSZ electrolyte. On the other
hand, to avoid unfavorable interface reaction between component layers as well as
coarsening of the porous electrodes microstructure, the performing of co-sintering at
temperatures below 1250°C is desirable [10, 11].
To densify 8YSZ electrolyte at a reduced temperature, the addition of sintering
aids has been widely adopted [12, 13]. Among various additives, a small amount
of Ab03 is found to not only effectively reduce the sintering temperature, but also
beneficial to the ionic conductivity and toughness of YSZ [12, 14, 15]. Therefore, small
amount of A1 20 3 is always purposely added into YSZ when applied as electrolyte for
SOFC.
A second important issue pertaining to the co-firing process, yet has been given
little attention, is the inter-diffusion of Ni element. NiO /YSZ cermet is currently the
most common anode material for SOFe. During co-sintering, the diffusion of Ni from
anode side towards the electrolyte is frequently observed [16, 17]. Nevertheless, the
influence of NiO on sintering behavior of YSZ and the mechanism remains unclear,
particularly when NiO exists as impurities.
To fabricate planar SOFCs with controlled microstructure and flatness, an understanding of the microstructural evolution of the respective layers is necessary. So far,
a number of sintering models have been reported with the attempt to predict densification and microstructural evolution [18, 19]. In recent years, master sintering curve

2
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(MSC) model has been recognized as a simple yet powerful approach to describe the
sintering process [20]. The application of MSC on sintering of YSZ electrolyte with
or without additives are both scarce, which however could provide valuable guidance
on engineering sintering profiles for the co-sintering process.
Another concern is SOFC electrolyte the ubiquitous presence of Si0 2 impurity.
Trace of Si0 2 impurity can be easily introduced from either starting material, processing or sintering environment. Generally, the existence of Si0 2 is undesirable, as it
would deteriorate the conductivity of YSZ, especially at the grain boundary conduction route by forming resistive phase along grain boundaries [21, 22]. However, the
negative effect of Si0 2 can be eliminated by the addition of Ab03 [14]. On the other
hand, it was reported that Si0 2 is helpful for densification of YSZ [23]. In the present
work, it is reckoned that, the co-addition of Al 20 3 and Si0 2 would lead to a synergistic improvement on densification of 8YSZ. Meanwhile, by carefully manipulating the
co-additives content, the conductivity of 8YSZ might be also improved.

1.2

Objective

The objective of this work is to understand the sintering behavior of 8YSZ with/without
a small amount of Ab03, NiO addition, and co-presence of Ab03 and Si0 2 • The study
will also clarify the fundamental sintering mechanisms as well as determine the important parameters, such as activation energy. More importantly, the sintering behavior
will be modeled through the master sintering curve (MSC) approach, from which both
densification and grain growth is expected to be predicted with accuracy.
In addition, the electrical properties of YSZ with Al 20 3 and Si0 2 addition will be
investigated. The scavenging of silicious phase by Al 20 3 has been intensively studied
in "pure" YSZ containing only background Si0 2 impurity (::; 120ppm) [22]. However,
we are more interested in how effective Al 20 3 could mitigating the harmful Si0 2 in
impure or highly impure 8YSZ (0.05-0.3 wt.% Si0 2 ) . In terms of both improved densification and conductivity, the optimal content of Ab03 and Si0 2 co-addition in 8YSZ
3
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would be determined. Specifically, the objectives expected to achieve throughout the
present study are:
• to identify the optimal Ah03 addition as sintering promoters for 8YSZ,
• to study the influence of small amount NiO on sintering behavior of 8YSZ,
• to correlate phase and microstructure change with the effect of NiO and Al20 3
addition,
• to establish MSC models for both undoped and doped 8YSZ,
• to shed light on the fundamental understanding of the densification and grain
growth mechanisms of both undoped and doped 8YSZ,
• to further enhance the denification of 8YSZ via the synthetic effect of the copresence of Ah03 and Si0 2 , and to determine the mechanisms for enhanced
densification,
• to optimize the content of Al20 3 and Si0 2 co-additive in terms of the improved
conductivity of 8YSZ

1.3

Scope

The thesis consists of nine chapters. The background, objectives of the present study
have been introduced in this chapter. In chapter 2, a comprehensive review was given
on the historical development of solid state sintering and various sintering models, especially the master sintering curve theory. The application of additives for improving
sinterability and conductivity of the YSZ electrolyte is also reviewed.

In chapter 3, the experimental procedures were presented, covering topics of experimental design, sample preparation and characterization, data collection and analysis.

In chapter 4, the application of master curves on undoped 8YSZ was examined.
Both master densification curve (MDC) and master grain growth curve (MGGC)
4
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were constructed for undoped 8YSZ, and the effectiveness of the established master
curves was verified. Meanwhile, the sintering mechanisms were discussed based on
the modeling approach.
In chapter 5, the master curves approach was extended to Ah03-doped and NiOdoped 8YSZ, where sintering behavior of 8YSZ containing both additives was investigated. The effect of additives were clarified based on various characterization
techniques and master curves modeling approach.
In chapter 6, sintering behavior and mechanisms of 8YSZ containing Ah03 and
Si0 2 co-additives are studied, with the objective to further lower the sintering temperature of 8YSZ.
In chapter 7, the electrical properties of 8YSZ containing Ah03 and Si0 2 coadditives are investigated. The conduction behavior were addressed by the widely
used" brick layer model" and "constriction model". An optimized content of Ah03
and Si0 2 co-additives was proposed, with respect to both improved densification and
conductivity.
In chapter 8, the main conclusions of the study were summarized.
In chapter 9, based on the findings of this work, future works were proposed.

5
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2

Literature review
A comprehensive review on the development of related topics was provided in this
chapter. The fundamentals of solid-state sintering was introduced, followed by the
review of various sintering modeling, and emphasis was given to the recently developed
master sintering curve (MSC) theory. The application of yttria-stabilized zirconia
(YSZ) in solid oxide fuel cell, and sintering and conductivity of the material were also
discussed.

2.1

Solid-state sintering

Sintering is the process of converting a porous powder compact into a dense body
by applying thermal energy. The strength of the sintered components is attained via
inter-particle bonding accompanied by elimination of the pores, whereby the driving
force is the reduction of interfacial energy. According to the firing conditions, sintering
can be categorized as: solid-state sintering, liquid-phase sintering, pressure-assisted
sintering and field-assisted sintering.

2.1.1

Sintering mechanisms

Sintering mechanisms define the specific paths along which atoms diffuse under high
temperature. The matter is transported from regions of higher chemical potential
6
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and deposited at regions of lower chemical potential. Fig. 2.1 shows a schematic
diagram of three spherical particles in contact, whereby six distinct mechanisms are
clearly indicated. All these mechanisms lead to the growth of necks, however, they
are basically two competing groups in respect of densification. The viscous flow, grain
boundary diffusion and lattice diffusion from boundaries cause the particle centers to
approach closer, i.e. the shrinkage of the body, and are thus referred as densifying
mechanisms. Whereas, on the other hand, surface diffusion, lattice diffusion from

the surface and vapor transport which only causes coarsening of the particles, are
classified as non-densifying mechanisms. The non-densifying mechanisms play equally
important role during sintering, because they consume particles' active surfaces, which
leads to a reduced sintering potential and densification rate [19, 24].

Grain boundary

1. Surface diffusion

2. Lattice diffusion (from
the surface)
3. Vapor transport
4. Grain boundary diffusion
5. Lattice diffusion (from
the grain boundary)
6. Plastic flow

Figure 2.1: Materials transport paths during sintering [19] (With permission).

7

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

2.1 Solid-state sintering

Figure 2.2: Illustration of the microstructural evolution that occurs during a complete
densification process. (a) Initial stage, (b) Intermediate stage, and (c) final stage [24]
(With permission).

2.1.2

Sintering stages

For the simplicity of numerical modeling, it is common to divide the continuous sintering process as three overlapping stages: early, intermediate and final stage [19].
The geometrical evolution during each sintering stage is schematically shown in Fig.
2.2. The spherical and identical particles are assumed in this idealized model. Early
stage of sintering is characterized by the rapid neck formation between neighboring
particles. The extent of shrinkage is small, typically limited to ::; 5% of the relative
density. In the intermediate stage, the high curvatures of the initial stage disappears,
and considerable densification, usually up to '" 90% of the relative density is achieved
at the end of intermediate stage. The microstructure consists of a three-dimensional
network of solid grains, surrounded by continuous channel-like pores sitting on the
edge of the grains (Fig. 2.2). During the final stage, the pores become isolated at the
grain corners and continually shrink, which is accompanied by rapid grain growth.

8
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2.2

Modeling of sintering

2.2.1

Analytical models

2.2.1.1

Early stage

The models used to describe the early stage of sintering is derived from the idealized
two-sphere construction (Fig. 2.3). Due to the difference in curvature, there is a stress
gradient between the neck and grain boundaryjparticle surface, which provides the
driving force for matter to flow to the neck. In terms of movement of atoms, the flux,

i;

can be expressed as [18, 19]:

(2.1)
where \J JL is the chemical potential gradient, D is the diffusion coefficient, Oa is the
atomic volume, k is Boltzmann's constant and T is absolute temperature. The total
volume of matter transported into the neck is:
(2.2)
where A is the available area over which diffusion occurs, and it can be expressed as:
A = 21rx6g b for grain boundary diffusion, and A = 21rx 2 for lattice diffusion. x is the

radius of neck and 6g b is the thickness of grain boundary.
In Fig. 2.3, densifying mechanisms are assumed to be dominant. The two particles
of radius a penetrate each other by a distance of h, and the neck has developed with
a concave surface of radius r. Regardless of the sintering mechanisms, the general
equation for neck growth takes the form of [25]:
(2.3)
where m and n are numerical constants depending on the active sintering mechanism,
and the geometrical and material parameters are contained in the function B. The
values of m and n, and expression of B can be found in many handbooks [18, 26].

9
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Figure 2.3: Geometrical parameters for the idealized two-sphere model [19] (With
permission) .
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However, the direct measurement of neck size is always difficult in practical cases.
In fact, the linear shrinkage of the sintered compact is usually measured instead. If
a sintering system is primarily dominated by densifying mechanisms, Eq. 2.3 can be
re-written to give the macro linear shrinkage based on geometrical relation:

8L
i;

-

h

r
2a

x
2a

= - - ~ - - = -( - )

2a

2

(2.4)

where 8Land L o are the change in length and original length, respectively. Based
on the equations for mass transportation and the geometrical relation, it is easy to
obtain the complete expression for grain boundary diffusion (Eq. 2.5) and volume
diffusion (Eq. 2.6) [24, 25].
(2.5)
~L

i:
2.2.1.2

1/ 2

D l J!f2a

= _
(

kTa 3

t 1/ 2

)

(2.6)

Intermediate and final stage

Following Coble [27, 28], intermediate stage of sintering begins when the interparticle
contact area exceeds

~

0.2 of the cross-section area of the particle. At this stage, grain

growth is possible due to the increasing smoothness of neck surface. As illustrated
in Fig. 2.4, the grain shape is represented by a space-filling body, tetrakaidecahedra,
which is formed by removing a pyramid from each of the six apexes in an octahedron.

An assumption about the model is that cylindrical pores situated along the edge
are uniform in geometry, which implies that only densifying mechanisms operate. The
kinetic equation is derived by focusing on the the reduction of total porosity:
p _
c -

~_ ~
Vi - 2V2

(r

2

l~

)

(2.7)

where Vp and Vi are the total volume of pores and tetrakaidecahedra body, respectively,
r is the radius and lp is the length of the pore. During both intermediate and final-

stage sintering, the pores are filled by matters transported from the grain boundaries,
11
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Figure 2.4: Idealized geometrical model for intermediate stage [19] (With permission).

although the shape of pores evolves from a cylinder to a sphere. Therefore, a general
equation has been developed for both stages, which relates the densification rate with
the kinetic process [27]:

~ dp =
pdt

A ( DC )
CmkT

(Q1)
r

(2.8)

where p is the relative density, t is the time, C is the grain size, and A is a constant
obtained from the geometrical parameters. The diffusion coefficient D, constants m
and

Q

have specific values that depend on the particular mechanism, which are given

in Table 2.1 [19].
Table 2.1: Values for constants of intermediate and final-stage model: D, m,

Sintering mechanism

Intermediate stage

Final stage

D = D g b6g b

D = D g b6g b

m=3

m=3

Q=l

Q=2

D=D z

D=D z

m=2

m=2

Q=l

Q=2

Grain boundary diffusion

Lattice diffusion

12
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2.2.2

Combined-stage model

The earlier works have primarily focused on establishment of single-stage sintering
models based on simplified geometry, however, their practical applications in ceramic
manufacturing has been a great challenge. Firstly, the sintered component is difficult
to assume ideal geometry in real situation, and secondly, the treatment of entire sintering process is always found to be tedious. Therefore, there were many attempts to
extend these models to the entire process without consideration of particle characteristics.
Sintering maps by Ashby [29] was the first attempt that integrates the separate
sintering stages into a single diagram, yet the construction of sintering maps is difficult.
Wang and Raj proposed a single equation in their study of activation energies [30],
in which sintering rate was demonstrated to be a function of temperature, grain size
and density-related quantities:
(2.9)
where C is a constant, V is the molar volume, R is the gas constant, Q is the sintering
activation energy,

f (p) is a function only of density,

n is a constant that depends on

the sintering mechanism (n = 3 for lattice diffusion and n = 4 for grain boundary
diffusion), and other parameters have the same meaning as stated previously. Unfortunately, the derivation of the model was not presented. The model has been extensively applied to obtain activation energy by performing either isothermal sintering
or sintering under constant rate of heating (CRH).
Hansen et al. [31] recognized the similarity in material transportation between
three single stages, and they derived a single equation that describes the densification
through the whole sintering process, which was referred as "combined-stage model".
The microstructure was characterized by two parameters: geometry and scale, where
the scale parameter contained linear conversion factors between geometry and actual
microstructure. The derived equation is a expression of linear-shrinkage rate assuming

13
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isotropic sintering,

_ dL
Ldt

=

-yn a

(8D gb f

kBT

G4

gb

+

Dlf l)

G3

(2.10)

where t~t is the linear shrinkage rate, D gb and D, are grain boundary diffusion and
lattice diffusion coefficient, respectively. I'gb and f l are quantities that contains all
scaling parameters. The combined-stage model is comprehensive, however, one major
problem is that it is extremely difficult to determine the geometric evolution of the
powder compact. Instead, as an extension of the model, the master sintering curve
(MSC) approach has been developed.

2.2.3

Master sintering curve

2.2.3.1

Master densification curve

The master sintering curve was developed by Su and Johnson [20] based on the
combined-stage sintering model. By assuming only one dominant sintering mechanism exists, they rearrange Eq. 2.10 into a simplified form:
(2.11)
where G and I" is are assumed to be the function of density only; and Do is preexponential factor that depends on whether it is lattice or grain boundary diffusion.
The basic idea of MSC is to separate the parameters in the sintering rate equations
into (a) microstructure-related terms, and (b) time- and temperature-related terms,
which was achieved by a further rearrangement of Eq. 2.11:
(2.12)
and then, an integrating operation was made on both sides: the left-hand side (lhs)
was integrated over density range from Po (green density) to p, while the right-hand
side (rhs) was integrated over time range. A single term, <I>(p) , which contains the
microstructural and material parameters, was obtained from lhs as

<I>(p) =

kB

{P (G(p))n dp

-a,»; l;
14

3p(f(p))

(2.13)
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The time and temperature parameters that characterize a particular heating process
are incorporated in the term 8, which is also referred as "thermal history"

8[t, T(t)]

=

r

io

Q

1

T exp( - RT)dt

(2.14)

Thus, Eq. 2.12 was converted into

<p(p) = 8[t, T(t)]

(2.15)

The relationship between the density p and 8[t, T(t)] is defined as MSC. The MSC
approach makes it possible to predict density evolution under any given thermal history, whereas the calculation of 8[t, T(t)] requires a pre-knowledge of the activation
energy, Q. However, MSC also applies to systems with unknown activation energies.
If we take the advantage of equality in Eq. 2.15, the least experimental efforts is
needed for estimation of Q based on a "trial and error" method.
The constant-rate of heating experiments are usually performed, which provides
the density dependance on thermal history. The p-8 trajectory under each heating
rate is fitted using a sigmoidal function (Eq. 2.16) [32],
100 - Po

p=po+ 1+ exp

(lOge-a)
--b-

(2.16)

A first estimation of the activation energy will be made, which if it has been the
correct value, all of the data points would converge on a single sigmoidal curve. If
they fail to converge, a new value of Q is chosen and the above steps are iterated,
until the best convergence is found. The extent of convergence is judged by the "least
mean residual square (MRS)" criteria, the estimated Q that yields the minimum MRS
would be accepted as the correct activation energy. The master sintering curve model
have been successfully applied to the sintering of various materials, such as Ab03
[33], Y-TZP [34], cubic zirconia [35], ZnO [36] and tungsten alloys [37].

2.2.3.2

Master grain growth curve

The master sintering curves for grain growth was not mentioned in Su and Johnson's
original work, whereas several recent work have developed the master grain growth
15
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curve based on the similar approach [34, 38]. Grain growth can be analyzed by a
well-known kinetic equation,
dG

di

=

tc,
-Qc
Gn-l exp( RT )

(2.17)

where Go is the specific starting grain size, t is time, K o is the pre-exponential factor,
n is the mechanism-controlled constant, and

Q is the activation energy for grain

growth. Following the derivation of MSC for densification, Eq. 2.17 is integrated and
rearranged as
(2.18)

Similarly, the parameter characterizing a particular sintering process is expressed as
Be =

i

t

exp( -

0

Q
R~)dt

(2.19)

and the grain size-related parameters and constants are assembled together and is
given by

q>(G)

=

Gn - Go
nKo

(2.20)

The parameters K o and Qc are also determined by fitting of the experimental data,
and the most appropriate activation energy will produce the least mean residual
square.

2.3
2.3.1

Yttria-stabilized zirconia (YSZ)
Structure

The crystal strucuture of pure zirconia is monoclinic under room temperature. With
the increase of temperature, Zr02 undergoes the phase transformation from monoclinic to tetragonal phase at 1170°C, and tetragonal to cubic fluorite structure at
2370°C [7]. From the technological point of view, the tetragonal and cubic structures

are more useful, as they have good chemical stability, fracture toughness and ionic
conductivity, and hence find a wide range of applications such as thermal barriers,
16
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grinding media, cutting cools and electrochemical devices [6, 39]. The tetragonal
and/or cubic forms can be stabilized at ambient temperature through the introduction of divalent or trivalent cations, such as Ca2+, Mg 2+, y 3+. Meanwhile, oxygen
vacancies are created for charge compensation, which can be described as:
(2.21)
The phase composition of YSZ depends on the dopants content, and more than 8-9
mol% Y 2 0 3 is required to fully stabilize the cubic form of zirconia [40, 41]. The cubic
YSZ has a fluorite structure, as illustrated in Fig. 2.5, in which two Zr cations are
substituted by two Y cations to generate one oxygen vacancy. Due to the larger ionic
size and lower valence of y 3 + (1.019A) with respect to Zr4 + (0.84A), there are both
elastic and electrostatic interaction in the unit cell. As a result, the cubic YSZ doesn't
maintain an exact fluorite structure, instead, both the cations and anions will deviate
from their ideal position. Among all types of defect-defect interaction, the cationvacancy interaction plays the most important role, since it will directly influence the
migration of oxygen vacancies [42]. In earlier studies, there was controversies over
whether V~ locates at the nearest neighboring (NN) site or next nearest neighboring
(NNN) site relative to Y cations. In recent years, however, both experimental and
theoretical evidence tend to support that oxygen vacancy favors to be the NN site to
Zr and NNN site to Y [43, 44]. The clarification of defect chemistry was necessary for
simulating the dynamics of ionic conduction.

2.3.2

Application in SOFe

2.3.2.1

Solid oxide fuel cell

Solid oxide fuel cell (SOFC) is an energy conversion device that comprises all-solidstate components, in which, electricity is generated from electrochemical reaction by
directly utilizing hydrogen or hydrocarbon fuels [7, 45-50]. Due to the high operation
temperature (500-1000°C) and clean fuel sources, SOFC possesses the main advan17
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Figure 2.5: Fluorite structure of cubic YSZ.

tages of high efficiency and environmental friendliness. The potential applications of
SOFCs system have been explored as both auxiliary power unit for vehicles as well as
stationary power generator [46, 50, 51].
A single SOFC essentially contains three basic components: an anode, a cathode
and the electrolyte. Fig. 2.6 shows the schematic representation. The porous electrodes provide paths for fast gas transportation as well as adequate catalytic sites,
whereas the dense-enough electrolyte ensures efficient ions transport and no gas mixing. The vast majority of electrolytes are currently based on oxygen-ion conductors.
Under operation, oxygen/air supplied at the cathode is reduced to oxygen ions (0 2 -

)

by the incoming electrons from external circuit. The produced 0 2 - migrate across the
electrolyte and reach to the anode, where fuels are met and oxidized. Additionally,
electrons are liberated at the anode, which flow through the external circuit to the
cathode.
Ni/YSZ cermet is currently the most common anode material for SOFC [52-55).
The porus anode is usually fabricated from mixtures of YSZ and NiO, which was
subsequently sintered and reduced under H2 atmosphere. Nickel has good catalytic
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Figure 2.6: Schematic representation of SOFe.

property for oxidation of hydrogen, and can also achieve fast electron transfer. YSZ
constitutes a frame for the Ni phase particles, and with the induced pores, large areas
of triple-phase boundaries can be provided.
The state-of-art cathode materials are based on perovskite-type AB0 3 oxides,
where the explored compositions mainly include: A=La, Sr and B=Mn, Fe, Co [10,
53, 56, 57]. Ionic conduction occurs via oxygen vacancies, which can be achieved
by rational choice of low-valence substitutional elements at either A or B site. On
the other hand, the reducible transitional metals provide semiconducting structure at
high temperature, leading to electronic conductivity. In order to improve the overall
performance, both A and B site doping is preferred in most of the perovskite materials.

2.3.2.2

Electrolyte for SOFe

The recognized solid oxygen-ion conductors mainly include fluorite-type stabilizedzirconia and doped ceria, doped bismuth, perovskite strontium/magnesium-doped
lanthanum gallate (LSGM) and apatite-type silicates/germanates [47, 58, 59].
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8-10 mol% yttria-stabilized zirconia is to date the most widely used electrolyte

material. The major advantages of YSZ include: pure ionic conductivity, remarkable
chemical stability under both reducing and oxidizing conditions, good fracture toughness and abundant availability [60-62]. The main drawback of the material COUles
from its insufficient conductivity at intermediate temperature. As an alternative stabilizer, SC203-stabilized Zr02 has been proved to exhibit much higher conductivity,
however, the instability of phases have limited the widespread application [61, 63].
Higher conductivities has also been achieved in doped ceria [58, 64-66] and doped
bismuth [67, 68]. Nevertheless, the reduction of Ce 4 + and Bi 3+ to Ce 3+ and Bi 2+
under lower oxygen partial pressure (P 02) would give rise to unfavorable electronic
conduction.
Doped LaGa03 with SrO and MgO (LSCM) was demonstrated to possess higher
conductivity under intermediate temperature [67, 69, 70]. Further improvement on
the conductivity of LSCM has been focused on optimization of the doping amount and
adding transitional metal oxides, such as Fe203 and C0 2 0 3 . The problems pertaining
to LSCM as electrolyte are: difficulty in synthesis of pure phase and unfavorable
reaction with Ni-containing anode [69].
In the multi-layered SOFC system, the electrolyte is sandwiched between the anode
and cathode. This places stringent requirements on the selection of electrolyte. In
addition to the high conductivity, the electrolyte is also required to have:
• long-term chemical stability
• chemical compatibility with neighboring anode/cathode
• proper thermal expansion coefficient (TEC)
• long-term mechanical strength
• ease of fabrication and low cost
In consideration of all the features, it is well accepted that YSZ is still the most
promising electrolyte material for SOFC at present.
20
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2.3.2.3

Fabrication

The construction of SOFC are largely based on two basic designs, i.e. tubular and
planar structure [7, 46], which are illustrated in Fig. 2.7. Compared with the tubular
design, the planar design offers much simpler fabrication and also higher power density
[71], and hence is preferred by manufacturing.

