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ABSTRACT

Abstract

Study of sintering behaviours and mechanical properties of Barium Strontium Cobalt
Iron Oxide Ceramics
Li Wang
The University of Manchester for the degree of Doctor of Philosophy in the Faculty of
Engineering and Physical Sciences
2016

The thesis studies the sintering behaviours and mechanical properties of
perovskite-structured Bag sSrps5C0gsFeo 2035 (BSCF) ceramics. The sintering behaviours
of BSCF are studied by sintering BSCF powder using a series of sintering temperatures
and dwell times. Under all circumstances, only a cubic perovskite structure is identified
in as-sintered samples. The relative density of BSCF increases with increasing sintering
temperature and dwell time, but shows a more significant increase with increasing
temperature. While the grain size increases with increasing sintering temperature and
dwell time, it is found that the increasing temperature contributes much more
significantly than increasing dwell time in grain growth. The shape of grain size
distribution profile is independent of sintering temperature and dwell time, but the
profile shifts with different sintering conditions. The grain maintains an aspect ratio of
1.8 irrespective of sintering conditions. Similar findings are also made on the Ni-doped
BSCF, but it is found that Ni doping inhibits the grain growth and retards the
densification of BSCF while it has little influence on the grain size distributions and
grain aspect ratio distributions. The grain growth exponent (n) and apparent activation
energy (Q) are also systematically studied. It is found that grain boundary diffusion is
the dominant controlling mechanism for BSCF while both grain boundary and lattice
diffusions are the equally dominant controlling mechanisms for BSCF-Ni8. The fracture
stress of BSCF is measured by both three-point and ring-on-ring bending tests at room
and high temperatures. The fracture stress determined by three-point bending tests is
consistently higher than that value measured by ring-on-ring tests for a given
temperature. By utilising Weibull statistics a close prediction is made of the three-point
values from the ring-on-ring values. Compared with the Young’s modulus of BSCF
obtained from three-point bending tests between RT and 800 <C, the values determined
from ring-on-ring tests shows a fairly good agreement. However, the Young’s modulus
measured by both bending tests is lower than that value determined by
micro-indentation tests. Hardness and fracture toughness are independent of grain size
and grain orientation. Porosity is the dominant factor in Young’s modulus, hardness and
fracture toughness of BSCF. The intrinsic hardness, intrinsic Young’s modulus and
intrinsic fracture toughness of BSCF are also determined. The subcritical crack growth
(SCG) of BSCF is also studied using constant load method at RT and constant stress
rate method at 800 <C. It is found that that BSCF is not susceptible to SCG at RT but
becomes relatively sensitive to SCG at 800 <C. The results are subsequently used as a
basis for a strength—probability—time (SPT) lifetime prediction. Ni doping increases the
Young’s modulus, hardness and fracture toughness of BSCF determined
micro-indentation tests at RT. Both hardness and Young’s modulus show a
non-monotonic trend with Ni doping content, which is attributed to the porosity and
secondary phase. The intrinsic hardness, intrinsic Young’s modulus and intrinsic
fracture toughness of 8 mol% Ni-doped BSCF are determined. Dopants have little
influence on grain orientation and the distribution of grain boundary misorientation
angles of BSCF.
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CHAPTER 1 INTRODUCTION

Chapter 1 Introduction

1.1 General background

The rapid development of our economic society is coupled with an increase in the
requirement for worldwide energy. In the next few decades, the demand for worldwide
energy will be expected to reach more than 35 trillion kilowatt-hours[1]. This energy
consumption will be two orders of magnitude higher than that in 2008[2]. One of the
most broadly consumed resources of energy production remains fossil fuels. However,
there are two main drawbacks of fossil fuels[1]. One is that fossil fuels are finite
resources. The other is that extensive consumption of fossil fuels brings about
environmental pollution, such as nitrogen oxide, sulphur dioxide and chemical vapours.
In order to overcome these problems, we can enhance the efficiency of combustion and
reduce the emission of greenhouse gases (CO,, NOy, SOy) [2]. The utilisation of pure
oxygen to combust fossil fuels obtains a better thermal efficiency and a reduction in the
emission of greenhouse gases, because there is no need to separate toxic nitrogen oxides
from the exhaust gases and saves the energy that would be used to heat the inert
nitrogen. Additionally, it can increase the flame temperature thereby increasing the

thermal efficiency. Therefore, there is a constant increase in demand for pure oxygen

[2].
1.2 Introduction of pure oxygen production and CO, capture

1.2.1 Oxygen production

Oxygen, a major raw material used extensively in many advanced industries, is the
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second largest volume of chemical produced worldwide[3]. Pure oxygen is widely
applied in chemical synthesis, power station and steel manufacturing [4-6]. There is a
hundred-billion-dollar market for oxygen consumption annually in the world[2].
Because air is the main source of oxygen production, any reduction in the cost of the
separation of oxygen from air becomes more important. Currently, there are two main
methods for producing oxygen in industry. One is cryogenic distillation of liquid air[7];

the other is pressure swing adsorption[6].

1.2.1.1 Cryogenic distillation method

The cryogenic distillation method exploits the different boiling points of oxygen and
nitrogen. This method for oxygen production is applied in industry on a large scale, in
total producing over 1 million tonnes of oxygen every year[3]. Although this method
has been advancing over the past century, it has been struggling to reduce the energy
requirements for the compression and cooling processes. For this reason, cryogenic
oxygen is not affordable for low-cost, next-generation energy production or other

oxygen-intensive industries.

1.2.1.2 Pressure swing adsorption

Pressure swing adsorption (PSA) is a technology that can be used to separate oxygen
from air under pressure according to oxygen's affinity for an adsorbent material. This
system has the characteristics of versatility and easy of operation, but it also has its
limitations. The purity of the oxygen produced by pressure swing adsorption is under 95%
while the rest is essentially argon[6]. Additionally, it also consumes a large amount of

energy.

Although the two methods described above are widely used to produce oxygen, the
23
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drawbacks are efficiency limitations, high energy consumption, and impurity. Therefore,
more cost-effective and environmentally-friendly methods have been sought. Among
these methods, mixed ionic and electronic conducting (MIEC) ceramic membranes have
been proposed for use in oxygen separation due to their higher efficiency and purity of

product than the conventional techniques[3].

1.2.2 CO, capture

It is popularly believed that CO, capture is an effective solution to CO, emissions[8].
Currently there are two methods of CO, capture: CO, capture and storage (CCS), and
CO, capture and utilisation (CCU) [8]. It is well-known that fossil fuelled plants are the
largest point sources of CO,[8]. Therefore, it is urgent to develop different methods to
capture COg, including pre-combustion, post-combustion, and oxyfuel[9]. As for
oxyfuel, pure oxygen is utilised for fossil fuel combustion. In this way, nitrogen (78% in
the air) can be avoided from the combustion, and CO, and H,O as main products in the

flue gases can be easily separated by condensation as shown in Figure 1.1

Fuel
Post Air 1
combustion it (90%N,/10%CO,)
Fuel
1
No/O; ] —
power plant COH,0 condensation | CO,
—
':ret- Fuel H0 PO platy , H,0
combustion ue
Ha
| l H,, 1 jco:
partial co Ha/CO, ;
oxidation | | ghitt ; ondensation

CO, + r—Eo

Figure 1.1 Schematic diagram of possible separation processes in fossil power plants[9]
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1.3 Introduction to MIEC ceramic membranes

Mixed ionic and electronic conducting (MIEC) ceramic membranes can produce oxygen
with 100% purity in theory [10] and have the potential to lower the cost of oxygen
production in comparison with the traditional methods (e.g. cryogenic distillation)[7].
These membranes possess the ability to conduct both oxygen ions and electrons
simultaneously. When they are exposed to an oxygen pressure gradient, oxygen is
allowed to move through the membranes. Although these MIEC membranes have not
been used commercially, the Department of Energy in the United States has successfully
designed an Intermediate Scale Test Unit on the basis of ceramic membranes, which
produced oxygen with 100 tonnes-per-day in late 2013 [11]. Based on this intermediate
unit, a larger plant will be designed to produce oxygen up to 2000 tonnes-per-day in
2020, and MIEC membranes are expected to have the ability to realise the industrial

production of oxygen[11].

Because of high oxygen permeability [12-14], the perovskite oxide
Bap 5SrosCoo.gFe0 2035 is one of the most promising materials for application as dense
ceramic MIEC membranes. In real applications, MIEC membranes are operated at high
temperature and are exposed to a high oxygen pressure gradient between feed and
permeate side. Besides high oxygen permeability, the MIEC membranes must maintain
their geometrical and structural stability for a long time under these severe conditions.
Therefore, mechanical properties need to be assessed. Additionally, their sintering
behaviours are also required to be investigated, because mechanical properties and

oxygen permeability depend on the microstructure of the membranes.
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1.4 Objectives of this study

The aims of this study are to characterise mixed ionic and electronic conducting (MIEC)
membranes which are potentially applied in the area of oxygen separation in industry.
As an oxygen separation membrane material used at high temperature (800 <C), high
oxygen permeability and long-term mechanical integrity are two of the most important
desirable properties which highly depend on microstructures (e.g. density and grain size)
and compositions (e.g. concentration of dopants). Therefore, the first objective of this
thesis is to study the microstructures and mechanical properties of the BSCF and how
they evolve with a variety of sintering conditions. The second objective is to study the

effect of Ni doping on the microstructures and the mechanical properties of BSCF.

1.5 Thesis outline

Chapter 2 is a literature review of perovskite-structured materials, with a focus on

sintering behaviours, mechanical properties and failure mechanisms.
Chapter 3 presents the experimental procedures and characterisation methods

Chapter 4 concentrates on the sintering behaviours of BSCF, including powder
characterisation, phase identification, relative density, grain growth and grain size
distribution as well; focuses on the mechanical properties of BSCF determined by
various methods, the evaluation of slow crack growth and lifetime prediction at RT and
800<C; presents the effect of different Ni doping levels on the sintering behaviours of
BSCF, including phase identification, grain growth, porosity and pore evaluation; and
studies the mechanical properties of Ni-doped BSCF, including hardness, Young’s

modulus and fracture toughness.
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Chapter 5 shows a study of grain orientation of BSCF with different dopants using an

EBSD technique.

Chapter 6 describes conclusions obtained from the results and gives suggestions for

future work
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Chapter 2 Literature review

2.1 Requirement of oxygen transport membranes

As a membrane applied in industry, it is expected to meet several essentially desirable
requirements. Firstly, the materials need to exhibit high oxygen permeation. To be more
specific, the oxygen permeation of these materials can be over 10® mol s*cm™ at
elevated temperature. Secondly, chemical and structural stabilities in long term
operation are also essential at elevated temperature. Thirdly, the thermal expansion of
membranes requires compatibility with metallic substrates at elevated temperature.
Lastly, it is warranted for the membranes to keep good comprehensive mechanical
properties to resist failure and maintain mechanical integrity due to the stress induced
by the presence of an oxygen partial pressure gradient across the membrane at high

temperature.

2.2 Materials of choice

Among many structures available for oxygen transport membranes, most of the best
compounds with regard to oxygen permeation properties show either a perovskite or

fluorite crystal structure[15].

2.2.1 Fluorite structure

The ideal fluorite structure is shown in Figure 2.1. It is composed of anions in simple
cubic packing with half of the interstices occupied by cations[16]. The unit cell is based

on the face-centred cubic (fcc) packing of the cations[16]. A notable feature is the large
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void in the centre of the unit cell[16]. Solid solution such as (ZrO;)x(CaO);x with
fluorite structure possesses high electrical conductivity, mainly because of oxygen ion
movement[12]. It has been reported that X-ray studies show that the oxygen vacancy in
a solid solution of a composition is attributed to having cations fill all the cation sites

while oxygen ion lattice sites are vacant[12].

Figure 2.1 Unit cell of zirconium fluorite [17]

2.2.2 Perovskite structure

Perovskite is defined as a group of compounds for a particular mineral with the formula

ABO;("A%" "B*0%;; A=rare earth metal ions; B=transition metal ions)[18]. The ideal

perovskite crystal structure is depicted in Figure 2.2.

e ﬁ
.B(Co,Fe) Z ‘ .B'(CO Fe)

® e © — 3 @

0 ‘ @A se) \‘ .A(nsr)

Figure 2.2 Ideal perovskite structure ABO3[19]: (A) A-ions cube centred; (B) B-ions
cube centred

29



CHAPTER 2 LITERATURE REVIEW

A% unites with O% to shape a cubic structure and the smaller radius more greatly

electric charged B** occupies octahedral interstices. Each A?* is surrounded by twelve

equidistant O% ; O% is encircled by four A?* and eight O%; B*" is octahedrally

coordinated to six O% and locates the centre of the cube[20, 21]. The angles between the

six equal B-O bonds are 9021]. With regard to the ideal cubic symmetry, the atoms are
assumed to be closely packed and it can be stated that:

2(R4 + Rp) =V2a (2.1)

2(Rg+Rp) =a (2.2)

where Ry, Rp, and R, are the radii of A, B and O atoms, respectively; a is the lattice

parameter. Combining the Equations (2.1) and (2.2), it can be obtained by the following

equation:
(R4 + Ro) = V2(Rp + Ry) (2.3)
In terms of the integrity of cubic symmetry, tolerance factor (t) is defined by

Goldschmidt:

_ R4+Ryp
~ V2(Rg+Ro) (2.4)

In order to maintain the perovskite structure, the tolerance factor (t) is controlled
between 0.8 and 1. The ideal cubic perovskite structure is preserved when the tolerance
factor is approximate to 1. The value of t considerably smaller than 1 results in
distorting the cubic structure, whereas t notably greater than 1 induces a phase

transformation[20, 22].

2.2.3 Bay 55rg5C0g gFe 2035

The variants of BaySr;.xCoyFe;,O3z5 are the most promising oxygen separation MIEC

materials [23, 24]. It has been reported that BSCF originated from SrCoO3.; considered
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as a fundamental perovskite-structured parent compound[21]. To be more specific,
BSCF was modified from SrCo,.,Fe,O3.5[25], which was first suggested as a potential
application of oxygen transport membrane[24]. In terms of the crystal structure of
SrCo0Os, it has been expected to have high oxygen permeability, because nearly
one-six of its oxygen lattice site is vacant and the bond strength of Co-O is relative
weak thereby favouring the transport of oxygen ions and electrons[26, 27]. However,
considerable oxygen permeation of SrCoO3.;only can be achieved at high temperature
(over 900 <C)[26]. When cooling to certain critical temperatures, its oxygen
permeability dramatically decreases because the high oxygen permeability can be only
achieved in the cubic structure and there is a phase transition from cubic to hexagonal

between 800 <C and 900 <TC[26, 27].

Many research groups have investigated the oxygen permeation of the doped
AxSr1xC01.yByO3.5 systems on the basis of SrCo0O;.5[28-34]. Teraoka et al.[35] have
found the compound SrCoq gFeo203-5 (x=0, y=0.2) shows the highest oxygen permeation
rate. However, SrCog gFeg 2035 exhibits poor mechanical integrity and phase instability,
because the small radius of Sr results in the tolerance factor less than 1. From the point
of maintaining the cubic symmetry, large atoms doped in A site can be realised
according to the Goldschmidt Equation (2.4). In this way, Shao et al.[14] have
substituted a series of Ba with different composition for the smaller radius Sr and have
acquired the best one with half substitution of Sr by Ba to maintain the cubic
stability[14]. It has been demonstrated [36-38] that BagsSrosCoggFeo203-s membranes
are capable of retaining cubic structure up to 1000 <C even under low oxygen partial

pressure and possess high concentration of oxygen vacancies distributed randomly.
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2.3 Transport mechanism

MIEC membranes are used in separating oxygen from air by means of lattice diffusion
of oxygen ions[39]. The driving force for oxygen permeation is provided by chemical
potential gradient or electric potential gradient, e.g. the differential oxygen partial
pressure between the feed and sweep sides of the membranes[40]. The oxygen transport

mechanisms of the MIEC membranes are schematically displayed in Figure 2.3

interfacial ! ! interfacial
zone | : bulk : zone II
Ho, 0%/ 2h

1
1
1
|
1
1
:
1
1 low p"O,

0} +2h' —;\15—%02

2e7/V;

Figure 2.3 Schematic principle of the process of oxygen transport through a
perovskite-structured membrane[41]. po is the chemical potential gradient between the

feed side with high oxygen partial pressure Py, and the sweep side with low oxygen
partial pressure Py, ; k™ is electron hole.

The oxygen transport across the MIEC membranes involves three successive

processes[12, 41]:

(1) the surface-exchange reaction on the interface | under high oxygen partial
pressure on the feed side; dissociating of an oxygen molecule and combining
with electrons to form 0%

(i) the diffusion of charged ions (O%) and electrons/electron holes in the bulk;

(iii)  the surface-exchange reaction on the interface Il under low oxygen partial
pressure on the sweep side; combination of oxygen ions and electron holes to

form oxygen.
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It is apparent that oxygen transport through a MIEC membrane is basically limited by

two factors, e.g. surface-exchange resistance on both interfaces of the membrane and

the diffusion kinetics within the bulk [42-44]. The overall permeation rate is determined

by the slowest process of oxygen transport[12].

2.4 Oxygen permeability data for perovskite-structured

materials

Table 2.1 Oxygen permeation flux data for perovskite-structured materials

Materials Temperature(<C) Jo, Shape | Thickness | References
(mol s em?) (mm)
850-900 9x10°  to | Disk |1.8 [24]
1.6<10°
Bag.5Sro5C008Fe0203-5 | 800-900 7x107 to | Tube |15 [45]
2.3x10°
850-950 1.4x<10° to | Tube |0.22 [46]
13.3x10°®
BagsSrosZng2FegsOs-s | 800-975 11><.].06 to Disk 1.45 [47]
2.6x10°
LageSro4CogoFeqsOs-5 | 850-900 4><.|.08 to | Tube 0.22 [34]
1.0<10”
LageSro4Cog.4Fege05-5 1000-1100 25><.|.08 to | Disk 1 [48]
1.3x10”
LageSro4CopgFeq 055 | 860 4-6><.].07 Disk 15 [34]
LageSro4CoggNip203-5 | 860 l.1><.|.0-6 Disk 15 [49]
LageSro.4C00sMng 2035 | 860 3.7><.|.0-7 Disk 15 [49]
LaggSry2C0p3Gag705-5 | 700-1000 23><.].07 to | Disk 0.5 [50]
1.1x10°
Lao_58r0_4Gao_7Nio_3O3_5 700-1000 26><.|.07 to | Disk 0.5 [50]
1.0<10°
SrCo0Os-; 850-1000 0to3.4x107 |Disk |1 [29]
SrCog.sFe203-s 850-870 1.7<10"  to | Disk |1 [35]
54107’

Table 2.1 shows the oxygen permeation flux data for some perovskite-structured

materials. Although SrCoggFe,0s5-s exhibits a similar oxygen permeation flux as

Bay 5Sro5C00.sFe0203-5 at the same temperature, it also displays chemical instability [23,

51]. Additionally, La;xSrCoi.yFe,Os5 shows good chemical stability at high
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temperature, but it exhibits much lower oxygen permeation flux than that of

Bao_5Sl’o,5C00,8F80,20375[12, 52, 53],

2.5 Sintering of ceramics

Sintering refers to a process of the bonding of particles by molecular or atomic
attraction and forming a solid mass, possibly causing densification and recrystallisation
by transport of powders under the heat treatment below the melting point of a
material[16]. Therefore, sintering is considered as a diffusive process[54, 55], with a
rate determined by two factors. One is temperature which controls the diffusion rate,

and the other is powder particle size which controls the length scale for diffusion[56].

2.5.1 General background

With regard to the process of sintering, it reduces the surface area of the powder
compact. The driving force for sintering is the decrease in the total surface energy
A(ysA)[57], which can be expressed as the following equation[58, 59]:

A(y,A) = y,AA + Ady, (2.5)

where ys is the specific surface energy and A is the total pore/solid interfacial area.

The changes in the interfacial energy and interfacial area are caused by densification
and grain coarsening (grain growth), respectively. During the sintering, replacing the
solid/pore interfaces (surfaces) by solid/solid interfaces (grain boundaries) can result in
a decrease in interfacial energy[60]. This process gives rise to densification and it
decreases the total pore volume. To be more specific, the pores at the beginning tend to
change shape and form isolated spheres or channels, but the size of pores does not

change as shown in Figure 2.4. During the densification stage, both the shape and the
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size of the pores change; the shape becomes more spherical and the diameter reduces as

sintering proceeds [16].

Change in pore
shape

A\ 4

Lo

Change in pare
Lg shape

and shrinkage
AL
La

Figure 2.4 Schematic sketch of sintering about particle compacts related to only change
in pore shape and linked to changes in both pore shape and shrinkage[16].

The sintering stress, os, is defined as the equal external stress that can result in the same
densification strain rate as the internal driving force[61]. The sintering stress which can
be proportional to the strain rate ratio and nearly independent of sintered density and
temperature[61] for a grain-pores system[62, 63], is developed from the Young-Laplace

equation as follows[64]:

=2y Bep (2.6)

O = %, Rg
where y, is the surface energy; yqp is the grain boundary energy; Rp and R; are the
radii of curvature of pores and grains, respectively. According to Equation (2.6),
sintering stress is inversely proportional to the initial radii of curvature of pores and
grains. Microscopically, the change in free energy between the neck and the surface of
the particle can influence mass transport. If the particle size becomes relatively small
(its curvature is high), the sintering stress can be of a great magnitude. Therefore, most
ceramic sintering technology basically depends on the fine-particle raw materials,

because surface energy becomes much higher when the radius of curvature is kept under
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a few micrometres[16].

2.5.1.1 Neck growth

Kuczynski[58] first reported the two-sphere sintering model as shown in Figure 2.5 and
investigated neck growth rate for six different types of mass transport mechanisms and

obtained the following equation[58]:

X t

B =K— (27)
where x and R are the radii of the neck and the spherical particle, respectively; K is a
constant dependent on temperature; t is sintering time; a and m are exponents depending
on the mechanism of mass transport and the values of these two exponents are shown in
Table 2.2. As a consequence of these equations, neck growth is also strongly dependent

on sintering temperature, dwell time and particle size.