Anode
Electrolyte
Cathode
Air

(b)

(a)

Figure 2.7: The common structures of SOFe: (a) tubular design (b) planar design [7].

The planar type SOFCs can be further grouped into electrolyte-supported, anode/cathodesupported and, more recently, metal-supported configuration [72]. Among these types
of design, the anode-supported and metal-supported configurations are much preferred by manufacturers. The anode-supported SOFC utilizes a thick anode layer
(e.g.

NiO /YSZ cermet) as both supporting and functional component, and elec-

trolyte film is made to be thin enough (typically around 10-50 ILm,) to reduce the
ohmic loss. In contrast, the metal-supported design has its functional layers laminated onto a porous metal support (e.g. stainless steel), and the ceramics layers are
only concerned for electrochemical functions. This design provides many benefits such
as low cost, excellent mechanical ruggedness, and rapid thermal cycling.
It becomes clear that either electrodes or metal supported SOFC with thin-film
electrolyte is necessary for higher power output, thus various techniques have been
applied to fabricate the electrolyte layer with limited thickness, which includes chem-
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ical vapor deposition (CVD), electrochemical vapor deposition (EVD), plasma flame
spraying, sol-gel processing, tape casting and screen printing [9, 73, 74]. Compared
with other methods, tape casting and screen printing are regarded as cost-effective
and more suitable process for mass production [11], which has been widely adopted for
fabrication of both electrode and electrolyte layers. The wet-processed layers can be
laminated together and then sintered at the same time, i.e. via co-sintering technique,
to obtain the final product.
Co-sintering is recognized as the most attractive technique mainly because of its
cost-effectiveness and mass-productivity. In spite of the merits, one major concern
with the process is the selection of co-sintering temperature. The YSZ electrolyte
requires a temperature of T, 2: 1350°C to be densified, while the ceria oxide needs
a even higher temperature [8, 75, 76]. However, at such a high temperature, interfacial reaction occurs between LSM cathode and zirconia electrolyte, giving rise to
low-conductive phases [51]. Moreover, Ni phase in Ni/YSZ anode would grow, accompanied by the reduction of porosity and triple-phase reactive site. To avoid these
problems, lower temperature of sintering (better below 1250°C) is desirable [75, 77].
In fact, lower temperature heat treatment would also make it easier to control the
flatness of the laminated layers. In order to achieve gas-tight electrolyte at lower temperature, there are two approaches mainly used, i.e. adoption of nano-particles and
utilizing sintering additives. Details on this topic will be provided in later section,
where the sinterability of YSZ electrolyte is thoroughly reviewed.

2.3.3

Sintering of YSZ

2.3.3.1

Synthesis and sintering

The sinterability of both tetragonal and cubic YSZ have been extensively investigated,
which involve a wide range of topics, such as synthesis and sintering of nano-particles,
sintering of cornmercial powders and study of sintering rnechanisrns [78-82]. Over the
past years, synthesis of nano-powders attracted great research effort, because they
22
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are easy to densify at relatively lower temperature due to large surface areas. There
are a number of synthesis routes applied, such as, sol-gel method [83], coprecipitation [78], hydrothermal processing [84] and polymeric routes [79]. The major concern
for production of nano-powders is the formation of hard-agglomerates. The intraagglomerate regions sinter at a higher rate and may detach from its surroundings,
leading to micro-crack in the compacts. For either YSZ or Y-TZP nano-powders, if
morphology is well controlled without hard-agglomerates, the densification temperature can be reduced to as low as 1000-1200°C [85].
The sinterability of commercially available YSZ powders are also widely studied,
in particular, sintering mechanisms are explored by applying various sintering models
[86, 87]. Matsui et al. systematically investigated the sintering behavior of YSZ and
Y-TZP using the commercial powders from Tosoh Ltd (Tokyo, Japan) [80, 81]. The
particles with larger surface area and higher yttria concentration was shown to have
faster shrinkage rate, and they also claimed that the initial stage of sintering was
dominated by grain boundary diffusion. Gibson et al. [86] compared the sinterability
of three kinds of commercial Y-TZP powders with different particle size and morphology, which reported that powders prepared via spray-drying route are more readily to
densify. The activation energy for densification is found to 605-645 KJ / mol by their
group.

2.3.3.2

Sintering additives

There is a long history of using sintering additives in the production of ceramic bodies.
Small amount of additives are purposely introduced to the host materials in order to
reduce the sintering temperature, improve the densification process, or to control the
microstructure evolution during heat treatment. Zirconia is one of the most common
oxide, and undoubtedly there has been a great number of attempts in searching for
suitable additives for this ceramic material.
The examined additives that is able to improve sintering of yttria-zirconia com-
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pounds include A1 203 [88-90], CuO [91] for Y-TZP, and Ab03 [12-15,92-95], Fe203
[12, 62]' ZnO [96], Bi 203 [62], NiO [97-99], Si0 2 [23] and Mn02 [87] for cubic YSZ.
As an example, an early study that compared the effectiveness of some sintering additives is shown in Fig. 2.8. It can be seen that final density of YSZ was improved
by 10% upon 1.0 mol% A1 203 and 1.0 mol% Ti0 2 doping. Hirano et al. reported a
reduction of 300°C in the sintering temperature of 10ScSZ by 1 mol% Bi 203 addition
[100]. Also, Matsui et al. observed that densification rate of 7.8YSZ was significantly
enhanced by 0.25 wt.% Ab03 addition at T< 1290°C [94]. However, there is an
optimal concentration for most of the sintering additives, above which the effect for
sintering of zirconia would turn into negative [12].
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Figure 2.8: Density change of cubic YSZ by some additives sintered at 1480°C[62]
(With permission).

As eternal additives, the sintering aids are required not only capable to enhance
sinterability, but also would not adversly affect functionalities of the host material.
Among various additives for YSZ, A1 203 offers several unique advantages. The benefi24
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cial role in reducing sintering temperature of YSZ has been commonly realized [13, 15].
Besides, Al 203 could improve the mechanical strength and fracture toughness of zirconia. For example, Esper et al. increased the mechanical strength of YSZ by 50%
by the addition of 20 wt.% Al 203 [101]. Meanwhile, Ab03 is able to increase the
conductivity, especially the grain boundary conduction, of YSZ by scavenging of Si0 2
impurities along the grain boundary [102, 103]. Hence, a small amount of Ab03 is always purposely added into YSZ electrolyte to achieve a better performance. There has
been extensive studies on sintering of YSZ with Ab03 addition, the main agreements
and conclusions are summarized as follow.
1. The solubility of Ab03 in Zr02 is very low, which is only 0.5-0.8 mol.% at
1700°C [104], 0.5-1.0 wt.% at 1500°C in 8YSZ [14], and 0.1 mol% at 1300°C in
Y-TZP [88]. The dissolved Ab03 strongly segregates to the grain boundaries.
2. Beyond the solubility limit, Al203 predominantly precipitates along grain boundaries, either in the form of glassy phase [92] or crystallite second phase [105],
depending on the impurity of the starting Zr02.
3. Doping Ab03 to yttria-zirconia can significantly enhance sintering by reducing sintering temperature and promotes densitication within a certain content.
Higher doping level will decrease the final density due to microcracks [15].
4. Mechanical strength and fracture toughness of zirconia can be enhanced by
Al203 dopants, which is attributed to the refinement of matrix of grains [13,101].
On the other hand, there are still sufficient work or controversies over several
topics.

For example, the mechanisms for enhanced sintering is not well clarified.

The reported mechanisms covers a wide range of possibilities, including liquid phase
sintering [62] or particle rearrangement [13], grain growth inhibition [12] and solid
state mechanism [90]. In addition, the sintering models used in the previous studies
are mostly based on staged-sintering models, while application of more sophisticated
models may provide new sights into the topic.
25
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2.3.4

Conductivity of YSZ

In the family of doped zirconia, yttria-stabilized zirconia has the advantage of good
conductivity and excellent phase stability, and has been widely used as oxygen gas
sensors and electrolyte for SOFe. The conductivity of (Y203)x(Zr02)1-x is closely
related to the content of Y 203, which increases to the maximum at x=0.08-0.09, and
then decreases for higher content of Y 203 (Fig.2.9) [58, 106]. The decrease at higher
dopant contents is attributed to the formation of defects association: [Y;r -

[Y;r -

Var and

Va - Y;r]X, which leads to a reduction in mobility of free oxygen vacancy and

thus conductivity.
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During operation, aging of YSZ can lead to decreases in conductivity. The degradation of conductivity of YSZ originates from several reasons [107-109]: (1) precipitation of long-range ordered phases, such as Y2Zr207, (2) formation and precipitation
of tetragonal phase in the cubic grains, (3) segregation of dopant-rich layer near grain
26
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boundaries, (4) short range of ordering of oxygen vacancies. Taking account into the
aging effect, Hattori et al. suggested that 9.5 mol% YSZ would be a better candidate
because it showed no conductivity degradation even after annealing for 1000h [109].

2.3.4.2

Conductivity of YSZ with impurity/additives

Ionic conductivity is the critical parameter of an electrolyte, which determines, to a
large extent, the operating temperature and power output of a SOFC. In literature,
a number of approaches have been employed to enhance the conductivity of YSZ,
including either modifying the composition and microstructure, or tailoring of the
processing condition [14, 22]. In polycrystalline zirconia electrolyte, the total conductivity is contributed by both bulk and grain boundary conduction. Generally, the
resistivity of grain boundary can be over 2-3 orders magnitude higher than that of the
grain interior due to a combination of impurity and space-charge layer effect [110].
The bulk conductivity of YSZ can be enhanced by partially substituting the Y203
dopant with rare earth dopant whose ionic radius is closer to the host Zr 4 +, such as
SC203 (rs c3+ = 0.87A) and Yb 203 (rYb3+ = 0.985A), while the total concentration of
dopants is kept at 8-9 mol%. For example, the conductivity of 9YSZ is 0.166 Sjcm
at 1000°C. After Y 203 was partially replaced by which was increased to SC203, the
conductivity of (SC203)x(Y203)O.09-x(Zr02)O.91 was increased to 0.180 and 0.246 Sjcm
at x = 0.03 and x = 0.06, respectively [102].
In the heterogeneously doped YSZ, the grain interior conductivity is closely related to the solubility of dopant cations into the lattice. Transitional metals such as
Ni, Fe, Co, Mn, Cr are the common constituents in anode, cathode or interconnect
components of SOFC. The diffusion of these elements into electrolyte layers has been
frequently observed during co-sintering process, and therefore, the influence of transitional metal oxides (TMOs) was investigated by a number of researchers [17, 111].
Zhang et al.

found that upon 1.0 mol.% loading of TMOs such as NiO, Fe203,

Mn02 and CoO, grain-interior (GI) conductivity of 8YSZ was decreased by 27-33%
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[97]. Lewis investigated the effect of cobalt addition, and reported a decrease in both
GI and grain-boundary (GB) conduction in the doped 8YSZ [112]. Also, Molin et
al. confirmed that addition of either Fe203 or Cr203 oxide decreases total electrical
conductivity of 8YSZ, however, chromium mainly influences GB conductivity, while
iron influences electrical conductivity of both grain and grain boundary [111]. These
studies indicate that incorporation of undersized cations are unfavorable in terms of
ionic conductivity. Generally, it was considered that the dissolution of TMOs stimulate the formation of defect associations and hinder the mobility of oxygen vacancies.
However, Zhang suggested the potential microstructural change, such as lattice distortion and the formation of microdomains, might also be responsible for the decreased
condcuctivity [97].
Compared with bulk conduction, the interpretation of grain boundary conduction
is more complicated. The grain boundary effect can be caused by either impurity
segregation (particularly Si0 2) and/or space charge layers. Guo systematically investigated the grain boundary conduction of zirconia, and clarified that the space-charge
layer predominantly contributes to GB effect in the highly pure material. In the
space-charge layer model, the grain boundary is consisted of a grain boundary core
and two adjacent space charge layers. The enrichment of y 3+ at the grain boundaries
lead to a positive space charge potential, where it is depleted of oxygen vacancies and
thus a higher resistivity.
It should be noted, however, the presence of Si0 2 impurity is ubiquitous, which
may either exist in the starting materials or could be induced during processing or
sintering. It has been widely reported silica greatly decrease the grain boundary
conduction of zirconia and ceria [21, 113]. Badwal found that the addition of only 0.2
wt.% silica was sufficient to decrease the grain-boundary conductivity of YSZ by a
factor greater than 15 [21]. Therefore, it is necessary to eliminate the impurity effect,
from which the grain boundary conduction can be significantly benefited.
The addition of a small amount of Ab03 is found to be effective for neutralizing
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the detrimental effect of Si0 2 impurity in YSZ [14, 102, 113]. Butler and Drennan [92]
have analyzed the microstructure of stabilized zirconia with A1 20 3 additions. They
suggested that Ab03 acted as a scavenger for Si0 2 , removing the silicious phase
from grain boundary localities. Lee et al. on the other hand [113] investigated the
conductivity of ball-milled YSZ sample containing 2:120 ppm Si0 2 . The resistance
per unit area was decreased from 2.01 n·cm 2 to 0.24 n·cm2 upon 1 mol.% Ab03
addition. The improvement of GB conduction Ab03 is owing to Ab03 can effectively
scavenge silicious film through chemical reaction [92]. It is worth to mention, however,
the amount of Ab03 additive should be carefully manipulated, as below the solubility
limit, A1 20 3 would increase the Schottky barrier height of the space-charge layer and
considerably decrease the GB conduction. [103, 110].
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3

Experimental procedure

3.1

Introduction

The chapter presents details of the experimental procedure, covering approaches of
experimental design, sample preparation and characterization, data collection and
analysis.

3.2
3.2.1

Sample preparation
Starting materials

Commercially available 8 mol% YSZ (TZ-8Y, Tosoh Co. Tokyo, Japan) was used as
starting material, The as-received powder is of spray-dried and free-flowing granules,
which can be easily crushed into small particles.

The morphology of as-received

powder and that after crushing is shown in Fig. 3.1 (a) and (b) respectively. The
average crystal size is 25 nm, and particle size distribution is illustrated in Fig. 3.2,
with a median size (D so) of 0.6 uui. The level of impurities are (wt%): Ah03 ::; 0.005,
Si0 2 < 0.007, Hf0 2 < 2.5, Fe203

< 0.007, Na20 ::; 0.017.

Aluminum nitrate (Al(N03)309H20, 99.99%, Sigma-Aldrich, Singapore) and nickel
nitrate (Ni(N03)206H20, 99.9%, Sigma-Aldrich, Singapore) were used as the source
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Figure 3.1: SEM micrograph of TZ-8Y powder (Tosoh, Japan), (a) as-received and (b)
after crushing.
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for Ah03 and NiO dopant, respectively. Tetraethyl orthosilicate (TEOS, 99.999%
trace metals basis, sigma-aldrich, Singapore) was used to introduce Si0 2 additive. At
elevated temperatures (>600°C), TEOS decomposes into Si0 2 through the following
equation:

(3.1)

3.2.2

Green pellets preparation

The dopants were loaded into 8YSZ by wet chemical method. The desired quantities
of dopant solution were ultrasonically mixed with 8YSZ powder to form a slurry,
which were then dried and calcined at 600°C for decomposing dopant precursors into
oxides. To ensure a homogeneous distribution of additives, the mixed powder was
horizontally ball-milled for 24h in a polyethylene (PE) bottle with ethanol, where YTZP balls were used as media. After drying the powder mixture, a small amount of 15
wt%-PVA solution was added as binder. Green pellets were prepared by compacting
the powders with a cylindrical stainless-steel die (¢10 mm) under 50 MPa, followed
by cold-isostatic-pressing (CIP) for 5 min under 200 MPa. The binder was burnt
out by holding the sample at 600°C for 0.5h, and then the mass, diameter, and
thickness of the compacts were measured. The dimension of as-prepared green pellets
is ¢9.5 x (1.5 - 4) mrrr' to suit for different usage.
Theoretical density (PT) is roughly estimated by the mixing law,
1

PT = ~
PYSZ

where W y SZ and

PYSZ

+ ~r: (Wi)
L..."t=l

(3.2)

Pi

are the weight percentage and theoretical density (5.98 g/cm 3)

of YSZ, and Wi and Pi are the weight percentage and theoretical density of the ith
dopant, respectively. Green density of the specimens is estimated to be in the range
of 48.5-51.0% of the theoretical density.
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3.3
3.3.1

Sintering of pellets
Dilatometric shrinkage

The instantaneous shrinkage of the pellets were monitored by using a horizontal pushrod dilatometry (DIL 402C, Netzsch, Germany). A slight load of 20 cN was exerted
on the sample so as to minimize the external effect.

The heating rates used for

constant rate of heating (CRH) experiments are between 2-20°Cjmin. After reaching
the desired temperature, samples are cooled immediately to room temperature under
the rate of 15°Cjmin. Some of the runs were repeated to examine the accuracy of
the measurement, and the error was found to be within ±0.1 J.Lm (±0.02%). Besides,
isothermal sintering was also performed on some selected sample, and the dimension
change during both heating and soaking were recorded.
Before the sample measurement, baselines were created using sapphire as a standard. The same heating profiles were applied, so that instrument length variation
could be calibrated. Thermal expansion of the sample was corrected using the respective thermal expansion coefficient (TEC), which was determined from the cooling part
of the shrinkage curve. Although there is small variation in the doping composition,
TECs of all specimens were found to be close to that of undoped 8YSZ, i.e. around 9.9
x 10- 6 jK. Nearly isotropic shrinkage was confirmed by measuring dimension changes
in both radial and axial direction after heat treatment. Accordingly, the instantaneous
linear shrinkage was converted into density by the equation
1

(3.3)

Pr = (1 + ~LjLo)3PO
where Po is the relative density of green pellets, and

~L j La

is the percentage of

instantaneous shrinkage.

3.3.2

Conventional sintering

Samples for conductivity measurement and microstructure observation were prepared
by sintering in a conventional electrical furnace under ambient atmosphere.
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furnace was preserved exclusively for this study so as to minimize external contaminations. Batch of samples were heated to the target temperatures (1000-1600°C) at
5°C/min, and soaking for various time between 0 to 8h before cooling down to room
temperature.

3.4

Impedance analysis

The sintered pellets were polished on both sides, where silver paste and silver wire
were attached to make electrodes.

The organic additives in the silver paste was

burned out at 800°C, after which electrodes with very limited contacting resistance
were consolidated. The specimen were put into a tubular furnace, while a platinum
thermal couple was placed neighboring to it for temperature calibration. At each
ramp of temperature, samples were stabilized for 15 min before data collection.
Electrical properties were characterized with an two-probe AC impedance analyzer
(Solartron 1260, UK). The measurement was conducted in the frequency range of 1
to 107 HZ at temperatures of 300-800°C in the air atmosphere. The supplied software
package was used for processing the collected data.

In polycrystalline electrolyte, both grain interior and grain boundary conduction
contribute to the measured impedance spectra. A typical impedance plot for a polycrystal sample is represented by three semicircles as illustrated in Fig. 3.3 (a), and the
idealized equivalent circuit is shown in Fig. 3.3 (b). With decreasing frequency from
the left to the right, the three successive semicircles correspond to response of grain
interior, grain boundary, electrode-electrolyte polarization, respectively. The value of
both resistance and capacitance can be fitted with the equivalent circuit.
The grain interior conductivity,
conductivity,

C7 gb,

C7gi,

can be expressed as

and the total (or apparent) grain boundary

C7gi

= R~A and

C7gb

= R~A' where R gi and R gb

are the grain interior and grain boundary resistance, respectively, L is the sample
thickness and A is the cross-sectional area. Then, the total electrical conductivity,
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a

1

Frequency

EL

GI

GB

Rgt+Rgb+R..

Z (ohm)----"

b

Figure 3.3: An idealized illustration of (a) typical impedance plot and (b) equivalent

circuits.

can be calculated by,

I/O' = l/O' g i

3.5
3.5.1

+ l/O'g b

(3.4)

Materials characterization
Density measurement

For sintered samples with the relative density below 80%, the density is calculated
from weighing the mass and measuring of the dimension of the sample,
4m
1f R2 . l

(3.5)

p=--

where m is the mass, R is the radius, and l is the thickness of the sample. If the relative density is above 80%, then the Archimedes method is applied. The Archimedes
method takes the procedure of: first, the weight of the dry pellet was measured in
air (mdry); second, the pellet was soaked in boiled water for 2h and held until cooling, and the wet pellet was taken out and measured as
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was placed in water bath and weighed as

mwater'

With the three weight obtained in

different condition, the density is calculated by
P=

mdry

----~----

(3.6)

(mwet - mwater) / Pwater

3.5.2

X-ray diffraction (XRD)

Phase identification was conducted with a X-Ray diffractometer (XRD, Bruker, D8
ADVANCE) using Cu_KG: radiation (A = 1.5418A) with step size of 0.002 and scan
speed of 1°/ min between 20° - 90°. After acquiring the XRD spectrum, Rietveld analysis was applied to refine the structures, from which lattice parameters are calculated.

3.5.3

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) (JSM-6360, JOEL, Japan) and an field-emission
SEM (JSM-6340F, JOEL, Japan) were used to observe the microstructure of samples.
The samples were ground by a series of sand papers from grade 180 to 1200, and
polished by clothes with diamond paste (0.1 /Lm). The surface of the polished sample
was ultrasonically cleaned, and then thermally etched to get the mirror-like surface.
The etching temperature is 50°C lower than its respective sintering temperature and
the etching time is 30min. However, for samples with high porosity, fracture surface
was directly observed. Grain sizes are estimated by the linear intercept method over
at least 200 grains. The actual grain size is determined by multiplying a factor of 1.56
to the apparent size [114].

3.5.4

Transition electron microscopy (TEM)

Field emission transmission electron microscopy (FETEM,JEM-2100F) was used to
observe the grain boundary structure. Specimens for TEM observation were prepared
by mechanically grinding to a thickness of

f'.J

50/Lm, followed by ion-milling for elec-

tron transparency. The local energy-dispersive spectroscopy (EDS) nano-analysis was
performed to identify the elementary distribution.
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4

Master curves for sintering of
undoped YSZ

4.1

Introduction

8 mol% YSZ (8YSZ) ceramic has been well reported to possess excellent chemical
stability and good ionic conductivity, and has since found itself useful in a wide range
of applications, such as gas sensors and electrolyte for SOFCs. To consolidate the
ceramic powder compact for applications in functional devices, sintering is always the
final step of processing. The performance is closely dependent on the microstructure
of the material, which in turn is determined by the sintering process. It would be of
great significance to obtain a sintered body with desired microstructure, and this can
be achieved by engineering the sintering profiles.
As a simple yet powerful sintering model, master sintering curves (MSC) emerges
in recent years, and have been successfully applied for the prediction of microstructural
evolution and investigation of sintering mechanisms. The use of an effective model
can greatly enhance the efficiency in establishing a process, and hence a reduction in
manufacturing cost. In this chapter, the application of MSC on sintering of undoped
YSZ was studied. The present work established master curves for both densification
and grain growth of YSZ, and provided insight for the sintering mechanisms. The
37
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4.2 Experiments
findings have also acted as a reference for the studying of additive effect in the latter
chapters.

4.2

Experiments

In the dilatometric sintering experiments, both constant-rate of heating (CRH) and
isothermal sintering were performed. For CRH, the specimen were heated to 1500°C
under different rate, namely, 2, 5, 7.5, 10, 15 and 20°C/min; and then cooled down
immediately to room temperature. Isothermal sintering was conducted by heating
the sample to 1100-1300°C at 20°C/min, and soaked at the holding temperature for
2-6h.
Density-grain size trajectory was determined from sintered samples with relative
densities of p

=

55 - 95%. In addition, static grain growth study was carried out. The

samples were held at 1300-1500°C with soaking time from 0 to 8h to obtain different
grain sizes.

4.3
4.3.1

Dilatometry
CRH sintering

The plot of linear shrinkage as a function of temperature under different heating rates
is shown in Fig. 4.1. The temperature

(Tonset)

at which shrinkage starts to occur was

determined by the extrapolation method [115], and was summarized in Table 4.1.
Apparently, the onset of shrinkage has been shifted to a higher temperature with
the increase of heating rate. For instance, T onset was determined to increase from
1055°C and 1093°C when the heating rate increased from 2°C/min to 20°C/min.
Similar behavior has also been observed in other reported CRH experiments, e.g. sintering of nano Ab03 [116] and nano 3Y-TZP [34]. In addition, it was observed that
significant shrinkage took place above 110QoC, and exhibited a systematical depen-
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4.3 Dilatometry
dance on heating rates; i.e, the lower the heating rate, the higher the shrinkage. This
tendency is resulted from the fact that at a lower heating rate, a prolonged time was
permitted for the occurrence of mass transport.
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Figure 4.1: Linear shrinkage of 8YSZ under different rates of heating.

The linear shrinkage can be represented by density evolution as shown in Eq. 4.1,
1

(4.1)

and using that, the relative density as a function of temperature is shown in Fig.
4.2 (a). The densification rate, 1/ pdp/dT, can be then computed from the derivative
of densification strain over temperature, and is plotted in Fig. 4.2 (b). Table 4.1
summarizes several thermal related parameters that characterizes the CRH sintering
process, e.g. the final density (PI), maximum densification rate (Pmax) , and the temperature (T max) at which the maximum densification occurs. The sintering rate is
found to have little influence to the final density, and all the samples could attain a
final relative density of 2: 98.0%. On the other hand, with the increase of heating rate,
the densification strain curve (Fig. 4.2 (b)) shifts to higher ternperature, while the
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4.3 Dilatometry
value of

Pmax

is found to decrease. The observation well explains the slower density

evolution under higher heating rates.
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Figure 4.2: (a) Density and (b) densification rate as a function of temperature at
various heating rates.

4.3.2

Isothermal sintering

The densification behavior of 8YSZ was also monitored by performing isothermal
sintering between 1150 to 1300°C.

To minimize the thermal influence during the

heating-up process, a higher heating rate of 20°Cmin was employed. After correcting
the thermal expansion of raw data, the linear shrinkage was converted into density
evolution, as displayed in Fig. 4.3. The sintered density increases with the increase
of time and temperature, and sintering rate is noted to be very fast at higher tem40
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Table 4.1: Sintering characteristics determined from dilatometry experiments with
different heating rates.

T max Final Density

Heating rate

T onset

Maximum denification

(OCjmin)

(OC)

(OC)

(%)

rate (Pmax, 10- 3 JOC)

2

1055

1309

99.0

4.25

5

1065

1345

98.6

4.22

7.5

1072

1353

98.4

4.11

10

1079

1366

98.6

3.69

15

1082

1384

98.3

3.48

20

1093

1403

98.0

3.41

peratures. For instance, at 1300°C isothermal condition, 8YSZ could be sintered to a
relative density of 90% in less than 30mins from a near green-state (p = 50%). After
soaking at each specific temperature for 6h, the final densities achieved are 58.6%,
70.0%, 94.8% and 96.2% of the theoretical density, for T s=1150°C, 1200°C, 1250°C
and 1300°C, respectively.

4.4
4.4.1

Density and microstructure
"Density-grain size" trajectory

Prior to the construction of MSC, it is necessary to examine the relationship between
grain size and the sintered density, as the modeling of MSC assumes that grain size
should be only a function of density. In order to obtain related data, conventional
pressureless sintering was carried out in an electrical furnace in ambient atmosphere.
The sintering profile involved heating the specimen to the target temperature (11501400°C) at 5°Cjmin, and the soaking time was from 0 to 240 min. Table 4.2 summarized the detailed information regarding relative densities, grain sizes of specimen
subjected to various heat treatment conditions.
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Figure 4.3: Density evolution during isothermal sintering at (a) 1150°C, (b) 1200°C,
(c) 1250°C and (d) 1300°C.

The dash-dot line illustrates the sintering profile used,

where the heating rate is 20°C Imin.

Fig. 4.4 shows the selected SEM micrographs of the sintered 8YSZ. The homogeneous microstructure was formed because both the grain/particle size and pore
spacing are observed to be very uniform. Based on Table 4.2, the density-grain size
trajectory, also referred as "sintering path", is shown in Fig. 4.5. It is interesting to
note that all the experimental points belong to a single continuous path, which means
that grain growth is a function of only density in the present case. The behavior of
single "sintering path" has also been reported in the sintering of Al 203 [117].
It is also found that grain growth is quite limited at early and intermediate stage of
sintering (p

~

94%). This is because the dispersed open pores pin the grain boundary

and hinder grain boundary migration [34]. In contrast, significant grain growth begins
when the relative density is over 94%, indicating the proceeding of sintering into the
final stage, where pore-pinning effect is substantially decreased due to the collapse of
open pores. It has been suggested not to include data taken at high densities, where
exaggerated grain growth could result in the poor converging of the data on the single
43
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4.4 Density and microstructure
"sintering path" [20]. Hence, the master densification curve is constructed over the
range of p :::; 94%.

Figure 4.4:

SEM micrographs of sintered 8YSZ: (a) 1150°C-120min, RD=55.7%;

(b) 1200°C-120min, RD=63.3%; (c) 1250°C-30min, RD=73.7% and (d) 1300°C-30min,
RD=88.5% .

4.4.2

Static grain growth

Static grain growth study at various temperatures was carried out to study the grain
growth kinetics of 8YSZ. Fig. 4.6 summarizes the average grain size of 8YSZ after
isothermal sintering at 1350-1450°C for various length of time. The representative
SEM micrographs from polished and thermally etched surface are shown in Fig. 4.7.
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Figure 4.5: The relationship between grain size and relative density.
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45

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

4.4 Density and microstructure

Figure 4.7: SEM micrographs of 8YSZ under different isothermal sintering condition.

(a) 1350°C-l h; (b) 1350°C-4 h; (c) 1400°C-l h; (d) 1400°C-l h; (e) 1450°C-2 h and (f)
1450°C-4 h.
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4.5 Construction of master curves
In the investigated range, the grain size is measured to be between 1.55 to 7.54 usc:
The sintered samples were noted to have very dense microstructure, which contains
only quite limited number of small pores. Compared to the early and intermediate
stage (p ::; 94%, Fig.

4.4), the pinning effect of pores on the rnigration of grain

boundaries is much smaller, and hence the grain growth is much faster during the
final stage. In addition, several studies have reported that the segregation of y 3 +
along grain boundaries was significantly lower than in the case of tetragonal 3YTZP [118, 119], which implies that solute-drag mechanism is less dominating in cubic
zirconia. The light enrichment of y 3 + at grain boundaries in cubic zirconia is hence
reckoned to be the cause for its faster grain growth rate as compared to tetragonal
zirconia [6].

4.5
4.5.1

Construction of master curves
Master densification curve (MDC)

The original work of MSC focus on the densification process only [20]. Later, several work applied similar principle onto the grain growth behavior, and successfully
constructed master grain growth curve [34, 38]. In this study, the master curves for
both densification and grain growth were studied. To make a distinction, MDC stands
for master curves of densification, and MGGC represents the rnastering grain growth
curve hereafter.
MDC relates the evolution of density, p, with the accumulated thermal history,

8[t, T(t)]. As reviewed in Chapter 2, the thermal history parameter is described as
the work of sintering:
t
r
1
8[t, T(t)] == Jo T exp( -

Q

RT)dt

(4.2)

If sintering is performed under isotherrnal condition, Eq. 4.2 can be simplified as,
(4.3)
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where t is the time of sintering at temperature T, and if the CRH sintering is applied,
then Eq. 4.2 takes the form of,
1

e[t, T(t)] = C

lTr

T

1
Q
T exp( - RT)dT

(4.4)

o

where C is the rate of heating. The activation energy is a critical parameter for
for construction of MDC, which is able to obtain by performing preliminary CRH
experiments. After acquiring the required data, a trial method based on a sigmoidal
function (see Eq. 2.16) [32] was applied for estimation of a most appropriate value of

Q.
A first estimation of Q=450 KJ Imol is made, and the p - 8 curves for sintering under each heating rate are shown in Fig. 4.8. Apparently, the curves are not
converging, so another estimation of Q is attempted and the calculation is repeated.
Following the iteration, for each activation energy attempted, the sigmoidal-curve fitting yields a mean residual square (MRS), and the vary of MRS with Q is shown in
Fig 4.9. However, it is difficult to establish a good fitting. Although the minimal of
MRS was found to be at Q=600 KJ Imol, the computed p - 8 curves by the value do
not converge very well over the entire range.
As suggested by Su and Johnson [20], the deviation from the expected curve can
be resulted from several factors, such as the existence of surface diffusion and vapor
transport. It is also worthy to note the assumption that a single mechanism dominates throughout the entire process. The unsatisfactory construction of MDC in the
present case suggests that the assumption may not be appropriate for the entire process of sintering, in other words, a change of the dominate sintering mechanism may
have occurred. Indeed, Bernard-Granger et al. studied the activation energy for the
sintering of 3Y-TZP powder [82], and found that the activation energy decreases with
relative density, which is especially evident at the earlier densification stage.
To represent the densification process in a more accurate manner, here we propose
a two-stage MDC approach: the entire densification process are divided into two consecutive stages, over which MDCs are constructed separately. The boundary between
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Figure 4.8: Master densification curve for 8YSZ with an activation energy of 450
KJ I mol; the failure of convergence means that an unappropriate value of Q has been
used.
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Figure 4.9: The variation of mean residual squares with sintering activation energy.
The minimum of of MRS was obtained at Q=600 KJ Imo!.
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Figure 4.10: MDC for 8YSZ with the minimal MRS at Q=600 KJjmol.

two stages is set at 60% of the relative density, which corresponds to the end of early
stage of sintering. The constructed p -

e diagram for the first

stage (p < 60%), along

with the dependance of MRS on the activation energy were shown in Fig. 4.11. The
best fitted MDC was achieved at Q=715 KJ Imol. Similarly, MDC was constructed
for the second stage with sintered relative density from 60 to 94%, and the sintering
activation energy was found to be 580 KJ Imol (Fig. 4.12). Through the two-stage
MDC approach, the minimum of MRS obtained were 0.049 and 0.251 for the first
and second stage, respectively, whereas it was 0.463 if MDC was constructed over the
entire stage.
Meanwhile, the constants are determined via the curve-fitting process, and this
completes the expression of MDC for sintering of 8YSZ. The density evolution during
first and second stage of sintering are represented by Eq. 4.5 and 4.6, respectively.

p

= 50.4 + 1 + exp(~;~g~~~5.47)

p == 58.0

+

42.0
1 + exp( _log8+21.06)
0.40

50

(50.4% :'( P :'( 60%)

(60% :::; p

~

94%)

(4.5)

(4.6)
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Figure 4.12: MDC for the second stage of sintering (p
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(a) variation of mean residual squares with activation energy, (b) the best fitted p diagram was achieved at Q=580 KJ/mol.
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4.5.2

Master grain growth curve (MGGC)

Through the control of sintering profiles, the ability to determine the final microstructure, especially the average grain size, is of equal importance to densification. Therefore, the master curve approach was extended to study grain growth kinetics of 8YSZ.
The construction of MGGC takes the same procedures as that of MDC. It has been
shown that a modified equation for grain growth kinetic has the form of (section
2.2.3.2):

en - e~ = n [KoeX p ( - ~~)dt
Starting with 8 G

==

(4.7)

J~ exp( - ~~)dt, Eq. 4.7 can be written as

G" -

G~ ==

nKo8

(4.8)

where Go is the specific initial grain size. Therefore, the relationship between grain
size, G, and the work of sintering, 8 G , can be expressed as

G == \lG

o+ nKo8

(4.9)

The activation energy for grain growth is determined via a curve fitting method with
Eq. 4.9. Although sintering was conducted under isothermal condition, the heating-up
step was also considered in the calculation of 8G.
The master curve analysis of static grain growth data from Fig. 4.6 yields the
value of mechanism controlled parameter n == 2.3 and the activation energy Q == 330
KJjmol. The constructed MGGC using Q == 330 KJjmol is shown in Fig. 4.13.

4.5.3

Validation of master curves

The practical significance of master curves lies in the ability to predict and control
densification and grain growth behavior. Before applying the master curves to industrial practice, its validity needs to be verified. In order to examine the effectiveness
of constructed MDC, the density evolution during isothermal sintering (Fig. 4.3) at
1200 and 1250°C was used. The thermal history parameter, 8, was calculated by
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Master grain growth curve for 8YSZ, and the determined activation

energy is 330 KJ / mol.

taking the activation energy of 715 KJ Imol and 580 KJ Imol for the first and second
stage of sintering, respectively. Fig. 4.14 shows the calculated "p - 8" curve from the
experimental data. It can be seen that there is good agreement between the model
prediction and the experimental results.
Here, it is worthy to mention that a break occurs with the increase of thermal
history (horizontal axis) at p

=

60%. The sudden jump of the

e

value is resulted

from that the employed activation energy decreases abruptly from the first to second
stage of sintering, whereas in reality, Q would have changed gradually with the smooth
progress of the sintering stage. Despite of this, the constructed MDC is noticed to be
able to represent the entire sintering process with reasonably good result. In addition,
Fig. 4.14 illustrates clearly that the constructed MDC can be used with confidence
for isothermal sintering profiles.

In general, it can be concluded that the master

densification curve based on the two-stage approach could provide a more precise
prediction on the densification behavior.
Sintering cycles for static grain growth were also performed to evaluate the validity
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Figure 4.14: The prediction of density evolution during isothermal sintering by the
constructed master densification curve.

of MGGC. The final grain sizes of 8YSZ were 3.93 ± 0.32 /-Lm, 4.50 ± 0.41

usi:

and

5.66 ± 0.46 uu: when sintered at 1500 °C for 30, 60 and 120 min, respectively. Fig.
4.15 shows the comparison between the model prediction and the experimental results.
Reasonable agreement was observed. The result shows the MGGC model is capable for
predicating grain growth behavior. Since the original kinetic equation is derived from
the final stage of sintering, the constructed MGGC is also considered for application
to the final stage of sintering, where the influence of open pores is excluded.

4.6
4.6.1

Discussion of sintering mechanisms
densification mechanisms

Pressureless intering is generally a diffusion-controlled process, where the diffusion of
the slowest atoms/ions moving along the fastest diffusion path determines the rate
of sintering. The activation energy is a characteristic parameter reflecting the depen55
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Figure 4.15: Prediction of grain growth by the constructed MGGC.

dence of sintering kinetics on temperature, and it is commonly used for identification
of the fundamental mass transport mechanism. Table 4.3 summarizes the diffusion
mechanisms and activation energies of cubic zirconia, which is obtained through various experimental approaches, such as tracer diffusion and diffusional creep [6, 120].
For example, Kilo et al. measured the 96Zr diffusion in a series of cubic YSZ single crystals [120, 121], have determined that the activation energy is 440-463 kJ Imol.
With the same method, they also reported that the activation energy for grain boundary diffusion in ScSZ polycrystals to be 376 KJ Imol [122].
Due to the different measuring methods, and the difficulty in controlling tracer
impurities in the tested specimen, the literature data of activation energy seems to be
scattering, yet it is recognized that reported value for lattice diffusion locates within
the range of 460-616 kJ Imol, while it is estimated to be mostly between 309 and 373

k.Iyrnol for GBD.
In the practical case of solid-state sintering, however, several mechanisms (lattice
diffusion, grain-boundary diffusion, etc.) often operate simultaneously. Therefore, the
resultant activation energy may not be exactly corresponding to one specific sintering
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Table 4.3: Diffusion mechanisms and activation energies for cubic zirconia
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4.6 Discussion of sintering mechanisms
mechanism, but more likely a weighted average of multiple sintering mechanisms. As
the contribution of each diffusion mechanism changes, the apparent activation energy
would change correspondingly. In the present work, it was demonstrated that, if a
single dominating mechanism is assumed by using one constant activation energy,
the fitting of MDC over the entire sintering stage is unsatisfactory. On the other
hand, the proposed two-stage MDC approach provides a better representation of the
densification behavior. It is also reckoned that the two-stage MDC model can predict
the densification evolution under any arbitrary sintering profile.
In the present work, the investigated densification range was from 50% to 94% of
the theoretical density. In the construction of MDC, the whole process was divided
to two consecutive stages, with p

=

60% as the boundary. The activation energy

was revealed by the sigmoidal fitting method. During the first stage of sintering,
the activation energy is determined to be 715 kJ /rnol. Similar results was also reported by Matsui et al [118]. Although they attributed the sintering mechanism to
grain-boundary diffusion, it is noted that most of the reported activation energy for
grain-boundary diffusion range from 309 to 373 kJ Imol. The value obtained is also
higher than those of lattice diffusion reported in [6, 123]. It is, however, noted that
this abnormally higher activation energy has been observed by Hollenberg et al. in the
initial-stage sintering of Ti-doped Ab03 [125]. They explained that this phenomenon
was originated from a "defect formation" process. As pointed by Kilo et al., the defect
type could most probably be the cation vacancies [120]. At the reduced temperature,
the concentration of intrinsic defects is lower, the activation energy for sintering essentially contains not only the term of defect motion (fj.Hm), but also a term (fj.Hf)
related to defect formation [125]:
(4.10)

Therefore, the apparent activation energies was noted to be larger. Additional evidence was provided by Bernard-Granger, who reported that the activation energy
of 3Y- TZP was as high as 935 kJ Imol, and the value decreased with the sintering
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process [82]. The defect formation process is also believed to be responsible for the
abnormally high activation energy at the lower density range.
On the other hand, it is noted that diffusion along sample surface has been neglected in the MDC model. Despite surface diffusion do not facilitate densification, it
consumes the sintering potential and hence results in an increased activation energy
for densification [126]. It is therefore concluded that both mechanisms have probably
contributed to the high activation energy at the first stage of sintering. During the
second stage, the activation energy obtained is 580 KJ Imol, which is comparable to
the values reported for volume diffusion [123, 124]. Hence, the dominant sintering
mechanism at this stage is most appropriately assigned to lattice diffusion.

4.6.2

Grain growth mechanisms

The master grain growth curve has been constructed for static grain growth behavior
of YSZ, from which the activation energy for grain growth (Qg) is determined to be
330 KJ I mol. Lee and Chen [127] reported the activation energy for the grain growth
of 8YSZ was only 289 k.L'mol at 1300-1700°C using n=2 (Eq. 2.18). Tekeli et al.,
applied the parabolic rate law with a grain growth exponent of 2, have determined the
value of Qg to be 298 kJ /rnol [95]. Our result is noted to be higher than both studies,
as a fitted value of n=2.3 was used. Despite of a small difference, it is reckoned that
the grain growth kinetic of 8YSZ follows the parabolic law, which means that the
mechanism for grain growth is grain boundary-controlled.

4. 7

Concluding remarks

The densification and static grain growth behavior of 8 mol% YSZ was modeled by
master sintering curves. The master densification curve (MDC) established based on
the proposed two-stage approach has shown to provide a better representation of the
entire densification process. The constructed MDCs has also shown to be able to
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4.7 Concluding remarks
precisely predict density evolution of 8YSZ under a given time-temperature profile.
The activation energy for 8YSZ is determined to be 715 KJjmol and 580 KJjmol
during the first (p = 50 - 60%) and second stage (p = 60 - 94%) of densification,
respectively. With reference to the literature findings, the higher activation energy
for the first stage probably was attributed to the defect formation process and surface diffusion, while lattice diffusion is most appropriately assigned as the dominant
mechanisms in the second stage of sintering.
The master grain growth curve (MGGC) was also established, and was verified
with additional sintering cycles. The activation energy for grain growth is determined
to be 330 KJjmol, and the grain growth exponent was found to be n=2.3, which
suggests that grain growth kinetics of 8YSZ follows the parabolic rate law.
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5

Master curves for sintering of doped

8YSZ
5.1

Introduction

Thus far, 8 mol% YSZ is probably the most promising electrolyte material for SOFC.
Advantages of 8YSZ over other types of electrolyte material have been well reported,
however, the application of 8YSZ electrolyte is still restricted by its relatively high
sintering temperature and poor toughness [76, 85], where both factors are unfavorable
for the cost-effective co-sintering technique during fabrication of SOFC.
Generally, 8YSZ electrolyte requires a temperature of T 2:: 1350 °C to attain a
dense microstructure, whereas the the electrodes prefer a lower co-sintering temperature (T ~ 1250°C) to (1) maintain porosity, (2) prevent coarsening of NiO particles,
and (3) avoid harmful interface reaction [75,76,79, 128]. Thereby, extensive work has
resorted to the use of sintering additives for reducing sintering temperature of YSZ.
Among the numerous additives, Ab03 has been recognized as an effective sintering
aid for YSZ [92, 95]. For example, Matsui et al. observed that densification rate of
7.8YSZ was significantly enhanced by 0.25 wt.% Ab03 addition at T < 1290°C [94].
Meanwhile, it was demonstrated that mechanical strength could also be enhanced
upon the addition of Ab 03 [15]. In addition, Ab03 is able to improve the conduc61
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5.1 Introduction
tivity of YSZ via scavenging of Si0 2 impurities along the grain boundary [102, 103].
Due to these advantages, a small amount of Al 203 is always purposely added to 8YSZ
when applied as electrolyte for SOFC.
On the other hand, NiO /YSZ composite is widely used as starting material for
SOFC anode. So far, the interaction between YSZ and NiO has received considerable attention, especially the YSZ-NiO composites with high NiO contents

(~

40

mol%) [129]. However, with the preference to carry out co-sintering technique, the
effect of small amounts of NiO (present as an impurity) on the performance of 8YSZ
electrolytes has become increasingly important, as the diffusion of Ni 2+ ions from
the anode side towards the electrolyte is an unavoidable phenomenon. It is noted
that Ni ions could diffuse tens of micrometers into the contacting YSZ layer during co-sintering [16]. Joo et al. have also reported that the Ni content in 10 mol%
SC203-stabilized zirconia (10ScSZ) was found to be

f'..I

1.7 mol% after the co-sintering

of a NiO layer/iOrnnl thick 10ScSZ film at 1600°C for 3h [17]. Although the cosintering temperature they used is higher than the common practice, it is evident
that the diffusion of small amount of NiO will inevitably affect not only the interface
(anode/electrolyte) but also the entire electrolyte [130].
The previous chapter has demonstrated the effectiveness of master sintering curve
in the modeling of densification and grain growth behavior of undoped 8YSZ. Here,
the same approach is applied to 8YSZ with Ah03 and NiO additives. Master curves
are established for doped 8YSZ, which make it possible for predicting or controlling
the microstructural evolution at a wide range of sintering profiles. Furthermore, the
effectiveness of the additives as sintering promoters are examined by preparing samples
including a wide range of additive content. The microstructure of doped 8YSZ was
studied with SEM and TEM.
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5.2 Experiments
Table 5.1: compositions and abbreviation for investigated specimen

5.2

Sample

Composition

Sample

Composition

8Y

(Zr02)0.08(Y203)0.92

8Y005Al

8Y+0.05 wt.%Ab03

8Y006Ni

8Y+0.06 wt. %NiO

8Y020Al

8Y+0.2 wt.%Ab03

8Y011Ni

8Y+0.11 wt.%NiO

8Y050Al

8Y+0.5 wt. %A1 203

8Y028Ni

8Y+0.28 wt.%NiO

8Y100Al

8Y+1.0 wt.%A1203

8Y056Ni

8Y+0.56 wt. %NiO

8Y200Al

8Y+2.0 wt.%Ab03

8Yl12Ni

8Y+1.12 wt.%NiO

8Y500Al

8Y+5.0 wt.%Ab03

8Y276Ni

8Y+2.76 wt.%NiO

Experiments

The details of sample preparation has been documented in Chapter 3. Additives are
introduced into 8YSZ by a wet chemical method, where the nitrate solution of A13+
and Ni 2+ were used as dopant source. The investigated compositions are undoped
8YSZ, 0.05-5 wt.% Ab03-doped 8YSZ, and 0.06-2.76 wt.% NiO-doped 8YSZ, and a
detailed description of the sample compositions are listed in Table 5.1. The abbreviations will be used hereinafter to stand for a specific composition.