Figure 2.5 Schematic of the two-sphere model[62]

Table 2.2 the values of a, m and K depending on the mechanisms of mass transport [16,

58, 60, 62, 65]
Mechanism of mass transport | o | m K
Viscous flow 2|1 3yM
Plastic flow 211 InybDy/KT
Evaporation-condensation | 3 | 2 | (3Py/p2)( w/2)1/2(M/kT)3/2
Lattice diffusion 5|3 80yD,Q/KT
Grain boundary diffusion |6 | 4 206Dgy VKT
Surface diffusion 7|4 56DsyQ4/3/kT

where y is surface energy; » viscosity; b Burgers Vector; Dy grain boundary diffusivity;
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k Boltzmann’s constant; T absolute temperature; P vapour pressure; p theoretical density;

M molecular weight; D, volume diffusivity; Q atomic volume; Ds surface diffusivity.

2.5.1.2 Grain growth

There are two categories of mass transport. One is parallel to grain boundaries, which
can control the process of densification. The other is perpendicular to grain boundaries,
which can dominate the process of grain growth and cause coarsening of the
microstructure[58, 59]. During the sintering, it is widely recognised that grain growth
competes with densification. Therefore, designed ceramics with controlled
microstructure and properties can be realised by control of the competition between
grain growth and compact densification. During the process of grain growth, larger
grains swallow up the adjacent smaller grains. In other words, small grains disappear

and large grains become larger.

In Burke’s and Turnbull’s equation of grain growth[66, 67], the rate of grain growth ‘i—[;

is correlated with the average diameter of grain curvature. This curvature is inversely

proportional to the grain diameter[66, 68]:

=My (28)
The result of this equation is the parabolic law of grain growth [67]

D? — Dy* = 2My,nt (2.9)
The rate of grain growth is controlled by the grain boundary mobility Mgy, the dwell

time t and the surface tension n.

2.5.1.3 Grain boundary mobility

The grain boundary mobility Mg,, can be analysed from the atomic scale. In a cubic
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lattice, the atoms need to overcome the energy barrier ¢,, when the atom migrates from

one grain to another[58]

My, = 2 exp(—2) (2.10)
where Mg, is grain boundary mobility, a atomic spacing, &,, energy barrier, v the atomic
vibration frequency. Equation (2.10) suggests that grain boundary mobility depends on
atomic vibration frequency, energy barrier and atomic spacing as well. These three
different parameters are strongly influenced by point defects. In addition, these point

defects are induced by impurities or dopants[69].Therefore, the grain boundary mobility

can be affected by point defects, including doping and vacancies [70].

2.5.2 Sintering behaviours of BagsSrysCopgFeg,03-5

membranes

As mentioned previously, BSCF materials can be used as cathodes for SOFC [25] or as
oxygen permeation membranes[71]. However, microstructural requirements for these
two applications are different. Specifically, BSCF materials as cathodes of SOFC need a
porous microstructure in order to increase the reaction area[72] while dense
microstructures are required for oxygen permeation membranes in order to maintain a
physical barrier to gas flow [12]. It has been reported that grain size positively affects
the permeation rate of BSCF [45, 73], because the grain boundary inhibits the transport
of oxygen ions[31]. In other words, the oxygen ions transport along the grain boundary
slower than through the grain lattice. Therefore, the oxygen permeation flux increases
with increasing grain size of membranes since there are fewer grain boundaries when

the membrane consists of larger grains[45].

As mentioned above, microstructure can significantly affect the functional properties of
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BSCF. Normally, microstructure entirely depends on the sintering conditions
(atmosphere, time, temperature, heating and cooling rate) and methods (hot isostatic
pressing, spark plasma sintering) as well as dopants. Therefore, the required
microstructure of BSCF can be realised by changes in the sintering process and dopants.
With respect to the current work, the changes in sintering temperature and dwell time as

well as dopants are discussed below.

2.5.2.1 Densification

2.5.2.1.1 Effect of sintering temperature on density of BSCF

It is well-known that the density of the membranes increases with increasing sintering
temperature in a certain range[16]. For BagsSro5C0psFe 2035 (BSCF) [13, 45, 74], the
relative density can reach a value in the range from 90% to 95% when the sintering
temperature is between 1000 <C and 1100 <C for 5 hours. It has been reported [13, 74]
that BSCF sintered at 1100 <C has a relative density of 95% as shown in Figure 2.6.
When the sintering temperature increases up to 1150 <C, the relative density of BSCF
will decrease slightly. According to Baumann et al.[13], although the presence of cobalt
oxide cannot be identified by XRD, it has been found to exist at grain boundaries by
TEM when the sintering temperature reaches 1150 <C, suggesting that BSCF sintered at
1150 <C is decomposed, which explains the slight decrease in the relative density of
BSCF due to oxygen released from the lattice. The associated defect reaction can be

written in the Kroger-Vink notation as[16]

X Heating 1 -- X
0p + 2My <—>502 T +V, + 2Mjy (2.11)

where M refers to Fe or Co.
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Figure 2.6 The relative density of BSCF as a function of sintering temperature. The data
points were obtained from the references [13, 74]. The line is a guide to the eye.

2.5.2.1.2 Effect of dwell time on BSCF density

Dwell time also influences the relative density of BSCF membranes. For short dwell
time, the influence is more significant; however, it becomes less significant as time
increases beyond 10 hours as shown in Figure 2.7. Other workers[74] have also reported
that the relative density remains constant after holding 10 hours and further increase in

dwell time shows little influence on the relative density.
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Figure 2.7 The relative density of BSCF as a function of dwell time. The data points
were obtained from the references[13, 74]. The line is a guide to the eye.
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2.5.2.1.3 Effect of doping on BSCF density

2.5.2.1.3.1. General mechanisms of increasing density

There are several explanations to the promoting influence of foreign cations on ceramic
sintering. The first possible reason is that a secondary phase forms along the grain
boundary which is generated by diffusion of low valence ions from the lattice to the
grain boundary during sintering, and produces more oxygen vacancies within the grain
lattice, thereby increasing the diffusion of host ions [75, 76]. The second possible reason
is that the formation of secondary phase with a lower melting point becomes a liquid

phase thereby promoting sintering [75, 77].

2.5.2.1.3.2. General mechanism of inhibiting density

There are also several explanations for the inhibiting effect of dopants on ceramic
densification. One is that large cations can segregate strongly to the grain boundaries
and restrict the diffusion of ions along grain boundaries thereby reducing grain
boundary diffusivity and decreasing the densification rate[78]. Another is that secondary
phase exists along the grain boundary and exerts an effective drag on the mobility of the
grain boundary, thereby reducing the densification[79]. A third possible reason is the
change in the controlling mechanism of densification from grain boundary diffusion to

lattice diffusion [80]

2.5.2.1.3.1. Mechanism of the effect of doping on BSCF density

Studies [81-83] have reported that doping can affect the density of BSCF as well. It has
been found that incorporating Cu?*, Cr®*, Mn?*, Mg** dopants into the BSCF lattice
increases the relative density, compared with pure BSCF sintered at the same conditions.

This phenomenon has also been observed in other perovskite-structured materials[84].
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In the case of Cu-doped BSCF, Zhao et al. [85] have proposed that the promoting effect
of Cu dopant on the sintering of perovskite membranes can be ascribed to the formation
of liquid phase CuO. With respect to Cr and Mn doping, it has been shown that these
dopants improve the mobility of the A-site cation, which increases the densification of
BSCF[82]. Mg-doped BSCF, introduces more oxygen vacancies, promoting cation

diffusion [86]thereby increasing densification of BSCF.

However, it has been found that, Na*, K*, AI** and Zr*" doped into BSCF lattice
decrease the relative density, compared with pure BSCF sintered at the same
conditions[82]. It suggests that Na* or K" dopant into A-site of BSCF membranes
restrains the diffusion of the A-site cations during the sintering process[82]. In the case
of Al-doped BSCF, Al doping inhibited the densification of BSCF, because additional
phases (BaAl,O,4 and BazAl,0) detected by XRD drag (pinning) the motion of grain
boundary[81]. This phenomenon was also found in other Al-doped perovskite-structured
materials [87, 88]. As for Zr**-doped into B-site of BSCF membranes, it has been
observed by TEM [83] that small crystallites [(Ba,Sr)ZrO3z] form along grain boundary

and inhibit the mass transport through the grain boundary thereby reducing the density.

2.5.2.2 Grain growth

2.5.2.2.1 Effect of sintering temperature and dwell time on membrane

grain growth

Grain size of ceramics can be realised by controlling the sintering temperature and
dwell time. Normally, grain size increases with increasing the sintering temperature
and/or prolonging the dwell time[89]. Grain growth in BSCF has not been widely

investigated. The isothermal rate of grain growth can be expressed by the

42



CHAPTER 2 LITERATURE REVIEW

phenomenological kinetic grain growth equation[90]:

D" — Dy = tKyexp(— ) (2.12)
where D (um) is average grain size at the time t; Dg is the initial average grain size; n is
the kinetic grain growth exponent, Ko is a constant, Q is the apparent activation energy
(kJ/mol); R is the gas constant, 8.314 J/mol K; T is the absolute temperature (K). When
the value of grain growth exponent is 2, the driving force for grain growth is the local
curvature of the grain boundary[68]. Since research studies of the grain growth
exponent in BSCF are quite limited[91], the grain growth parameters of other
perovskite-structured oxides are listed in Table 2.3.

Table 2.3 Grain growth parameters of perovskite-structured materials

Perovskite materials Grain growth | Activation energy | References
exponent(n) | Q(kJ/mol)

BaTiO; 5 586-800 [92, 93]
BaxSr;« T103(x=0.25,0.50,0.75) / 580-791 [94]
PrBaCoOs.; 3 530-560 [95]
ZnTiO3 / 327 [96]
SITiO3 2 870 [97]
SrCoggFep203.5 2.5 / [91]
LagsSrosFeOs.s 385 [98]
LagSrg.4CoggFeg203.s / 501.3 [99]
Bao.5Sr0.5C00.8F0.2035 3.1 / [91]

/ Not provided by references

It is clear that the grain growth exponents of most perovskite materials are between 2
and 5. They do not follow the classic parabolic law of grain growth. Many reasons were
raised to explain the deviations from the ideal grain growth, including the effect of
pores or impurities which influence the grain growth kinetics[68]. As shown in Table
2.3, the activation energy for grain growth of these perovskite-structure materials is in

the range from 300 to 800 kJ/mol.

Figure 2.8 shows Arrhenius profiles for grain growth of BSCF. Although there is no
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direct data about the activation energy of grain growth of BSCF from the references, it
can be calculated from the relevant data and is calculated to be from 372 to 741 kJ/mol,

which is consistent with the data of other perovskite-structured materials in Table 2.3.
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Figure 2.8 Arrhenius profiles for grain growth of BSCF. The data points were obtained
from the references [13, 100, 101].

2.5.2.2.2 Effect of doping on BSCF grain growth

Doping is widely used to control grain growth in BSCF as well. It has been found that
Cu?* and Zn?* can promote grain growth of BSCF[81]. The promoting effect of Cu®* on
BSCF can be attributed to the formation of A-site cation-deficient BSCF and the
existence of liquid phase sintering, whereas the promoting effect of Zn** on BSCF
sintering may be mainly because of the formation of A-site cation-deficient BSCF[81].
It has been reported that Zr**[102] can suppress grain growth, because secondary phases
at the grain boundaries inhibit material transport through the grain boundaries and block

the grain growth of the BSCF[102].
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2.5.2.3 Mechanism of densification and grain growth of BSCF

As discussed above, it is difficult to clearly determine which one mechanism controls
the sintering process of BSCF. According to the value of the grain growth exponent of
BSCF (n=3.1), it does not follow the classic parabolic law of grain growth. Pores are
reasonably believed to be the dominant factor for the higher grain growth exponent.
Although there is no direct data about the activation energy of grain growth of BSCF, it
can be fitted from the relevant data and is calculated to be from 372 to 741 kJ/mol as
shown in Figure 2.9. It can be concluded that cations are the rate-controlling species of
grain growth rather than oxygen ions, because the activation energy for oxygen ion
diffusion (45-105 kJ/mol [103, 104]) is much lower than that for grain growth of BSCF,
According to the studies performed by Lein et al.[104, 105], the diffusion of Sr/La in
Lag 5Sro5C0gsFe0203.5 has been observed to be slower than that of Co/Fe and the
activation energy for Sr/La diffusion is 619 kJ/mol. Therefore, in terms of BSCF, it can
be speculated that the Ba/Sr diffusion can be the rate-controlling species during the

sintering process.

2.6 Mechanical properties of BagsSrysCopgFeg,0s3-5

membranes

Beside the functional performance for Bag 5SrosCoggFeo20;5-s (BSCF) membranes, good
mechanical properties are also necessary in real applications. In terms of structural
performance, a big challenge for BSCF is to keep chemical and structural stability not
only at high operating temperature (around 800 <C), but also under pressure gradients
across the membrane and chemical or thermal strains[106]. Therefore, the

understanding of mechanical properties becomes indispensable for an evaluation of

45



CHAPTER 2 LITERATURE REVIEW

structural reliability of membranes in service. Fundamental mechanical characteristics
including Young’s modulus, hardness, fracture stress, and fracture toughness need to be

evaluated.

2.6.1 Young’s modulus

The Young’s modulus, an important parameter, is used to analyse and model the
mechanical property of materials, associated with stress development, deformation, and
failure[107]. Elastic behaviour with uniaxial loading of isotropic ceramics is described
by the Young’s modulus, E, resistance to elastic deformation. It is the ratio of stress to

strain in Hooke’s law[108]:
E= % (2.13)

where o is the applied stress and ¢ is the strain.

Table 2.4 shows literature data about Young’s moduli of BSCF and other
perovskite-structured materials with different porosities by various methods at different

temperatures.
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Table 2.4 Literature data about Young’s moduli of BSCF and other perovskite-structured materials with different porosities by

various methods at different temperatures

. _ | Grain Elastic  [Temperature
Composition Porosity| . Environment Test methods References
size(um)modulus(GPa)  (<C)
55 RT .
In air
40 200 . .
4.5% (10 ] Micro-indentation [109]
A8 RT In air
32 250 (annealed)
71.9 RT Micro-indentation
63.3 RT
Bay 5Sro5C0.sFep 20 = 100
20,55r05C0p gFe _
0.5210.5-Y0.8"t0.2\V3-5 47 00
55 300 In air
53 400
52 500
50 700
49 800
72 RT vacuum
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63 100 Ring-on-ring
A8 200 [9]
45 300
44 400
4.5% 10.1 45 500
AT 600
52 700
53 750
55 800
8% 26 52 RT In air Ring-on-ring [110]
9% 7 52 RT In air Ring-on-ring [83]
22% 50 _ _ )
RT In air Ring-on-ring [111]
27% 42
34% 35 RT [83]
38 RT Micro-indentation
33 RT
. 27 200
38% 27 400 In air Ring-on-ring [112]
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29 600
27 800
68 RT Compressive test
68 RT Ring-on-ring
62 RT O-ring
61 RT _ Micro-indentation
In air - - [113]
30.6 900 Ring-on-ring
22 RT
15 200
17 400
42% 17 600 In air Ring-on-ring [111]
17 800
213 RT _ ) )
LaFeOs 5% 3.3 In air Four-point bending  [114]
206 800
16% 2~3 47.8 RT [115]
LaCoO3 76 RT In air Four-point bending
10.2% [116]
101 800
LagsCap2Co O35 0.15% [1~2 111.5 RT [115]
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68 800 [116]
LaggSrp2Co O35 9.5% [2~3 64.4 [115]
Lag »SrosFeosC00.4 O35 124 RT In air
0.8 115 RT
3%
160 800
Lao5SrosFe05C00503-5 118 RT
5% 1.1 169 800
121 1000
115 RT
Lao 5Sr0.5F€0.75C00.2503.53% 1.4 -0 0 : Four-point bending
177 600 In air [117]
160 800
Lag5SrosCo Os-5 1% 1.7 all 122
800 157
Lap sSro.2Gag sMgo203-5/5% 0.0 RT 176 Four-point bending  [118]
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According to the data about Young’s moduli of other perovskite-structured materials,
there are many factors affecting the Young’s modulus, including composition,
temperature, measurement method and porosity. With regard to compositions, the
Young’s modulus of LaCoOs3 is 83 GPa at RT[116], while the substitution of Fe with Co
increases significantly the Young’s modulus, and the value for LaFeOs is 213 GPa[114].
The partial substitution of La with Ca considerably enhances the Young’s modulus, and
the value for LaggCap2C00s3 is 112 GPa[115]; while the partial replacement of La with
Sr increases the Young’s modulus slightly, to a value for LaggSro,CoO3; of 86 GPa at
room temperature[115]. Upon further replacement of La with Sr, the Young’s modulus
of LagsSrosCo03; has been obtained as 131 GPa[117], which is twice as high as the
value for BSCF at room temperature. In the case of BSCF, the effects of measurement,

porosity and temperature on Young’s modulus are discussed in detail below.

2.6.1.1 Effect of measurement method on the Young’s modulus of

BSCF

Different methods for determining Young’s modulus have been developed, which are
based on the elastic response of the materials under loading. For brittle materials, both
uniaxial and biaxial bending tests can be applied [113, 115]. These universal tests are
regarded as a good representation of macroscopically destructive methods, while the
micro-indentation test is also popularly utilised in determining Young’s modulus as a
non-destructive method[119]. The principles of these measurement techniques are

reviewed and compared below

2.6.1.1.1 Uniaxial bending test
For uniaxial loading, the three-point bending test is widely used in analysing the
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mechanical properties of brittle materials. A schematic diagram of the three-point

bending test is shown in Figure 2.9.

Figure 2.9 The schematic diagram of three-point bending test

The Young’s modulus E is calculated using the following equation:

_ L3AF
" 4bh3Ad

(2.14)

where F is the load; L is the distance between the two support points; b is the width of
the specimen at the applied load; h is the thickness of the specimen; and d is the central

deflection of the specimen.

The advantages of this method include easily achieved alignment and simple geometry
of samples[120]. The disadvantage of this method is related to the maximum tensile
stress which cannot be made vertically and laterally homogeneous[120]. In addition,
this test is inherently sensitive to the defects and flaws near the specimen edge[121].
Therefore, the requirement for sample edges is to avoid any effect of cutting-induced
flaws. However, there are currently no previous reports of the Young’s modulus of

BSCF determined by the uniaxial bending test.
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2.6.1.1.2 Biaxial bending test

In terms of biaxial loading, the ring-on-ring bending test has been used in determining
mechanical properties of brittle materials[122]. The schematic picture of the test is

displayed in Figure 2.10:

Figure 2.10 (A) Schematic representation of the ring-on-ring test; (B) Cross section

The Young’s modulus E is calculated using the following equation:

_ 3(1—v2)r24P (1) 2 ) 1, 1-v (r22—r12)2
=220 [(—) —1-1In (—1) + () (2.15)

2mty3Ad 1 r2215”
where P is the loading force; t;, is the specimen thickness; d is the central deflection of
the specimen; v is the Poisson ratio; ry,r,,r3 are the radii of the loading ring, the

supporting ring and the specimen, respectively[123].

This method removes the edge effect in comparison with the three-point bending test, as
no stress is generated near the sample edges[121]. Particularly, the approximately
constant equibiaxial and systematic maximum tensile stress occurs within the central
loading area on the tensile surface[124]. However, the drawback of this method is that
the stress distribution can be easily influenced by the flatness of disc-shaped samples.

According to Huang et al.[19], the Young’s modulus of BSCF determined by the
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ring-on-ring method at RT was obtained as 63.3 GPa with a porosity of 4.5% while it

was determined to be 52 GPa with a porosity of 8.7% by Pecanac et al. [125].

2.6.1.1.3 Micro-indentation test

The micro-indentation method is also widely used to determine Young’s modulus. This
tests can be carried out with different types of indentation tips, such as Brinell, Knoop,
and Vickers[126]. For the Vickers indenter, the tip is pyramid-shaped and has 4 sides
with an angle of 136 between opposite sides[127]. The major advantage of this
technique depends on the fact that it is non-destructive and a very small surface area is

used. The calculation of indentation Young’s modulus E;; is based on[128]:

(1_ sz)
Er =57 (;/_Vi S (2.16)
O,

where E; is the Young’s modulus of the indenter (1141 GPa for diamond); vs, v; are the
Poisson’s ratio of the tested samples and indenter (0.07 for diamond), respectively. The
reduced modulus E;, which is calculated from the indentation data, is defined as:

N

KT

(2.17)

where S is the indenter constant; S is the maximum slope of the load-displacement

curve; Ay is the projected contact area at applied load[128].

Studies performed using the micro-indentation test on BSCF to determine its Young’s
modulus obtained higher values than those obtained from ring-on-ring bending test at
room temperature, because the effective volume of the micro-indentation method is
much lower than that of the biaxial bending method[19, 113]. This phenomenon is

widely observed in other ceramic materials [129, 130].
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2.6.1.2 Effect of porosity on the Young’s modulus of BSCF

Many experimental and theoretical studies have been carried out to evaluate the
influence of porosity on the Young’s modulus of ceramics [131-134]. The empirical
relation between porosity and Young’s modulus is widely used for predicting the
modulus of pore-free materials[135]:

E =E;- exp(—bp) (2.18)
where Ejy is the Young’s modulus of the fully dense material, p is volume fraction of the
porosity and b is an empirical constant ranging between 2 to 5. The Young’s
modulus-porosity relationship can also be written in a linearised form such that

In(E) = —bp + In(Ey) (2.19)

Figure 2.11 shows the dependence of the Young’s modulus of BSCF on the porosity,
where the moduli were determined by the ring-on-ring bending tests and replotted from
Table 2.4. The Young’s modulus monotonically decreases with increasing porosity. The
linear fit to Equation (2.19) yielded values of 74 GPa for E, and 2.6 for the constant b,

with a R? value of 0.91.
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Figure 2.11 Young’s modulus of BSCF as a function of porosity determined by
ring-on-ring bending tests. The data points were obtained from the references [19, 112].
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2.6.1.3 Effect of temperature on the Young’s modulus of BSCF

Normally, the Young’s modulus of ceramics tends to reduce with increasing temperature
because of lattice softening[136]. According to Watchman et al.[136], the Young’s
modulus of polycrystalline ceramics exhibit a reduction of about 1% per 100 <C
temperature rise. However, some perovskite-structured materials show anomalous
behaviour of Young’s modulus as a function of temperature. In the case of BaTiOs, the
value of the Young’s modulus obtained at 450 <C was reported to be much higher than
that value at RT, because there was a phase transition from rhombohedral to cubic
structure in the temperature range from RT to 450 <C[137]. Huang et al.[19] have
reported that the Young’s modulus of BSCF with a porosity of 4.5% also showed an
anomalous tendency as a function of temperature. The reason for this anomalous
behaviour of BSCF is different from that of LaCoOs3 In terms of BSCF, the Young’s
modulus showed a local minimum value at 200 <C, and then increased with temperature
up to 400 T, followed by a slight decrease up to 800 <C. It has been demonstrated that
this anomaly in Young’s modulus can be ascribed to spin transition effect of Co* [19].
To be more specific, the transition from low to high spin state is accompanied by an
anomalous expansion of Co ions, which affects the mechanical behaviour of BSCF[138].
In addition, a similar tendency of Young’s modulus as a function of temperature from
RT to 800 <C was observed for both dense[19] and porous BSCF[111, 112] in Figure

2.12.
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Figure 2.12 Normalised Young’s modulus of dense and porous BSCF materials as a
function of temperature. All data sets are normalised with respect to the RT values. The
data points were obtained from the references [19, 111, 112].