5.3

Phase and lattice parameter of doped-YSZ

Phase identification was performed on the sintered and surface-polished pellets with
an X-ray diffractometer. After acquiring the XRD spectra, refinement of the structure
was carried out based on the Rietveld method, from which the lattice parameter was
calculated.
The XRD patterns of Ab03-doped 8YSZ, and the variation of lattice parameter
with the content of A1 203 are shown in Fig. 5.1(a) and 5.1(b), respectively. For
the undoped 8YSZ, the diffraction peak at 29.8° and 50.2° is noted to exhibit slight
broadening. The composition of 8YSZ locates exactly at the boundary of c ---+ t
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phase transformation, and tetragonal zirconia has very close cell parameter as that
of the cubic phase [40, 131]. Therefore, the broadening is due to the existence of
small portions of tetragonal phase. However, the peak becomes sharp upon Ab 0 3
addition, which indicates that A1203 can help stabilize the cubic phase of zirconia. In
addition, the peaks characterizing the second phase A12 0 3 begin to emerge when its
concentration exceeds 1.0 wt%.

.

The ionic radii of A13 + and Ni2+ are 0.63 and 0.83

A,

respectively, which are of

both lower valence and smaller size than Zr 4 + (0.84 A). The dissolved dopant cations
were shown to enter the substitutional position of host cations (Eq. 5.1), and thus
lead to a contraction of the lattice parameter [93].
(5.1)
From Fig. 5.1 (b), the solubility of Ab03 in 8YSZ is determined to be around (slightly
less than) 0.5 wt%, and the sintering temperature of 1400°C and 1500°C seems to yield
little difference. Several previous studies have reported that the solubility of Ab03 in
zirconia is limited, which is only 0.1 mol% in Y-TZP when sintered at 1300 °C [88],
and 0.5-1.0 wt.% in 8YSZ when sintered at 1500 °C [14]. Our result is close to those
reported value.

.

Fig. 5.2 shows the XRD patterns of NiO-doped YSZ sintered at 1400°C for 2h.
Similarly, NiO is also found helpful for stabilization of cubic phase of zirconia, and
there is no chemical reaction between NiO and YSZ. The solubility of NiO in YSZ has
been reported by a number of researchers, but the literature data are quite scattered
from 1.0 wt. % to 5.4 wt. % [16, 129]. In our case, the solubility limit is determined
from the variation of lattice parameter with NiO doping content, which is around
0.56 wt.%. This value is smaller than that reported by Kuzjukevics (0.85 wt.%) at
the same temperature [98]. This should be ascribed to both the shorter sintering time
and lower cooling rate used in the present study. On the other hand, it is interesting
to note that no NiO second phase was detected, even in the sample with 2.76 wt.%
NiO loading. The existence of undissolved NiO has been revealed by high resolution
64
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Figure 5.1: (a) XRD spectra of Ab03-doped YSZ sintering at 1400°C for 2h. (1)

8Y, (2) 8Y020Al, (3) 8Y050Al, (4) 8Y100Al, (5) 8Y200Al, (6) 8Y500Al. (b) Lattice
parameter of doped YSZ as a function of A1 20 3 contents
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(a) XRD spectra of NiO-doped YSZ sintering at 1400°C for 2h.
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(7) 8Y276Ni. (b) lattice parameter of YSZ as a function of NiO additive content
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TEM, which will be discussed later.

5.4
5.4.1

Effect of Al 203 additives on sintering of YSZ
Densification

Samples containing a wide range of Ab03 content from 0.05-5 wt.% were prepared,
and dilatometric measurement under a constant rate of 5 °C /min was carried out
to study the sintering behavior. Fig. 5.3 shows the density evolution and densification rate as a function of temperature for both undoped and Ab03-doped 8YSZ.
Several important characteristic parameters related to the densification process are
summarized in Table 5.2, where Tonset and T max have the same meaning as explained
in section 4.3.1, and T 95% is the temperature at which 95% of the theoretical density
can be attained.
It can be seen from Fig.

5.3 that sintering behavior of 8YSZ was remarkably

changed upon A1 20 3 addition. In the doped-sample, it is observed that the start
of densification begins at a reduced temperature, and the temperature of maximum
densification rate also decreases. For example, with 1.0 wt. % Ab03 additive, Tonset of
8YSZ shifts from 1065°C to 1009°C, and T max decreases from 1345°C to 1243°C. In
addition, the temperature required to sinter 8YSZ to 95% relative density was reduced
by 89°C by 0.5 wt. % A1 20 3 addition. The significant reduction in these characteristic
temperatures well demonstrates that Ab03 can be used as effective sintering aid for
8YSZ . .
On the other hand, it is found that there is an optimal amount of A1 20 3 addition, i.e, 1.0 wt.% Ab03, that enhance the densification of 8YSZ most effectively.
When the Ab03 content is ~ 2.0 wt.%, the enhancement in densification becomes
less pronounced, particularly the maximum densification rate was noticed to decrease
remarkably (Fig. 5.3(b)). It is also seen that the one prominent peak of densification
rate, which is common for samples containing ::;1.0 wt.% Ab03, was split into two
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Figure 5.3: (a) Density evolution, and (b) densification rate as a function of temperature during dilatometric sintering of undoped and A1203-doped 8YSZ
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Table 5.2: Information of investigated samples: compositions and name abbreviation

Sample

Tonset

(OC)

T m ax

(OC)

T 95%(OC)

Final relative density (%)

8Y

1065

1345

1438

98.6

8Y005Al

1047

1307

1402

98.7

8Y020Al

1032

1278

1352

99.1

8Y050Al

1029

1248

1349

99.3

8Y100Al

1009

1243

1359

98.6

8Y200Al

1026

1257

1377

98.1

8Y500Al

1019

1259

1402

98.7

broader peaks with the increasing of Ab03 content up to 2.0 wt%. The emergence
of the second peak correspond probably to the sintering of Al 20 3, according to the
dilatometric sintering of pure Ah03 [132]. Our SEM micrographs also supports this
proposal, as severe segregation of Ab03 was observed. Therefore, it is concluded that
the less pronounced densification in samples containing 2: 2.0 wt% Ab03 was due to
the severe clustering of Al 20 3 at the grain boundary, which limits the grain boundary
diffusion of the host 8YSZ.
To look at the additive's effect on densification, isothermal sintering was performed
at temperatures of 1150-1400°C with a holding time of 2h. Fig. 5.4 shows the sintered
density as a function of Al 20 3 content. The density of 8YSZ initially increases with
Ah03 additive, and then decreases with further Ah03 addition, and the optimal
amount is found to be 0.5-1.0 wt.%, depending on the sintering temperature. When
sintered at 1100°C, 1.0 wt. % Al 20 3 addition results in the highest density, while
at higher temperatures, 0.5 wt. % Al 20 3 is found to be the most effective amount.
Further addition of Ab03 above the optimal content would lead to a slow densification
of 8YSZ. For example, the sintered density of 8YSZ increases from 63.3 to 83.3%
with 0.5 wt.% Ab03 additive, and decreases to 71.1% in 5.0 wt.%-doped 8YSZ when
sintered at 1200°C for 2h. Nevertheless, the content of Ab03 have little influence on
69
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the final densification of 8YSZ, as all samples are noticed to be able to reach almost
full densification, with density of 2: 98.2% when sintered at 1400 °C for 2h.
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Figure 5.4: Final density of Al 203-doped 8YSZ isothermally sintered at 1150-1400°C
for 2h

5.4.2

Microstructural development

The effect of Al 20 3 addition on grain growth of 8YSZ was also clarified. Fig. 5.5
(a)-(g) shows the representative SEM micrographs of specimen containing 0-5.0 wt. %
Ab03 addition after isothermally sintered at 1400°C for 2h. When the content of
Al 20 3 is ::;0.2 wt.%, the microstructure exhibits clean grain boundaries and well
distributed grains. Once the Al 20 3 content exceeds the solubility limit, the segregation
of Al 20 3 second phase is expected to appear. This is the case we observed in samples
containing 2:0.5 wt.% Ab03, where the dark areas corresponds to the clustering of
second phase. The undissolved Al 20 3 mainly locates at triple junctions or along grain
boundaries, although a number of Ab03 particles were also found within the matrix.
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Average grain sizes were determined by the linear-intercept method, and were
presented in Fig. 5.6 as a function of Ah03 content and temperature. It can be seen
that grain growth of 8YSZ was significantly enhanced with the addition of Ah03 up to
0.2-0.5 wt.%, or more specifically, the amount of Ah03 that leads to the largest grain
size decreases from 0.5 wt.% at 1300°C to 0.2 wt.% at 1350-1500°C. With further
addition of Ah 03 above the range, grain growth of 8YSZ becornes retarded and fine
microstructure was formed (Fig. 5.5 e-g).

.

The enhancement in grain growth can be ascribed to the "undersized effect", as
proposed by Chen and chen [133] in the study of grain growth of Ce02. Due to the
smaller ionic radii of Al3+ (0.53 A), the dissolved Al3+ would cause certain distortion of
the lattice, and lead to a faster diffusion of the cations. However, above the solubility
limit, the segregation layers of solute cations or even intergranular phase will appear,
which restricts the migration of grain boundaries.

5.5
5.5.1

Effect of NiO additives on sintering of YSZ
Densification

It was demonstrated that a small amount of NiO would diffuse from the anode side
into the electrolyte, and thus affect the sintering behavior of 8YSZ [130]. A series of
compositions containing 0.06-2.76 wt. % NiO were prepared, and both the densification
and grain growth behavior of NiO-doped 8YSZ were investigated to clarify the effect
of NiO existed as impurities.
Fig.

5.7 presents the density and densification rate as a function of tempera-

ture. It was found that, with 0.06-2.76 wt. % NiO addition, the densification of 8YSZ
was also significantly promoted. The temperature of maximum densification rate decreases in the order of 8Y (1345°C) > 8Y006Ni (1290°C) > 8Y011Ni (1264°C) >
8Y028Ni (1255°C). However, as NiO content increases to 0.28-1.12 wt.%, there is
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(f) 8Y200A

(g) 8Y500A

Figure 5.5: SEM micrographs of undoped and A1 203 -doped 8YSZ sintered at 1400°C
for 2h
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Figure 5.6: Grain size of 8YSZ containing 0-5 wt. % A1 20 3 additives sintered at 13001500 °C for 2h

hardly any difference in the densification behavior of 8YSZ. This indicates that 0.28
wt.% (8Y028Ni) is the minimum amount to promote effective densification of 8YSZ.
On the other hand, higher levels of NiO up to 2.76 wt. % is noticed to display negative effect, as the densification rate curve shifts to the higher temperature. Similar
phenomenon was also observed in the sintering of Ah03-doped 8YSZ earlier.

.

To look at the addition's effect on densification, isothermal sintering was performed
at temperatures of 1150-1500 °C with a soaking time of 2h. Fig. 5.8 shows the final
density of samples as a function of NiO content. The result of undoped-8YSZ was
also included for comparison. The change of density during isothermal sintering agrees
well with the CRR sintering. There is the obvious increase in the final density, for
example, when sintered at 1200°C the relative density of 8YSZ increases from 63.3%
to 87.4% with 0.28 wt. % NiO addition. Nevertheless, in contrary to the case of Al 20 3
addition, NiO-doped 8YSZ was found unable to achieve full densification when the
sintering temperature rises to 1500°C. The sample of 8Y276Ni achieved a relative
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Figure 5.7: (a) Density and (b) densification rate of 8YSZ containing 0-2.76 wt. % NiO
as a function of temperature, heating rate is 5°C/min
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density of 95.7% when soaking at 1500°C for 2h, in comparison to that of almost full
density for undoped samples.
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Figure 5.8: Final density of samples isothermally sintered at 1150-1500°C for 2h

Our previous XRD result has determined that the solubility of NiO in 8YSZ is
only 0.28-0.56 wt%, however, the undissolved NiO was not detected by XRD in higher
percentage doped samples. Since the diffusion of NiO has been frequently observed in
the multi-layered SOFC system [16], it is speculated that undissolved NiO may have
either evaporated or diffused away from the host 8YSZ. The alumina backing tile used
for supporting samples was examined after sintering at 1400°C and 1500°C for 2h, and
the photograph is shown in Fig. 5.9. It is observed that there are patterns beneath
the samples that have printed on the substrate, which indicates the diffusion of NiO.
On the other hand, thermal gravimetric analysis (TGA) result also shows that there
is around 1.0% of weight loss in the sample of 8Y276Ni after sintering at 1450°C(Fig.
5.9). Hence, the reduced density of samples is attributed to the loss of NiO dopant
when sintered at high temperature. This has been further supported by the presence
of pores seen in SEM observation, and will be presented in the next section.
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Figure 5.9: Diffusion pattern of NiO-doped 8YSZ after sintering at (a)1400°C for 2h
and (b) 1500°C for 2h
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Figure 5.10: Thermal gravimetric analysis of 2.76 wt. % NiO-doped 8YSZ
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5.5.2
5.5.2.1

Microstructure
Grain growth

The effect of NiO on grain growth of 8YSZ was studied by measuring the average
grain size of samples after isothermal sintering between 1300°C to 1500°C for 2h. Fig.
5.11 shows the average grain size as a function of NiO content. The grain growth
of 8YSZ was initially promoted with the addition of NiO up to 0.56 wt. %, and then
inhibited with further addition of NiO.
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Figure 5.11: Grain size of 8YSZ containing 0-2.76 wt. % NiO after sintering at 13001500°C for 2h.

The representative SEM micrographs are shown in Fig. 5.12. Compared with
Al 2 0 3-doped 8YSZ, there are more pores present both within the grain matrix and
along the grain boundaries, especially in the sample containing the largest amount
of NiO (8Y276Ni). As discussed earlier, the porous structure is mainly resulted from
the diffusion of NiO at high temperature.
Due to the loss of NiO discussed earlier, there is no segregation of NiO could be
77
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Figure 5.12: SEM micrographs of NiO-doped 8YSZ sintered at 1500°C for 2h. (a)

8Y006Ni, (b) 8YOIINi, (c) 8Y028Ni, (d) 8Y056Ni, (e) 8Yl12Ni and (f) 8Y276Ni.
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clearly identified, even in the heavily doped sample of 8Y276Ni. Additional evidence
comes from the previous dilatometric sintering experiment. It can be recalled from Fig.
5.3, there exists a second peak in the densification rate curve of Ab03-doped 8YSZ,
which has been ascribed to the sintering of Ab03. On the other hand, the desnification
rate curves of all NiO-doped samples (5.7) show only a single peak corresponding to
the densification of pure 8YSZ, which means that the remaining NiO dopant do not
coarsen readily.

5.5.2.2

Distribution of undissolved NiO

Although both XRD and SEM observation could not detect the undissolved NiO, it
is of interest to examine whether there is remaining NiO secondary phase in 8YSZ.
This was studied with a field emission transmission electron microscopy (FE-TEM)
in the following section.
Fig. 5.13 shows the microstructure of 2.76 wt.% NiO-doped sample by FE-TEM.
It reveals clearly the existence of secondary phase. Local EDS nano-analysis under
scanning-transmission-electron-microscopy (STEM) mode was performed with a probe
size of 1 nm, and the clustering of NiO micro-sized crystals (in the range of around
200nm) can be easily identified from Fig. 5.13(b). Besides, NiO crystals are found to
locate both within the grain interior and along the grain boundaries. Fig. 5.13 (c)
shows the distribution of Zr element, where the Zr-devoid areas were confirmed, as
indicated by the circles. Combining with the location of NiO crystals, it is also able
to verify the presence of residual pores, which have been indicated by arrows in Fig.
5.13 (a). This is in agreement with our previous SEM observation.
The microstructure of samples were also examined by high resolution TEM (HRTEM).
5.14(a) shows the HRTEM micrograph 0.06 wt.%NiO-doped 8YSZ sintered at 1500°C
for 2h. The sample was noted to have both very clean grain-interior and grain boundary. As the content of NiO exceeds its solubility limit, the grain boundaries becomes
more disordered, which is considered to have been resulted from the enhanced segre-
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Figure 5.13: .

](a) Microstructure of 2.76 wt.% NiO-doped YSZ sintering at 1500°C for 2h; arrows
indicate the location of pores, (b) local EDS mapping of Ni using Ni_ K peaks, and
(c) local EDS mapping of Zr; circled areas represent Zr-devoid regions [99].
gation of NiO at the interface. Besides, the existence of nano-sized crystals of NiO
was able to be detected; the typical existence is circled in Fig. 5.14 (b). The characterization confirms the existence of the undissolved NiO secondary phase in 8YSZ.
Both nano and micro-sized NiO crystals are found either within grain interior or along
grain boundary.

5.6
5.6.1

Construction of master curves for doped YSZ
CRH sintering

Following the procedures in the earlier chapter on the construction of MDC for undoped 8YSZ, CRR sintering was carried out with a dilatometer to obtain the relationship between the relative density, p, and the work of sintering,

e. The sample

containing 0.5 wt. % Ab03 was referred as example for the following discussion. Fig.
5.15 presents the density evolution as a function of temperature under 4 different
constant heating rates (2, 5, 10, 15°Cjmin). The effect of heating rates is the same as
was observed during sintering of undoped 8YSZ: the onset of densification shifts to a
higher temperature with increasing heating rate. In addition, the higher the heating
80
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Figure 5.14: HRTEM image of(a) 0.06 wt.% NiO-doped YSZ and (b) 2.76 wt.% NiO-

doped YSZ ; the circled area indicates nano-sized crystals of secondary NiO.
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rate, the lower is the sintered density at a given temperature. As explained earlier, the
slower densification under higher heating rate is resulted from the shortened thermal
history.
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Figure 5.15: Density as a function of temperature under constant heating-rates of 2,

5, 10, 15°C Imin.

5.6.2

Density-grain size trajectory

In MSC theory, microstructural evolution is represented as a function of density only.
Hence, the dependence of grain size on sintered density requires to be established. Fig.
5.16 presents the relationship between p and G for both undoped and doped 8YSZ,
to give a comparison of the microstructual development for both cases. In addition,
the representing microstructual evolution of 8Y050Al was also shown in Fig. 5.17.
It can be seen that the grain growth is quite sluggish before the final stage of
sintering. For example, the grain size of 8Y050Al increases to only 0.49 uu: with the
green compact sintered to 90% relative density, which indicate that porous structure
would significantly inhibit grain growth. On the other hand, it is interesting to notice
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Figure 5.16: Grain size versus relative density for undoped 8YSZ, 0.5 wt.% A12 0 3-
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that sintering additives actually slow down grain growth rate during the early and
intermediate stage, although they would promote grain growth at higher density.
This is possibly one of the reasons for the enhanced densification rate in the doped
sarnple, as small particle size offers larger sintering potential. Finally, despite grain
size-density trajectories of the samples show slightly different tracks, the respective
sintering path of each composition are found to follow the single curve. This hence
shows the applicability of the master curves to doped 8YSZ.

5.6.3

Master densification curve

5.6.3.1

Construction of MDC

The p -

e

curve obtained from different heating rate was fitted with the sigmoidal

function. Fig. 5.18 shows the best fitted MDC over the 50.5%-92% relative density
range studied, and the inset figure presents the variation of MRS with the value of activation energy. The most appropriate activation energy was found to be 480 KJ I mol.
Nevertheless, as we noticed in undoped 8YSZ, the curves were not fitting sufficiently
well. It is again attributed to the assumption of single mechanism dominating over
the entire process.
Following that reported in undoped 8YSZ, the two-stage MDC approach was used
and MDCs are constructed over p

=

50.5 - 60% and p

=

60 - 92% separately.

Fig. 5.19 and Fig. 5.20 shows the constructed MDC by using the most appropriate
activation energy of Q=680 kJ Imol Q=430 kJ Imol, respectively, and the minimum
of MRS (inset figures) obtained are 0.00379 and 0.0782, respectively. Obviously, the
constructed MSC based on the two-stage approach provide a better representation of
the sintering behavior than fitting a single Q value for the whole sintering process.
The master curve model was also applied to the sintering of NiO-doped 8YSZ.
Similarly, it was found a better modeling of the densification process was achieved
by the two-stage master sintering curve approach. Due to the similarity to that of
undoped and Ah03-doped 8YSZ, the modeling procedures for NiO-doped 8YSZ is
84
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Figure 5.20: The constructed MDC for 8Y050AI during first stage of sintering (p=6092%); the best fitted MDC is minimum of MRS is given at Q=430 KJ Imo!.

not presented. However, all the constants and activation energy values have been
summarized in Table 5.3 and 5.4 for Ab03-doped and NiO-doped 8YSZ, respectively.
As previous, these values are obtained via the sigmoidal-function fitting method [32],
100 - Po

P = Po

+ 1 + exp (log
8-a )
--b-

(5.2)

It can be seen for all samples, there is a big difference in Q between first and second
stage of sintering, which implies that different mechanism operates in the respective stage, and therefore the two-stage MDC approach is believed to provide a more
accurate representation of the initial process.

5.6.3.2

Validation of MDC

The effectiveness of MDC for doped 8YSZ was verified in this section. Fig.

5.21

presents the density as a function of time, where the sintering profile involves heating
the sample to 1200 °C at 20°C jmin, and followed by soaking at 1200 °C for 360 min.
At the end of heating step, the sintered density achieved is 58.7%, while it increases
to 95.3% after isothermal sintering.
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Table 5.3: Activation energies and the constant parameters for MDCs of Al 20 3-doped
YSZ

Ab03 content (wt.%)

p = 60 - 92%

p = 50.5 - 60%

Q (KJjmol)

a

b

Q (KJjmol)

a

b

0.05

707

25.48

0.93

510

19.01

0.45

0.2

680

25.19

0.83

480

18.75

0.36

0.5

680

25.65

0.78

430

16.83

0.43

1.0

630

24.00

0.86

390

15.45

0.43

2.0

630

23.64

0.87

460

17.67

0.46

Table 5.4: Activation energies and the constant parameters for MDCs of NiO-doped
YSZ

NiO content (wt.%)

p = 50.5 - 60%

p

= 60 - 92%

Q (KJjmol)

a

b

Q (KJjmol)

a

b

0.11

675

25.47

0.75

500

19.13

0.44

0.28

620

23.56

0.81

410

16.22

0.43
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Figure 5.21: The increase of relative density with time for 8Y050AI (solid line); the

sample is heated at 20°Cjmin to 1200°C and soaked for 6h (dash line).
The p - 8 curve was calculated for the specific sintering profile by using the activation energy of 680 KJ Imol for p ::; 60%, and 430 KJ /rnol for p ~ 60% respectively.
Fig. 5.22 compares the experimental results and the prediction of MDC model. Except for the densification range between p

= 65% to 72%, very good agreement has

been achieved. The relatively unsmooth fitting in the 65%-72% range is attributed
to the transition of the mechanism. In practical case, the sintering mechanism in operation transits smoothly; however we have applied a sharp change of the activation
energy in our modeling. Nevertheless, the constructed MDC for doped-8YSZ is still
noted to give the essential stages a good representation of the process, also under
different heating profiles.

5.6.4

Master grain growth curve

For the sample of 0.5 wt.% Al 3 0 3-doped 8YSZ, the average grain size after isothermal
sintering at 1350-1450°C with various soaking time (1-8 h) was presented in Fig. 5.23.
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Figure 5.22: The experimental results and MDC model prediction on the density
evolution of 8Y050AI

The final grain size is noted to be between 1.89 to 7.45 uus. The data are subsequently
used for construction of master grain growth curve.
The activation energy for grain growth is fitted with Eq. 5.3 (see section 2.2.4 and
4.5.2 for more details).

c = \lco+ nKo8

(5.3)

Fig. 5.24 shows the constructed MGGC for 8Y050Al with a best fitted activation
energy Qc
n

=

470 KJ Imol, and the mechanism controlled exponent is obtained as

= 4.5.
Generally, the value of n is accepted as n

n

= 2 for normal grain growth, and

= 3 indicates a solute drag mechanism [134]. However, there are also a number

of studies that have reported of n ~ 4 [135, 136]. Thus far, there is no consistent
explanation given for the higher value of n obtained. In our case, it has shown that
the largest grain size is achieved in 8YSZ containing 0.2 wt.% Ab03 at temperature
above 1350°C. With further A1 20 3 addition, the grain growth essentially becomes
sluggish. Therefore, the fitted kinetic exponent of n = 4.5 can probably relate to a
89
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solute drag-controlled mechanism.

5. 7
5.7.1

Discussion
Activation energy and sintering mechanism

The activation energy for densification of A1 2 0 3-doped and NiO-doped 8YSZ has been
determined based on a two-stage MDC model. For all the compositions, there is a
large decrease of the activation energy from the first to second stage of sintering,
which indicates the presence of a change of the dominant sintering mechanism.
The activation energy for first-stage sintering (p ::; 60%) is obtained to be 620- 707
KJ Imol. This value is higher than that of both GBD and LD, but agrees well with
the "defect-formation" mechanism as we proposed for undoped 8YSZ. It is reckoned
that the defect-formation process also operates in the sintering of additive-containing
samples.
During the second stage of sintering, the activation energy is found to be between
390 KJImol and 580 KJ Imol. As summarized in Table. 4.3, the activation energy
is between 460 and 616 KJ Imol for lattice diffusion, and 309-373 KJ Imol for grain
boundary diffusion [120, 122]. It can be seen that lattice diffusion still dominates the
process, whereas the contribution from grain boundary diffusion increases gradually
as the additive increases. In particular, the activation energy for densification of
8Y containing 1.0 wt.% A1 2 0 3 and 0.28 wt.% NiO is 390 K'l/mol and 410 Kl /rnol,
respectively, which is very close to that of grain boundary diffusion.
On the other hand, compared with undoped 8YSZ, the activation energy of doped
8YSZ is noted to have decreased, especially during the second stage of sintering. For
example, it decreases from 580 Kl/rnol to 390 Kl/rnol upon 1.0 wt.% A1 2 0 3 addition,
and to 410 KJ Imol in 0.28 wt. % NiO-containing samples. The effect of additives on
the sintering and activation energy will be discussed in the next section.
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5.7 Discussion

5.7.2

Effect of sintering additives

The use of sintering additives has a long history in ceramic processing as an effective
strategy for microstructure control. However, fundamental mechanisms are still discussed until today [3, 137]. Nevertheless, the recent development in computational
science and advanced electron microscopy technique have began to offer new perspectives for this phenomenon.
The interface, or grain boundary, always plays an important role, especially during the early and intermediate stage of sintering. The grain boundary structure for
ceramics with sintering additives has been systematically studied by Dillon et al.
[3, 138]. The heterogeneous dopants inclined to segregate along the grain boundary

in the host material [139], and consequently influence the grain boundary characteristic. Dillon [138] has identified at least six distinct structural states (complexion)
at grain boundaries, in respect of the dopant atom adsorption. They established the
unequivocal correlation between the structural disorder and grain boundary mobility.
The disordered films (from 0.6 to 10 nm thickness) originated from the segregation of
additives, which is driven by a reduction in the free energy of the grain boundaries,
could promote mass transport over one to two orders of magnitudes faster when compared with that of undoped case. In the present case, the segregation of A13+ at the
grain boundary of YSZ has been confirmed in literature [105, 118]. According to Dillon [138], the adsorption of Al 2 0 3 produces extended "softened" grain boundaries due
to the interaction of A13+ with its environment, which facilitates the mass transport
during early stage of sintering.
As sintering temperature increases, a small portion of additives would dissolve
into the lattice of YSZ, the solubility of which has been determined in the study. The
incorporation of external atoms/ions into the host would change the local chemical
bonding state. Theoretical calculations carried out by Boniecki et al. [140] revealed
that the dissolution of A13+ could weaken the ionic bonding strength between cations
and oxygen ion in zirconia, which means that a smaller energy would be required
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for the diffusion of Zr 4 + (/y3+). Indeed, the reduction of activation energy upon
Ah03 addition has been observed. On the other hand, there is a lack of theoretical
verification regarding to the effect of NiO on zirconia lattice. It is speculated that
the same mechanism might operate in the case of NiO-doped 8YSZ, while further
investigation by first-principle molecular orbital calculation will be required to confirm
this effect.

5.8

Concluding remarks

In this chapter, the densification and microstructure evolution of 0.05-5.0 wt. % Ah03doped and 0.06-2.76% NiO-doped 8YSZ were investigated, and the sintering behavior
was modeled by the master curve approach. The main findings are:
1. Both Ah03 and NiO are helpful in stabilizing cubic phase zirconia. The solubility of Ah03 and NiO is determined to be around 0.5 wt.% and 0.28 wt.%
at 1400°C, respectively. As the content of additives exceed the solubility limit,
excessive Ah03 is mainly found to segregate along grain boundaries as second
phase, while undissolved NiO is not detected by both XRD and SEM observation. This is caused by the loss of NiO dopant via diffusion or evaporation.
TEM observation reveals that the remaining NiO has a highly dispersed distribution; both micro and nano-sized crystals are found either within grain interior
or along grain boundary.
2. Both additives promote the densification of 8YSZ. The densification of 8YSZ
is most effectively enhanced by addition of 1.0 wt.% Ah03, or 0.28 wt.% NiO.
Under the heating rate of 5°C/luin, the temperature of maximum densification
rate is reduced from 1345°C for undoped 8YSZ to 1243°C in 8YI00Al, and
1255°C in 8Y028Ni, respectively. In the heavily doped sample with

~

2.0wt. %

Ah03, or 2.76 wt.% NiO, the densification curve is shifted to higher temperature, indicating a retarded densifying process. In particular, fully densification
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is prevented in 8Y276Ni, which attains only 95.7% relative density at 1500°C
heat treatment.
3. Grain growth of 8YSZ was initially promoted by addition of A1 20 3 up to 0.2

wt.%, NiO up to 0.56 wt.%, while further addition lead to a decrease in grain
size. Besides, there are more pores in 1.12-2.76 wt.% NiO-containing 8YSZ,
compared to Ab03-doped samples. The porous structure of NiO-doped 8YSZ
is attributed to the loss of NiO when sintered at high temperatures.
4. Master densification curves are constructed for doped samples. Similar to the
case of undoped 8YSZ, the two-stage approach could provide a better representation of the entire sintering process, indicating the dominant sintering mechanism
have changed from the first (p :::; 60%) to second stage (p 2: 60%) of sintering.
The constructed MDC also verified the ability to predict density evolution with
reasonable accuracy.
5. Compared with undoped 8YSZ, the activation energy is found to decrease upon
A1 202 and NiO addition, especially in the second stage of sintering. In the doped
sample, the first-stage is also ascribed to be "interface-reaction" controlled, due
to the abnormally high activation energy obtained. However, as the sintering
proceeds to later stage, grain boundary diffusion began to contribute significantly, especially in the sample of 8Y100Al and 8Y028Ni. The reduction in
activation energy is speculated as the effect of dissolved dopant cations weakening the ionic bonding strength between the host Zr 4 + and oxygen ions.
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6

Sintering behavior and mechanism of
8YSZ containing A1203 and Si02

co-additives
6 .1

Introduction

Our previous study has elucidated the sintering behavior and mechanisms of 8YSZ
containing a single dopant, either of the purposely induced Ah03, or a small amount
of NiO that is diffused from the contacting anode layer. Besides, master curves for
both densification and grain growth have been established, which are of significant
importance for industrial applications.
However, the situation may become complicated due to the ubiquitous presence
of Si0 2 impurity. There are a number of possible routes that could lead to Si0 2
contamination [141-143]. First, SiO 2 can be easily introduced from the starting material, especially in industrial manufacturing environment where technical grade raw
materials are always used for economic purposes [130]. Second, the scalable fabrication increases the chance of Si0 2 contamination from the surrounding environment,
particularly from the furnace refractories during high-temperature sintering. Third,
Si0 2 is an important constituent for the glass sealant component of planar SOFe,
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for example, the best sealant to date is based on RO-Ah03-Si02 (R=Ca, Ba) system
[142]. Si0 2 could be possibly introduced to the electrolyte during operation. On the

other hand, Si0 2 is even added intentionally into YSZ to achieve desired mechanical
properties, such as to impart superplasticity [144, 145]. As a result, it is of interest
to take the role of Si0 2 into consideration.
It is commonly accepted that Si0 2 is detrimental to the conductivity of YSZ,
especially the grain boundary conduction by forming a resistive siliceous films along
grain boundaries [21, 22]. However, the detrimental effect of Si0 2 is possible to be
eliminated by the addition of Ah03, which has the scavenging effect of siliceous films
[14]. On the other hand, it was reported that Si0 2 is beneficial to the densification of

YSZ [23]. Since the role of Ah03 in assisting densification of 8YSZ has been confirmed
in the previous study, our hypothesis is that, the addition of both Ah03 and Si0 2
would lead to a synergistic improvement on densification of 8YSZ. Meanwhile, it is
expected that the conductivity of 8YSZ would, if not, be least impaired through the
careful manipulation of additive content.
The effect of Si0 2 (0-0.3 wt.%) on sintering and conductivity of pure 8YSZ and
0-5.0 wt. % Ah03-containing 8YSZ was investigated. It is aimed to further improve

the densification of 8YSZ via the the coupling effect of Ah03 and Si0 2, and in the
meanwhile to clarify the sintering mechanism in samples containing co-additives. The
densification and grain growth behavior was reported in this part, while the conductivity measurement of the same batch of specimen will be presented in next chapter.

6.2

Experiments

Specimens were prepared with the same procedures as described in Chapter 3. Eight
powder blends with varying amount of Ah03 and Si0 2 were prepared, and Table 6.1
summarizes their respective composition and designation. The content of Si0 2 is fixed
at 0.05 and 0.3 wt.%, corresponding to the impure and highly impure level, while the
amount of Ah03 addition is varying between 0-5.0 wt. %. We also investigated the
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Table 6.1: Information of investigated samples: compositions and designations

Designation

TZ8Y (wt.%)

Ab03 (wt.%)

Si0 2

8Y

100

0

0

8Y-5A

99.5

0.5

0

8Y-05S

99.95

0

0.05

8Y-3S

99.7

0.5

0.3

8Y-5A-05S

99.45

0.5

0.05

8Y-5A-3S

99.2

0.5

0.3

8Y-I0A-3S

98.7

1.0

0.3

8Y-20A-3S

97.7

2.0

0.3

8Y-20AKP-3S

97.7

2.0 wt.%AKP

0.3

8Y-50A-3S

94.7

5.0

0.3

effect of doping methods by preparing one additional powder blend, where the additives were introduced via powder-mixing of 2.0 wt.% AKP30 (d m ean=0.3 j.-tm), 0.3
wt.% TEOS and 8YSZ. The sintering behavior of samples with same additive compositions but different doping approach. Hence, chemical route and powder mixing
method can be compared and discussed.

6.3

Dilatometry

Fig. 6.1 depicts the evolution of relative density, which is converted from the recorded
linear shrinkage, as a function of temperature under 5 C j min. The derivatives of
0

density over temperature, 1/ p . dpjdT, was calculated to give the densification rate
(Fig. 6.2).
It can be seen that densification of 8YSZ was moderately enhanced by the single
additive of Si0 2 , but less pronounced than by A120 3 addition, probably because Si0 2
is less effective in activating a reactive interface layer in zirconia than A120 3 [146]. It
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Figure 6.1: Density evolution as a function of temperature for 8YSZ containing Al 2 0 3
and Si02.

was reported that Si0 2 could effectively promote the densification behavior of Y-TZP
[88, 147] and calcium-stabilized zirconia [148]. Tekeli et al. also found that up to
1.0 wt. % Si0 2 addition was able to reduce the sintering temperature of 8YSZ [23].
However, our result seems to show that Si0 2 alone is not a good sintering additive
for cubic zirconia, as the sintered density is essentially noticed to decrease during
final stage of sintering, compared to undoped YSZ. Similar results to our case were
reported by Zhang et al [87], who explained that the difference with that of Tekeli's
[23] is mainly due to the different doping levels of Si0 2 .
On the other hand, it was observed that the most effective densification was
achieved in 8YSZ containing 0.5-1.0 wt.% A1 203 and 0.3 wt.% Si0 2 additions. Thermal parameters of dilatometric sintering under 5°C/min was summarized in Table 6.2.
There is dramatic decrease observed in the characteristic temperatures upon addition
of co-additives. In the specimen of 8Y-5A-3S, the onset of sintering was decreased to
1005°C, and a further reduction to 988°C is achievale in the sample of 8Y-10A-3S.
The temperature of maximum densification rate (Tm a x ) is shifted to 1309°C, which is
98
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Figure 6.2: Densification rate as a function of temperature for 8YSZ containing A1 20 3

and Si02.
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Table 6.2: Thermal characteristics of 8YSZ containing Ah03 and Si02 under constant

rate of sintering (5°C/min)
Sample

Tonset

(OC)

T m ax

(OC)

T 95%(OC)

Final relative density (%)

8Y

1065

1345

1438

98.6

8Y-5A

1029

1248

1349

99.3

8Y-05S

1033

1319

1411

98.4

8Y-3S

1031

1290

1409

98.0

8Y-5A-05S

1020

1210

1330

99.0

8Y-5A-3S

1005

1219

1309

99.2

8Y-10A-3S

988

1322

98.7

8Y-20A-3S

1009

1360

98.3

8Y-50A-3S

1027

1413

98.0

126°C lower than that of undoped YSZ. Additionally, 8Y-5A-3S only requires 1309°C

to be sintered to 95% of theoretical density. All of the observations manifest the fact
that co-addition of Ab03 and Si0 2 can be more effective in promoting densification
of YSZ.
However, as the content of Ab03 is over 1.0 wt. %, the densification curves shift
to higher temperature, similar to the sintering behavior of 8YSZ containing Ab03
addition alone. This is probably due to the formation/clustering of second phase,
which inhibited the diffusion of species along or across the grain boundary.
From Fig.

6.2, it is also interesting to note the appearance of multipeaks in

the densification rate curve. For example, there are three peaks emerging at 1118,
1160, 1216°C, respectively, in 8Y-10A-3S, and the observation becomes even more

evident in the sample of 8Y-50A-3S. Multipeaks can be always associated with the
multi-staged sintering process [149], which implies the combination and transition of
sintering mechanisms. The improved densification in Si0 2-containing YSZ has been
attributed to the mechanism of viscous flow [87], enhanced grain boundary diffusivity
100

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
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[144], and more often, to the promotion of liquid phase sintering [23, 150]. For a

better understanding of the sintering process, especially in the samples containing
both Ah03 and Si0 2 , the sintering kinetics is re-evaluated with an attempt to clarify
the sintering mechanisms.
Despite the successful application of master curves model for both undoped and
Ah03/NiO-doped 8YSZ, it seems not appropriate to be applied in the present case,
mainly due to the fact that the complicated sintering mechanism, particularly the
potential existence of liquid-phase sintering, which could not meet the assumption
of master curves. Although a multi-stage MSC approach might provide a possible
solution [151], its efficiency and accuracy as a prediction tool would certainly be
weakened.

Therefore, instead of MSC approach, alternative sintering models are

adopted,

6.4
6.4.1

Sintering kinetics
Early-stage sintering

Several theoretical models have been developed to analyze early stage of sintering.
A general kinetic equation for nonisothermal sintering is proposed by Woolfrey [152],
who found that there is a relationship between the linear shrinkage,

~L/ La,

and the

heating rate, C:

(~~)n+1 = Kl~~2n exp(-Q/RT)
where K 1 is a constant, and n is a mechanism-controlled exponent, where n

(6.1)

=

0 for

the case of viscous flow, n = 1 for volume diffusion and n = 2 for grain boundary
diffusion mechanisrn. They suggested that n can be determined from Eq. 6.2 by
performing CRH experiments, i.c.,
~L
InC
In(-)T = - - - + InA
La
n+ 1

(6.2)

where A is a constant depending on the material parameters and the sintering mechanism. The plot of

In(~L/ LO)T

at specific temperature versus In C should give a
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straight line with slope of -1/ (n + 1).
The early-stage sintering of 8YSZ containing 0.5 wt.% Ah03 and 0.3 wt.% Si0 2
(8Y-05A-3S) was analyzed by the model. Fig. 6.3 shows the dependance ofln(~L/LO)T
on the natural logarithm of heating rate (2.5, 5, 10, 15 K/min). The studied temperature range is from 1050 to 1220°C, while the linear shrinkage is between 1 to 8.8%
under different heating rate. It can be seen that good linearity has been achieved
for all the plots, where the average linear regression coefficient, R, is up to 0.992.
Meanwhile, the average value of n is determined to be 2.13±0.15, indicating that the
sintering mechanism of 8Y-05A-3S during early-stage can be appropriately ascribed
to grain boundary diffusion.

3-r--------------------------.

Figure 6.3: In(~L/L o) versus In C for calculation of mechanism-controlled exponent,

n, for 8Y-10A-3S.

On the other hand, the sintering activation energy is determined based on the rate
equation developed by Wang and Raj [30] (see section 2.2.3.3),
1 dp
f(p)
Q
- - = Do--exp(--)

pdt

where Do=(Dv)o and m

=

kTGm

3 for lattice diffusion, and D o=(6D b)0 and m
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RT

=

4 for grain
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6.4 Sintering kinetics
boundary diffusion, respectively. It is possible to obtain the value of Q by plotting the
densification rate function, In T ~ 1Jf, versus the reciprocal of temperature at a given
relative density (p). If data from eRR sintering was used, the left-hand side would
take of form of In[T· C(~~)].
The procedure has been applied to the relative densities range of 52-65%, and the
arrhenius plots was shown in Fig. 6.4. The average activation energy is obtained as
499±10 KJ Imo!. To our knowledge, there is no literature report on the activation
energy of 8YSZ containing Ab03 and Si0 2 co-additives.
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Figure 6.4: Arrhenius-type plot of 8Y-5A-3S for estimation of activation energy.

Fig. 6.5 compares the sintering activation energy obtained by the above model. It
can be seen the activation energy of 8YSZ was significantly decreased upon co-addition
of Ab03 and Si0 2 , especially at the very early stage of sintering. Our previous result
suggests that "defect-formation" and surface diffusion dominates in the first stage of
sintering of undoped 8YSZ, however, with the co-additive of Ab03 and Si0 2 , the
dominant mechanism was found to have changed to grain boundary diffusion. It was
reported that, Si0 2 tends to segregate in the vicinity of the interface [119, 139] due to
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the solute misfit between Si4+ (0.4A) and Zr 4+ (0.84A). In fact, the grain boundaries
are the dopant-rich area where y 3+ and A13+ were also observed to segregate over a
width of 4-10 nm [105, 118, 119]. The complex interface reaction of the segregated
dopants could probably produce a disordered grain boundary structure, and hence a
higher grain boundary diffusivity and the accelerated densification rate.
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Figure 6.5: Activation energies estimated from Wang's model for 8YSZ with/without
additives.

6.4.2

Intermediate and final-stage sintering

Fig. 6.6 shows the sintered density of samples after isothermal-sintering at the target
temperature for 2h. In agreement with the dilatometric sintering experiment under
constant heating-rate, 8Y-5A-3S exhibits the highest density among the samples with
varying amount of additives. The relative density of 8Y-5A-3S obtained can go up
to 89.7% when sintered at 1150°C, whereas it is only 55.7% for undoped 8YSZ, and
72.7% for 8YSZ containing 0.5 wt.% Ab03 alone. The good sinterability of the sample
containing co-additive allows the fabrication of dense electrolyte under 1200°C.
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Figure 6.6: Sintered density of samples sintered at various temperature for 2h.

The formation of intergranular liquid-phase is typically observed in Si0 2-containing
YSZ when sintering at above 1350°C [23, 153, 154]. Relevant phase diagrams shows
that the ternary eutectic of Zr02-Ah03-Si02 forms at 1539 °C [155], and Y203-AI203Si0 2 eutectic at 1320 - 1371°C [156]. Whereas, the phase diagram of quaternary
Zr02-Y203-AI203-Si02 is unknown yet. Our previous study has demonstrated that
solid state sintering dominates in the composition of Zr02-Y203-AI203. However,
the addition of Si0 2 could dramatically decrease the eutectic temperature of the quaternary phase [144]. On the other hand, Luo [157] pointed out that a quasi-liquid
interfacial layer can be formed at a temperuature which is 100-400°C lower than the
bulk eutectic phase.
Fig. 6.7 shows the microstructure of 8Y-5A-3S sintered at 1350°C. The round
edges of grain boundary (indicated by arrows), especially at the triple junction was
clearly observed, which is one of the evident characteristics of liquid phase sintering.
Hence, the intermediate and final stage of sintering is believed to be dominated by
liquid-phase sintering mechanism.
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Figure 6.7: SEM micrograph of 0.5 wt. % A1 20 3 and 0.3 wt. % Si02-doped 8YSZ sintered at 1350°C.

6.5

Effect of doping method

Fig. 6.8 compares the densification behavior of 8YSZ containing 2.0 wt. % Al 20 3 and
0.3 wt.% Si0 2 , which are prepared from different doping method, i.e. chemical route
and powder mixing method.
Apparently, the sample by chemical route shows a better sinterability than that
formed by powder mixing.

The sintered density of 8Y-20A-3S is higher by 10%

than 8Y-20AKP-3S before preceding to the final stage of sintering. Also, the former
achieves a higher final density of 98.7%, as compared to 96.3% for that of 8Y-20AKP38. In the chemical route, the Ah03 dopant is more homogenously distributed with
fine particle size, consequently there are increased reaction sites between both additives. The enhanced interface reaction could facilitate the formation of intergranular
film, and hence a higher rate of mass diffusion. The results indicate that, introducing
of additives via chemical route is more effective in terms of densification.