2.6.2 Hardness

Hardness, another important parameter for a brittle material, is an assessment of its
resistance to plastic deformation [139]. Indentation hardness test is a convenient method
conducted within a small volume of material. The detailed process of the hardness test
consists of applying a certain load with an indenter and measuring under a microscope,
the resultant indentation imprint on the surface after removing the load. There are
different conventional indenters, including Vickers, Berkovich and Knoop. In this study,
the Vickers test only is discussed in detail. The hardness, H,, is calculated by the ratio of
the applied load via a pyramidal contact area, A[128]:

Hy=2=a (2.20)
where P is the applied load, d is a measure of the impression size, and « is indenter
geometry (1.8544). As illustrated the Table 2.5, the hardness of dense
perovskite-structured materials normally is in the range from 4 to 10 GPa. It also shows
that the hardness is highly dependent on composition, porosity, load and temperature.
According to the research by Rice[140], grain size also can influence the hardness in
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ceramic materials. However, there are no publications related to the effect of grain size
on the hardness of BSCF. Therefore, the effects of load, porosity, and temperature on
hardness of BSCF are discussed in detail below.

Table 2.5 Hardness of perovskite-structured materials with different porosities and
various temperatures

Composition Porosity | Grain | Hardness | Temperature Load References
Slze
(GPa) () (N)
(m)
9.1 0.01
7.5 0.1
6.1 RT 1
5.8 10
4.2 100
4.0 150
3.9 200
3.8 250
4.5% 10 3.7 350 10 [109]
10.1 5.7 0.1
5.8 0.2
5.6 0.4
5.5 0.6
4.5% 5.2 0.8
5.3 1
RT [141]
0.95 RT 3
0.93 5
0.89 10
0.87 15
0.90 3
0.85 5
0.82 10
0.80 15
100
0.73 3
0.74 5
0.70 10
0.68 15
200
0.67 3
0.66 5
0.66 300 10
0.60 3
Bag 5SrosC00gFe02055 | 38% S 0.60 5 [112]
0.60 400 10
Lao_gsr().zcoO.zFeO_g 0375 5% 1.9 6.8 RT 20 [142]
Lag 2SrosC0g2Feps 055 21.9 6.0
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Lao_gSI’o,zCO 0375 10% 2~3 7-9 RT 3 [115]
Lao_gcaolzco 0375 1.5% 1~-2 9~11

Lao.gsr().lGaolegolgoyg; 5% 17 7~8 RT 50 [143]
LaggSro,CrooFegs Oss 7% 2.1 7.3 RT 20 [144]
Lao_68r0.4cro.2|:60.80375 3% 0.5 6.8

Lao_4srolecro.2|:60.80375 3% 1.4 54

Lao_gsrolgcroleEO.gO375 4% 3.6 4.6

Lao.gsr().lGaolegolgoyg; 5% 7 RT 50 [145]
Lag.9Bao.1GagsMgo..0;-5 8.4

Lao_gcaollGaolgMgo_z 23.5 8.6

Os5

Laolgsr().zGaolgMgolloyg 2% 8.2

Lao.gSI'o,lGao,ssMgo.B 3% 7.8

Os5

Y8Ca,CrO;_; 3% 9.9 RT 50 [146]
Yo.75Cag.25Cr O35 4% 10.8

Lag 75Cag 25Cr O35 4% 7.1

2.6.2.1 Effect of applied load on the hardness of BSCF

When a low load is applied in the Vickers test, the value of hardness obtained is
normally high. With an enhancement of applied load, the values show a reduction. This
fluctuation between hardness and applied load is often regarded as the indentation size
effect (ISE)[147]. This phenomenon is typically observed in single crystals with diverse
types of bonding, including ionic, metallic and covalent[147, 148]. The indentation size
effect has been attributed to surface effects[149], strain gradient effects[150-152],
structural non-uniformity of the deformed volume[153], changes in the contributions of
elastic and plastic deformation at the indentation[147], and friction between the indenter

and the sample[154].

According to the references [139, 155, 156], the curves of hardness against the applied
load have a tendency to flatten out and the values of hardness becomes stable. A good
empirical equation of the Meyer law can be written as:

P=cCd" (2.21)

where P is the applied load, d is the indentation size, C is a constant, and n is the Meyer
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coefficient[139, 155, 156]. With comparison of Equations (2.20) and (2.21), it can be
found that hardness remains a constant independent of the applied load and the graph of
hardness against the applied load is flat when n equals to 2. However, for most ceramics,

n is normally greater than 2 and hardness decreases with increasing the applied load.

It has also been reported that the ISE was observed at elevated temperatures by
micro-indentation tests as for BSCF with the porosities of 4.5%[109] and 38%[112] as

shown below in Figure 2.15.

2.6.2.2 Effect of porosity on the hardness of BSCF

The hardness of BSCF with a porosity of 4.5% at RT is 5.8 GPa[109], while the
hardness of the sample with a porosity of 38% is 0.89 GPa at the same applied
loading[112]. Therefore, the hardness of BSCF is strongly dependent on porosity. The
indentation hardness of the sintered BSCF samples prepared in literature is a strong

function of the volume fraction porosity as illustrated in Figure 2.13 [109, 112].

2

= Reference
Linear Fit

R?=0.99
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T

Ln(Hardness/GPa)

o
T
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0.0 0.1 0.2 0.3 04
Volume Fraction Porosity
Figure 2.13 Hardness of BSCF as a function of porosity. The data points were obtained

from the references[109, 112].

The porosity dependence of hardness is consistent with the Minimum Solid Area (MSA)
model proposed by Rice[157, 158]. The MSA model has been employed to describe the
porosity dependence of mechanical properties, such as hardness[159, 160], fracture
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strength[161], and elastic modulus[159, 162] of a variety of ceramic materials. For
hardness, the MSA model can be represented by[158]

Hir = Hoexp(—bp) (2.22)
where H,;r is the measured indentation hardness, H, is the indentation hardness value
corresponding to a specimen with zero porosity, b is a material dependent constant and
p is the volume fraction porosity of the specimen. The hardness-porosity relationship
[Equation (2.22)] can also be written in a linearised form such that

In(H;p) = —bp + In(Hy) (2.23)
The linear fit to Equation (2.23) yields values of 8 GPa for H, and 3.4 for the constant

b, witha R? value of 0.99.

2.6.2.3 Effect of temperature on the hardness of BSCF

Both Chanda et al.[109] and Lipinska-Chwalek et al.[112] have found that the hardness
decreased with increasing temperature as shown in Figure 2.14. A similar indentation
size effect was also found at elevated temperature. The hardness decreased by around 35%
from RT to 400 <C for dense (4.5%) and porous (38%) samples. Because hardness is
dependent on the elastic and inelastic deformation, the decrease in hardness with
increasing temperature can be partially caused by the reduction in Young’s
modulus[109]. However, no recovery effect was observed for the hardness of BSCF at

400 <C, which differed from the trend in Young’s modulus.
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Figure 2.14 Hardness of BSCF as a function of temperature with different porosities:
(A) 4.5%; (B) 38%. The data points were obtained from references [109, 112].

2.6.3 Fracture stress

Fracture stress is another important parameter to define the mechanical properties of
brittle materials. The fundamental cause of fracture is that the chemical bonds are
broken between atoms and fracture always happens originating from a critical

defect[163]. The cohesive stress in theory is calculated by the following equation:
o, = |2 (2.24)

where E is Young’s modulus, ys is the surface energy and X is the distance between

atoms in equilibrium.

According to the study of fractography for brittle materials by Quinn[164], the fracture
stress of brittle materials is mainly influenced by the location of critical flaws and their
sizes. They can be located on the surface or close to the surface, also at the edge of
bar-shaped samples due to machining effect. It has been reported by Green[165] that
surface cracks are the most severe flaws, while voids in the bulk are the next severe

population.

With respect to uniaxial and biaxial bending tests, the highest probability of failure due
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to the flaws will be close to the location where the maximum tensile stress occurs. The
fracture stress scatter data related to the effect of the defect size distribution can be
evaluated statistically by a Weibull approach[166]. Weibull statistics are regarded as an
acceptable approach in engineering to evaluate the reliability of a material or
component[165]. It provides a way of accessing the dependability of the material,
disclosing the probability of failure at any selected level of stress[167]. The simplest
treatment of the size dependence of strength is through the application of Weibull
statistical fracture theory. According to this theory, the probability of failure of a

component, F is given by[168, 169]

F=1—exp[—(=)V,sf] (2.25)

Oc

where a,,,, is reference maximum stress in the stressed solid, m Weibull modulus, g,

characteristic strength, and V¢ effective stress volume defined by

ag

Verr = J(——)"dy (2.26)

Omax

where ¢ = local stress in an elemental stressed volume d,.

The fracture stresses of perovskite-structured materials with different porosities at
various temperatures are shown in Table 2.6. According to the literature, the fracture
stress depends on the measurement method, porosity and temperature. For BSCF, the
effect of the measurement method on fracture stress of BSCF will be discussed in
Chapter 4.2 below. The following discussion focuses on the effects of porosity and

temperature on fracture stress of BSCF.
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Table 2.6 Fracture stress of perovskite-structured materials with different porosities at various temperatures

Composition porosity | Grain size | Fracture stress(MPa) | Temperature Test methods References
(pm) ()
99 RT
58 200
52 300 Ring-on-ring
50 400
Bap.sSro.5C00.8F€0.203-5 68 500
74 700
5% 10.1 76 800 [141]
8% 86 RT Ring-on-ring [110]
9% 7 8644 RT Ring-on-ring
34% 31H RT Ring-on-ring
[83]
34 RT
32 200
30 400
36 600
38% 5 50 800 Ring-on-ring [112]
22 RT
16 200
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42% 30 800 Ring-on-ring [111]
Lag gSrg2C0g2Feg 035 4% 1.8 155 RT Biaxial [142]
Laolesr0,4C00,2F60_803-5 5% 2.9 165 RT
Lag 4Srg6C0g2Feg803.5 3.5% 6.3 52 RT
Lag »SrggCog2Feqg0a.s 5% 21.9 40 RT
Lag gSrg2CrooFepgOs.s 7% 2.1 243 RT [144]
LageSro.4Cro2FepsOss 3.2% 0.5 138 RT
LaoeSro1GaosMgo20ss | 5.1% | 3~5 164 RT [170]
55 900
Lag5Sros5C0g5Fe0 5035 3% 1.1 128 RT Four-point bending | [171]
166 800
181 1000
3% 1.4 71 RT
61 400
Lag 5Sr05C00.75F€0.2503-5 121 600
120 800
Lag5Srg5C003.5 1% 1.7 138 RT
181 800
LaggSrg2Co04.5 9.5% 2~3 76 RT [115]
57 850
LagsCap,C003.5 0.15% 1-2 150 RT
63 800
36% |9 123 RT [172]
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[173]

Lag.75Cap.25CrOs.5 64 600
62 800
59 1000

2.8% 6.6 107 RT

105 200

84 400

42 600

Lag7Cap3CrOs; 35 800
23 1000

4% 145 600

130 700

110 800

102 900
Lag.7Sr03CrO3. 91 1000
4% 210 600

190 700

La.5Sr05Cro8C00.203-5 157 800
143 900
126 1000

1% 79 RT

58 200

108 400

172 600

[174]
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189 700
202 800
La0,5Sr0,5Mn03-5
20% 38 RT
59 300
142 450
115 600
Lag.55r0.5Mno.96C00.0403-5 115 750
5% 140 RT [175]
247 125
LaCro9Mgo.1 Os-5 170 400
87 1000
Lay 7Sro303.5 6% 234 RT Three-point bending | [176]
Lag7Cap 3035 256 RT
4% 4.4 164 RT [177]
109 400
Lao.g755r0.12sMn0O3.5 150 800
222 1000
Lao_gsro_zGao_g5Mgo_1503.5 <5% 10~15 139 RT [178]
Lao.9Sr0.1Gap.sMgo.203-5 162 RT
Lao,BSro,zGao,gMgo,203_5 115 RT

67



CHAPTER 2 LITERATURE REVIEW

2.6.3.1 Effect of porosity on the fracture stress of BSCF

The dependence of fracture stress on porosity is consistent with the Minimum Solid
Area (MSA) model that has been proposed by Rice[157, 158]. In the case of fracture
stress, the MSA model can be represented by[158]

or = opexp(—bp) (2.27)
where o is the measured fracture stress, oy is the fracture stress value corresponding
to a specimen with zero porosity, b is a material dependent constant and p is the volume

fraction porosity of the specimen.

Figure 2.15 shows the fracture stress of the sintered BSCF samples as a function of the
volume fraction porosity. It is clearly shown that fracture stress decreases with
increasing porosity. The fracture stress-porosity relationship [Equation (2.27)] can also
be written in a linearised form such that

in(or) = —bp + In(gp) (2.28)
The linear fit to Equation (2.28) yielded values of 118 MPa for o, and 3.7 for the

constant b, with a R? value of 0.97, as shown in Figure 2.15

4.8

= Room temperature
Linear Fit
R?=0.97

Ln(Fracture stress/MPa)

w
[N}
T

1 1 1 !

0.0 0.1 0.2 0.3 04
Volume Fraction Porosity

Figure 2.15 Fracture stress of BSCF determined by ring-on-ring bending test as a
function of porosity. The data points were obtained from the references [19, 111, 112].
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2.6.3.2 Effect of temperature on the fracture stress of BSCF

For ceramic materials, the fracture stress normally decreases with increasing
temperature. This phenomenon of perovskite-structured materials can be clearly
observed in Table 2.6[115, 170, 172, 173]. However, some peroskite-structured
materials show an anomaly in fracture stress behaviour. In the case of
Lag5SrosFe1xCoxO3.5[171], the fracture stress increases with increasing temperature.
This anomalous behaviour can be ascribed to relaxation of the frozen-in stress gradients
at the surface of the materials during cooling[171]. For LaCry9Mgo1035[175] and
Lag g75Sr0.12sMNn0O3.5[177], it has been demonstrated that a phase transition from
rhombohedral to orthorhombic structure results in the anomalous behaviour of fracture

stress.

With regard to BSCF, the reason for its anomalous behaviour of fracture stress is
different from those of other perovskite-structured materials mentioned above.
According to the research by Huang et al.[19], the fundamental reason for this
anomalous behaviour can be related to spin transitions of Co*. For either dense or
porous BSCF, the fracture stress decreased with increasing the temperature up to 400 <C,
and then it increased with the temperature increasing up to 800 <C. For dense BSCF, the
fracture stress at 800 <C only recovered to 70% of its value at room temperature.
However, the fracture stress at 800 T was much greater than the value obtained at room
temperature for porous BSCF. According to the investigation of fracture surfaces of
porous BSCF by Lipinska-Chwalek[111], there were precipitates at the grain boundaries
of porous BSCF after the test at 800 <C. This additional phase possibly inhibited crack
propagation. With respect to the mechanical reliability of porous BSCF, the material

seems to be more resistant to failure at higher temperature. Different groups [19, 111,
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112] have investigated the fracture stress as a function of temperature for dense (4.5%)
and porous(38% and 42%) BSCF membranes as shown in Figure 2.16. Although the
fracture stress of BSCF strongly depends on the porosity, they showed the similar

tendency with a function of temperature.
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Figure 2.16 Fracture stress of BSCF with different porosities as a function of
temperature. The data points were obtained from the references [139, 149, 150].

2.6.4 Fracture toughness

Fracture toughness is a property that describes the ability of a material to resist crack
growth and fracture, and is one of the most important properties of ceramics considered
for design application[165]. There are different popular methods to determine the
fracture toughness, such as indentation crack measurement method, indentation strength
method, single edge notched beam, single edge V-notch beam and double torsion[165].
According to the summarised fracture toughness of perovskite-structured materials in
Table 2.7, it is dependent on the composition, measurement method, temperature,

porosity, and grain size.
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It has been reported by Huang et al.[179] that annealing has an influence on the fracture
toughness of BSCF determined by indentation strength method, and the value of BSCF
without annealing is approximately 33% lower than that of annealed ones. However, for
the similar perovskite material LagssSro4C0o2FeqsOs.5, the results revealed that
annealing almost had no influence on the fracture toughness. According to the literature
[180-183], the grain size can influence the fracture toughness. But in the case of BSCF,
there is no reference related with the effect of grain size on the fracture toughness. The
following discussion will focus on the influence of measurement method, porosity and

temperature on the fracture toughness of BSCF.
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Table 2.7 Fracture toughness of perovskite materials determined by different techniques at various temperatures

Composition porosity | Grain Fracture Temperature(<C) Test method references
Size toughness
(um) | (MPamn°)
0.85 RT
0.54 100
10.1 0.45 150
4.5% 0.44 200 Micro-indentation [141]
0.44 250
0.43 350
4.5% 10 0.9 RT Micro-indentation [109]
Bap.5Sro.5C00.8F€0.203-5 1.2
1.3
1.4
1.44
1.22 RT Indentation
0.75 200 strength(Ring-on-ring)
0.58 400
0.78 600
0.92 800
0.69 [179]
1.03 Indentation
10 RT strength(Ring-on-ring)
4.5% 0.96 Micro-indentation
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1.01
1.37 Indentation
strength(Ring-on-ring)
0.70 RT Micro-indentation
0.66 100
0.52 200
0.50 300
0.46 400
38% 5 0.60 RT Indentation [112]
0.52 200 strength(Ring-on-ring)
0.45 400
0.60 600
0.92 800
2.08 RT
2.00 200
1.49 400
1.37 600 Indentation strength(three-point
1.66 800 bending)
1.45 RT
1.07 200 [184]
1.14 400
0.98 600
1.35 800
LaggSrg2CopoFegs Os—5 | 4% 1.8 15 RT Indentation crack measurement | [142]
LageSrg4CogoFegs Os—s 5% 29 1.1
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Lag 4SrgeCog2Fegs O35 3.6% 6.3 0.95
Lag »SrpsC0og2Feps 03_5 5% 21.9 1.1
Lao_gSro_lGao_gMgo_203,5 5% 23.5 1.12 RT [145]
Lag.oBao1GapsMgo.20;-3 0.76
Lag.oCap1GagsMgo.203-3 0.68
LaolssrolzGaolgMgolloya 1.00
Lag.oSro.1Gao.ssMdo.15 1.1
O35
Lag.gSrp2Co O35 9.5% 2~3 | 0.73 RT [115]
LagsCap2C0 O;_5 0.15% |1~2 |0.98
BaTiOs 1.5% 1 RT [185]
Lag 76Srg.24Cr O35 8% 4.1 1.1 RT [172]
LaFeOs 4% 3.3 2.5 RT Single edge notched beam [114]
2.3 400
2.2 600
3.1 800
Lag5Srp5C003-;5 1% 1.7 1.47 RT [171]
2.88 800
Lao_gsro_lGao_sMgO.zoya 5% 23.5 2.06 RT [145]
1.95 200
1.05 400
0.76 600
0.81 800
0.97 1000
LaCrooMgo.10; 5 <5% 2.77 RT [175]
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3.93 125
2 1000
Lag5SrosFeosC00203-5 5% 1.1 1.16 RT Single edge V-notch beam [171]
1.48 800
2.26 1000
LaCoOs <7% <5 1.23 RT [186]
1.19 150
0.93 260
0.95 400
1.05 700
1.06 800
LaggCag,C00;-;5 <7% <5 1.92 RT
1.53 150
1.21 200
0.76 400
0.78 550
1.03 700
1.14 800
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2.6.4.1 Effect of measurement method on the fracture toughness of
BSCF

The indentation crack measurement method shows a unique simplicity and economy in
test procedure[187]. The value of fracture toughness can be easily determined from

indentation crack measurement[128]:

F
King = XS (2.29)

where Cy is the crack length and X:0.016(§)°-5 represents the elastic plastic behaviour.

Furthermore, Young’s modulus E and hardness H are also directly accessible from the
depth sensitive indentation test. However, this method is limited to a relatively low
temperature environment. As shown in Table 2.7, indentation strength method has been
also used to determine the fracture toughness of BSCF. The calculation of fracture

toughness can be expressed as [165]

13

1
Kic = 0.59(;)s[0yp3]+ (2.30)
where E is Young’s modulus; H hardness; oy fracture stress; P indentation load

The value of fracture toughness obtained from the indentation strength method at room
temperature was reported to be slightly higher than those determined by the other two
techniques, with an uncertainty of 10%. Both Huang et al. [179] and Chanda et al. [109]
determined the fracture toughness of BSCF as being in the range from 1 to 1.4
MPa m®°. According the results obtained from Chanda et al.[109], both the indentation
crack measurement and indentation strength method showed a very similar
temperature-dependence of the fracture toughness in a low temperature range. Beside

the similar values of fracture toughness obtained at room temperature, even at elevated
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temperatures, roughly the same proportion of reduction in the toughness was observed
in both methods. However, compared with the indentation crack measurement method,

the indentation strength method can be used at much higher temperatures.

Because of the limitations of the testing device, the fracture toughness evaluated by the
indentation crack measurement method at high temperatures (up to 800 <C) is difficult
to achieve. Therefore, the indentation strength method is a more practical option
particularly for membrane materials that are designed for high temperature in
applications. In this way, it requires no special sample preparation techniques. In the
case of highly porous membrane materials, the indentation crack measurement method
is difficult to determine the fracture toughness due to the difficulty of crack
measurement, while indentation strength method is considered to be a useful tool for
fracture toughness determination due to the lack of requirement for crack

measurement[188].