6.6

Grain growth

The average grain sizes of specimen sintered at 1300-1500°C are summarized in Table
6.3. The grain size increases with sintering temperature, but shows no systematic
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Figure 6.8:

Comparison of the densification behavior between 8Y-20A-3S and

8Y20AKP-3S under constant rate of sintering (IOcC/min).
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Table 6.3: Average grain size of 8YSZ containing Ah03 and Si02 sintered at 1300-

1500°C for 2h
Sample

1300°C-2h

1400°C-2h

lS00°C-2h

8Y

0.72±0.13

2.94±0.S6

S.66±0.46

8Y-SA

2.61±0.46

4.18±0.3S

8.37±1.03

8Y-OSS

1.46±0.29

4.31±0.39

6.07±0.73

8Y-3S

2.42±0.31

4.7S±0.69

6.98±0.62

8Y-SA-OSS

2.64±0.38

4.8S±0.6S

7.93±0.91

8Y-SA-3S

2.36±0.2S

4.13±0.4S

9.08±0.70

8Y-10A-3S

2.23±0.24

3.93±0.42

10.20±1.21

8Y-20A-3S

2.10±0.33

3.39±0.34

9.12±0.S3

8Y-20AKP-3S

2.18±0.26

3.76±0.Sl

8.43±0.77

8Y-SOA-3S

1.SS±0.27

2.81±0.30

S.42±0.68

dependance on the doping composition. At lower temperatures (1300-1400°C), the
maximum grain growth is observed in 8Y-SA-OSS. However, when the sintering temperature increases to lS00°C, the sample of 8Y-10A-3S exhibits the largest grain size,
which is due to the sufficient formation of liquid phase at higher temperatures. In
general, except in the sample containing highest amount of Ab 0 3 (S.O wt. %) at 1400lS00°C, the grain growth of 8YSZ is promoted by all doping compositions, particularly
in the sample containing certain amount of co-additives. The final grain size ranged
from 0.72

psi:

of undoped 8YSZ to 10.20/1m for 8YSZ containing 1.0 wt.% Al 203 and

0.3 wt.% Si0 2 .
Fig. 6.9 shows the microstructure of samples sintered at lS00°C from SEM observation. In the only Si0 2-containing samples, well packed grains with no sign of liquid
phase formation was observed. In addition, there is a number of residual pores existed
in 0.3 wt. % Si0 2-doped 8YSZ, which confirms the previous densification study that
full densification is impeded in 8Y-3S. With the addition of A1 203 , the edge of grain
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6.6 (;rain grovvth

Figure 6.9: SEM micrographs of (a) 8Y-05S, (b) 8Y-3S, (c) 8Y-5A-05S, (d) 8Y-5A-3S,

(e) 8Y-I0A-3S, (f) 8Y-20A-3S, (g) 8Y-20AKP-3S and (f) 8Y-50A-3S sintered at 1500°C
for 2h.
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6.7 Concluding remarks
boundaries becomes smooth and round, indicating a small portion of liquid phase was
squeezed to the triple junction, which probably occurred during the cooling process.
On the other hand, in the highly impure samples (with 0.3 wt.% Si0 2 ) containing
heavier amount of Ab03, the grain boundary was fully wetted by the formation of
intergranular films, evident from the continuous grain boundary phase. Moreover,
if the content of Ab03 is increased to 5.0 wt.%, second phase is identified to segregate along the grain boundaries, which contributes to the retarded grain growth in
the sample. All the microstructural studies are closely correlated with the electrical
properties. The results will be presented in the next chapter.

6. 7

Concluding remarks

The densification and grain growth behavior of 8YSZ containing 0-5.0 wt. % Ab03
and 0-0.3 wt. % Si0 2 were studied in this chapter. The results verified our hypothesis,
that densification of 8YSZ can be further enhanced by synergistic effect of Ab03
and Si0 2 as co-dopants.

The temperature dependance to densification process is

found to reduce. For instance, in 8YSZ containing 0.5 wt.% Ab03 and 0.3 wt.%
Si0 2 co-additives, the onset of sintering shifts to 1005°C, from 1065°C for undoped,
and 1029°C for 0.5 wt.% Ab03-doped 8YSZ, respectively. The lowest temperature of
maximum densification rate (Tmax) is obtained in 8Y-5A-3S as 1309°C. Meanwhile, the
modeling study of 8YSZ containing co-additives demonstrates that, grain boundary
diffusion dominates in the early stage of sintering, while the intermediate and final
stage are ascribed to liquid-phase sintering.
The grain growth shows no systematic dependance on the doping composition of
co-additives. This could be due to the influence of temperature on grain boundary
wetting properties. However, in general, the grain growth is enhanced upon introducing of co-additives, and the largest grain size was also obtained in samples containing
certain amount of both Al 20 3 and Si0 2 .
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7
Conductivity of 8YSZ containing
A1203 and Si0 2 co-additives
7.1

Introduction

Ionic conductivity of a solid electrolyte, to a large extent, determines the operation
temperature and power output of a SOFe stack, and thus it is a critical parameter
for evaluation of the electrolyte materials. In polycrystalline electrolytes, the total
conductivity is noted to come from both bulk and grain boundary conduction. Typically, the GB conductivity is 2 or 3 orders of magnitude lower than that of the grain
interior [158].
The GB effect has been mainly attributed to two factors. Firstly, the Si0 2 impurity
can be extremely detrimental to the grain boundary conduction, yet the existence of
which is nearly ubiquitous. Badwal [21] found that the presence of only 0.2 wt. %
silica was sufficient to decrease the GB conductivity of YSZ by a factor greater than
15. A number of studies have clarified that Si0 2 tends to segregate at triple grain
junctions, instead of forming continuous layers along two-grain boundaries [92, 110,
159]. However, the segregation of Si4 + is commonly observed by high resolution TEM
to segregate along grain boundaries [159, 159]. The blocking effect can be contributed
by a reduction of direct grain-grain contact as well as Si4 + segregation. On the other
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7.2 Conductivity of undoped 8YSZ
hand, it is noted that even in the high purity material, the intrinsic space-charge
layer (usually several nm in thickness) would cause a reduced GB conductivity as
compared to that of the bulk [110]. In YSZ electrolyte, the space-charge layer is
formed by enrichment of y 3+ in the vicinity of grain boundaries, which results in the
positive potential, and oxygen vacancies are depleted in the area.
Due to the ubiquitous existence of Si0 2 as well as the difficulty in tailoring of the
intrinsic space-charge layer, more research efforts has been given to mitigating Si0 2
effect. Among various additives, Ah03 is found effective in neutralizing the resistive
siliceous phase [14, 102, 113]. Lee et al. [113] investigated the conductivity of ballmilled YSZ sample containing 2::120 ppm Si0 2 . The resistance per unit area was
noted to decrease from 2.01 n·cm 2 to 0.24 n·cm 2 upon 1 mol.% Ah 03 addition. The
improvement of GB conduction via Al 20 3 owes to the fact that Ah 03 can effectively
scavenge silicious film through chemical reaction [92]. It is worth to mention, however,
the amount of Al 20 3 additive should be carefully manipulated, as below the solubility
limit, Al 20 3 would increase the Schottky barrier height of the space-charge layer and
considerably decrease the GB conduction [14, 103, 110].
To date, most of the conductivity studies used 8YSZ material with only background Si0 2 impurity or less than several hundred ppm Si0 2 addition [102]. However, we are more concerned about how effective Al 20 3 can operate in impure (0.05
wt.% Si0 2 ) or highly impure 8YSZ (0.3 wt.% Si0 2 ) , since the co-additive of Ah 03
and 0.05-0.3 wt.% Si0 2 was found capable to enhance the densification of 8YSZ. The
electrical properties of the same batch of specimen as that fabricated in Chapter 6
was used in the present investigation.

7.2

Conductivity of undoped 8YSZ

A.C impedance spectroscopy was widely used for the study of the electrical properties
of solid electrolyte. Fig. 7.2 shows the complex impedance spectra collected at 360°C
and 402°C for undoped 8YSZ sintered at 1500°C. The inset figure illustrates the
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7.2 Conductivity of undoped 8YSZ
corresponding equivalent circuits. With the decrease of frequency, three successive
semicircles can be generated, which are deconvoluted as responses from grain interior,
grain boundary, electrode-electrolyte polarization, respectively. In practice, however,
whether all arcs can be observed is dependent on the nature of the samples and
testing conditions. In our case, the grain interior and grain boundary components
can be clearly identified, whereby both the values of resistance, R gi and R gb , and
capacitance, Cgi and R gb , are fitted with the equivalent circuits.
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Figure 7.1: Impedance spectra of undoped 8YSZ (1300°C-2h) measured at 360°C and

The conductivity was obtained by the relation of

agi/gb

==

R.

L

g'L/gb

A'

using the mea-

sured resistance, the sample thickness, L, and the cross-sectional area A. The caculated a gb in the present form refers to apparent or total grain boundary conductivity.
Historically, the "brick layer model" [62] has been widely used for estimation of the
true GB conductivity, i.e. the so called "specific GB conductivity" (a;1). In the model,
the material is assumed to consist of an array of cubic shaped grains with edge-length
dg , separated by flat grain boundaries of thickness 6g b. The current flow through grain
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7.2 Conductivity of undoped 8YSZ
boundaries in parallel to the current direction is neglected since always

a;1 « a

gi'

According to the model, specific GB conductivity is expressed by,
(7.1)
However, it is always difficult to determine the effective grain boundary thickness.
Many researchers have suggested to compute

a;1 from the capacitance [110, 160],
(7.2)

Cgb

=

A
CgbCO

n8gb

(7.3)

where n is the number of grains to be trespassed in the current direction. In YSZ,
it was demonstrated that the dielectric constant can be reasonably approximated to
that of the bulk [161], hence, the thickness of grain boundary would be,
(7.4)
and accordingly, the specific grain boundary conductivity can be approximate as
sp "'"'
"'"'

ag b

app

agb

C
-c
gi

(7.5)

gb

The GI and GB conductivity of 8YSZ sintered at 1500°C for 2h were shown in
Fig. 7.2 as a function of temperature, which was analyzed by the Arrhenius equation,
aO
(E
a = -exp
--)
T
kT

a

(7.6)

In Eq. 7.6, ao is the pre-exponential constant, E a is the activation energy, and k
is the Boltzmann constant. The value from literature was also included in Fig. 7.2
as reference [106]. There is good agreement observed between our results and that
from literature. Activation energies for GI and GB conduction are determined to be
1.05 eVand 1.20 eV, respectively, which is also close to that reported [87, 102]. The
specific grain boundary conductivity is found to be 3 orders of magnitude lower than
that of the GI, mainly due to the space-charge layer effect in the high-purity YSZ.
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Figure 7.2: Grain interior (GI), grain boundary (GB), specific GB conductivity of
undoped YSZ (1500°C-2h) as a function of temperature; literature value from [58] is
also included for comparison.

7.3

Si0 2-doped YSZ

The impedance spectra of YSZ containing Si0 2 impurity are shown in Fig. 7.3. Upon
Si0 2 addition, the grain interior resistivity (P9i) of 8YSZ was hardly affected. The
only exception was for the sample 8Y-05S heat-treated at 1300°C, where the resistivity
of which is 13.4 kO·cm comparing to 11.6 kO·cm of the undoped 8YSZ, which is due
to its lower relative density (90.8%).

However, the grain boundary conduction was

noted to be significantly deteriorated, which was found to decrease by 57-76% when
0.3 wt. % Si0 2 was added, depending on the sintering temperature.
The dependence of GB conduction on heat treatment temperature also show some
interesting features. At lower sintering temperature (1300-1350°C), GB conductivity
decreases with the content of Si0 2 impurity. As the sintering temperature reaches
above 1400°C, however, the samples containing 0.05 and 0.3 wt.% addition have almost
the same GB conductivity. While on the other hand, GI conductivity was found to
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Figure 7.3: Impedance spectra of 8YSZ containing 0.05 and 0.3 wt.% Si02 sintered at

1300-1500°C for 2h. The data was recorded at 400°C.
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7.3 Si0 2-doped YSZ
decrease slightly with the increasing Si0 2 content (e.g. 11.0 kO·cm for 8Y-05S vs 11.5
kO·cm for 8Y-3S at 1500°C). The observation can be well explained by the dissolution
of Si0 2 into zirconia lattice with the increase of temperature. Tekeli et al. has also
pointed out that up to 0.3 wt.% Si0 2 could dissolve into YSZ [23].
The grain boundary conduction of 8Y-3S was further analyzed by plotting the
Arrenius equation (Fig. 7.4). With the increase of temperature, both specific and total

GB conductivity are found to increase, while the latter seems to be more sensitive to
the heat treatment. The specific GB conductivity is strongly correlated with factors
such as impurity segregation, space charge layer, lattice mismatch, and so on. In our
case, it is inferred that the change of Si0 2 segregation status should be dominant
factor. This is because at higher sintering temperature, most Si0 2 impurities could
dissolve into the lattice [162], leaving a relatively "clean" grain boundary, and the
blocking effect was hence mitigated. On the other hand, the increase of apparent GB
conductivity is mainly due to the reduction of grain boundaries area, although it is
also benefited by the increase of specific GB.
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7.4

YSZ containing Al 20 3 and Si0 2 co-additives

Fig. 7.5 and 7.6 presents the impedance spectra collected at 400°C for all the specimen
sintered at 1300°C-1500°C. The addition of Si0 2 alone considerably decreases the
grain boundary conductivity, and details of which has been discussed previously. The
background silica impurity of 8YSZ used in this study is around 70 ppm, as quoted
from the supplier. All the figures confirm that Ab03 is effective in mitigating the

harmful effect of silicious phase, as the highest grain boundary conductivity is observed
in "pure" 8YSZ containing 0.5 wt.% A120 3 alone. The scavenging of Si0 2 by A1 20 3
is ascribed to the chemical reaction of
(7.7)
where the reacted phase is mostly squeezed to the triple grain junctions during liquid
phase redistribution process [22, 153].
However, we are more interested in how effective A120 3 can neutralize the silicious
effect in the impure (0.05 wt.% Si0 2 ) and highly impure (0.3 wt.% Si0 2 ) samples.
The discussion will start from the impure sample with 0.05 wt. % Si0 2 impurity. From
Fig. 7.5 and 7.6, it can be seen that when 0.5 wt. % A1 20 3 is introduced into impure
YSZ, the sample exhibits quite comparable conduction behavior as that of 0.5 wt. %
Ab03-doped "pure" YSZ. More importantly, the grain boundary conductivity was only
slightly affected at all heat treatment temperatures. For instance, at a measurement
of 400°C, GB conductivity of 8Y-5A is 3.43 x 10- 4 Sjcm, while it is 2.85

X

10- 4

Sjcm for 8Y-5A-05S sintered at 1400°C. It seems that 0.5 wt.% Ab03 is adequate
to neutralize the silicious effect, hence no further addition Ab03 is attempted in the
impure sample.
On the other hand, in the highly impure 8YSZ with Ab03 additions, the situation
is more complicated, There are several interesting findings. Firstly, except for the
heavily doped 8Y-50A-3S, the grain interior conduction of 0.3 wt.% Si0 2-containing
8YSZ was hardly affected. However, the grain boundary conductivity is noted to be
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Figure 7.5: Impedance spectra collected at 400°C for specimen sintered at (a) 1300°C2h and (b) 1400°C-2h.
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Figure 7.6: Impedance spectra collected at 400°C for specimen sintered at 1500°C for
2h.

lower than samples containing j; 0.05 wt.% Si0 2 , regardless of the content of alumina
addition, even up to 5.0 wt.%. Secondly, the GB conductivity increases with Al 20 3
content up to 1.0-2.0 wt.%, and further addition can deteriorate the GB conduction.
Thirdly, the influence of Ab03 is dependent on the heat treatment temperature. When
sintered at 1300°C, the samples with 0.5-5.0 wt. % of Ab03 addition all could achieve
higher GB conductivity than the undoped 8YSZ, while the lowest

Pgb

is obtained

in 8Y-10A-3S, which is 8.03 kn·cm, a reduction of 63.2% as compared to that of
undoped 8YSZ. However, with the increase of sintering temperature, the total grain
boundary conductivity decreases significantly. It was found that the value of

agb

(8Y-

10A-3S)/ag b (8Y) decreases from 2.72 to 0.078 as temperature raised from 1300°C to
1500°C, which indicates that high temperature heat treatment should be avoided.
To address the observed phenomenon, the coverage fraction of the resistive silicious
phase is evaluated by a factor defined as: ex

=

R gb / (R gi + R g b ) [87], where R gi and R g b

represents GI and GB resistances, respectively. Fig. 7.7 shows the variation of ex with
sintering temperature. As expected, 8YSZ with only 0.3 wt. % Si0 2 addition has the
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7.4 YSZ containing A1203 and Si0 2 co-additives
highest GB coverage fraction. When Ah03 is introduced to the sample, the value of
a is decreased significantly, which is also lower than that of undoped 8YSZ, indicating
a relatively "clean" grain boundary can be achieved through the scavenging effect of
Ah 03. However, as the temperature increases, a is noticed to increase considerably in
the highly impure sample, which means that siliceous phase would propagates along
grain boundaries at 2 1400°C. The GB coverage fraction in both 8Y-10A-3S and 8Y20A-3S already exceeds that of undoped 8YSZ at 1400°C. On the other hand, in the
0.05 wt.% Si0 2-containing 8Y-05A-5S, a-value is still comparable to 8YSZ, indicating
the harmful silicious effect can be eliminated.
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of specimen is shown in Fig. 7.8 as a function of

measured temperature. In agreement with the previous impedance study, 8Y-5A-05S
exhibit the identical total conductivity to that of undoped 8Y at all heat treatments.
For the samples sintered at 1300°C, 1.0 wt. % Ah03-doped highly impure sample also
shows a comparable

O"tot

to that of undoped 8Y. In fact, the total conductivity of
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7.4 YSZ containing A1203 and Si0 2 co-additives
8Y-10A-3S is even higher than 8YSZ when measured at below 450°C. However, when
the sintering temperature increases to 1400°C and above,

atot

readily decreases below

that of undoped 8YSZ in the highly impure sample.
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Figure 7.8: Total conductivity dependence on temperature for the samples sintered for

2 h at (a) 1300°C, (b)1350°C, (c) 1400°Cand (d) 1500°C.

The significance of the finding lies in that, the co-addition of Al 203 and Si0 2 could
not only able to significantly enhance densification of 8YSZ, but also able to result in
a comparable conductivity to that of undoped YSZ, provided the additive content and
heat treatment condition are well manipulated. In fact, the purpose throughout the
study is to fabricate YSZ electrolyte at reduced temperature. From the observations
in this chapter, it can be reasonable expected that co-additive of 0.5 wt. % Al 203

+

0.05 wt.% Si0 2 , or 1.0 wt.% Al 203

+

0.3 wt.% Si0 2 are both capable to have

superior overall perforrnance than that of undoped 8YSZ, in respect of densification
and conductivity.
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7.5

Concluding remarks

The electrical properties of specimen containing Ab03 and Si0 2 additives is investigated. As expected, the addition of Si0 2 alone could significantly deteriorate the
grain boundary conductivity. Upon 0.3 wt.% Si0 2 addition, the total agb of 8YSZ is
decreased by 57-76% at 1300-1500°C heat treatment. The specific GB conductivity
of Si0 2-containing sample was evaluated by the brick layer model, which was found
to increase with the sintering temperature. The phenomenon is explained by the
dissolution of Si0 2 at higher temperatures (> 1400°C).
In the impure 8YSZ containing 0.05 wt.% Si0 2 , 0.5 wt.% Ab03 addition is sufficient to neutralize the silicious effect. The total conductivity of 8Y-5A-05S is comparable to that of undoped 8Y under any heat treatment. As the impurity level of
Si0 2 increases to 0.3 wt.%, the optimum content of Ab03 is determined to be 1.0-2.0
wt.% for mitigating the harmful effect of Si0 2 , while the heavily doped 8Y-50A-3S is
noted to have both reduced GI and GB conductivity.
In addition, the conductivity of highly impure 8YSZ containing Al 20 3 additions is
closely dependant on the sintering temperature. With the temperature increases from
1300°C to 1500°C, the ratio of agb (8Y-10A-3S)/a gb (8Y) is found to decrease from
2.72 to 0.078, which is due to the propagation of silicious phase as well as a reduction
in total grain boundary area.
Combining with the previous densification study, it is concluded that the existence
of Si0 2 impurity is not as detrimental as the prevailing thought. On the contrary, by
carefully varying the concentration of Al 20 3 and Si0 2 , both densification and conductivity of 8YSZ can be enhanced. The concentration of co-additives is optimized as
0.5 wt.% Ab03+0.05 wt.% Si0 2 , or 1.0 wt.% Ab03+0.3 wt.% Si0 2 • Compared with
undoped 8YSZ, the advantages of sample with co-additives would be more evident at
lower heat treatment temperature.
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8

Conclusions
Sintering of ceramics is an important process in the processing of many functional
devices for advanced applications. For example, to fabricate high-performance SOFC
in an economical way, co-sintering is widely acknowledged as the most suitable technique. When 8YSZ is applied as the electrolyte for SOFC, however, there are several
practical concerns, i.e, higher sintering temperature of YSZ, unavoidable interdiffusion of NiO and ubiquitous presence of Si0 2 impurity. Directed by these problems,
the present study has been carried out with attempt to lower the sintering temperature of YSZ, eliminate the negative effect of impurities, and more importantly, to
establish models that could accurately predict microstructural evolution during sintering. Meanwhile, the effect of additives on conductivity of 8YSZ has been studied.
Both experimental observation and theoretical approach in the present study have
shed light to the optimizing of co-sintering technique for SOFC.

8.1

Master curves for undoped YSZ

The master sintering curve theory is adopted, and applied to undoped YSZ to establish
both master densification curve (MDC) and master grain growth curve (MGGC). It
was found that a better representation of the sintering behavior was provided by a
two-stage MDC approach, i.e, MDCs are constructed separately over two consecutive
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8.2 Sintering and modeling of A120 3/NiO-doped YSZ
densification stages with p == 60% as boundary. The newly proposed MDCs was
verified by additional sintering experiments, where the good agreement between the
model and experimental results was observed. Meanwhile, the activation energies
during the two-stage densification are determined to be 715 KJ /lnol and 580 KJ /lnol
during first (p == 50 - 60%) and second stage (p == 60 - 94%), respectively. Based
on the activation energies evaluated, it is proposed that "defect-formation process"
and surface diffusion have contributed to the abnormally high energy during the first
stage, while lattice diffusion is proposed as the most appropriate operating mechanism
for the second stage of sintering.
The grain growth behavior was also modeled via the construction of MGGC. The
activation energy for grain growth was determined to be 330 KJ / mol, with the grain
growth exponent of n==2.3, which suggests that grain growth of undoped 8YSZ is
controlled by grain boundary migration.

8.2

Sintering and modeling of AI203/NiO-doped YSZ

A comprehensive study has been performed in the sintering of 0.05-5.0 wt. % Ah03doped and 0.06-2.76 wt. % NiO-doped 8YSZ, while the phase and microstructure were
examined by XRD, SEM and TEM. The main conclusions of this part are:
1. Both Ah03 and NiO are helpful in the stabilizing of cubic phase of zirconia.

The solubility limit of A1 20 3 and NiO was determined to be around 0.5 wt. %
and 0.28 wt.% at 1400°C, respectively. As the content of additives exceed the
solubility limit, excessive Ah03 was found to cluster along grain boundaries.
While undissolved NiO is not detected by both XRD and SEM observation, it
is reckoned that undissolved NiO content is very little, since NiO dopant can be
easily diffused or evaporate. However, the existence of undissolved NiO in YSZ
can be confirmed by TEM. Both nano and micro-sized NiO crystals were found
either within grain interior or along grain boundary.
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8.3 8YSZ containing Al 203 and Si0 2 co-additives
2. Both additives promote the densification of 8YSZ. The densification of 8YSZ was
most effectively enhanced by the addition of 1.0 wt.% Ah03, or 0.28 wt.% NiO.
Under the heating rate of 5°C/min, the temperature of maximum densification
rate was reduced from 1345°C for undoped 8YSZ to 1243°C in 8Y100AI, and
1255°C in 8Y028Ni, respectively. In the heavily doped sample with 2: 2.0wt. %
A120 3, or 2.76 wt.% NiO, the densification was observed to have been retarded.
3. Grain growth of 8YSZ was initially promoted by addition of Al20 3 up to 0.2
wt.%, and for NiO, up to 0.56 wt.%, while further addition leads to a decrease
in grain size. Besides, compared to that of Ah03-doped 8YSZ, there are more
pores present in the samples of 8YSZ containing 2: 1.12 wt.% NiO, which is due
to the diffusion/evaporation of NiO when sintered at high temperatures.
4. Master densification curves are constructed for doped samples for the first time.
Similar to the case of undoped 8YSZ, the two-stage approach has shown to
provide a better representation of the entire sintering process, indicating the
dominant sintering mechanism have changed from the first (p

=

50 - 60%) to

second stage (p = 60 - 92%) of sintering.
5. Compared with that of undoped 8YSZ, the activation energy is found to decrease upon Ah03 and NiO addition, especially in the second stage of sintering.
In the doped sample, the first-stage is also ascribed to be "defect-formation process" controlled. However, as the sintering proceeds to the later stage, grain
boundary diffusion become significantly contributing to the process, especially
in the sample of 8Y100AI and 8Y028Ni.

8.3

8YSZ containing Al 20 3 and Si0 2 co-additives

Sintering and conductivity of so called "impure/highly impure" 8YSZ with 0.05-0.3
wt.% Si0 2 impurity were investigated. It has been reported and confirmed by our
results that Si0 2 alone is extremely harmful to the conductivity of 8YSZ. However,
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8.3 8YSZ containing A1203 and Si0 2 co-additives
our results have also demonstrated that the disadvantage of Si0 2 contamination can be
neutralized via the co-addition of Al 20 3 with the optimized content. The densification
of 8YSZ can be further enhanced by the synergistic effect of Al 20 3 and Si0 2 , as
compared to samples containing Ah 0 3 alone. The onset of sintering is shifted from
1065°C in undoped 8YSZ to 988°C upon 1.0 wt.% Al 20 3 and 0.3 wt.% Si0 2 coadditives. The lowest temperature of maximum densification rate (Tmax) was obtained
in 8Y-5A-05S as 1210°C, while it is 1248°C and 1243°C for 8YSZ with only 0.5 wt. %
and 1.0 wt.% Ah03, respectively.
Meanwhile, it was found that MSCs is not appropriate to apply to 8YSZ containing
co-additives. Instead, alternative models were used, and grain boundary diffusion
is found to be the dominant mechanism in the early stage of sintering, while the
intermediate and final stages are ascribed to liquid-phase sintering.
The electrical properties of specimens containing Al20 3 and Si0 2 additives were
also investigated. As expected, the addition of Si0 2 alone could significantly deteriorate the grain boundary conductivity. However, in the impure 8YSZ containing 0.05
wt.% Si0 2 , 0.5 wt.% Ah03 addition is sufficient to neutralize the silicious effect. The
total conductivity of 8Y-5A-05S is comparable to that of undoped 8YSZ after heat
treatment. The conductivity of highly impure 8YSZ (0.3 wt.% Si0 2 ) containing Ah03
additions is closely dependant on the sintering temperature. With the temperature
increases from 1300°C to 1500°C, the ratio of O"gb (8Y-10A-3S)/O"gb (8Y) is found to
decrease from 2.72 to 0.078. This is due to the propagation of silicious phase as well
as a reduction in total grain boundary area.
With respect to both densification and conductivity, the optimum concentration of
co-additives was identified as 0.5 wt.% Ah03+0.05 wt.% Si0 2 , or 1.0 wt.% Ah03+0.3
wt.% Si0 2 for the present system. The advantages of 8YSZ with such composition
would be more evident at lower heat treatment temperature.
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9

Future work
The present work has provided both experimental and analytical insight to the sintering of undoped and doped 8YSZ ceramics, and also proposed appropriate models
for the process. The conductivity of doped 8YSZ with co-dopants was also studied.
Following the work accomplished in this study, there are several related topics that
could be of interest for further investigation.
1. The densification behavior of undoped and Ah03 and NiO-doped 8YSZ has
been modeled by the master densification curve approach. With the established
model, the instantaneous density of 8YSZ electrolyte can be predicted with good
accuracy under the given heating profiles. Therefore, the established model can
be applied to the co-sintering of NiO /8YSZ anode and 8YSZ electrolyte for
evaluation of the stress, which is induced from the different shrinkage behavior
of the individual layer [163]. Generally, a minimized stress is preferred to obtain
a co-sintered system with certain flatness. This can be achieved by effectively
engineering the sintering profile with the help of master curves approach. On
the other hand, to gain a more continuous model for the co-sintering system,
it is meaningful to incorporate the effect of stress into the master curves. A
similar approach has been recently attempted by applying the master sintering
curve theory to the field-assisted spark plasma sintering of alumina [164].
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2. The effect of NiO on sintering of 8YSZ has been studied, because the diffusion
of NiO from anode side towards electrolyte has been frequently observed during
co-sintering [17]. Although it is clear that the inter-diffusion of NiO would occur,
the diffusion kinetics of NiO in 8YSZ has not been studied. Nevertheless, the
relevant knowledge is important, as the present study has demonstrated that
a small amount of NiO can significantly influence the entire sintering process
of 8YSZ. The diffusivity of NiO in 8YSZ is suggested to be determined by
secondary ion mass spectrometry (SIMS) analysis, as adopted by Kilo et al. in
a wide range of tracer diffusion studies [120, 121].
A second issue that needs to be clarified is how the dissolved Ni 2+ will interact
with its surrounding environment, and thus change the bonding status of the
host zirconia. In the case of Ab03-doped 8YSZ, there are a number of studies
that have clarified the effect of A13+ on the atomic level by the first-principle
molecular orbital calculation, and pointed out that the incorporation of A13+ into
the lattice could weaken the ionic bonding strength between the host Zr 4+ and
oxygen ions [140]. However, there is a lack of theoretical verification regarding to
the effect of NiO on zirconia lattice. It is speculated that the same mechanism
might operate in the case of NiO-doped 8YSZ, while further investigation is
required to confirm this effect.
3. In order to improve the reliability of 8YSZ-based functional device, the mechanical properties of 8YSZ have attracted great research effort [13, 144]. For example, a superplastic electrolyte is of great significance, as it allows a nlore flexible
co-sintering process, as well as the fabrication of complex shapes of SOFC. It
has been reported that the three phase YSZ-AI 20 3-Si0 2 system demonstrates
improved superplastic behavior as compared to either YSZ-Ab03 or YSZ-Si0 2
composite, and the strain rate of 8YSZ with 1.0 wt. % Ab03 and 5.0 wt. % Si0 2
was obtained to be as high as 2x 10- 4

S-l

at 1200°C[144]. The finding implies

that co-addition of Al20 3 and Si0 2 not only promotes densification of 8YSZ,
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but also could increase ductility of 8YSZ. It is probably that both behaviors
are closely related to the grain boundary diffusivity. A more comprehensive
assessment is thus worth to be carried out.
4. The conductivity of 8YSZ with Al 203 and Si0 2 additions has been demonstrated to be able to offer comparable conductivity to that of undoped YSZ. In
practical application, long-term stability is important for evaluation of a solid
electrolyte. The conductivity degradation of undoped and Al203-doped YSZ
has been extensively investigated. The origin of degradation has been ascribed
to the following reasons: (1) precipitation of long-range ordered phases, such
as Y2Zr207, (2) formation and precipitation of tetragonal phase in the cubic
zirconia, (3) segregation of dopant-rich layer near grain boundaries, (4) short
range of ordering of oxygen vacancies [108]. However, it is unclear yet whether
the mechanisms would operate in the present co-dopant system. Therefore, the
relevant study on long-term stability of 8YSZ with Ab03 and Si0 2 co-additive
can be of significance.

130

. ..L

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Bibliography
[1] R. J. BROOK. Developments in the sintering of ceramics. Science of Ceramics, 9:57-66,
1977. 1

[2] R.J. BROOK. Additives and the sintering of ceramics. Science of Sintering, 20:115-118,
1988.

[3]

S. J. DILLON AND M.

P.

HARMER.

Demystifying the role of sintering additives with

"complexion". Journal of the European Ceramic Society, 28:1485-1493, 2008. 1, 92
[4] Z. S. NIKOLIC. Simulation of intergranular impedance as a function of diffusion
processes. Journal of Materials Science: Materials in Electronics, 13:743-749, 2002. 1

[5] W.

SUCHANEK, M. YASHIMA, M. KAKIHANA, AND M. YOSHIMURA.

Hydroxyapatite

ceramics with selected sintering additives. Biomaterials, 18:923-933, 1997. 1
[6] A. H. CHOKSHI.

Diffusion, diffusion creep and grain growth characteristics of

nanocrystalline and fine-grained monoclinic, tetragonal and cubic zirconia. Scripta
Materialia, 48:791-796, 2003. 1, 17, 47, 56, 57, 58
[7] NGUYEN Q. MINH. Ceramic fuel cells. Journal of the American Ceramic Society, 76:563588, 1993. vi, 2, 16, 17, 21

[8] H. OHRUI, T. MATSUSHIMA, AND T. HIRAI. Performance of a solid oxide fuel cell
fabricated by co-firing. Journal of Power Sources, 71:185-189, 1998. 2, 22
[9] H. MOON, S. D. KIM, S. H. HYUN, AND H. S. KIM. Development ofIT-SOFC unit cells
with anode-supported thin electrolytes via tape casting and co-firing. International
Journal of Hydrogen Energy, 33:1758-1768, 2008. 2, 22
[10] C.R. XIA, W. RAUCH, F.L. CHEN, AND M.L. LIU. SmO.5SrO.5Co03 cathodes for low-

temperature SOFCs. Solid State Ionics, 149:11-19, 2002. 2, 19

131

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[11] C.H ZHAO, R.Z. LIU, S.R WANG, AND T.L. WEN. Fabrication of a large area cathode-

supported thin electrolyte film for solid oxide fuel cells via tape casting and cosintering techniques. Electrochemistry Communications, 11:842-845, 2009. 2, 22
[12] K. C. RADFORD AND R. J. BRATTON. Zirconia electrolyte cells. Journal of Materials

Science, 14:59-65, 1979. 2, 24, 25
[13] S. TEKELI AND U. DEMIR. Colloidal processing, sintering and static grain growth

behaviour of alumina-doped cubic zirconia. Ceramics international, 31:973-980, 2005.
2, 25, 129
[14] A. J. FEIGHERY AND J. T. S. IRVINE. Effect of alumina additions upon electrical

properties of 8 mol. % yttria-stabilised zirconia. Solid State Ionics, 121:209-216, 1999.
2, 3, 25, 27, 29, 64, 96, 112
[15] A. A. E. HASSAN, N. H. MENZLER, G. BLASS, M. E. ALI, H. P. BUCHKREMER, AND
D. STOVER.

Influence of alumina dopant on the properties of yttria-stabilized zir-

conia for SOFC applications. Journal of Materials Science, 37:3467-3475, 2002. 2,24, 25,
61
[16] P. M. DELAFORCE, J. A. YEOMANS, N. C. FILKIN, G. J. WRIGHT, AND R. C. THOMSON.

Effect of NiO on the phase stability and microstructure of yttria-stabilized zirconia.

Journal of the American Ceramic Society, 90:918-924, 2007. 2, 62, 64, 75
[17] J. H. Joo AND G. M. CHOI. Effect of Ni doping on the phase stability and con-

ductivity of scandia-stabilized zirconia. Solid State Ionics, 180:252-256, 2009. 2, 27, 62,
129
[18] D. L. JOHNSON AND I. B. CUTLER. Diffusion sintering: I, initial stage sintering models

and their application to shrinkage of powder compacts.

Journal of the American

Ceramic Society, 46:541-545, 1963. 2, 9
[19] MOHAMED N. RAHAMAN. Ceramic Processing. Taylor & Francis, 2006. vi, 2, 7, 8, 9, 10, 12
[20] H. H. Su AND D. L. JOHNSON. Master sintering curve: a practical approach to

sintering. Journal of the American Ceramic Society, 79:3211-3217, 1996. 3, 14, 44, 47, 48
[21] S.P.S. BADWAL AND S. RAJENDRAN. Effect of micro- and nano-structures on the

properties of ionic conductors. Solid State Ionics, 70-71:83-95, 1994. 3, 28, 96, 111

132

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[22] J. H. LEE. Highly resistive intergranular phases in solid electrolytes: an overview.

Chemical Monthly, 140:1081-1094, 2009. 3, 27, 96, 118
[23] S. TEKELI, M. ERDOGAN, AND B. AKTAS. Microstructural evolution in 8 mol% Y 20 3 stabilized cubic zirconia (8YSCZ) with Si0 2 addition. Materials Science and Engi-

neering A, 386:1-9, 2004. 3, 24, 96, 98, 101, 105, 117
[24] S-J. L. KANG.

Sintering:

densification, grain growth, and microstructure.

Elsevier

Butterworth-Heinemann, 2005. vi, 7, 8, 11
[25] R. L. COBLE. Initial Sintering of Alumina and Hematite. Journal of the American

Ceramic Society, 41:55-62, 1958. 9, 11
[26] M. N. RAHAMAN. Ceramic Processing and sintering. Marcel Dekker Inc, 2003. 9
[27] R. L. COBLE. Sintering Crystalline Solids. I. Intermediate and Final State Diffusion
Models. Journal of Applied Physics, 32:787-793, 1961. 11, 12
[28] R. L. COBLE. Sintering Crystalline Solids. II. Experimental Test of Diffusion Models
in Powder Compacts. Journal of Applied Physics, 32:793-796, 1961. 11
[29] M.F ASHBY. A first report on sintering diagrams. Acta Metallurgica, 22:275 - 289, 1974.
13
[30] J. WANG AND R. RAJ.

Activation Energy for the Sintering of Two-Phase Alu-

mina/Zirconia Ceramics. Journal of the American Ceramic Society, 74:1959-1963, 1991.
13, 102
[31] J. D. HANSEN, R. P. RUSIN, M-H. TENG, AND D. L. JOHNSON. Combined-Stage Sintering Model. Journal of the American Ceramic Society, 75:1129-1135, 1992. 13
[32] D. BLAINE, J. GUROSIK, S. PARK, R. GERMAN, AND D. HEANEY. Master sintering
curve concepts as applied to the sintering of molybdenum. Metallurgical and Materials

Transactions A, 37:715-720, 2006. 15, 48, 86
[33] T. TATAMI, Y. SUZUKI, T. WAKIHARA, T. MEGURO, AND K. KOMEYA. Control of shrinkage during sintering of alumina ceramics based on master sintering curve theory.

Key Engineering Materials, 317:11-14, 2006. 15

133

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[34] M MAZAHERI, A. SIMCHI, M. DOURANDISH, AND F. GOLESTANI-FARD. Master sintering
curves of a nanoscale 3Y-TZP powder compacts. Ceramics International, 35:547-554,
2009. 15, 16, 38, 43, 47
[35] X. C SONG, J. Lu, T. S. ZHANG, AND J. MA. Two-stage master sintering curve approach to sintering kinetics of undoped and Ah03-doped 8 Mol% yttria-stabilized
cubic zirconia. Journal of the American Ceramic Society, 94:1053-1059, 2011. 15
[36] K. G. EWSUK, D. T. ELLERBY, AND C. B. DIANTONIO. Analysis of nanocrystalline
and microcrystalline ZnO sintering using master sintering curves. Journal of the

American Ceramic Society, 89:2003-2009, 2006. 15
[37] S. PARK, RANDALL GERMAN, J. MARTIN, J. Guo, AND J. JOHNSON. Densification behavior of tungsten heavy alloy based on master sintering curve concept. Metallurgical

and Materials Transactions A, 37:2837-2848, 2006. 15
[38] S. PARK, J. MARTIN, J. Guo, JOHN JOHNSON, AND R. GERMAN. Grain growth behavior
of tungsten heavy alloys based on the master sintering curve concept. Metallurgical

and Materials Transactions A, 37:3337-3346, 2006. 16, 47
[39] R. C. GARVIE, , AND P. S. NICHOLSON. Phase analysis in zirconia systems. Journal of

the American Ceramic Society, 55:302-305, 1972. 17
[40] P. LI, 1. W. CHEN, AND J. E. PENNERHANN. X-ray absorption studies of zirconia
polymorphs. 2. Effect ofY 203 dopant on Zr02 structure. Physical Review B, 48:1007410081, 1993. 17, 64
[41] S. FABRIS, A. T. PAXTON, AND M. W. FINNIS. A stabilization mechanism of zirconia
based on oxygen vacancies only. Acta Materialia, 50(20):5171-5178,2002. 17
[42] A. BOGICEVIC AND C. WOLVERTON. Nature and strength of defect interactions in
cubic stabilized zirconia. Physical Review B, 67:024106, 2003. 17
[43] A. BOGICEVIC, C. WOLVERTON, G. M. CROSBIE, AND E. B. STECHEL. Defect ordering in
aliovalently doped cubic zirconia from first principles. Physical Review B, 64:014106,
2001. 17
[44] G. STAPPER, M. BERNASCONI, AND N. NICOLOSO. Ab initio study of structural and
electronic properties of yttria-stabilized cubic zirconia. Physical Review B, 59:797-810,
1999. 17

134

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[45] S. C. SINGHAL. Advances in solid oxide fuel cell technology. Solid State Ionics, 135:305
- 313, 2000. 17
[46] S. C. SINGHAL. Solid oxide fuel cells for stationary, mobile, and military applications. Solid State Ionics, 152-153:405-410, 2002. 18, 21

[47] S. M. HAILE. Fuel cell materials and components. Acta Materialia, 51:5981-6000, 2003.
19
[48] E. IVERS-TIFFEE, A. WEBER, AND D. HERBSTRITT. Materials and technologies for
SOFC-components. Journal of the European Ceramic Society, 21:1805 - 1811, 2001.

[49] B. C. H. STEELE. Material science and engineering: The enabling technology for
the commercialisation of fuel cell systems. Journal of Materials Science, 36:1053-1068,

2001.
[50] NGUYEN Q. MINH. Solid oxide fuel cell technology-features and applications. Solid

State Ionics, 174:271-277, 2004. 17, 18
[51] S. P. S. BADWAL AND K. FOGER. Solid oxide electrolyte fuel cell review. Ceramics

International, 22:257-265, 1996. 18, 22
[52] A. ATKINSON, S. BARNETT, R. J. GORTE, J. T. S. IRVINE, A. J. Molsvov, M. MOGENSEN,
S. C. SINGHAL, AND J. VOHS.

Advanced anodes for high-temperature fuel cells. Nature

Materials, 3:17-27, 2004. 18
[53] N.P. BRANDON, S. SKINNER, AND B.C.H. STEELE. Recent advances in materials for
fuel cell. Annual Review of Materials Research, 33:183-213, 2003. 19

[54] F. TAKEHISA, K. MURATA, O. SATOSHI, A. HIROYA, MAKIO. N., AND N. KIYOSHI. Morphology control of Ni-YSZ cermet anode for lower temperature operation of
SOFCs. Journal of Power Sources, 125:17-21, 2004.

[55] F. TAKEHISA, O. SATOSHI, N. MAKIO, AND N. KIYOSHI. Performance and stability of
SOFC anode fabricated from NiO-YSZ composite particles. Journal of Power Sources,

110:91-95, 2002. 18
[56] S. P. JIANG. Issues on development of (La,Sr)Mn03 cathode for solid oxide fuel
cells. Journal of Power Sources, 124:390-402, 2003. 19

135

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[57) V. DUSASTRE AND J. A. KILNER. Optimisation of composite cathodes for intermediate temperature SOFC applications. Solid State Ionics, 126:163-174, 1999. 19
[58) J. W. FERGUS. Electrolytes for solid oxide fuel cells. Journal of Power Sources, 162:3040, 2006. ix, 19, 20, 26, 115
[59) J. M. RALPH, A. C. SCHOELER, AND M. KRUMPELT. Materials for lower temperature
solid oxide fuel cells. Journal of Materials Science, 36:1161-1172, 2001. 19
[60) D. W. STRICKLER AND W. G. CARLSON. Ionic conductivity of cubic colid solutions in
the system CaO-Y203-Zr02. Journal of the American Ceramic Society, 47:122-127,1964.
20
[61) K. NOMURA, Y. MIZUTANI, M. KAWAI, Y. NAKAMURA, AND O. YAMAMOTO. Aging and
Raman scattering study of scandia and yttria doped zirconia. Solid State Ionics,
132:235-239, 2000. 20
[62) M. J. VERKERK, A. J. A. WINNUBST, AND A. J. BURGGRAAF. Effect of impurities on
sintering and conductivity of yttria-stabilized zirconia. Journal of Materials Science,
17:3113-3122, 1982. vi, 20, 24, 25, 113
[63) S. P. S. BADWAL, F. T. CIACCHI, AND D. MILOSEVIC. Scandia-zirconia electrolytes
for intermediate temperature solid oxide fuel cell operation. Solid State Ionics, 136137:91-99, 2000. 20
[64) B. C. H. STEELE. Appraisal of Cel_yGdy02-y/2 electrolytes for IT-SOFC operation
at SOO degree. Solid State Tonics, 129:95-110, 2000. 20
[65) O. A. MARINA, C. BAGGER, S. PRIMDAHL, AND M. MOGENSEN. A solid oxide fuel
cell with a gadolinia-doped ceria anode: preparation and performance. Solid State

Ionics, 123:199-208, 1999.
[66) T.S ZHANG, H. PETER, H.T. HUANG, AND J. KILNER. Ionic conductivity in the Ce02Gd 203 system (0.OS:::;Gd/Ce:::;0.4) prepared by oxalate coprecipitation. Solid State

Ionics, 148:567-573, 2002. 20
[67) M. FENG AND J .B. GOODENOUGH. A superior oxide-ion electrolyte. European Journal

of Solid State and Inorganic Chemistry, 31:663-672, 1994. 20

136

l

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[68] N. M. SAMMES, G. A. TOMPSETT, H. NAFE, AND F. ALDINGER. Bismuth based oxide
electrolytes- structure and ionic conductivity. Journal of the European Ceramic Society,
19:1801-1826,1999. 20
[69] D. MARRERO-LoPEZ, M.C. MARTIN-SEDEN, J. PENA-MARTINEZB, J.C. RUIZ-MoRALES,
P. NUNEZB, M.A.G. ARANDA, AND RAMOS-BARRADO.

Evaluation of apatite silicates

as solid oxide fuel cell electrolytes. Journal of Power Sources, 195:2496-2506, 2010. 20
[70] 1. YASUDA, Y. MATSUZAKI, T. YAMAKAWA, AND T. KOYAMA. Electrical conductivity
and mechanical properties of alumina-dispersed doped lanthanum gallates. Solid
State Ionics, 135(-):381-388,2000. 20
[71] C.E. HATCHWELL, N.M. SAMMES, AND K. KENDALL. Cathode current-collectors for a
novel tubular SOFC design. Journal of Power Sources, 70:85-90, 1998. 21
[72] MICHAEL C. TUCKER. Progress in metal-supported solid oxide fuel cells: A review.
Journal of Power Sources, 195:4570 - 4582, 2010. 21
[73] M.A. HALDANE AND T.H. ETSELL. Fabrication of composite SOFC anodes. Materials
Science and Engineering B, 121:120-125, 2005. 22
[74] J.H. SONG, S.l. PARK, J.H. LEE, AND H.S. KIM. Fabrication characteristics of an
anode-supported thin-film electrolyte fabricated by the tape casting method for
IT-SOFC. Journal of Materials Processing Technology, 198:414-418, 2008. 22
[75] W. T. BAO, Q. B. CHANG, AND G. Y. MENG. Effect of NiO/YSZ compositions on
the co-sintering process of anode-supported fuel cell. Journal of Membrane Science,
259:103 - 109, 2005. 22, 61
[76] Y.J. LENG, S.H. CHAN, K.A. KHOR, S.P. JIANG, AND P. CHEANG. Effect of characteristics of Y203/Zr02 powders on fabrication of anode-supported solid oxide fuel
cells. Journal of Power Sources, 117:26-34, 2003. 22, 61
[77] G.S. YE, F. Ju, AND C.G. LIN. Single-step co-firing technique for SOFC fabrication.
In Ceramic Engineering and Science Proceedings, 2005. 22
[78] P. DURAN, M. VILLEGAS, F. CAPEL, P. RECIO, AND C. MOURE. Low-temperature sintering and microstructural development ofnanocrystalline Y-TZP powders. Journal
of the European Ceramic Society, 16:945-952, 1996. 22, 23

137

I

I

..1

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[79] A. TARANCON, G. DEZANNEAU, J. ARBIOL, F. PEIRO, AND J. R. MORANTE. Synthesis
of nanocrystalline materials for SOFC applications by acrylamide polymerisation.
Journal of Power Sources, 118:256-264, 2003. 23, 61
[80] K. MATSUI, K. TANAKA, T. YAMAKAWA, M. UEHARA, N. ENOMOTO, AND J. HOJo. Sintering Kinetics at Isothermal Shrinkage: II, Effect of Y 203 Concentration on the
Initial Sintering Stage of Fine Zirconia Powder.