2.6.4.2 Effect of porosity on the fracture toughness of BSCF

Figure 2.17 shows the changes in fracture toughness of dense and porous BSCF as a
function of temperature. Below 800 <C, the fracture toughness of dense BSCF is higher
than that of the porous materials while both values become similar at 800 <C.
Considering the absolute values of fracture toughness of BSCF in Table 2.7, the values
obtained from dense BSCF (4.5%) were twice as large as those determined from porous
materials (38%) at RT. Therefore, the fracture toughness of BSCF is strongly dependent
on porosity. Rice et al. [159, 180] have demonstrated that the intrinsic fracture
toughness can be associated with the measured toughness according to the following
equation:

Kic = K;"exp(—bp) (2.31)
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where Kj. is the measured toughness; K;-° is the intrinsic toughness (when porosity
of the material is zero); b is a characteristic parameter; p is the porosity of the material.
Many researchers[162, 189] have summarised and reported that the b values for fracture

toughness are between 2 and 5.
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Figure 2.17 Fracture toughness of dense and porous BSCF as a function of temperature.
The data points were obtained from the references [109, 112].

Because there are not enough data points of fracture toughness from the references, the

intrinsic toughness cannot be obtained from the Equation (2.31).

2.6.4.3 Effect of temperature on the fracture toughness of BSCF

Huang et al. [19] first reported the fracture toughness for dense BSCF materials
between RT and 350 <C by indentation crack measurement method. The fracture
toughness was found to be strongly dependent on temperature and decreased sharply
from 0.85 to 0.43 MPam®® with temperature increasing from room temperature to
100 <C. Then it reduced slightly up to 350 <C. Further investigation of the fracture
toughness of dense BSCF has been performed using the indentation strength method
between RT and 800 <C by Chanda et al.[109]. It has been demonstrated that the

dependence of the fracture toughness of dense and porous BSCF on temperature shows
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a similar tendency as shown in Figure 2.18. The fracture toughness of BSCF reduced
from RT to 400 <C, and then increased up to 800 <C. For dense BSCF, the value
obtained at 800 <C was nearly 80% of that measured at RT while for porous BSCF, the

value at 800 <C was approximately 50% higher than that at RT.
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Figure 2.18 Comparison of normalised values of fracture toughness of BSCF with
different porosities determined by the indentation strength method in the temperature
range from RT to 800 <C. The data points were obtained from the references [109, 112].
Both data sets are normalised with respect to the RT values.

It has been shown that the fracture toughness of some perovskite-structured materials
increases with increasing temperature (Table 2.7). There are several possible reasons to
explain this behaviour, including phase transformation[176] and domain switching[186].
In the case of LaCro9Mgo103.5[175], the fracture toughness obtained at 125 <C was
higher than that determined at RT due to the existence of a phase transition from
rhombohedral to orthorhombic structure. The phase transition was also observed in
Laos5sSro4Coo2Feps035[179]. To be more specific, the transformation from
rhombohedral to cubic of Lags5Srg4CogoFeqs03.5 0ccurs between 700 T and 850 <T in
air, and correspondingly, a steep rise of the fracture toughness from 700 <C and 850 <C

is observed along with transition process[130, 179]. Phase transformation toughing is a

typical mechanism for increasing fracture toughness[165]. Orlovskaya et al.[186] have
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reported that domain switching also can cause an increase in fracture toughness of
LaCoOj3 due to the absorption of mechanical energy in the stress field near to a crack tip.
However, for BSCF, there is neither phase transition nor domain switching. The cause
of this behaviour is different from other perovskite-structured materials discussed above.
It has been found that the temperature—dependence of fracture toughness data showed a
similar tendency with the fracture strength obtained by Huang et al.[109]. It appears that
a strong decrease in fracture toughness was coupled to the decrease in elastic modulus
and both are related to the inherent bond strength. Since the fracture toughness is as a
function of the Young’s modulus and fracture strength according to the Equation (2.30),
the decrease in fracture toughness is partially due to the reduction in Young’s modulus.

According to Huang et al.[19], this can be attributed to the spin transition of Co**.

2.7 Mechanisms of failure

2.7.1 Subcritical crack growth

2.7.1.1 General background

Subcritical crack growth (SCG) is often regarded as ‘static fatigue’, ‘delayed fracture’,
‘environmentally-assisted cracking’ or ‘slow crack growth’, which is quite common in
ceramics subject to externally applied stresses[165]. During SCG, the inter-atomic
bonding at the crack tip is weakened by the chemical reaction with the environment,
which facilitates crack propagation at low stress levels and eventually leads to fracture
after a certain period of time[190]. SCG is not only related with stress conditions but
also associated with environments, such as temperature, humidity as well as the
chemistry of the atmosphere. Ceramic materials are normally sensitive to SCG when the

stress intensity factor is below fracture toughness[191]. It has been reported that SCG
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behaviour can be expressed by
v = AK"exp(=) (2.32)
where v is crack growth rate; A and n are constants that depend on the materials,

environment, and temperature; K is the stress intensity factor; Q is the apparent

activation energy; R is the gas constant; and T is absolute temperature.

It is well-known that under a certain threshold value of the stress intensity factor, there
is no crack propagation[192]. The higher value of the threshold, the higher the
reliability and consequently the lifetime are obtained. This threshold indicates an
inherent property for a given material, different to the widely used toughness which is
only applicable to fast crack growth. However, for ceramics which are sensitive to SCG,
their strengths increase with decreasing lifetime in real application conditions. Studying
SCG can predict the materials’ lifetime and consider the structural design of brittle
materials. The lowest crack growth rates are the most important for lifetime predictions.
With regard to lifetime predictions in particular, it is of considerable interest to acquire
information about very slow crack growth rates down to 10 m/s[193]. For the
ceramics under conditions of SCG, a finite lifetime has to be expected. When the crack
growth relation [Equation (2.32)] can be applied, the lifetime will be predicted
analytically. A variety of methods of plotting the K-v curves are available in the

literature[194, 195].

2.7.1.2 Measurement methods

In order to obtain the parameters of SCG, two different methods have been employed as

follows, referred to as constant load test and constant stress rate test.
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2.7.1.2.1 Constant load test

The SCG is often characterised by the dependence of the crack velocity, v, on the mode
| stress intensity factor K;, and is often expressed by the empirical power

relationship[196]

v = A(KK—[’C)” (2.33)

where A and n are constant for a given material and environment system, and K¢ is the
critical stress intensity factor or the fracture toughness of the material. The parameter n
IS a characteristic of the resistance of a material to SCG. A low value of n indicates a
high sensitivity to SCG. The K is determined by the following equation [196]:

K, = Yovc (2:34)

where o is the applied stress, Y is crack shape factor, and c is the crack length.

The specimens are subjected to different static loads under a prescribed duration At. The
crack length is measured by SEM or optical microscope, and v is defined as the ratio of

the crack increment 4c to the duration At:

Ac
V= (2.35)
Combining Equations (2.34) and (2.35), a K-v curve can be plotted. According to the
K-v curve, the SCG parameters can be calculated from the slope. Regarding BSCF, no

results of SCG parameters determined from this method were found in the literature.

2.7.1.2.2 Constant stress rate test

The SCG effect can be also assessed in a test with a constant stress rate &, where the

fracture stress oy is correlated with the stress rate using the equation[197]:

1 .
logoy = mloga + logD (2.36)
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where n and D (Pa/s) are the SCG parameters. It can be seen from this equation that

fracture stress depends on the stress rate. Bending tests normally are performed with

different stress rates to evaluate the sensitivity to SCG.

Table 2.8 SCG parameters of dense and porous materials at RT

Materials Porosity Parameters References
n D

Dense BSCF 4.6% 30 94 [125]

Porous BSCF 34% 83 29 [125]

Dense LSCF 4.1% 49 73 [125]

Porous LSCF 46% 0 20 [125]

Figure 2.19 shows the fracture stress of several perovskite materials as a function of

stress rate at RT. The results of SCG parameters are listed in Table 2.8. The parameter n

for dense BSCF and LSCF is lower than that of their porous counterparts, which

suggests that dense materials are more sensitive to the SCG effect. This can be ascribed

to the fact that in porous materials the crack tip is blunted by pores during crack

propagation. In addition, the parameter n of BSCF is lower than that of LSCF, which

implies that BSCF is more sensitive to the SCG effect at room temperature. For

comparison, much higher values of n ~ 50-70 have been reported for Al,03[198, 199].
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Figure 2.19 Fracture stress as a function of stress rate at room temperature. The data
points were obtained from the references[106, 125].
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2.7.1.3 The effect of temperature on SCG parameters

For ceramic materials, the SCG parameter n normally decreases with increasing
temperature[200]. It indicates that these ceramic materials are more susceptible to SCG
at higher temperature. There are several mechanisms responsible for the slow crack
growth process, i.e. stress corrosion, grain boundary sliding, thermally activated bond
rupture[201]. For example, no SCG was observed for silicon carbide at room
temperature[202]. However, SCG parameters (n) of silicon carbide are 110 and 16 at
800 < and 1400 <T, respectively[202]. Stress corrosion induced by oxidation was
suggested to be the mechanism operating at 800 <C while crack propagation by plastic
deformation at grain boundaries caused a lower parameter n at 1400 <C [202]. It is also
reported that no SCG for silicon nitride at room temperature. However, the SCG
parameter (n) was 10 at 1400 <C[203]. This indicates that silicon nitride was much more
susceptible to slow crack growth at 1400 <C due to grain boundary sliding induced by
the viscosity of grain-boundary phase[203]. The slow crack growth parameter n of
single-crystal alumina was reported to decrease with increasing temperature between

800 and 1500 T due to thermally activated bond rupture[201].

In terms of perovskite-structured materials, the value of n=30 for BSCF has been
determined by biaxial bending tests under different loading rates at RT[204]; while the
value of n=24 for Lag,SrogCoogFen203.5 was determined by four-point bending tests
under different loading rates at RT. However, a value of n=12 for Lag »SrosC0psF€.203-5
determined at 1000 <C has been reported[205]. This indicates that
Lag 2SrosCop gFep 203-5 perovskite membranes show little susceptibility to SCG at RT in
air. However, these membranes are more susceptible to SCG at 1000 <C due to the

decomposition and partial phase transitions from cubic to orthorhombic[205]. There is
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no literature as the SCG parameters of BSCF at high temperature.

2.7.2 Creep rupture

2.7.2.1 General background

Creep refers to a plastic deformation process that is the tendency of a solid material to
move slowly or deform perpetually under a fixed load at elevated temperature. It occurs
because materials are exposed chronically to high levels of stress that are below the
yield strength or ultimate strength of materials[206]. It commonly occurs when the
temperature is above 0.4T, (absolute melting temperature), but the stress is below the
yield strength of the material. Normally, the strain rate enhances with increasing the
temperature [54, 207, 208]. Generally, creep can be reported by three different stages:

primary, secondary and tertiary creep as shown in Figure 2.20[16]:

A€ B-€

t i | 1

Figure 2.20 (A) Three stages of creep in tension: I) primary Il) secondary Ill) tertiary;
(B) Three stages of creep in compression: I) primary Il) secondary Ill) tertiary

In the initial stage (primary creep), as the strain increases, the strain rate slows down but
remains relatively high. This is because of work hardening. In the secondary stage
(steady-state creep), the strain rate arrives at a minimum and becomes a stable value,
because work hardening and annealing (thermal softening) have reached a dynamic

balance. Generally, the strain rate of creep refers to the rate in the secondary stage. In
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the tertiary stage (accelerating creep), this is mostly a period when deformation rate
exponentially increases due to impending fracture, which finally results in the failure of

the materials[209, 210].

For many ceramics, the creep rate in the secondary stage is mathematically described by

the following equation[211]:

de 1 m.n _E_a
£ = AGY (Py,)" 0" exp(— 22 (237)

Where‘;—i is the steady-state creep rate, A is a constant, d is the grain size, p is the inverse
grain size exponent, Py,is the partial pressure of oxygen, m is the oxygen partial
pressure exponent, o is the applied stress, n is the stress exponent, E, is the activation
energy, R is the universal gas constant and T is the absolute temperature. Py,, T and o

can be controlled during the experiment. Note that the parameters n, m and p are
. . . de de de 1

determined by the linear regression of Ind—t: f (Ino), Ind—t: f (InPy,) and InE: f (Inz),

respectively[212]. Therefore, their average values of the fitting parameters are used in

Equation (2.37).

2.7.2.2 Creep mechanisms

It is apparent that the creep mechanisms are dependent on grain size, loading stress and
temperature as well as atmosphere according to the equation (2.37). Although there are
several mechanisms proposed, generally three main mechanisms are the controlling
factors in creep behaviour, e.g. diffusion, dislocation movement and grain boundary

sliding[165].

Diffusion-controlled creep includes vacancy movements along the grain boundary or

through the lattice. With regard to the inverse grain size exponent, p=2 indicates that the
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creep is primarily dominated by the lattice diffusion (Nabarro-Herring creep) whereas
p=3 demonstrates that the creep is controlled by the grain boundary diffusion (Coble
creep)[54, 207]. Dislocation creep is controlled by the movement of dislocations,
including glide and climb[16]. This creep process allows the dislocation to move to an
adjacent slip plane in a short range[16]. It has been reported that dislocation creep is
independent of grain size and normally exists in metals under high applied stress and
relatively low temperature[213]. Grain boundary sliding normally happens in ceramic
materials due to the formation of glassy phase in their grain boundaries at high

temperature[165].

Figure 2.21 shows how creep parameters are related to the creep mechanisms.
Diffusional creep is promoted by low stress while dislocation creep is dominant of high
stress[165]. Additionally, Coble creep dominates over Nabarro-Herring creep at lower

temperature and with finer grain size[165].
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Figure 2.21 The relationship of creep parameters and mechanisms[165]

2.7.2.3 Creep behaviour of BSCF

In the case of the industrial application of BSCF membranes, the stress is generated
from the oxygen chemical potential gradient through the membrane and the completely
different pressures between feed and permeate sides at high temperature[214, 215]. In
order to maintain the structural stability over a long period of operation, creep behaviour
is one of the key parameters to estimate the lifetime limits[106]. Creep rates of BSCF

are shown in Table 2.9 with various applied stresses, grain sizes as well as temperatures.
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To be more specific, creep rate increases with increasing applied stress at the same
temperature; it increases with the decrease in grain size under the same applied stress at
the same temperature; and it increases with increasing temperature under the same
applied stress.

Table 2.9 Creep rates in air for perovskite-structured BSCF materials under different

conditions
Materials Stress | Temperature | Creep rate | Grain size | Reference
(MPa) | () (s™H) (wm)
800 3x10~°
850 8x10~?
5 900 1x10~7
950 4x1077
800 5x10~°
850 11078
10 900 310~/
950 5x10~7
850 2x1078
900 6107
15 950 810~
oL 107 [216]
850 4x1078
Bag 5Srg5C00.8F€0.205-5 900 7x10~7 6.9
20 900 3x10~8
950 1.5x1077
700 1.3x10~°
800 1.5%10~°
850 2.3x107°
900 5x10~8
30 950 | 26x107 | 29 212]
900 11078 88
950 6x10°8
875 4x1078
900 7x1078
925 1.1x1077 140
950 5x10~7
900 1.7x1077
925 4.5x10”7
63 950 1.3x107° 29
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2.7.2.3.1 Activation energy (Q)

Figure 2.22 shows the Arrhenius plots of the creep rates of BSCF measured in air. With
respect to the activation energy (Q) in the Equation (2.37), it can be determined from
the linear regression of a plot of In(creep rate) versus inverse temperature at a constant
load. The activation energy for creep of BSCF is determined to lie in the range from 287
to 338 kJ/mol. As the activation energy for oxygen diffusion in BSCF varies from 50 to
92 kJ/mol [212, 216], which is much smaller than the activation energy for creep of
BSCEF, it is suggested that the creep rate of BSCF is controlled by the diffusion of

cations.

| m Yietal; Q=287 kJ/mol
@® Rutkowski et al; Q=338 kJ/mol
2_
- —R*=0.98
— R?=0.95

In(lcreep rate/s’)

20 N 1 N 1 . 1 "
8.0 8.4 8.8 9.2 9.6

10000/T

Figure 2.22 Arrhenius plots of the creep rate of BSCF measured in air. The data points
were obtained from the references [212, 216].

2.7.2.3.2 Stress exponent (n)

Figure 2.23 shows applied stress as a function of the creep rate measured for two BSCF
samples. The stress exponent (n) of the two samples is determined to be 0.76 and 1.7,
respectively, depending on their grains size, service temperature and the range of the
applied stress. These values of the stress exponent n suggest that the creep of BSCF is

dominantly governed by diffusion between 5 and 60 MPa around 900 <C.
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Figure 2.23 Applied stress dependence of the creep rates measured for BSCF. The grain
sizes were 6.9 and 29 um, respectively. The data points were obtained from the

references [212, 216].

2.7.2.3.3 Inverse grain size exponent (p)

Figure 2.24 shows the dependence of the grain size on the creep rate measured for four

BSCF samples under different experimental conditions. The inverse grain size exponent

is determined to be around 2.5 in a grain size range from 2.5 to 17.4 um, suggesting that

the creep is governed by both lattice and grain boundary diffusion[212, 216]. However,

the inverse grain size exponent is around 2 in a grain size range from 29 to 140 um,

which implies that the creep is dominantly controlled by the lattice diffusion.

-10
M Yietal; p=2.42; 10MPa,880°C; a grain size range from 2.5 to 17.4 pm
Yi et al; p=2.66; 20MPa,880°C;
Rutkowski et al; p=1.72; 30MPa,900°C; a grain size range from 29 to 140 ym
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Figure 2.24 Grain size dependence of the creep rate measured for BSCF ceramics under
different conditions. The data points were obtained from the references [212, 216].
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Chapter 3 Experimental procedures

In order to obtain comprehensive information regarding sintering behaviours and
mechanical properties of BSCF oxygen transport membranes, the experiments in this
study were carried out to establish microstructure and mechanical property relationships
of BSCF. In addition, the effect of Ni doping on the sintering behaviours and
mechanical properties of BSCF was also evaluated. The fracture stress was determined
by uniaxial and biaxial bending tests in the temperature range from RT to 800 <C. The
hardness was measured by micro-indentation test at RT. The Young’s modulus was
determined by uniaxial and biaxial bending tests between RT and 800 <C as well as
micro-indentation test at RT. The fracture toughness was measured by indentation
strength method between RT and 800 <C and indentation crack measurement method at
RT. The subcritical crack growth (SCG) behaviour of BSCF was assessed by constant
load method at RT and by constant stress rate method at 800 <C. On the basis of SCG
parameters, the strength-probability-time (SPT) diagram can be also constructed for
design proposes. Microstructures of the samples were characterised by scanning
electron microscopy (SEM) and electron backscatter diffraction (EBSD). Phase analysis

was carried out by X-ray diffraction (XRD).
3.1 Sample preparation

3.1.1 Bay5Sro5C0gsFep 2035

Bap 5SrosCoo sFep20s—s powders used in this study were supplied by Treibacher
Industrie AG, Austria[100]. The powder was uniaxially pressed at a pressure of 100

MPa in a cylindrical stainless steel die. Cold isostatic pressing was used prior to
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sintering. In order to investigate the effect of sintering temperature on sintering
behaviours and mechanical properties, a first group of BSCF samples was sintered at a
number of temperatures ranging from 900 to 1150 <C for 10 hours in air and nine
different sample types were obtained with various relative densities and different grain
sizes. To evaluate the influence of dwell time on sintering behaviours and mechanical
properties, a second group of BSCF samples was sintered at 1100 <C for different
periods of time ranging from 1 to 100 hours and six different sample types were
obtained with similar relative densities and different grain sizes. A third group of BSCF
samples was sintered according to the following 3>3 temperature-time matrix. The
sintering temperatures were 1075 <C, 1100 <C and 1125 <C and the dwell times were 5,

10, and 24 hours.

All the heating and cooling rates during the process of sintering of the samples above
were set to be 180 <T/hour. The samples were cut into disc-shaped and bar—shaped
samples using a diamond cutting blade in a precision cut-off machine (Accutom 5,
Struers). The samples were ground with SiC paper with different grit sizes from P400 to
P1200, and then polished with diamond paste descending from 6 pum to a final stage of

0.25 pm. The BSCF materials sintered under different conditions are listed in Table 3.1
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Table 3.1 BSCF sintered under different conditions and corresponding abbreviations

Number | Temperature(<C) | Time(hour) | Abbreviation
#1 900 10 900-10
#2 950 10 950-10
#3 1000 10 1000-10
#4 1025 10 1025-10
#5 1050 10 1050-10
#6 1075 5 1075-5
#7 1075 10 1075-10
#8 1075 24 1075-24
#9 1100 1 1100-1
#10 1100 5 1100-5
#11 1100 10 1100-10
#12 1100 24 1100-24
#13 1100 50 1100-50
#14 1100 100 1100-100
#15 1125 5 1125-5
#16 1125 10 1125-10
#17 1125 24 1125-24
#18 1150 10 1150-10

3.1.2 Bag 5Sro5(C0og gFeg.2)1-xNixOs.5

Bap.5Sro5(CoosFe0.2)1-xNixOss (BSCF-Ni) powders with X=0, 0.02, 0.04, 0.06, 0.08,
0.15, 0.20, and 0.25 were supplied from Huanghai Lu who is a colleague of my research
group in this study. The detail of powder preparation and other properties can be found
in the reference[217]. Disc-shaped samples were obtained by uniaxial pressing at a
pressure of 100 MPa and were then sintered at 1100 <C for 10 hours in air. They were
used to investigate the effect of the Ni doping on microstructural evolution and
mechanical properties. The compositions of Ni-doped BSCF samples sintered at

1100 <C for 10 hours are listed in Table 3.2
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Table 3.2 The BSCF doped with different Ni content sintered at 1100 <C for 10 hours
and corresponding abbreviations

Number Composition Temperature | Time | Abbreviation
(T) (hour)

#19 Ba(),ssr0_5(C00_8F60,2)0_98Nio,0203-5 1100 10 BSCF-Ni2
#20 Bao_ssro.5(COO.8FEO_2)0.96Nio_o403-§ 1100 10 BSCF-Ni4
#21 Ba(),ssr0_5(C00_8F60,2)0_94Nio,0503-5 1100 10 BSCF-Ni6
#22 Bao_5Sr0.5(COO.8FEO_2)0.92Nio_ogOg-@ 1100 10 BSCF-Ni8
#23 Bao_5Sr0.5(COO.8FEO_2)0.35Nio_1503-§ 1100 10 BSCF-Ni15
#24 Ba(),ssr0_5(C00_8F60,2)0_80Nio,2003-5 1100 10 BSCF-Ni20
#25 Bao_5Sr0.5(COO.8FEO_2)0.75Nio_2503-§ 1100 10 BSCF-Ni25

To study the effect of Ni doping on sintering mechanism of BSCF, the sample with a
Ni-doping content of 8 mol%, BagsSros(C0osFeo2)o.92Nio 08035 powder was studied by
using different sintering conditions. In one case, the sintering time was fixed at 10 hours
and temperatures ranging from 1000 <C t01200 <C were used. In the other case, the
sintering temperature was fixed at 1100 <C, and the sintering time varied from 1 to 50
hours. After sintering, the Ni-doped BSCF samples were ground and polished using the
same procedure as that used for the pure BSCF. The BSCF-Ni8 samples sintered under
different conditions are listed in Table 3.3

Table 3.3 The BSCF-Ni8 sintered under different conditions and corresponding
abbreviations

Number | Temperature | Time | Abbreviation
() (hour)

#26 1000 10 Ni8-1000-10
#27 1025 10 Ni8-1025-10
#28 1050 10 Ni8-1050-10
#29 1075 10 Ni8-1075-10
#30 1100 1 Ni8-1100-1
#31 1100 5 Ni8-1100-5
#32 1100 24 Ni8-1100-24
#33 1100 50 Ni8-1100-50
#34 1125 10 Ni8-1125-10
#35 1150 10 Ni8-1150-10
#36 1175 10 Ni8-1175-10
#37 1200 10 Ni8-1200-10
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3.2 Uniaxial bending tests

The BSCF sintered at 1100 <C for 10 hours were cut into bar-shaped samples and they
were without introducing machine damage. The dimension was about 2.1>2.3x14 mm?,
The three-point bending test was conducted as a uniaxial stress test to measure the
fracture stress and Young’s modulus of BSCF. The mechanical test machine (Instron
5569) is shown in Figure 3.1. Before testing the samples, the machine compliance was
characterised at a given temperature (RT, 200, 400, 600, 800 <C). The displacement in
the loading system (machine compliance, dc) was recorded by the sensor. To measure
the fracture stress and Young’s modulus, each test sample was put in the fixture, as
shown in Figure 3.1. The test piece was in good contact with the supporting and loading
rods as shown in Figure 3.2. The test force was applied at a specified rate of 100 N/min
by a computer-driven load cell and a sensor was used to record the applied load versus
the displacement of the samples. After testing the samples, the displacement (dg)
recorded by the sensor was taken as the sum of the displacements in the samples (ds)
and the loading system (dr=ds+dc). The maximum load at fracture was used for the
calculation of fracture stress [Equation (3.1)] and the linear part of the
load-displacement curve and the sample displacement (ds) were used to determine the
Young’s modulus [Equation (3.2)]. The load was applied within an accuracy of 0.01 N
and the displacement measurement was recorded within an accuracy of 0.001 mm.