Journal of the American Ceramic

Society, 90:443-447, 2007. 23
[81] K. MATSUI, A. MATSUMOTO, M. UEHARA, N. ENOMOTO, AND J. HOJo. Sintering Kinetics at Isothermal Shrinkage: Effect of Specific Surface Area on the Initial Sintering
Stage of Fine Zirconia Powder. Journal of the American Ceramic Society, 90:44-49, 2007.
23
[82] G. BERNARD-GRANGER AND C. GUIZARD. Apparent activation energy for the densification of a commercially available granulated zirconia powder. Journal of the
American Ceramic Society, 90:1246-1250, 2007. 22,48,59
[83] T. OKUBO AND H. NAGAMOTO.

Low-temperature preparation of nanostructured

zirconia and YSZ by sol-gel processing. Journal of Materials Science, 30:749-757, 1995.
23
[84] Y. B. KHOLLAM, A. S. DESHPANDE, A. J. PATIL, H. S. POTDAR, S. B. DESHPANDE,
AND S. K. DATE.

Synthesis of yttria stabilized cubic zirconia (YSZ) powders by

microwave-hydrothermal route. Materials Chemistry and Physics, 71:235-241, 2001. 23
[85] Q. S. ZHU AND B. FAN. Low temperature sintering of 8YSZ electrolyte film for
intermediate temperature solid oxide fuel cells. Solid State Ionics, 176:889-894, 2005.
23, 61
[86] 1. R. GIBSON, G. P. DRANSFIELD, AND J. T. S. IRVINE. Sinterability of commercial 8
mol% yttria-stabilized zirconia powders and the effect of sintered density on the
ionic conductivity. Journal of Materials Science, 33:4297-4305, 1998. 23
[87] T.S. ZHANG, S.H. CHAN, W. WANG, K. HBAIEB, L.B. KONG, AND J. MA. Effect of
Mn addition on the densification, grain growth and ionic conductivity of pure and
Si0 2-containing 8YSZ electrolytes. Solid State Ionics, 180:82-89, 2009. 23, 24, 98, 100,
114, 120

138

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[88] S. N. B. HODGSON, J. CAWLEY, AND M. CLUBLEY. The role of Ah03 impurities on the
microstructure and properties of Y-TZP. Journal of Materials Processing Technology,
92-93:85-90, 1999. 24, 25, 64, 98
[89] S. Y. YANG, J. H. LEE, J. J. KIM, AND LEE. J. S. S. Sintering behavior of Y-doped
Zr02 ceramics: the effect of Ah03 and Nb 20 s addition. Solid State Ionics, 172:413416,2004.
[90] K. MATSUI, N. OHMICHI, M. OHGAI, N. ENOMOTO, AND J. HOJo. Sintering kinetics
at constant rates of heating: effect of Al 20 3 on the initial sintering stage of fine
zirconia powder. Journal of the American Ceramic Society, 88:3346-3352, 2005. 24, 25
[91] S. RAN, L. WINNUBST, W. WIRATHA, AND D. H. A. BLANK. Sintering Behavior of
0.8 mol%-CuO-Doped 3Y-TZP Ceramics. Journal of the American Ceramic Society,
89:151-155,2006. 24
[92] E.P. BUTLER AND J.

DRENNAN.

Microstructural analysis of sintered high-

conductivity zirconia with Ah03 additions. Journal of the American Ceramic Society,
65:474-478, 1982. 24, 25, 29, 61, 111, 112
[93] X. Guo AND R. Z. YUAN. Roles of alumina in zirconia-based solid-electrolyte. Journal
of materials science, 30:923-931, 1995. 64
[94] K. MATSUI, K. TANAKA, AND N. ENOMOTO. Sintering kinetics at constant rates of
heating: Effect of alumina on the initial sintering stage of Yttria-stabilized cubic
zirconia powder. Journal of the Ceramic Society of Japan, 114:763-768, 2006. 24, 61
[95] S. TEKELI, M. ERDOGAN, AND B. AKTAS. Influence of a-Ah03 addition on sintering
and grain growth behaviour of 8 mol% Y 20 3-stabilised cubic zirconia (C-Zr02)'
Ceramics International, 30:2203-2209, 2004. 24, 59, 61
[96] Y. LIU AND L. E. LAO.

Structural and electrical properties of ZnO-doped 8

molYttria-Stabilized Zirconia. Solid State Ionics, 177:159-163, 2006. 24
[97] T.S. ZHANG, Z.H. Du, S. LI, L.B. KONG, X.C. SONG, J. Lu, AND J. MA.

Transi-

tional metal-doped 8 mol% yttria-stabilized zirconia electrolytes. Solid State Ionics,
180:1311-1317, 2009. 24, 28
[98] A. KUZJUKEVICS AND S. LINDEROTH. Interaction of NiO with yttria-stabilized zirconia. Solid State Ionics, 93:255-261, 1997. 64

139

L

L

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[99] X.C. SONG, J. Lu, T.S. ZHANG, AND J. MA. Sintering behavior and mechanisms of
NiO-doped 8 mol% yttria stabilized zirconia. Journal of the European Ceramic Society,
31:2621-2627, 2011. 24
[100] M. HIRANO, T. ODA, K. UKAI, AND Y. MIZUTANI. Effect ofBi203 additives in Sc stabilized zirconia electrolyte on a stability of crystal phase and electrolyte properties.

Solid State Ionics, 158:215-223, 2003. 24
[101] F. J. ESPER, K. H. FRIESE, AND H. GEIER. Science and Technology of Zirconia. American
Ceramic Society, 1984. 25

[102] S. P. S. BADWAL, F. T. CIACCHI, S. RAJENDRAN, AND J. DRENNAN. An investigation
of conductivity, microstructure and stability of electrolyte compositions in the
system 9mol% (SC203-Y203)-Zr02(Ah03). Solid State Ionics, 109:167-186, 1998. 25,
27, 29, 62, 112, 114
[103] M. MORI, M. YOSHIKAWA, H. ITOH, AND T. ABE. Effect of Alumina on Sintering
Behavior and Electrical Conductivity of High-Purity Yttria-Stabilized Zirconia.

Journal of the American Ceramic Society, 77:2217-2219, 1994. 25, 29, 62, 112
[104] M. MIYAYAMA, H. YANAGIDA, AND A. ASADA. Effects of Ah03 additions on the grain
boundary and volume resistivity of tetragonal zirconia polycrystals. American Ce-

ramic Society Bulletin, 64:660-664, 1985. 25
[105] K. MATSUI, H. YOSHIDA, AND Y. IKUHARA. Grain-boundary structure and microstructure development mechanism in 2-8 mol% yttria-stabilized zirconia polycrystals.

Acta Materialia, 56:1315-1325, 2008. 25, 92, 104
[106] Y. ARACHI, H. SAKAI, O. YAMAMOTO, Y. TAKEDA, AND N. IMANISHAI. Electrical conductivity of the Zr02-Ln203 (Ln==lanthanides) system. Solid State Ionics, 121(-):133139, 1999. vi, 26, 114
[107] 1. R. GIBSON, G. P. DRANSFIELD, AND J. T. S. IRVINE. Influence ofyttria concentration
upon electrical properties and susceptibility to ageing of yttria-stabilised zirconias.

Journal of the European Ceramic Society, 18:661-667, 1998. 26
[108] C. HAERING, A. ROOSEN, AND H. SCHICHL. Degradation of the electrical conductivity
in stabilised zirconia systems part I: yttria-stabilised zirconia. Solid State Ionics,
176:253-256, 2005. 130

140

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[109] M. HATTORI, Y. TAKEDA, Y. SAKAKI, A. NAKANISHI, S. OHARA, K. MUKAI, J. H. LEE,
AND T. FUKUI.

Effect of aging on conductivity of yttria stabilized zirconia. Journal

of Power Sources, 126:23-27, 2004. 26, 27
[110] X. Guo AND R. WASER. Electrical properties of the grain boundaries of oxygen
ion conductors: Acceptor-doped zirconia and ceria. Progress in Materials Science,
51:151-210, 2006. 27, 29, 111, 112, 114
[111] S. MOLIN, M. GAZDA, AND P. JASINSKI. Interaction of yttria stabilized zirconia electrolyte with Fe203 and Cr203. Journal of Power Sources, 194:20-24, 2009. 27, 28
[112] G. S. LEWIS, A. ATKINSON, AND B. C. H. STEELE. Cobalt additive for lowering the
sintering temperature ofyttria-stabilized zirconia. Journal of Materials Science Letters,
20:1155-1157, 2001. 28
[113] J-H. LEE, T. MORI, J-G. LI, T. IKEGAMI, M. KOMATSU, AND H. HANEDA. Imaging
secondary-ion mass spectroscopy observation of the scavenging of siliceous film
from 8-mol%-yttria-stabilized zirconia by the addition of lumina.

Journal of the

American Ceramic Society, 83:1273-1275, 2000. 28, 29, 112
[114] M. MENDELSON. Average grain size in polycrystalline ceramics. Journal of the American

Ceramic Society, 52:443-446, 1969. 36
[115] W.-D. EMMERICH, J. HAYHURST, AND E. KAISERSBERGER. High temperature dilatometer study of special ceramics and their sintering kinetics. Thermochimica Acta, 106:7178, 1986. 38
[116] M. AMINZARE, MEHDI MAZAHERI, F. GOLESTANI-FARD, H.R. REZAIE, AND R. AJEIAN.
Sintering behavior of nano alumina powder shaped by pressure filtration. Ceramics

International, 37:9-14, 2011. 38
[117] G. BERNARD-GRANGER AND C. GUIZARD. New relationships between relative density
and grain size during solid-state sintering of ceramic powders.

Acta Materialia,

56:6273-6282, 2008. 43
[118] K. MATSUI, N. OHMICHI, M. OHGAIA, H. YOSHIDA, AND Y IKUHARA. Effect of aluminadoping on grain boundary segregation-induced phase transformation in yttriastabilized tetragonal zirconia polycrysta. Journal of Materials Research, 21:2278-2289,
2006. 47, 57, 58, 92, 104

141

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[119] Y. IKUHARA, P. THAVORNITI, AND T. SAKUMA. Solute segregation at grain boundaries
in superplastic Si0 2-doped TZP. Acta Materialia, 45:5275-5284, 1997. 47, 103, 104
[120] M. KILO, G. BORCHARDT, B. LESAGE, O. KAITASOV, S. WEBER, AND S. SCHERRER.
Cation transport in yttria stabilized cubic zirconia:

96Zr tracer diffusion in

(Zr; Y l-x)02-x/2 single crystals with 0.15~x~0.48. Journal of the European Ceramic
Society, 20:2069-2077, 2000. 56, 57, 58, 91, 129
[121] M. KILO, M. A. TAYLOR, C. ARGIRUSIS, G. BORCHARDT, B. LESAGE, S. WEBER,
S. SCHERRER, H. SCHERRER, M. SCHROEDER, AND M. MARTIN.

Cation self-diffusion

of 44Ca, 88y, and 96Zr in single-crystalline calcia- and yttria-doped zirconia. Journal of Applied Physics, 94:7547-7549, 2003. 56, 129
[122] M.A. TAYLOR, M. KILO, G. BORCHARDT, S. WEBER, AND H. SCHERRER. 96Zr diffusion
in polycrystalline scandia stabilized zirconia. Journal of the European Ceramic Society,
25:1591-1595, 2005. 56, 57, 91
[123] J. MARTINEZ-FERNANDEZ, M. JIMENEZ-MELENDO, A. DOMINGUEZ-RODRIGUEZ, AND A. H.
HEUER.

High-Temperature Creep of Yttria-Stabilized Zirconia Single Crystals.

Journal of the American Ceramic Society, 73:2452-2456, 1990. 57, 58, 59
[124] D. DIMOS AND D. L. KOHLSTEDT. Diffusional Creep and Kinetic Demixing in YttriaStabilized Zirconia. Journal of the American Ceramic Society, 70:531-536, 1987. 57, 59
[125] G. W. HOLLENBERG AND R. S. GORDAN. Origin of Anomalously High Activation Energies in Sintering and Creep of Impure Refractory Oxides. Journal of the American
Ceramic Society, 56:109-110, 1973. 58
[126] G. SETHI, S. J. PARK, J. L. JOHNSON, AND R. M. GERMAN. Linking homogenization and
densification in W -Ni-Cu alloys through master sintering curve (MSC) concepts.
International Journal of Refractory Metals and Hard Materials, 27:688-695, 2009. 59
[127] 1. G. LEE AND 1. W. CHEN. Sintering and grain growth in tetragonal and cubic
zirconia. Sintering, 1:340-345, 1988. 59
[128] W. Z. ZHU AND S. C. DEEVI. A review on the status of anode materials for solid
oxide fuel cells. Materials Science and Engineering A, 362:228-239, 2003. 61
[129] Y. M. PARK AND G. M. CHOI. Mixed ionic andelectronic conduction in YSZ-NiO
composite. Journal of the Electrochemical Society, 146:883-889, 1999. 62, 64

142

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[130] T.S. ZHANG, S.H. CHAN, L.B. KONG, P.T. SHENG, AND J. MA. Synergetic effect of
NiO and Si0 2 on the sintering and properties of 8 mol% yttria-stabilized zirconia
electrolytes. Electrochimica Acta, 54:927-934, 2009. 62, 71, 95
[131] P. LI, I-W. CHEN, AND J. E. PENNER-HAHN. X-ray-absorption studies of zirconia
polymorphs. I. Characteristic local structures.

Physical Review B, 48:10063-10073,

1993. 64
[132] T. OHJI, T. SEKINO, AND K. NIIHARA. Control of shrinkage during sintering of alumina ceramics based on master sintering curve theory. Key Engineering Materials,
317-318,:11-14, 2006. 69
[133] P-L. CHEN AND I-W. CHEN. Grain growth in Ce02: dopant effects, defect mechanism, and solute drag. Journal of the American Ceramic Society, 79:1793-1800, 1996.
71
[134] S. TEKELI, M. ERDOGAN, AND B. AKTAS. Influence of a-Ah03 addition on sintering
and grain growth behaviour of 8 mol% Y203-stabilised cubic zirconia (C-Zr02)'

Ceramics International, 30:2203-2209, 2004. 89
[135] G. S LI, L. P. LI, J. BOERIO-GOATES, AND B. F. WOODFIELD. High purity anatase
Ti0 2 nanocrystals: near room-temperature synthesis, grain growth Kinetics, and
surface hydration chemistry. Journal of the American Chemical Society, 127:8659-8666,
2005. 89
[136] T.S. ZHANG, P. HING, H. T. HUANG, AND J. KILNER. Sintering and grain growth of
CoO-doped Ce02 ceramics. Journal of the European Ceramic Society, 22:27-34, 2002. 89
[137] W. Jo, D- Y. KIM, AND N-M. HWANG. Effect of Interface Structure on the Microstructural Evolution of Ceramics. Journal of the American Ceramic Society, 89:2369-2380,
2006. 92
[138] S. J. DILLON, M. TANG, W. C. CARTER, AND M. P. HARMER. Complexion: A new
concept for kinetic engineering in materials science. Acta Materialia, 55:6208-6218,
2007. 92
[139] Y. IKUHARA, Y. NAGAI, T. YAMAMOTO, AND T. SAKUMA. High-Temperature Behavior
of Si0 2 at Grain Boundaries in TZP. Interface Science, 7:77-84, 1999. 92, 103

143

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[140] M. BONIECKI, Y. NATANZON, AND Z. LODZIANA. Effect of cation doping on lattice
and grain boundary diffusion in superplastic yttria-stabilized tetragonal zirconia.

Journal of the European Ceramic Society, 30:657-668, 2010. 92, 129
[141] M. C. MARTIN AND M. L. MECARTNEY. Grain boundary ionic conductivity of yttrium
stabilized zirconia as a function of silica content and grain size. Solid State Ionics,
161:67-79, 2003. 95
[142] J. W. FERGUS. Sealants for solid oxide fuel cells. Journal of Power Sources, 147:46-57,
2005. 96
[143] X. J. CHEN, K. A. KHOR, S. H. CHAN, AND L. G. Yu. Overcoming the effect of
contaminant in solid oxide fuel cell (SOFC) electrolyte: spark plasma sintering
(SPS) of 0.5 wt.% silica-doped yttria-stabilized zirconia (YSZ). Materials Science

and Engineering A, 374:64-71, 2004. 95
[144] R. DILLON AND MARTHA MECARTNEY. Dynamic formation of zircon during high temperature deformation of zirconia-silica composites with alumina additions. Journal

of Materials Science, 42:3537-3543, 2007. 96, 101, 105, 129
[145] K. MORITA, K. HIRAGA, AND B. N. KIM. Effect of minor Si0 2 addition on the creep
behavior of superplastic tetragonal Zr02' Acta Materialia, 52:3355-3364, 2004. 96
[146] Y. KANNO. Thermodynamic and crystallographic discussion of the formation and
dissociation of zircon. Journal of Materials Science, 24:2415-2420, 1989. 97
[147] KOJI MATSUI.

Sintering Kinetics at Constant Rates of Heating: Mechanism of

Silica-Enhanced Sintering of Fine Zirconia Powder. Journal of the American Ceramic

Society, 91:2534-2539, 2008. 98
[148] S. COLIN, B. DUPRE, C. GLEITZER, X. LE COQ, M.C. KAERLE, AND C. GUENARD. Decalcification of stabilized zirconia by silica and some other oxides. Journal of the

European Ceramic Society, 9:389-395, 1992. 98
[149] A. KUMAR, M. WATABE, AND K. KUROKAWA. The sintering kinetics of ultrafine tungsten carbide powders. Ceramics International, 37:2643-2654, 2011. 100
[150] Y. H. SUN, Y. F. ZHANG, AND J. K. GUO. Microstructure and bending strength of3YTZP ceramics by liquid-phase sintering with CAS addition. Ceramics International,
29:229-232, 2003. 101

144

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[151] S. KIANI, J. PAN, AND J. A. YEOMANS. A New Scheme of Finding the Master Sintering Curve. Journal of the American Ceramic Society, 89:3393-3396, 2006. 101
[152] J. L. WOOLFREY AND M. J. BANNISTER. Nonisothermal Techniques for Studying
Initial-Stage Sintering. Journal of the American Ceramic Society, 55:390-394, 1972. 101
[153] Y-S. JUNG, J-H. LEE, J. H. LEE, AND D-Y. KIM. Liquid-phase redistribution during
sintering of 8 mol% yttria-stabilized zirconia. Journal of the European Ceramic Society,
23:499-503, 2003. 105, 118
[154] C. C. ApPEL AND N. BONANOS. Structural and electrical characterisation of silicacontaining yttria-stabilised zirconia. Journal of the European Ceramic Society, 19:847851, 1999. 105
[155] H. M. ONDIK AND H. F. MCMURDIE. Phase diagrams for zirconium and zirconia systems.
Westerville, 1998. 105
[156] U. KOLITSCH, H. J. SEIFERT, T. LUDWIG, AND F. ALDINGER. Phase equilibria and crystal chemistry in the Y203-Ah03-Si02 system. Journal of Materials Research, 14:447455, 1999. 105
[157] J. Luo. Liquid-like interface complexion: From activated sintering to grain boundary diagrams. Current Opinion in Solid State and Materials Science, 12:81-88, 2008. 105
[158] M. AOKI, Y. M. CHIANG, L. KOSACKI, L. J. LEE, H. TULLER, AND Y. Lru, Solute segregation and grain-boundary impedance in high-purity stabilized zirconia. Journal

of the American Ceramic Society, 79:1169-1180, 1996. 111
[159] Y. IKUHARA, Y. NAGAI, T. YAMAMOTO, AND T. SAKUMA. TEM in-situ observation of
Si0 2 doped TZP at high temperatures. In Towards Innovation and in Superplasticity II,
1999. 111
[160] G. M. CHRISTIE AND F. P. F VAN BERKEL. Microstructure - ionic conductivity relationships in ceria-gadolinia electrolytes. Solid State Ionics, 83:17-27, 1996. 114
[161] M. C. STEIL, F. THEVENOT, AND M. KLEITZ. Densification of yttria-stabilized zirconia: impedance spectroscopy analysis. Journal of The Electrochemical Society, 144:390397, 1997. 114

145

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

BIBLIOGRAPHY
[162] T.S. ZHANG, J. MA, Y.Z. CHEN, L.H. Luo, L.B. KONG, AND S.H. CHAN. Different
conduction behaviors of grain boundaries in Si0 2-containing 8YSZ and CG020
electrolytes. Solid State Ionics, 177:1227-1235, 2006. 117
[163] J. Lu, X. C. SONG, T. S. ZHANG, H. H. HNG, AND J. MA. Densification of porous 8
mol% yttria-stabilized zirconia component: modelling and experimental studies.

Journal of the American Ceramic Society, 45:575-581, 2010. 128
[164] O. GUILLON AND J. LANGER. Master sintering curve applied to the field-assisted
sintering technique. Journal of materials science, 41:5191-5195, 2010. 128

146

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Declaration

I herewith declare that I have produced this paper without the prohibited
assistance of third parties and without making use of aids other than those
specified; notions taken over directly or indirectly from other sources have
been identified as such. This paper has not previously been presented in
identical or similar form to any other Singapore or foreign examination
board.
The thesis work was conducted from Aug 2007 to Ju12012 under the supervision of PI at the School of Materials Science and Engineering, Nanyang
Technological University.

Song Xiaochao

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Publications

1. X. C. Song, J. Lu, T. S. Zhang, and J. Ma. Two-stage master sintering
curve approach to sintering kinetics of undoped and A1203-doped
8 Mol% yttria-stabilized cubic zirconia.

Journal of the American

Ceramic Society, 94(4):1053-1059, 2011.

2. X.C. Song, J. Lu, T.S. Zhang, and J. Ma. Sintering behavior and
mechanisms of NiO-doped 8 mol% yttria stabilized zirconia. Journal
of the European Ceramic Society, 31(14):2621-2627, 2011.

3. J. Lu, X. C. Song, T. S. Zhang, H. H. Hng, and J. Ma. Densification
of porous 8 mol % yttria-stabilized zirconia component: modelling
and experimental studies. Journal of materials science, 45(3):575581, 2010.
4. J. Lu, H. H. Hng, X. C. Song, T. S. Zhang, and J. Ma. Cosintering of a Bimodal Pore Distribution Layered Structure: Constitutive
Models and Experiments. Journal of the American Ceramic Society,
94(5):1528-1535, 2011.