Thermocouples were used to monitor the temperatures of the test specimens.
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Figure 3.1 Image of mechanical machine (Instron 5569)
A schematic diagram of the three-point bending test is shown in Figure 3.2. The
calculations were performed using the procedure based on ASTM Standard C

1161[218].

Figure 3.2 The schematic diagram of three-point bending test

The fracture stress is calculated using the following equation:

3FL
O'f = 2bh2 (31)

The Young’s modulus E is calculated using the following equation:

_ L34F
" 4bh3Ad

(3.2)
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where F is the load, L is the distance between the two support points, b is the width of
the cross section under the applied load, and h is the thickness of the specimen. The
mean values of b, h, L were 2.1, 2.3, and 8 mm, respectively. d is the central deflection

of the specimen.

At RT and 800 <C, 10 specimens were tested to obtain fracture stress and Young’s
modulus. Between 200 <C and 600 <C, 5 specimens were tested for each temperature.
For the tests at elevated temperatures, a heating rate and a cooling rate of 180 <C/hour
were used, and a dwell time of 1 hour was chosen to reach a uniform temperature all

over the sample before testing in air.

3.3 Biaxial bending tests

In order to compare with the uniaxial bending tests, the ring-on-ring bending test was
also employed as a biaxial bending test to measure fracture stress and Young’s modulus.
The disc-shaped samples sintered at 1100 <C for 10 hours were applied in these tests,
and they were without introducing machine damage. The thickness was approximately 1
mm, and the diameter was around 21.8 mm. The variation of the thickness of the test
specimens was less than 0.02 mm. Before testing the samples, the machine compliance
was characterised at a given temperature (RT, 200, 400, 600, 800 <C). The displacement
in the loading system (machine compliance, dc) was recorded by the sensor. To measure
the fracture stress and Young’s modulus, each test sample was put in the fixture, as
shown in Figure 3.1. The test piece was in good contact with the supporting and loading
rods as shown in Figure 3.3. After testing, the displacement (dg) recorded by the sensor
was taken as the sum of the displacements in the samples (ds) and the loading system

(dr=ds+dc). The test force was applied at a specified rate of 100 N/min by a

97



CHAPTER 3 EXPERIMENTAL PROCEDURES

computer-driven load cell and a sensor was used to record the applied load versus the
displacement of the specimen. The maximum load at fracture was used for the
calculation of fracture stress [Equation (3.3)] and the linear part of the
load-displacement curve and the sample displacement (ds) were used to determine the
Young’s modulus [Equation (3.4)]. The load was applied within an accuracy of 0.01 N
and the displacement measurement was recorded within an accuracy of 0.001 mm.
Thermocouples were used to monitor the temperatures of the test specimens. The

schematic picture of the test is displayed in Figure 3.3:

Figure 3.3 Schematic representation of the ring-on-ring test: (A) overview;
(B) cross-section

The test conditions are in accordance with the ASTM standard C1499-05[123]. The

fracture stress was calculated using the following equation:

0 = o [(1 +v) In (2) + 22 ()] (33)

27‘[th2 2 T32

The Young’s modulus E is calculated using the following equation:

2y 2 2 N 2 2
E=2n () —1-m(B) G T G4

27‘[th3Ad r1 E 7‘227‘3
where P is the loading force, t; is the specimen thickness, v is the Poisson ratio,
r1,77,13 are the radii of the loading ring, the supporting ring and samples, respectively.
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The values of t, ,r,7,, and 3 were 1.0, 1.9, 8.4, 21.8 mm, respectively. Likewise, the

mean values of the tests were also obtained. d is the central deflection of the specimen.

At RT and 800 <C, 10 specimens were tested to obtain fracture stress and Young’s
modulus. Between 200 <C and 600 <C, 5 specimens were tested for each temperature.
For the tests at elevated temperatures, a heating rate and a cooling rate of 180 <C/hour
were used, and a dwell time of 1 hour was chosen to reach a uniform temperature all

over the sample before testing.

3.4 Micro-indentation test

The micro-indentation test is widely used to measure the mechanical properties of brittle
ceramics[128]. Depth-sensitive indentation is widely used to determine the
hardness[128]. In order to be comparable with the hardness values reported in the
literature, a Vickers indenter was used in the present study. The tip is pyramid-shaped

and has 4 sides with an angle of 136 “between opposite sides[127].

Vickers
indentation

Figure 3.4 Schematic indentation impression[141]
Figure 3.4 shows the typical Vickers indentation. The hardness H;r can be derived

as[141, 219];

=

HIT == (35)

4
where Fy is the maximum load, A, is the projection area of the impression. The
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calculation of indentation Young’s modulus E;r is based on[128]:

(1_V52)
EIT == m—) (36)
Er  E;

where E; is the Young’s modulus of the indenter(1141 GPa for diamond); vs v; are the
Poisson’s ratio of the tested samples and indenter(0.07 for diamond), respectively. The
reduced modulus E,, which is calculated from the indentation data is defined as[128]:

Vi S

TN

(3.7)

where /£ is indenter constant; S is the maximum slope of the load-displacement curve;

A, is the projected contact area at applied load.

The indentations were made on the polished faces of the BSCF samples using a
diamond indenter (CSM Instruments, Peseux, Switzerland). The tip geometry and
machine compliance were calibrated prior to testing in order to make the data more
reliable and reproducible. The procedures of making indentations were followed by a
sequence of loading (30 seconds), dwelling at the maximum load (10 seconds) and
unloading (30 seconds). Two 1010 indentation matrices per sample were made, and the
distance between adjacent points was more than 5 times the indentation size.
Indentations with surface chipping were not included in the analysis. All the values of
hardness were calculated by software (Wilson Tukon 2100, Instron, Germany), as

described in Appendix A.

3.5 In situ observation of crack growth with annealing

BSCF samples sintered at 1100 <C for 10 hours were used for in-situ observation of
crack growth at high temperature. Before the observation, a Vickers indentation at a

load of 10 N was made on each sample. The samples were heated from RT to target
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temperatures (100, 200, 300, 400, 500, 600, 700, 800 <C), using a hot stage (TS1200,
Linkam Scientific Instruments as shown in Figure 3.5) fitted to an optical microscope
(Olympus BH-2-UMA). The heating rate and cooling rates were both 10 <T/min. The
samples were held at each target temperature for 10 mins in order to reach a uniform

state. Then the crack length measurement was made at target temperature.

Figure 3.5 Hot stage for the optical microscope

3.6 Subcritical crack growth tests

The samples sintered at 1100 <C for 10 hours were used to investigate subcritical crack
growth (SCG) at RT and 800 <C in air using the constant load method and constant
stress rate method, respectively. SCG parameters can be determined from this study. On
the basis of these parameters, the strength-probability-time diagram will be constructed
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for design proposes.

3.6.1 Constant load method at room temperature

The ring-on-ring bending configuration was carried out using the constant load method.
The SCG rate is characterised by the dependence of the crack velocity, v, on the mode I

stress intensity factor K, and is expressed by the empirical power relationship[220]:

v = Ay ()" (3.8)
where Ao and n are constant for a given material, and K¢ is the critical stress intensity
factor or the fracture toughness of the material. The average crack growth rate was

measured by the increase in crack length (4¢) before and after the experiment during the

elapsed time (4¢) as follows:

__Ac

v=— (3.9)
The stress intensity factor K is determined by the following equation [220]:
K =Yovc (3.10)
The stress can be obtained from Equation (3.11).
__ 3P ) 1—v rzz—rlz
0=z [+ In (—1) + T( = )] (3.12)

The parameters of the ring-on-ring bending test were the same as described above.
BSCF samples were indented in air at a load of 10 N. In order to eliminate residual

stress around the indented areas, the samples were annealed at 800 <C for 30 mins.

The samples were subjected to different static loads under a prescribed duration At. The
prescribed durations were 10 s, 100 s, 1000 s, 1 hour, 10 hours, 100 hours and 14 days.
The stress intensity factor was in the range from 0.54 to 0.75 MPa m®°. When the stress

intensity factor was over 0.75 MPam®®, it is difficult to control the crack growth
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because the sample fractured so fast. The crack length was measured via SEM after
unloading, with a precision of #0.1 um, and v is defined as the ratio of the crack

increment Ac (the crack length from c; to ¢;) to the duration 4¢ (the time from t; to t,):

=21 (3.12)

- tr—tq
The corresponding average intensity factor can be determined as follows:

fttlz Yo+cdt

tr—t1

(3.13)

3.6.2 Constant stress rate at 800 <C

Ring-on-ring bending tests were used to investigate the slow crack growth at 800 <T in
air. The preparation of disc-shaped BSCF samples sintered at 1100 <C for 10 hours was
the same as before (chapter 3.3). Four different loading rates, 0.1 N/min, 1 N/min, 10
N/min, and 100 N/min, were used, corresponding to the stress rates of 0.1012 MPa/min,
1.012 MPa/min, 10.12 MPa/min and 101.2 MPa/min. Five samples were tested at each
loading rate at 800 <C in air. Each sample was held at 800 <C for 1 hour before testing.
The heating rate was 180 <T/hour. The SCG effect can be assessed in a test with
constant stress rate &, where the fracture stress o is correlated with the stress rate
using the equation[197]:

logoy = ﬁloga’ + logD (3.14)
where n and D (Pa/s) are the SCG parameters. The stress rate is calculated from[123]

. 3P
- Zﬂthz

[(1+v) i (2) + 5 (ﬂ)] (3.15)

2 T32
where P is the load rate (N/min), other parameters have the same meaning as in
Equation (3.3).

The SCG parameters n and D are then determined by a linear regression analysis using
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log fracture stress as a function of log stress rate. The slope of the linear regression line,

a, can be calculated as[197]:

a= K %<1 (log djlog a;)— (5 log ) -y log o)) (3.16)
KK (log 5 ~(Z log o))’ |

and 4; are the fracture stress and stress rate of

where K is the sample size, o; i

]

individual test samples, respectively. The SCG parameter n is calculated as n =

(1/a) — 1.

The intercept of the linear regression line is calculated as[197]:

_ &falogo)) 510 6)*~(5%1 (g 6jlog o)) (5 tog o))
K219 0l og )

B

(3.17)

The SCG parameter D is calculated as D = 105,

3.7 Microstructural and chemical analysis

As introduced previously, the cubic structure of BSCF exhibits high permeation.
Therefore, phase identification is very important. The phases present in all of the BSCF
samples were determined by X-ray diffraction (XRD; PW1830, Philip, Eindhoven, the
Netherlands) with CuK, radiation (A=1.54060 A) operating at 40 kV/40 mA. Each
sample was step-scanned from 20 to 85“°with a step size of 0.05°and a dwell time of 8
seconds. The phase identification was established using High-Score Plus software
(Philip). The patterns were refined by TOPAS software (Bruker 4.2). The Lorentz
Polarisation factor was fixed to 17. The parameter of the instrument was fixed to the
following values: Primary radius 173 mm, Secondary radius 173 mm, Receiving slit
width 0.2, FDS angle 1, Full Axial Convolution and Filament length 12mm, Sample
length 15mm, Receiving Slit length 12 mm, Primary Sollers 2.3 and Secondary Sollers

2.3. The background was fit by Chebychev polynomials of 3" order. The peaks were fit
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using PV_TCHZ function. The refined parameters were zero error, the lattice parameter
and crystal size. The cubic phase was refined using Tomkiewicz, A.C structure
model[221] based on a cubic cell (Pm-3m). The Debye-Waller factor B of oxygen atom
was fixed at 1.0 due to the insensitivity of laboratory XRD used in this study. This
relatively simple model gives very reproducible results. The error bars in the figures

refer to error of the fitting during the refinement.

Microstructural investigations of the samples were carried out by scanning electron
microscope (SEM, Quanta 650) and electron backscatter diffraction (EBSD). As
reported, grain orientation has an influence on the mechanical properties of ceramic
materials. To identify the orientation of the grains, EBSD measurements were used on
the surface of the samples. To ensure a good pattern quality, in this case one more
polishing step was performed dowm to a 0.04 um finish using an OPS colloidal silica
suspension. These EBSD measurements were taken using EBSD detector with HKL
CHANNEL 5 Oxford Instruments software attached to a SEM(FEI, Quanta 650). The
results were obtained with an accelerating voltage of 20 kV and a probe current of 20
nA. The sample tilt was 70 degrees and the working distance was 15 cm. The chemical
composition was determined by energy-dispersive X-ray spectroscopy(EDX) equipped
on a SEM (FEI, Quanta 650). In order to observe crack path below the surface, the
focused ion beam (FIB, Quanta 3D, FEI) was used to cut the grain with an accelerating

voltage of 30 kV and a tilt angle of 52 degrees.

The density was determined by Archimedes method[222]. The grain size was analysed

by EBSD method using the area counting technique. To be more specific, the diameter

was calculated by the equivalent area (D = \/%). The large number of grains was

analysed to ensure that a representative average value could be measured for the
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samples. The pore size was measured by the Image-Pro Plus 6.0 software.

3.8 Thermal property characterisation

For the evaluation of mass loss during sintering, thermogravimetry (TG, SETARAM,
K/SETEVO15-1A) of BSCF was carried out between RT and 1150 <C in air. The
heating and cooling rates were 180 <T/hour. When the temperature reached 1000 <C,
every interval of 25<C was held at target temperature for 10 hours. The change in mass
was recorded as a TG curve. The measurement of temperature was recorded within an

accuracy of 0.01 <C, while mass was recorded within an accuracy of 0.02 pg.
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Chapter 4 Results and discussion

4.1 Sintering behaviours of perovskite-structured BSCF

membranes

In this section, the sintering behaviours of BSCF ceramics are presented and discussed.
The results described include powder characterisation, phase identification, relative

density, quantitative analysis of the grain growth behaviour and sintering mechanisms.

4.1.1 Powder characterisation

The XRD pattern of the starting BSCF powder is shown in Figure 4.1. The powder is
identified as a single phase cubic perovskite structure and the diffraction peaks
correspond to the reflections (100), (110), (111), (200), (210), (211), (220), (300), (310),
(311), and (321). The XRD analysis is in agreement with the results of previous
work[13], which has revealed no other phases in the starting powder. Thus, it can be
inferred that the starting powder is highly crystalline and composed of pure cubic BSCF

particles.
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Figure 4.1 XRD pattern of commercial BSCF powder at room temperature
The particle size distribution of the powder is shown in Figure 4.2, which shows a broad
range of particle sizes with a bimodal distribution. The average particle size is

determined to be around 3 pm.
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Figure 4.2 Particle size distribution of the starting commercial BSCF powder

SEM micrographs of the powder (see Figure 4.3) confirmed the presence of soft

agglomerates and a wide primary particle size distribution.
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Figure 4.3 SEM of the commercial BSCF powder exhibiting the presence of soft
agglomerates.

4.1.2 X-ray diffraction

Figure 4.4 shows the room temperature XRD patterns of the BSCF samples sintered
under different conditions in this study with all peaks corresponding to the ICSD card
NO.109462[223]. All peaks are well indexed as a cubic perovskite structure in line with
previous reports [224-226]. Even at high temperatures, up to 1150 <C, the BSCF
samples do not decompose and no other phase can be found by XRD. This means that

BSCF exhibits good phase and structure stability at high temperature in air.
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Figure 4.4 XRD patterns of BSCF samples sintered under different conditions: (A) sintered at 1100 <C for different time; (B)

sintered at various temperatures for 10 hours
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Figure 4.5 shows the lattice parameters of BSCF sintered under different conditions
determined using Rietveld refinement on the basis of the XRD data. The lattice
parameter of the starting powder at room temperature is determined as 3.9790 A in this
work, which is similar to the diffraction data of BSCF reported by Koster et al. (3.9830
A)[227]. As shown in Figure 4.5(A), the lattice parameter of BSCF increases from
3.9862 to 3.9905 A as the dwell time increases from 1 to 10 hour at 1100 <C.
Subsequently, the lattice parameter shows little change from 10 to 100 hours. For a
given sintering time (10 hours) in Figure 4.5(B), it can be observed that the lattice
parameter increases linearly with increasing sintering temperature, which is consistent
with the results obtained by Wang et al.[45]. Within the temperature range studied, the

maximum variation of the lattice parameters of BSCF is 0.32%.
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Figure 4.5 Lattice parameters as a function of (A) dwell time and (B) sintering
temperature

Figure 4.6 shows the weight change of BSCF sintered between 1000 <C and 1150 <C. In
the whole temperature range covered (between 1000 <C and 1150 <C), the weight of
BSCF keeps decreasing. Between 1000 <C and 1100 <C, the weight loss predominantly
occurs during the heating up stage, and when the samples are held at a certain
temperature, there is little weight loss. Between 1125 <C and 1150 <C, the weight loss is

higher than that between 1000 <C and 1100 <C. Also, when the samples are held at
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1125 <C and 1150 <C, the weight loss can also be observed and the weight loss at
1125 <T is similar to that at 1150 <C. According to the research from other groups [24,
36, 228, 229], the weight loss is mainly associated with the loss of lattice oxygen. This
causes the formation of oxygen vacancies and the valence change of transition metal

ions. The associated reaction can be written in the Kroger-Vink notation as[16]

0% + 2M;, w%oz T 4V, + 2M¥ (4.1)
where M refers to Fe or Co. The weight losses at 1125 <C and 1150 <T are heavier,
which suggests that the loss mechanism of lattice oxygen in this range becomes more
active. It has been reported [24, 228, 229] that these changes are closely linked with the
decrease from high valence state Fe*" and Co®" to low valence state Fe?* and Co?*, with

the loss of lattice oxygen, which also can be expressed by

2Cog, + 0% © 2Cof, + Vo +50, 1 (4.2)

2Fe;,, + OF o 2Fef, + Vo +0, 1 (4.3)

The loss of oxygen results in oxygen vacancies. In order to maintain the charge
neutrality, high valence state Fe** and Co** can be changed into Fe?*and Co** and the
effective ionic radii are enlarged[230]. According to Mclintosh et al.[36], the increase in
concentration of oxygen vacancies can result in an increase of lattice parameter.
Therefore, the loss of lattice oxygen and the formation of oxygen vacancies can be the
reason for the observed increase in lattice parameters with increasing sintering

temperature.
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Figure 4.6 TG results for BSCF sintered at different temperatures for 10 hours

4.1.3 Relative density

Figure 4.7(A) shows the effect of dwell time on relative density. For a given sintering
temperature (1100<C), the relative density of BSCF increases gradually during sintering
from 1 to 10 hours, and then stays almost constant with further increase in the dwell
time up to 100 hours. Figure 4.7(B) shows that for a given dwell time of 10 hours the
relative density increases from 76% to 95.5% as the sintering temperature increases
from 900 <C to 1100 <C. Between 1100 T and 1150 <C, the density shows little change
with temperature. The relative density obtained in this study is slightly lower than the
values obtained by other groups[100] due to differences in the starting powders,

processing routes and sintering histories.
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Figure 4.7 The effect of sintering temperatures and dwell time on relative density: (A) at
constant temperature (1100 <C); (B) at constant time (10 hours).

4.1.4 Grain growth evaluation

4.1.4.1 Effect of dwell time on grain growth

For a given sintering temperature of 1100 <C, the average grain size grows rapidly as

the dwell time increases from 1 to 10 hours, followed by a gradual decrease in the

growth rate as the thermal exposure time further increases from 10 to 100 hours, as

shown in Figure 4.8.
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Figure 4.8 Average grain sizes of BSCF sintered at 1100 <C as a function of dwell time.

Figure 4.9 shows the microstructure of BSCF sintered at 1100 <C for various dwell
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times. It is noted that the average grain size increases with increasing dwell time. The
average grain sizes of the samples sintered at 1100 <C from 1 to 100 hours are found to

be in the range from 14 um to 35 um.

Figure 4.9 EBSD band contrast micrographs of BSCF sintered at 1100 <C for (A) 5
hours; (B) 24 hours; (C) 100 hours

According to Hillert [231] and Mendelson [232] concerning analysis of grain growth
Kinetics, investigators[68, 89, 95, 233, 234] have obtained the following time

dependence of the grain growth Kinetics at a constant temperature:

D" — D" = tKyexp(— RQ—T) (4.4)
where D (um) is average grain size at the time t; Dy is the initial average grain size; the
n value is the Kinetic grain growth exponent, Ky is a constant, Q is the apparent

activation energy (kJ/mol); R is the gas constant, 8.314 J/mol K; T is the absolute

temperature (K).

Because the average grain size of the samples sintered at 900 <C is 1.52 um, the original
grain size Do should be no more than 1.52 um. Normally, the value of n is in the range
from 1 to 4. The grain sizes of BSCF sintered at 1100 <C are in the range from 14 um to

_Don

35 um. Therefore, is approximately 1, and the equation is simplified as
follows:

D" = tKyexp(—) (4.5)
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Equation (4.5) can be expressed in the form:

In(D) = = In(t) + = [InKy — ()] (4.6)
From the slope (1/n) of the In (grain size) versus In (time) line, the value n of the grain
growth Kinetic exponent can be determined. Figure 4.10 demonstrates the isothermal
grain growth data for the BSCF ceramics from 1 to 100 hours at 1100 <C in the form of
Equation (4.6). At a sintering temperature of 1100 <C, the slope 1/n is determined to be
0.33. This means that the value n of the grain growth exponent equals 3.0. It is implied

that the grain growth of BSCF during sintering can be expressed by

D3 =K,t exp(g) (4.7)

The value of the grain growth exponent of BSCF (n=3) is consistent with that obtained
by other groups (n=3.1) [226] and other related perovskite-structured materials such as

PrBaCo,0s.5 (n=3) sintered at 1150 <C from 6 to 48 hours[95].

36 R2 = 0980
Linear Fit .

34

32

Ln(average grain size/um)

26

-1 . 0 . 1 . 2 I 3 . 4 . 5
Ln(Time/hour)
Figure 4.10 Dwell time dependence of grain size at a sintering temperature of 1100<C

4.1.4.2 Effect of sintering temperature on grain growth

As shown in Figure 4.11, the average grain size grows with an increase in sintering

temperature for a given sintering time (10 hours). The grain size increases slowly with
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the sintering temperature up to 1000 <C, followed by a faster growth rate in the range
from 1000 to 1100 <C. Between 1100 <T and 1150 <C, the grain size enters a period of

rapid growth.
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Sintering temperature/°C
Figure 4.11 The average grain sizes of BSCF sintered for 10 hours as a function of
sintering temperature. The line is a guide to the eye.
For instance, the average grain sizes of BSCF samples sintered at 1000, 1100, and
1150 <C are determined to be 3.2, 22.7 and 64.8 um, respectively. Microstructures of the

BSCF ceramics sintered under different conditions are shown in Figure 4.12.

950°C/10h 1000°C/10h

1100°C/10h

-
-

/ _ 100pm 100pm
Figure 4.12 EBSD band contrast micrographs of BSCF sintered at various temperatures
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for 10 hours: (A) 900 <C ; (B) 950 <T ; (C) 1000 <T ; (D) 1050 <T ; (E)1100 T ; (F)
1150 <C.

Figure 4.13 shows an Arrhenius plot obtained by constructing the data of average grain
sizes from a constant dwell time, in which In(D/t) is plotted versus the reciprocal of the
absolute temperature (1/T). Assuming that the grain growth exponent (n=3) is
independent of temperature, it is used to determine the activation energy for BSCF grain
growth. The logarithm of Equation (4.7) obtains the slope which can be used for

calculation of the apparent activation energy for the grain growth.

in (%) = -2 () + ink, (4.8)

t
There exists a reasonably good linear relationship between In(D*/t) and 1/T from 900 to
1150 <C at a constant dwell time (10 hours) in this study (R?*=0.950). The grain growth
activation energy determined from the slope of Figure 4.13(A) is 650.7430 kJ/mol.
Although Salehi et al.[100], Baumann et al.[235] and Yoon et al.[101] have not reported
an activation energy for grain growth of BSCF, analysing their average grain size data
yields activation energies in the range from 372 to 741 kJ/mol as plotted in Figure

4.13(B), which agree fairly well with the result in this study.

15 10
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R“=0.950
Linear Fit 2
10F = Q=650.7KJ/mol 8|
-
= g
5 = 6
= 5
5 = Salehietal; Q=741KJ/mol
- ® Baumann et.al;Q=438KJ/mol
0r 4 4 Yoon etal; Q=372KJ/mol
. Linear Fit and R?=0.98
Linear Fit and R*=0.98
Linear Fit and R*=0.99
_5 1 1 1 1 1 | ' E 1 1 2 1 1 1 1 1
70 72 74 76 78 80 82 84 86 7.0 72 74 76 7.8
4 =1 X
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Figure 4.13 Arrhenius plot of In(average grain size) against reciprocal of sintering
temperatures for BSCF: (A) this study; (B) references
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4.1.5 Grain aspect ratio distributions

Figure 4.14 presents the grain aspect ratio distributions obtained by image analysis for
the BSCF samples sintered under different conditions. It can be clearly observed that the
sintering temperature and dwell time have little effect on the grain aspect ratio and its
distribution. The average grain aspect ratios of all the samples under the different

sintering conditions are approximately 1.8.
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Figure 4.14 Grain aspect ratio distributions of BSCF sintered (A) from 900 <C to
1150 <C for 10 hours and (B) between 1 and 100 hours at 1100 <C.

4.1.6 Mechanisms of densification and grain growth

It is a very difficult undertaking to unambiguously identify the controlling mechanisms
taking account of the simultaneous occurrence of densification and coarsening processes.
Coble et al.[16] have proposed a model to determine the controlling mechanism of

densification for the final stage of sintering. This model predicts the densification rate
Z—‘Z as the following equation:

dp _ CN§ys0
= m (4.9)
where p represents the density, C denotes a constant, N is the number of pores inside a

grain, 1y, refersto the surface energy, Q2 denotes volume per cation, D is average grain
119

12



CHAPTER 4 RESULTS AND DISCUSSION

size to the power m, where m depends on the rate-controlling mechanism for
densification, & is the relevant diffusion coefficient. For m=3 densification is controlled
by lattice diffusion or interface reaction, while for m=4 grain boundary diffusion
controls the densification. Accordingly, the m value can be determined by plotting a
log-log of Equation (4.8) to determine the slope. Combining Equations (4.5) and (4.9)

leads to the following equation:

dp _ _ CNys
dt tKoewp () (4.10)
Equation (4.10) can be integrated to obtain the following equation:
= MR 1) + 0 (4.11)

Koexp (—&)

Taking the logarithm of both sides of Equation (4.9) leads to the following equation:
log () = —mlog(D)+ (4.12)

where all the alphabetic symbols denote the same meaning as before; ® and @ are

constants.

The experimental data obtained from the samples sintered at 1100 <C from 5 to 100
hours are plotted in this way for the density range from 93.7% to 95.5% in Figure
4.15(A). At 1100 <C, the calculated value of m from the plot is 3.9840.29 for BSCF in
Figure 4.15(B). Considering the values of m, it suggests that the grain boundary

diffusion is the dominant controlling mechanism for BSCF at 1100 <C.

In the case of grain growth Kinetics, the grain growth exponent n of BSCF is determined
to be 3. In other words, the grain growth kinetics of BSCF materials does not follow the
classical parabolic law (n=2). A higher grain growth exponent indicates slowly
coarsening grains. It has been reported that the driving force for grain growth is the

local curvature of the grain boundary[16]. When the pores are dragged along the grain

120



CHAPTER 4 RESULTS AND DISCUSSION

boundary, it will lower the driving force for grain boundary mobility thereby slowing
grain growth[165]. A grain growth exponent greater than 2 can be related to pores and
impurity contents of the oxide materials [27, 28]. Therefore, the pores can be the

dominant factor for the higher grain growth exponent, as shown in Figure 4.12.

With regard to the activation energy for grain growth of BSCF, it is calculated to be
650.7430 kJ/mol. Because the activation energy for oxygen ion diffusion (45-105
kJ/mol[103, 104]) is much lower than that for grain growth, it is suggested that cations
are the rate-controlling species of grain growth rather than oxygen ions. According to
the studies performed by Lein et al. [104, 105], the diffusion of Sr/La has been observed
to be slower than that of Co/Fe in LagsSrosCogsFeo203-5 and the activation energy for
Sr/La diffusion is 619 kJ/mol. Therefore, in terms of BSCF, it can be speculated that the

Ba/Sr diffusion can be the rate-controlling species during the sintering process.
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Figure 4.15 (A) relative density of BSCF sintered at 1100 <C for various dwell times; (B)
Plot of log(dp/dt) versus log(grain size) for 1100 T

4.1.7 Predicting the grain size distributions in BSCF

membranes
The BSCF samples were sintered according to the following 3>3 temperature-time
matrix. The sintering temperatures were 1075, 1100 and 1125 <C and the dwell time was

5, 10, and 24 hours.

121



CHAPTER 4 RESULTS AND DISCUSSION

4.1.7.1 Comparing the grain size distributions in the sintered BSCF

ceramics

Figure 4.16 shows the EBSD band contrast micrographs of the same sintered samples at
two different fields. It can be clearly inferred that microstructural features in these two
fields are very similar in appearance. Figure 4.17 shows the relationship between the
cumulative frequencies of the grain undersize against the grain size for the two SEM
micrographs of Figure 4.16. It is clearly observed that the microstructures exhibit a
close quantitative match. The overlap of grain size distributions in Figure 4.17 proves
that the grain size analysis by EBSD method is repeatable and reproducible. This

indicates that EBSD method is suitable for making further analysis in this study.

1

A 100pm.
Figure 4.16 EBSD band contrast micrographs of the BSCF smples sintered at 1100 <C
for 10 hours with two different fields show similar morphology.
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Figure 4.17 Grain size distributions for Figure 4.16 show the results with reproducibility
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Figure 4.18 shows the grain size distributions of the sintered samples obtained under
various sintering conditions. These four profiles were selected because they were
reasonably far apart from each other, making it possible to clearly distinguish the data
points. It is apparent from the plots presented in Figure 4.18 and Figure 4.19 that,
whereas the shape of each grain size distribution profile keeps essentially similar, the
grain size distribution curve shifts toward the coarser size profile as a function of
prolonging dwell time and/or increasing temperature. After that, it is possible to give
basically the same grain size distribution under appropriate conditions for different
combinations of time and temperature. It can be inferred from Equation (4.5) that the
combination of a high sintering temperature and short dwell time would give the same
average grain size and grain size distribution as that of a relatively lower temperature

and longer time.
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Figure 4.18 Grain size distributions of BSCF having various sintering conditions expose
similarity of the profile shapes.
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Figure 4.19 Taking every tenth point of the data in Figure 4.18 was replotted in the
distribution

Unexpectedly, even within the inadequate number of sintering studies conducted this
provisional projection was demonstrated experimentally. Figure 4.20 shows that the
EBSD band contrast micrographs of microstructures of the sintered bodies under
different conditions look visually similar. It has been demonstrated that the grain size
distributions of these two samples in Figure 4.20 are plotted similarly, as shown in

Figure 4.21.

e

N NG R I AT S N&LR M |
Figure 4.20 Scanning Electron micrographs of two BSCF samples sintered at different
time-temperature conditions showing similar micro-structural features (A)1075 <C-24

hours; (B)1100 <C-10 hours
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Figure 4.21 Measured grain size distributions for the two SEM micrographs of Figure
4.20 are similar.

4.1.7.2 Self-similar grain size distributions in sintered BSCF

It was noted above that while the plot profile tends towards a coarse grain size range
during grain growth, the shape of the grain size distribution profiles remain similar in
Figure 4.18 and Figure 4.19. When the grain size distributions of these samples are
replotted based on a nondimensionalised size, defined as the median size of the
individual distribution, several plots are obtained as shown in Figure 4.22. Grain size
distributions with this characteristic are defined as self-similar size spectra.
Self-similarity characteristics suggests that the same dominant mechanism governs

grain growth kinetics [233].

For the grain size distribution curves in Figure 4.22, the nondimensional grain size is
defined as[233]

X == (4.13)

X0.5

where X is the defined dimensionless grain size corresponding to the grain with a size x

(um), and x5 is the number-based median size (um) of the distribution.
125



CHAPTER 4 RESULTS AND DISCUSSION

Figure 4.22 shows the dimensionless grain size distributions for the data obtained under
different sintering conditions. As replotted in this way, the different grain size
distribution curves shown in Figure 4.22(A) and 4.22(B) overlap into a single curve in
Figure 4.22(C) and 4.22(D), respectively. Thus, the standard of self-similarity can be
used in sintered bodies as well, which are consisting of numerous connected grains

arranged in this system [233].
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Figure 4.22 Comparison of normalised grain size distributions for different sintering
conditions

As aforementioned, concerning the dominant grain growth mechanism in systems with
self-similarity, this implies that the appropriate time-temperature region for normal
grain growth can be predicted. Self-similarity for ceramics during grain growth has been
reported. For example, Burke et al. [67] have reported that the shape of the grain size
distribution curve is independent of the grain size. Self-similar grain size distributions
suggest that the nondimensional grain size distributions in sintered bodies for the BSCF

ceramics are independent of the sintering histories. It can be inferred that with respect to
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the width of the distribution, the ratio of the largest grain to the smallest grain can be
independent of the sintering history. Although a limited range of experimental
conditions have been used in this study, self-similarity has important implications. First,
when the sintering temperature-time programmes are changed, it is accompanied by
translation of the whole grain size distribution plot horizontally along the temperature
axis rather than shifting any point in the plot. Second, the single measurement of any
distribution, specifically its median size, can predict the entire grain size distribution if
the characteristic self-similarity and grain size distributions plots have been already

obtained. This phenomena is also observed in alumina[233].

4.2 Mechanical characteristics and fractography of

perovskite-structured BSCF membranes

In this section, fracture stress, hardness, Young’s modulus, fracture toughness, and slow
crack growth behaviour are measured and discussed sequentially. Macro-mechanical
behaviour determined from biaxial and uniaxial bending tests as well as
micro-mechanical properties measured from indentation tests are presented. The various
characterisation results are discussed to explain the mechanical behaviours of
perovskite-structured BSCF membranes. To be more specific, fracture stress is
determined from biaxial and uniaxial bending tests between RT and 800 <C; hardness is
evaluated by micro-indentation test at RT; Young’s modulus is measured by biaxial and
uniaxial bending tests between RT and 800 <C as well as using micro-indentation tests
at RT; fracture toughness is determined by the initial crack measurement method at RT
and by an indentation strength method between RT and 800 <C; slow crack growth tests
are determined by the direct measurement method at RT and by the constant stress rate

method at 800 <C.
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4.2.1 Fracture stress

The fracture stress of BSCF sintered at 1100 <C for 10 hours was determined by both
ring-on-ring and three-point bending tests. Weibull analysis was conducted to evaluate
these two methods and fractography principles were used to characterise the fracture

surfaces [236].

4.2.1.1 Uniaxial and biaxial bending tests

The fracture stress of BSCF was measured by three-point and ring-on-ring bending tests
between RT and 800 <C as shown in Figure 4.23. In the case of three-point bending tests,
a value of 127+15 MPa was obtained at RT. With increasing the temperature, there was
a sharp reduction in fracture stress at 200 <C, and then it slightly decreased and showed
a minimum at 400 <C. At higher temperature, the fracture stress increased considerably
at 600 <C and recovered 70% of the RT value and increased slightly up to 800 <C.
Although the values of fracture stress obtained from ring-on-ring bending tests were
lower than those determined by three-point bending tests, it is clearly observed that two
curves of fracture stress as a function of temperature showed a similar trend with a
stress minimum at an intermediate temperature. Therefore, this unexpected behaviour is
independent of mechanical testing methods. Huang et al.[19] have reported that this
anomalous behaviour was attributed to the spin transition of Co**. The discrepancy of

fracture stress between these two methods will be discussed in the following section.
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Figure 4.23 Fracture stress determined by three-point bending and ring-on-ring tests as a
function of temperature. Each data point is the mean of tests and the error bar shows the
standard deviation; 10 specimens for RT and 800 <C and 5 specimens for other
temperatures.

4.2.1.2 Comparison of uniaxial and biaxial bending tests

As mentioned previously, the values of fracture stress obtained from the ring-on-ring
bending tests were lower than those determined by the three-point bending tests.
However, in both tests there is a similar trend in behaviour with a minimum in the
failure stress found between RT and 800 <C. These data will be analysed in more detail

in this part.

Because these two methods represent different stress states and different test volumes or
surface areas, Weibull analysis was used to study this difference and determine whether
it is simply an effect of loading geometry. The simplest treatment of the size dependence
of strength is through the application of Weibull statistics based fracture theory.
According to this theory, the probability of failure of a component, F is given by[168,

169]
F=1- exp[—(":"%)mveff] (4.14)

where o, 1S reference maximum stress in the stressed solid, m Weibull modulus, o,
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characteristic strength, and  V, effective stress volume defined by

g

Verr = J(——)"dy (4.15)

Omax

where o = local stress in an elemental stressed volume dy. In many situations, a

two-parameter Weibull distribution can be assumed. And it can be simplified as follows:

In (=) = (z2ym (4.16)

o
where the parameterc*. [o*. = o, (Veff)%] represents the specific characteristic
strength of the specimen at F=0.632; and F, the failure probability, is defined by the
relation[165]:
F=(i-0.5)/N (4.17)
where i is ranking number of a specimen in sample N in increasing order of fracture
stress o. To analyse fracture stress data, it can be obtained from the Equation (4.16) as

follows[165]:

Inln (ﬁ) = mlno,,,, — mlno} (4.18)

Hence, a plot of the left side of Equation (4.18) as a function of the natural logarithm of

fracture stress should obtain a straight line.

Average strengths in two tests are related to the effective volumes by the relation[166]:

o3p _ VRor 1
—— = (—)m (4.19)

OROR Vsp
The effective volume for ring-on-ring test have been given by Batdort[237] and
Breder[238]:
Vior = 2tmr;>m%45 (4.20)
where 7; is the radius of the loading ring. The effective volume for the three-point

bending test is given by [239]:
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Lhb
Vip = ——=
3P 7 2(m+1)2

(4.21)
L is the distance between the two support points, b is the width of the cross section at
the applied load, and h is the thickness of the specimen. The effective volume is
regarded as an assumed volume where the tensile stress is applied. The equations were

substituted with the measured mean strength to calculate the predicted values.

Biaxial and uniaxial fracture stress was measured at both RT and 800 <C using the
ring-on-ring configuration and three-point bending test. The results are summarised in
Table 4.1 which gives the sample number (N), the mean fracture stresses and standard
deviations, coefficients of variation, the characteristic strength (o.), the Weibull

modulus (m) and standard errors, coefficients of correlation (R).

For all the specimens evaluated in the present experiment in Table 4.1, it is reasonable
that the coefficient of variation obtained at 800 <C is twice as high as that at RT for both
tests, which may be caused by the change of defect size during heating due to the
thermal expansion and the randomness of mechanical property measurement at high
temperature. The coefficients of variation determined by the biaxial bending tests at RT
and 800 T were less than those determined with the use of uniaxial bending tests
(Table 4.1). However, the standard deviations determined in the biaxial method at RT
and 800 <C are still slightly higher, which may be attributed to the complex stress state

developed and the frictional force between the contact surface[240].
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Table 4.1 The results of uniaxial and biaxial bending tests at RT and 800 C

Method | Temperature | Sample Mean Standard | Coefficient | Weibull | Standard | Characteristic | Coefficients
number | fracture | deviation | of variation | modulus error strength of
stress oy (MPa) (m) correlation
(N) (%) (o0)

(MPa) (R?)
Uniaxial RT 10 127 15 11.8 9.6 0.7 133 0.95
test 800 € 10 107 24 22.4 5.4 0.3 116 0.96
Biaxial RT 10 73 7 9.6 10.2 1.1 77 0.91
test 800 10 45 9 20 5.5 0.4 48 0.95
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Figure 4.24 and Figure 4.25 show Weibull plots of fracture stress evaluated by both
methods at RT and 800 <C, InIn(1/1-F) as a function of Ing. The Weibull modulus m and
characteristic strength o, are determined from the slope and the intercept, respectively.
The fitting of straight line was done using linear regression. The values are summarised

in Table 4.1.

] atRT
L — at8oo°C
2 -
Loor
2 .
2
£ 2t °
S . .
4
6 N 1 N 1 N 1 N
3.0 3.5 4.0 4.5 5.0

Ln(oc)
Figure 4.24 Linearised Weibull plots of fracture stresses for BSCF evaluated in the
ring-on-ring bending tests at RT and 800 <C
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Figure 4.25 Linearised Weibull plots of fracture stresses for BSCF evaluated in the
three-point bending tests at RT and 800 C

133



CHAPTER 4 RESULTS AND DISCUSSION

Comparison with the strengths of BSCF between RT and 800 <C obtained from Huang
et al.[225] using the ring-on-ring bending tests, it is noted that the value of those
determined from the present biaxial experiments are relatively lower. Because of the
similar porosity and different grain size, there are two possible reasons for explaining
the difference. One possible explanation of the difference is that the defect size can be
related to the grain size. Another possible reason is a larger effective volume for this

present experiment although the same method is used to determine the fracture stress.

For all the samples evaluated in the present experiment between RT and 800 <C, as
shown in Figure 4.23, the values of fracture stress provided in uniaxial tests are
significantly higher than those determined by the biaxial tests. This finding was
consistent with a study conducted on alumina by Shetty et al.[166]. The discrepancy is
attributed to the difference in the effective area or volume of the material subjected to
maximum stress between the two tests[238]. To be more specific, by accounting for the
effective volume of the materials under stress [Equations (4.20) and (4.21)] it was found
that biaxial specimens (Ve=20.5 mm?®) were subjected to a larger effective volume than
that of the three-point bending specimens (Ve=0.17 mm?). Therefore, using the theory
of Weibull [18] it was established that the three-point bending strength will be larger

than the biaxial strength due to smaller effective volume.

As displayed in Table 4.1, the biaxial strength data gives the values of m=10.2
(R? = 0.91) at RT and m=5.5 (R? = 0.95) at 800 <, while the corresponding values
for the uniaxial strength at RT and 800 <C were 9.6 (R? = 0.95) and 5.4 (R? = 0.91),
respectively. The Weibull modulus obtained from the biaxial tests are similar to those
obtained from the uniaxial tests at RT and 800 <C, respectively. This indicates there is
little difference in the flaw population between these two experiments and the effective
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volume calculations are valid for the both room and high temperature data.

Table 4.2 The results of m

easured values of two methods and the predicted values of
three-point bending tests

Temperature Measured Predicted Ratio
O3p Obia 03p 03p/0hia 03, (predicted)/op,
(MPa) (MPa)
(MPa)
RT 127 73 119 1.74 1.63
800 T 107 45 96 2.38 2.18

Using Batforf’s approach[2

Figure 4.27. It is acceptabl

37], the predicted curves are displayed in Figure 4.26 and

e that the predicted strengths of three-point bending tests

based on ring-on-ring bending tests are 6.3% and 10.3% lower than the measured values

of strength from three- point bending tests at RT and 800 <T (in Table 4.2), respectively.

This comparison suggests that the predicted approach is adequate for the present case.
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Figure 4.26 Strength distributions of both methods at RT and three- point bending
strengths predicted from the biaxial tests.
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Figure 4.27 Strength distributions of both methods at 800 <T and three-point bending
strengths predicted from the biaxial tests.

Figure 4.28 shows the load-displacement curves of different testing methods at both RT
and 800 <C. In the case of the same method, the moving deflection/area of specimen at
800 <T is larger than that at RT. On the other hand, the load-deflection curves obtained
from these two methods at RT are linear while the curves obtained at 800 <C are
nonlinear. This indicates that the plastic deformation of BSCF specimens (e.g creep)
occurs at 800 <C. The nonlinear load-deflection curve was also observed in LaCrO;_;
and was attributed to the formation of oxygen vacancies at high temperature[241].
According to the studies of thermal properties [229, 242], BSCF materials release
oxygen and form oxygen vacancies at high temperature. However, according to the
load-deflection curves at 800 <C, the creep resistance increases with increasing the
deflection. Therefore, the vacancies cannot be the dominant factor in the nonlinear
curves. A more plausible explanation is pore closure induced by compressive stress at
800 <C. Compared with the three point bending tests, the deflections in ring-on-ring

bending tests are larger at both RT and 800 <T due to their larger effective volume.
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Figure 4.28 The typical load-displacement curves of different methods at RT and 800 <C

4.2.1.3 Fractography

It is very important to study the fracture surfaces, fractography, which can recognise not
only the process of fracture but also failure origins[243]. Fracture surfaces are often
described as transgranular or intergranular. After ring-on-ring and three-point bending
tests, the fracture surfaces of BSCF at different temperatures were investigated by SEM
to determine the fracture mode in Figure 4.29 and 4.30. The transgranular mode was
observed at all the temperatures. In addition, no intergranular mode was observed at
high temperatures which is consistent with the results reported by others [225].
However, as for LagsgSro4Coo2Feo 03, the fracture mode is very different from BSCF.
At room temperature, transgranular mode is only observed whilst at 200 <C a mixture of
about 80% transgranular and the rest of intergranular mode are observed. At 700 <C the
proportion of transgranular mode decreases to 15% and the ratio of intergranular
increases to 85%. At 800 <C, intergranular mode is only observed and no transgranular
mode exists. The transition of fracture mode of LagsgSro4C0g2FeosO03.5 demonstrates
that the grain boundaries become weaker and weaker with the enhancement of
temperature compared with the cohesion in the lattice[225]. This phenomenon was also
observed in LapgCap,Co0O3; materials[115], of which fracture surface showed a

transgranular mode at RT while mixed modes were observed at high temperature.
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As shown in Figure 4.29(B), additional phases exist along the grain boundary and small
particles are observed in the inner part of the grain after high temperature testing.
However, the XRD investigation does not give any indication with respect to the
presence of other phases, probably due to the fact that the amount of these particles is
less than 5%. The only detectable phase on the fracture surface from all the samples of
BSCF was cubic. Similarly, in conjunction with EDX, these small particles also cannot
be determined. Additional work is required to unequivocally determine these small
particles by TEM in future. Although a secondary phase can lead to lower strengths with
increasing the temperature and the strength degradation is aided by the decomposition
of the grains, a small amount of secondary phase caused no interfacial weakening and
no deterioration of the mechanical properties according to the research of Huang et al.

[225].
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Figure 4.29 Typical fracture sufaces of BSCF at different temperatures: (A) RT;
(B)800 €
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Figure 4.30 Typical fracture sufaces of BSCF at different temperatures: (A)200 <C;
(B)400 <C; (C)600 T

4.2.1.4 Discussion

As mentioned above, there is little difference in flaw distributions between these two
methods. In addition, compared with the examination of fracture surfaces obtained from
ring-on-ring bending tests, the failure origins of the specimens broken by three-point

bending tests were much more convenient to be examined.

Figure 4.31 shows the character of a failure origin of each sample carried out by three-
point bending tests at RT and 800 <C. Fractography analysis is performed on the
fracture surface of BSCF indicated by an arrow in Figure 4.31. A capital letter with an
arrow refers to the character of a fracture origin; P, E and C correspond to a pore, edge
fracture and surface crack. The origins of failure were also observed in Figures 4.32 and
4.33. Fracture surfaces of all the specimens were carefully investigated by SEM. For
each case, fracture positions always initiated on or near the tensile side of specimens. In
the three-point bending tests, the specimens were transversely divided into two pieces at
the point of loading. This large pore, near the tensile face, acted as a stress concentrator
and led to a failure of the specimen, because the region surrounding the fracture origin
was smoother than the remainder of the surface and fracture lines emanated from the

large pore as shown in Figure 4.32
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Figure 4.31 Point out the character of a failure origin of each sample carried out by
three-point bending tests at RT and 800 C
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Figure 4.32 Fracture origin of BSCF carrid out by three-point bending tests at RT.
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Figure 4.33 Fracture origin of BSCF carried out by three-point bending tests at 800 <C.
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The sizes of fracture origins at both temperatures were porous regions with extension
40-80 um, as shown from selected fractography in Figure 4.32 and 4.33. This is
different from the maximum defect size (56 um) measured on the sintered body surface
in Figure 4.34. In addition, the pore size distributions between the maximum and
minimum fracture strengths of the specimens are similar in Figure 4.34(B). The
maximum defect size (56 pm) measured is lower than the maximum fracture origins

observed from fracture surface (—~80 um). This disagreement might be ascribed to a

relatively small area (1 mm?) used for counting defects on the sintered body surface.
According to the model proposed by Quinn[239], the effective area of a flexural BSCF
sample by the three-point bending test at RT can be determined to be 3.62 mm? with
Weibull modules of 9.6 in this study. It is necessary to enlarge the examination area for
counting defects to discover those contributions to the fracture of flexural samples of
the employed specimen size. It is useful to extrapolate the defect frequency data to the
larger defect size region to estimate the maximum defect size possibly existing in the
flexural sample. The number of defects at a given size was recalculated per 1 mm?. Note
that the number of defect sizes also depends on the range for counting and is normalised
by dividing it by the employed counting range, 1um. The result is shown in Figure 4.35.
The defect frequency corresponding to the flexural sample is determined to be 0.31,
statistically (One defect for the effective surface areas 3.62 mm?; 1/3.62=0.28). And the
resultant defect size is 80 um. This gives a relatively acceptable defect size, although

more detailed observations are needed for this defect frequency.
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Figure 4.34 (A) Typical low magnification SEM micrograph of BSCF sintered at
1100 <C for 10 hours; (B) Histogram of the pore size distributions of BSCF samples
with highest stress and lowest stress.
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Figure 4.35 Defect size estimation for a large area measured from BSCF sintered at
1100 <C for 10 hours. Arrow indicates the estimated largest defect size corresponds to
the effective surface area of BSCF.

4.2.2 Hardness

4.2.2.1 Indentation size effect

The micro-indentation test by a Vickers tip is affected by the pore of the BSCF, but it
mainly shows well defined indentation with cracks from the four corners. The samples
sintered at 1100 <C for 10 hours were used in this part. Figure 4.36 shows SEM

micrograph of BSCF with indentation under different loads. The size of indentation
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increases with increasing the applied load. Figure 4.37 shows the typical indentation of

BSCF under the applied load 10 N.

Figure 4.36 SEM micrograph of BSCF with indentation under different loads: (A) 0.1 N;
(B)0.5N; (C) L N.

- " S—

3 ¥ 16 : .
Figure 4.37 SEM micrographs of BSCF with indentation under 10 N (A) and high
magnification bottom corner of the indentation (B).

The hardness of BSCF is determined from the load-displacement curves as shown in
Figure 4.38. The hardness decreases with increasing the applied load. As previously
introduced, this is well-known as the indentation size effect (ISE)[148]. This
phenomenon is typically observed in single crystals with various types of bonding,
including ionic, metallic and covalent[147, 148]. The indentation size was related to
surface effects[149], the strain gradient effects|150-152], the structural non-uniformity
of the deformed volume[153], the change in the contribution of the elastic and plastic
deformation at the indentation[147], the friction between the indenter and the
sample[154]. Although the dependence of hardness and toughness on grain size have
been reported for nanocrystalline ceramic, the volume fraction of grain boundary for
normal material (grain size>1 um) is very small[244]. Therefore, both the surface effect
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and the strain gradient effect are recognised to contribute the indentation size effect[149,

150].

i ey
N S
T

=t
o
T T

©
o |
O)
2°r
2 .
B 5 . .
=
T4l
9 |-
0 1 L 1 " 1 " 1 " 1
0 5 10 15 20
Load/N

Figure 4.38 Hardness of BSCF determined by Vickers indentation as a function of
applied load. For each load 1010 indentations were used.

4.2.2.2 Effect of grain size on hardness

The porosities of BSCF samples sintered at 1100 <C for different periods of time (from
5 to 100 hours) were very similar (5%) while the average grain size of these samples
showed a range from 18.0 to 35.2 m [Figure 4.39(A)]. As shown in Figure 4.39(B),

there appears to be a small linear dependency of the indentation hardness of sintered
1
BSCF samples on the inverse square root of the grain diameter, 1/ \/ﬁ(um_i), [R?

(coefficient of determination) =0.35]. In view of this poor correlation coefficient and the
very small implied linear coefficient [Figure 4.39(B)], it is apparent that the hardness
values of the sintered BSCF samples in this study are probably independent of grain

size.
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Figure 4.39 (A) The indentation hardness under 10 N and volume fraction porosity as a
function of the average grain sizes of BSCF samples sintered at 1100 <C from 5 to 100
hours; (B) The indentation hardness as a function of the inverse square root of the grain
size. Note that there is no clear trend of hardness as a function of grain size

4.2.2.3 Effect of grain orientation on hardness

Figure 4.40(A) shows the EBSD map of the area on the sample sintered at 1100 <C for
10 hours where indentations were made. The orientation of the individual grains is
plotted, with the colour coding representing their crystallographic orientation with
respect to surface normal in the inverse pole figure displayed in the inset. The black
areas in the image, which are not indexed in the EBSD orientation maps, correspond to
pores and indentations. One matrix of the indentation impressions has been framed with

white dotted lines.

As seen in Figure 4.40(B), there is no substantial difference in depths of penetration into
the surface and the nearly 80 load-displacement curves are overlapped. This indicates

that the hardness shows no clear correlation with the crystallographic orientation.

For the BSCF samples, the values of indentation hardness were chosen from the
indentation on pore-free surface area and away from grain boundaries as shown in
Figure 4.40(A). In this way, the effect of the pores on the indentation hardness is less
critical. The average indentation hardness under the 100 mN loading is 12.140).48 GPa,

which is much larger than the average indentation hardness under a 10 N load, this
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increase is believed to be due to indentation size effect[225, 245]. The deviation among
the measured values is very small (less than 4%). Therefore, there is no significant

influence of grain orientation on indentation hardness
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Figure 4.40 (A) Micro-indentation test under the loading 100 mN with EBSD mapping;
typical SEM image of selected indentation impression without surface pores and not
near grain boundary shown on the bottom left. (B) Comparison of load-displacement
curves of different indentations selected above

4.2.2.4 Effect of porosity on hardness

Samples of BSCF sintered from 900 to 1150 <C for 10 hours were used to investigate
the effect of porosity on hardness. The volume fraction of porosity ranged from about

0.05 to 0.27, with the average grain size ranging from approximately 1.52 to 64.8 pm.

The indentation hardness of the sintered BSCF samples prepared in this study is a
strong function of the volume fraction porosity, as displayed in Figure 4.41(A). The
dependence of hardness on porosity is consistent with the Minimum Solid Area (MSA)
model that has been proposed by Rice[157, 158]. For hardness, the MSA model can be
represented by[158]

H;r = Hyexp(—bp) (4.22)
where H;r is the measured indentation hardness, H, is the indentation hardness value
corresponding to a specimen with zero porosity, b is a material constant and p is the

volume fraction porosity of the specimen.
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The hardness-porosity relationship [Equation (4.22)] can also be written in a linearised
form such that

In(H;;) = —bp + In(H,) (4.23)
where H, is the indentation hardness of the sample with zero porosity. The linear fit to
Equation (4.23) yielded values of 7.0540.94 GPa for H, and 3.4040.42 for the constant
b, with a R? value of 0.954. The zero-porosity value of indentation hardness H,,
7.854).87 GPa was obtained from the literature values [109, 111] by the linear
regression analysis exceeded indentation hardness (Ho=7.05 GPa) measurements on the
BSCF samples in this study, this is believed to be caused by indentation size effect [225,
245], because literature values used 1 N loading for hardness measurements and this

work used 10 N loads in this study.

Figure 4.42(A) shows the indentation hardness of BSCF as a function of porosity. As
shown in Figure 4.41(B), the indentation hardness increases rapidly with increasing the
sintering temperature from 900 <C to 1000 <C, but above this temperature there is little
further change and maybe a small decrease at the highest temperature. This correlates
with the porosity decreasing from 0.27 to 0.05. As the sintering temperature increases
further the total porosity of the BSCF samples remains practically unchanged and the
average grain size increases from 22 to 64.8 um. However, the indentation hardness
shows little change. As previously discussed, the grain size and grain orientation show
no clear trend with the values of indentation hardness of BSCF samples. In other words,
the total porosity is the dominant factor to determine the values of indentation hardness

of BSCF samples.
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Figure 4.41 (A) Hardness as a function of volume fraction porosity of samples sintered
under different conditions; (B) Hardness as a function of various sintering temperature;
(C) The lines represent the fit of the individual data sets to Equation(4.23) in this study;
(D) The indentation hardness, Hyr, as a function of volume fraction porosity, P in the
references.

The microstructures of the BSCF samples sintered at 1100 <C, 1125 <C, and 1150 <C for
10 hours were shown in Figure 4.42. The average pore size is 1.56, 1.62 and 2.51 um
for the BSCF samples sintered at 1100, 1125, and 1150 <C for 10 hours, respectively,
determined by the Image-pro Plus 6.0 software. The average pore size increases with
increasing the temperature from 1100 to 1150<C, which is attributed to the “Ostwald
Ripening” mechanism[246]: vacancies diffuse away from regions of high curvature
(small pores) and sink at the relatively large pores which have low surface curvature,
causing them to grow. It has been reported that increasing pore size negatively
influences mechanical properties[247]. Therefore, it is possible that the small reduction

in hardness is associated with the increase in average pore size; however, further work is

needed to confirm this.
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1100°C/10h 1125°C/10h 1150°C/10h

Figure 4.42 The SEM micrographs of BSCF sintered at different temperatures for 10
hours: (A) 1100 <C; (B) 1125 <C; (C) 1150 <€

4.2.3 Young’s modulus

4.2.3.1 Uniaxial and biaxial bending tests

The Young’s modulus of BSCF was measured between RT and 800 <C by three-point
and ring-on-ring bending tests in Figure 4.43. Both testing configurations produced
broadly similar results with a Young’s modulus obtained in the range from 63 to 65 GPa
at RT. With increasing temperature, a sharp reduction in Young’s modulus occurs with a
minimum at 200 <C. This is followed by an increase in the value up to 400 <C, followed
by a gradual decrease to 800 <C with the Young’s modulus at 800 <T around 0.71 of the
RT value. This behaviour is observed with both testing configurations. For most
ceramics, the Young’s modulus decreases with increasing the temperature. This
anomalous behaviour of BSCF with an intermediate minimum value has been attributed
to the spin transition of Co®"[138]. The temperature dependence of Young’s modulus
obtained from these two different configurations are similar with those obtained from

Huang et al.[19] as shown in Figure 4.44.
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Figure 4.43 Young’s modulus of BSCF determined by three-point ring-on-ring bending
tests as a function of temperature between RT and 800 <C. The line is a guide to the eye.
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Figure 4.44 Young’s modulus normalised regarding the value measured at RT as a
function of temperature between RT and 800 <T determined by different methods and
compared to the values determined by Huang et al.[19]. The line is a guide to the eye.

4.2.3.2 Micro-indentation

Figure 4.45 shows Young’s modulus of BSCF as a function of sintering temperature (A)
and porosity (B). The variation of the Young’s modulus as a function of the sintering

temperature is due to the influence of porosity. The measured Young’s modulus
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decreases with the increase in the relative porosity. The Young’s modulus of the porous
sample is expressed by[248]:

E;r = Ey - exp(—bp) (4.24)
where Ej is the Young’s modulus of the fully dense material, p is volume fraction of the
porosity and b is an empirical constant ranging between 2 to 5. The Young’s
modulus-porosity relationship can also be written in a linearised form such that

In(E;r) = —bP + In(E,) (4.25)

According to Figure 4.45(B), the linear fit to Equation (4.25) yielded values of
105.642.05 GPa for E, and 4.18+40.29 for the constant b, with a R? value of 0.950.
However, the values of Eg and b are much higher than those obtained from other groups
possibly due to indentation size effect and differences in the processing of the samples.
The indentation Young’s modulus measured in this study (80 GPa) is consistent with
that value obtained from Malzbender et al. (78 GPa)[113]. The Young’s modulus value
as a function of temperature [Figure 4.45(A)] follows a similar trend to the

microhardness data [Figure 4.41(B)] and these are probably related.
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Figure 4.45 (A) Young’s modulus of BSCF as a function of sintering temperature; (B)
Young’s modulus as a function of porosity
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4.2.4 Fracture toughness

4.2.4.1 In-situ observation of crack growth in BSCF with annealing

The BSCF samples sintered at 1100 <C for 10 hours were used to investigate in-situ
observation of crack growth with annealing. Before annealing, each sample was
indented with a 10 N load at RT in air to nucleate cracks from the corner of each

indentation.

The samples were subsequently tested between RT and 800 <C, with a heating rate and
cooling rate of 10 <C/min, and the crack length measured. Up to a temperature of
100 <C, there was no crack growth, as the temperature increased to 200 <C the crack
grew approximately 12 pum as observed in Figure 4.46. After that, no further crack
growth was observed up to 800 <C. This crack growth occurred during the heating stage
with no crack growth observed during cooling. After five further cycles of heating up

and cooling down process, there was no crack growth in Figure 4.47.

Because there is no external load, there are several other driving forces for crack growth.
The first possible driving force is the residual stress induced by phase transformation
when the temperature increases. This phenomenon can be observed in other ceramic
materials[249]. But according to the high temperature XRD patterns [242, 250], no
other phase can be observed. Therefore, the residual stress induced by phase

transformation cannot be the driving force for crack growth.

The second possible driving force is the stress induced by thermal processing. If thermal
stress can be the driving force for crack growth, the crack will propagate during the

heating or cooling process. However, after five cycles of heating up and cooling down,
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no crack growth was observed. Therefore, thermal stress cannot be the driving force for

crack propagation.

The third possible driving force for crack growth is the residual stress induced by the
indentation. When the samples are annealed at high temperature, the residual stress
relaxation drives the crack growth. But when the residual stress is fully relaxed, there is

no further driving force for the crack growth up to 800 <C or after thermal cycling.

Figure 4.46 In-situ observation of crack growth at different temperatures: (A) RT; (B)
100 <C; (C) 200 <T; (D) 400 <C; (E) 800 €

Figure 4.47 No crack growth was observed with comparison of before (A) and after 5
cycles (B) heating procedure.

153



CHAPTER 4 RESULTS AND DISCUSSION

4.2.4.2 Crack shape determination

The BSCF samples sintered at 1100 < for 10 hours were used to determinate crack
shape. The calculation of Vickers indentation fracture toughness must be determined
from the crack profile under the indenter, whether the cracks are of the Palmqvist mode
or median-radial mode, which are illustrated in Figure 4.48. The median-radial cracks
are formed by the joining of radial cracks, as shown in Figure 4.48(A), while the
Palmqvist crack system is always shallow and the two correspondent radial cracks are

separated from each other as displayed in Figure 4.48(B).

° \M_/
N ey Crack zone xI_.I

+ Crossed-cracks Plastic zone y

Figure 4.48 Cross-section view of Vickers indentation: (A)median-radial crack shape;
(B) Palmaquvist crack shape[251]

Figure 4.49 show the cross-section of the indentation of BSCF under a load 10 N. In
order to observe the crack impression under the indenter on the polished external
surface, an indentation as in Figure 4.50(A) with a final indentation depth of 9.7 um was
sequentially polished with 6 pum diamond plate and was fined with 1 um as well as 0.25
um diamond plate. At first, the surface was polished off the indentation. Then the plastic
deformation zone was exposed together with the radial cracks after polishing off 15 um
as shown in Figure 4.50(B). Afterward polishing off 20 wum until the plastic deformation
zone was completely removed as shown in Figure 4.50(C). If the crack shape is
Palmqgvsit mode, no crack can be observed after removing the plastic zone of
indentation. Therefore, the surface showed that radial cracks crossed over each other as

illustrated in Figure 4.50(C), which confirms the presence of median-radial mode cracks
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under 10 N loading with the Vickers indenter.

Figure 4.50 (A) The original indentation under 10 N; (B) image after removal of
indentation impression; (C) image after removal of the plastic deformation zone.
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The five polished samples showed the same crack propagation mode, and this is
consistent with previous reports where a median-radial crack system has been

observed in BSCF under 10 N loading[109].

4.2.4.3 Effect of annealing on fracture toughness

The BSCF samples sintered at 1100 <C for 10 hours were used to measure the fracture
toughness determined by the indentation strength method. The fracture toughness can be

calculated by [165]

13

1
Kic = 0.59()i[arp3]+ (4.26)

where E Young’s modulus; H hardness; o fracture stress; P indentation load

According to the research of Chantikul et.al[188], uncertainties in the values of E/H are

relatively unimportant. Indeed, since this ratio varies only between 10 and 50 for most
ceramics, replacement of 0.59(5)0-125 by an averaged quantity would add no more

than 10% to the error in the K,c evaluation for a material whose elastic/plastic
parameters are totally unknown[188]. Additionally, the value of fracture toughness from
indentation strength method was less than 5% different from that measured using the
standard indentation technique at room temperature[109]. In other words, these two

methods are in good agreement with each other for BSCF.

Figure 4.51 shows fracture toughness of BSCF as a function of temperature and
comparison of them with and without annealing. The fracture toughness of BSCF with
or without annealing as a function of temperature shows a similar trend to fracture stress
[Figure (4.23)]. There is a small decrease in fracture toughness with annealing at all test
temperatures. From the literature, there are several proposed mechanisms for the effect

of annealing on fracture toughness, including phase transformation[181], twinning[252]
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and domain switching[253]. However, in the case of BSCF, none of these three
phenomena can be observed. It has been reported by Paulik et al.[172] that the fracture
toughness of LaggCag,CrOs.s depends on the distribution of oxygen vacancies in the
lattice. According to the TG curves in the Figure 4.52, the weight loss can be observed.
As previously mentioned, the weight loss suggests the oxygen release from the lattice
and more oxygen vacancies formation. Therefore, this may be a possible reason for the
reduction in fracture toughness of BSCF with annealing. Additionally, cracks may grow
during annealing as discussed earlier. In this way, the fracture stress reduces as the crack
becomes longer. However, this cannot explain the reduction in fracture toughness. In
addition, when all the samples are tested at high temperatures, they will become
homogenous. With the temperature increasing, the effect of annealing on fracture
toughness gradually reduces. According to the Equation (4.26), fracture toughness
increases with increasing fracture stress. Therefore, annealing causes the release of

residual stress, thereby forcing the crack growth and reducing the fracture stress.

—u— Without annealing
—e— With annealing
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Figure 4.51 Fracture toughness of BSCF sintered at 1100 <C for 10 hours as a function
of temperature. Comparison of fracture toughness of BSCF between with and without
annealing.
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4.2.4.4 Effect of grain size on fracture toughness

The samples of BSCF sintered at 1100 <C from 5 to 100 hours were used to investigate
the effect of grain size on the fracture toughness determined by indentation crack
measurement method. Figure 4.53 shows fracture toughness of BSCF as a function of
grain size. It is clearly observed that fracture toughness seems to be constant. According
to the Figure 4.37, no significant crack deflection or grain bridging was observed, and
the crack propagation was mainly transgranular, which was consistent with observations
of the fracture surface in Figure 4.30. This suggests that the fracture is controlled by
bond strength rather than grain boundaries for BSCF. In other words, fracture toughness

of BSCF is independent of grain size.
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Figure 4.53 Fracture toughness of BSCF sintered at 1100 <C from 5 to 100 hours as a
function of grain size.
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4.2.4.5 Effect of porosity on fracture toughness

The indentation crack measurement method was used to investigate the effect of
porosity on the fracture toughness of BSCF, with samples sintered from 900 <C to
1150 <C for 10 hours. The value of fracture toughness can be easily determined from

indentation-induced crack length [128]:

F
King = X5 (4.27)

where Cy is the crack length and X:0.016(§)°-5 represents the elastic-plastic behaviour.

Furthermore, Young’s modulus E and hardness H are also directly accessible from the

depth sensitive indentation test.

Porosity is well-known to reduce fracture toughness. According to Rice’s model, it has
been shown that the intrinsic toughness can be associated with the measured toughness:
Kic = Kic’exp(—bp) (4.28)
where K, and K;;° are the measured and intrinsic toughness (zero-porosity),
respectively; p is the porosity and b is a constant. It has been reported that the value of b
for fracture toughness are between 2 and 5 for many ceramics that have been fabricated

by different methods.

Figure 4.54(A) shows fracture toughness of BSCF as a function of sintering temperature.
It is clearly observed that fracture toughness increases with increasing sintering
temperature due to the decrease in porosity between 900 <C and 1100 <C. Then fracture
toughness deceases with increasing the temperature up to 1150 <C. This is similar to the
changes in all the mechanical properties measured earlier and the only observed change
in microstructure is an increase in pore size as mentioned previously. The intrinsic
fracture toughness can be estimated from the linear fit of the data in Figure 4.54(B) to
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obtain the value of 1.4940.11 MPa m°°®, and 2.4940.34 for the constant b, with a R?

value of 0.959.
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Figure 4.54 (A) Fracture toughness of BSCF as a function of sintering temperature; (B)
Fracture toughness as a function of porosity
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Figure 4.55 shows relative Young’s modulus (E/Eo) and relative fracture toughness
(Kic/Kic?) as a function of porosity. Although E and K¢ have the same dependence on
porosity following an exponential relationship as proposed by others[158, 162], the
fracture toughness decreases with porosity more moderately than Young’s modulus.
This is possibly caused by the fact that pores result in crack blunting and microcracks

can be regarded as obstacles during fracture.
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Figure 4.55 Relative Young’s modulus E/Ey, relative fracture toughness K|C/K.c° asa
function of porosity. The lines are a guide to the eye.
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4.2.5 Subcritical crack growth

BSCF samples sintered at 1100 <C for 10 hours are used to investigate subcritical crack
growth behaviour at room temperature and 800 <C. A constant load method
(ring-on-ring bending tests) was used to investigate different crack growth rates at room
temperature. A constant stress rate method (ring-on-ring bending tests) was used to
study the subcritical crack growth at 800 <C. The results are discussed and correlated to
a SCG model. The parameters of the model are determined. The
strength-probability-time diagrams at RT and 800 <C are also plotted for design

purposes.

4.2.5.1 Determination of subcritical crack growth parameters at room

temperature

The subcritical crack growth (SCG) behaviour is often characterised by the dependence
of the crack velocity(v), on the mode | stress intensity factor K;, as expressed by the

empirical power relationship[220]:
A K
v="-=A4 Go" (4.29)
where Ag and n are constant for a given material, and K¢ is the critical stress intensity
factor or the fracture toughness of the material. K is determined as follows [220]:

K, = Yo\ (4.30)

where 0= [+ in(2) + 1%(22;;2)] (4.31)

Zﬂthz r3

Figure 4.56 shows a schematic indentation impression (A) and a SEM image (B) of an
indentation impression made on a BSCF sample under a maximum load of 10 N. Figure

4.57 shows that a crack tip propagated 6.0 pum at the stress intensity factor 0.681
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MPa m®° during 1 hour, and the crack rate was 1.67>10"° m/s.

AccV Spot Magn Det WD |————— 50pum
8.00kV 8.0 500x BSE 9.8

Figure 4.56 (A)Schematic indentation impression[225]; (B)SEM image of indentation
impression

Figure 4.57 (A) The image of crack tip at time t;; (B) The image of crack growth under
constant loading at time t;

The results obtained by ring-on-ring tests are represented in Figure 4.58. Above the
stress intensity factor 0.76 MPa m®°, the crack growth rate is too fast to capture, and
finally the samples are fractured. When the applied stress intensity factors of K is
between 0.55 and 0.75 MPa m®°, a detailed measurement over a wide range of crack
velocities has been conducted. Further reduction of the applied stress intensity factor
down to 0.54 MPam®®, led to no crack propagation even after two weeks. As
mentioned previously, the maximum length of time is 14 days for the test procedure, so

the threshold values are proposed based on the assumption that crack velocities higher
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than 10™3~10"*m/s are detectable with the experimental procedure used. Nevertheless,
further crack propagation might take place after sufficiently long time but this lies
below the detection limit of the method used. For most oxide ceramics, it is believed
that[195, 254] stress corrosion by water at the crack tip is the mechanism that is
responsible for slow crack propagation at room temperature. The value of the exponent
n [Equation (4.29)] is known as the fatigue susceptibility parameter. The data in Figure
4.58 yields n=24.343.1 with a R?=0.908, which reasonably agrees with that determined

by the constant stress rate method at RT by Pecanac et al.[125].
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Figure 4.58 Crack growth rate of BSCF as a function of stress intensity factor
determined by ring-on-ring bending method.

The scatter of the data of crack growth rate is due to crack blunting and crack branching
caused by microstructural defects (e.g. pores), which can induce an increase in crack tip

stress intensity factor[255, 256] as illustrated in Figure 4.509.
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Figure 4.59 Crack blunting was observed when crack propagated at (A) time t; and
(B) time t,

When a crack meets a pore in a ceramic material, the crack tip blunts[255]. This
decreases the stress intensity at the crack tip and requires an increasing external load to

propagate the crack. Therefore, the pores are regarded as barriers for crack growth.

As shown in Figure 4.60, crack branching was observed on the surface when a main
crack propagates. It has been reported that crack branching can be the result of many
interacting microcracks or microbranches[256]. To be more specific, when a crack
propagates in a material containing a great many pores, the crack passes through these
pores and some pores can change the crack growth plane[257]. In addition, crack
branching also can be caused by the microcracks that are enteirely embedded in the
interior of the bulk[256]. Figure 4.61 shows a cross-section of a crack cut through the
BSCF sample surface using a FIB. It is clearly shown that crack branching occured in

the interior of the bulk.

Figure 4.60 Crack cracking was observed when crack propagated at (A) time t; and (B)
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4.2.5.2 Determination of subcritical crack growth parameters at 800 <C

The SCG effect can be assessed in a test with a constant stress rate &, where the

fracture stress oy is correlated with the stress rate using the equation[197]:
1 .
logoy = mloga + logD (4.32)
where n and D (Pa/s) are the SCG parameters. The stress rate is calculated from the

load-time curve of the specimen tested

_ 3P
- 27rth2

[(1+v) i (2) + 2 (=) (4.33)

2 7‘32
where P is the load rate (N/s), other parameters have the same meaning as those in

Equation (4.3).

The SCG parameters n and D can be obtained by fitting log (fracture stress) against log
(stress rates) using a linear regression analysis. The slope of the linear regression line, a,
is determined by the following equation [197]:

o= K Z]-K=1(log cjlog 01‘)_(2;;1 log 6 Z]K=1 log o))
= ; 2
KZ]K=1(10g0'j)2_(Z]K=1 IOng)

(4.34)

where K is the sample size, g; is stress rate and o; is the fracture stress. The SCG

parameter n is determined as n = (1/a) — 1.
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The intercept of the linear regression line is determined by the following equation [197]:

_ (Z]-K=1 log o) Zle(log G )? —(Z]-K=1 (log 6jlog of ))(Z]!(:1 log o))

. .2
KZ, (ogo))2 =T, log o))

p (4.35)

The SCG parameter D is determined by D = 10P

The plot of Equation (4.32), log (fracture stress) vs log (stress rate), is shown in Figure
4.62. The SCG parameters n and D are determined as 13.840.4 and 30.3#1.1 at 800 <TC,

respectively.
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Figure 4.62 Fracture stress of BSCF determined by ring-on-ring bending tests as a
function of stress rate (log-log plot) at 800 <C

4.2.5.3 Stress-probability-time (SPT) diagrams

Considering the design in applications, it is essential to predict the life time of the
ceramic membranes. Therefore, it is desirable to construct a SPT diagram of BSCF
which describes the failure probability as a function of stress and time. To set up SPT
diagrams, the stress is changed to an equivalent stress, o, which denotes that the
stress transforms the failure stress oy tested at a stress rate ¢ into an equivalent stress
that would result in the failure of the sample in 1 second[258] using the following
equation:

015 = 0t " (4.36)
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where n is the SCG parameter.

4.2.5.3.1 SPT at room temperature

As previously mentioned, the characteristic strength of the ring-on-ring bending
samples at RT, o, is 77 MPa and the Weibull modulus m is 10.2. The corresponding
stress rate is 101.2 MPa/min. The basic processes of constructing SPT diagrams for the

samples are as follows:

(1) Using the SCG parameter n=24.3 and o, =77 MPa in Equation (4.36), the
equivalent stress that would result in the failure of the sample at 1 second is 78
MPa.

(i)  Combination of this stress and 1-F=1/e (corresponding to the characteristic
strength o,; e is Euler’s constant), where F is failure probability, shows the first
data point on the 1 second line on the SPT diagram.

(iii)  Plot the 1 second line with a slope of Weibull modulus 10.2.

(iv)  Aseries of lines parallel to the 1 second line, with a spacing between the lines
equal to (In10)/n or 2.3/n. The spacing 2.3/n represents a change in life-time by a

factor of 10 [205]. Each line represents a decade increase in life time.

Some selected prediction lines are shown in Figure 4.63
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Figure 4.63 Strength-probability-time diagrams for the BSCF tested at RT

On the basis of the SPT diagram in Figure 4.63, the stress of design for a tolerable
failure probability can be predicted; for example the stress for a lifetime of 40 years
should not exceed 27 MPa to assure a failure probability of 1% at RT. This implies that
the applied stress which imposes on the membranes should not be beyond this value at

RT.

4.25.3.2SPT at800 C

As previously mentioned, the characteristic strength of the ring-on-ring bending
samples at 800 C, o, is 48 MPa and the Weibull modulus m is 5.5. The corresponding
stress rate is 101.2 MPa/min. The basic processes of constructing SPT diagrams for the

samples are as follows:

M Using the SCG parameter n=13.8 and 0.=48 MPa in Equation (4.36), the
equivalent stress that would result in the failure of the sample at 1 second is 51
MPa.

(i)  Combination of this stress and 1-F=1/e (corresponding to the characteristic

strength a,.), where F is failure probability, gives the first data point on the 1
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second line on the SPT diagram.
(iii)  Plot the 1 second line with a slope of Weibull parameter 5.5.
(iv) A series of lines parallel to this line, with a spacing between the lines equal to

(In10)/n or 2.3/n. Each line represents a decade increase in life time.

Some selected prediction lines are shown in Figure 4.64
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Figure 4.64 Strength-probability-time diagrams for the BSCF tested at 800 C

On the basis of the SPT diagram in Figure 4.64, the stress of design for a tolerable
failure probability can be predictable; for example the stress for a lifetime of 40 years
should not exceed 4.5 MPa to assure a failure probability of 1% at 800 <C. This implies
that the applied stress which imposes on the membranes should not be beyond this value

at 800 <C.

4.2 .5.4 Discussion

As discussed previously, the SCG parameter n characterises the resistance of a material
to SCG. A high value of n is usually interpreted as a low susceptibility to SCG. The high
value of n=24.3 at room temperature indicates that BSCF is not very susceptible to slow

crack growth, which is a good agreement with other groups[259]. However, the value of
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n of BSCF decreases dramatically to 13.8 as the temperature rises to 800 <C, which is
approximately 43% of the value at room temperature. A similar trend has been also
found in other perovskite-structured materials[205]. It indicates that BSCF is much
more sensitive to SCG at 800 <T than that at room temperature. There can be several
possible contributions to this phenomenon. The main possible reason is the thermally
activated bond rupture due to the reduction in chemical bonding energy at high
temperature. The other possible reasons are related to the secondary phase along grain

boundary and the formation of oxygen vacancies in the grain bulk.

As shown in Figure 4.65(A), only cubic phase has been detected by XRD. However, the
main peak (110) of BSCF samples shifted to large 2 theta angles after testing at 800 C

[Figure 4.65(B)], which indicated that the lattice parameter had decreased.
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Figure 4.65 (A) XRD patterns of fractured BSCF samples under dhgfeerent conditions; (B)
Refined XRD patterns of the main peak (110) of fractured BSCF samples

EDX linescans analysis across the grain boundary indicated that the bulk of the grain

exhibited the same elemental composition at 800 <C as that at room temperature in

Figure 4.66. However, it is clearly observed in Figure 4.66(B) there were an increase in

oxygen and a decrease in cations at grain boundaries at 800 <C. In combination with

XRD analysis, it suggests that oxygen vacancies were formed in the grain bulk possibly

due to the diffusion of oxygen ions from grain bulk to grain boundary. In addition, EDX
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linescans were recorded to quantitatively analyse the composition of the grain boundary
phase and the grain bulk. The compositions are given in at.%. The ratio of Ba-, Sr-, Co-,
Fe-, and O- concentrations along a line scan across the grain boundary is around
12.6:12.4:20:5:50 at RT while the ratio of these compositions is approximate
10:10:16:4:60 at 800 <. According to the previous investigation, Svarcovaet al.[260]
have demonstrated that the ratio of Ba-, Sr-, Co-, Fe-, and O- concentrations
10:10:16:4:60 exhibits the hexagonal structure. Other groups[261] have reported that in
terms of BSCF annealed at 800 <C, cubic-to-hexagonal phase transition can be found at
grain boundary by TEM. It suggests that the grain boundary phase possibly exhibits

hexagonal structure.

It has been reported by Evans et al.[262]that grain boundary phases can be in response
to the strength degradation and the decrease in the value of slow crack growth parameter
n. Additionally, oxygen vacancies also can result in the strength degradation at high
temperature due to the decrease in bond strength[263]. As seen in Figure 4.67, it shows
the existence of secondary phases at the grain boundaries in the interior of the bulk.
Therefore, thermally activated bond rupture, grain boundary phase and oxygen

vacancies can be the reasons for the reduction in the value of n at 800 <C.
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Figure 4.66 EDX linescans across the grain boundary of fractured BSCF samples:
(A) 101.2 MPa/min at RT; (B) 0.1012 MPa/min at 800 <C
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Figure 4.67 Grain boundary phase was observed in the interior of the BSCF bulk at
800 <C by FIB.

4.3 Sintering of Ni-doped BSCF membranes

How to improve the properties of BSCF including thermal stability, mechanical
property and permeability at operating conditions remains to be dealt with. For instance,
a phase transition from cubic to hexagonal structure occurs at elevated temperature and
reduces the permeation rate of BSCF[216]; additionally, spin transition of Co®'
decreases the Young’s modulus of the membrane at elevated temperature thereby
becoming mechanical instability[138]. Recently, studies have been tried to substitute
rare earth metal ions (e.g. Zr, Bi, La and Gd) to modify the microstructure of
BSCF-based materials, thereby improving their performances [83, 102, 264-267]. A

promising solution seems to be the partial substitution of B-site cations (Fe and Co) to
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eliminate the effect of spin transition of Co®". It has been reported that Ni doping has
been demonstrated to improve different properties of perovskite-structured materials
(e.9. LaFeOs3.5[268] and GdBaCo0,0s.5[269]). However, there are few investigations on
Ni-doped BSCF. This motivated the author to conduct the present study to attain a

comprehensive understanding of the effect of Ni substitution on the properties of BSCF.

4.3.1 Variation of Ni content doped in BSCF

In this section, all the BagsSros5C0pgFep 2035 with different Ni contents doped in the
B-site (BSCF-NiX; X=0, 2, 4, 6, 8, 15, 20, 25 mol %) were sintered at 1100 T for 10
hours. The sintering behaviours of Ni-doped BSCF are presented and discussed. These

include phase identification, grain evolution, and porosity.

4.3.1.1 X-ray diffraction analysis

Figure 4.68 shows the X-ray diffraction patterns (A) of all the sintered samples and the
lattice parameter as a function of the Ni doping content (B). As shown in Figure 4.68(A),
when the content of Ni doping is below 25 mol%, diffraction patterns of different
contents of Ni-doped BSCF are indexed by a single cubic phase. For the patterns of
BSCF-Ni25, a secondary phase of NiO [PDF 47-1049] was identified. For BSCF

samples with a low Ni doping level (<4%), the lattice parameter increases with

increasing Ni doping content. When the Ni doping content is above 4 mol%, the lattice
parameter shows little change in Figure 4.68(B). These results suggest that the solid

solubility limit lies in around 4 mol% Ni.
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Figure 4.68 (A) XRD patterns of different contents of Ni-doped BSCF; (B) Lattice
parameter as a function of Ni doping content. The line is a guide to the eye.

Previous studies have shown that the lattice parameters of Bi-doped[270], Y-doped[87]

and Zr-doped BSCF [102, 271] increase with increasing doping content to a certain due

to the replacement of the host ions by dopant ions having a larger ionic radius. It has

been also found in LaCoQOj3 [272] that the lattice parameters increase with increasing Ni

substitution of Co in a certain content range, because the ionic radius of Ni?* is larger

than that of Co®". On the other hand, for La doping in BSCF[273], the lattice parameter

decreases with increasing La doping level because of the substitution of smaller La**
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cation. Therefore, the lattice parameter significantly depends on the radii of substitution
ions. In the case of Ni-doped BSCF, the lattice parameter increases with increasing the
Ni doping content due to the substitution of larger Ni?*(0.74 A) cations on B-site for

Fe** (0.59 A) and Co®* (0.61 A) cations.

4.3.1.2 Grain evolution

4.3.1.2.1 Grain growth

Figure 4.69 EBSD band contrast micrographs of sintered BSCF with different Ni

contents: (A) 2 mol%; (B) 4 mol%; (C) 15 mol%; (D) 20 mol%. Red arrows point at
secondary-phase particles

Figure 4.69 shows EBSD band contrast micrographs of BSCF with different Ni contents
(2, 4, 15, 20 mol%) sintered at 1100 <T for 10 hours. It is clearly observed that a

secondary phase exists in BSCF doped with 15 and 25 mol% Ni. According to the EDX
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spectrum of the secondary phase in Figure 4.70, the atom ratio between Ni and O is

calculated to be approximately 1, which suggests that secondary phase is NiO. This

observation is consistent with the XRD spectra presented in Figure 4.68 above.

cps/eV

Fe
Co
Ni
Sr
Ba
Total

50.61
0.31
SRl
45.09
0.18
0.66
100

Figure 4.70 EDX spectrum of secondary phase of Ni-doped BSCF

Figure 4.71 shows the average grain size in BSCF (BSCF-NiX, X=0, 2, 4, 6, 8, 15, 20,

25 mol %) ceramics as a function of Ni doping content. It is clearly observed that the

average grain size of Ni-doped BSCF decreases with increasing the Ni doping content.

The grain size reduces gradually with increasing Ni doping content up to 4 mol%; and

then the reduction rate slows down with the further increase in Ni doping content. This

indicates that the Ni doping affects the grain growth of BSCF through two mechanisms.

As reported by Garcia et al.[274], the decrease in grain size can be related to the

impurity content. In the case of Ni doping in BSCF, the Ni ions can be incorporated into

the lattice as a solid solution or precipitated as a secondary phase (NiO).

25

-l - N
o (&, o

Average grain size/pm
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Figure 4.71 Average grain sizes of Ni-doped BSCF as a function of the Ni doping

content.
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In the range of Ni doping from 0 to 4 mol%, it can be concluded that the grain size
decreases with increasing the doping content due to Ni ions being dissolved into the
lattice, because Ni doping restricts the diffusion of other ions thereby constraining grain

growth. This phenomenon has also been found in Ni-doped BaTiO3[275].

re of BSCF dope o ' 8 mol%
sintered at 1100 <C for 10 hours

ma H' WL HFW x:-6.6235 mm det

B) Ni

In the range from 4 to 25 mol% Ni, apart from the constraint from Ni** solute in the
BSCF lattice, the decrease in the grain size with increasing the doping content can be
also due to precipitation of the secondary phase which constrains grain growth. It can be
clearly observed in Figure 4.72 that particles are distributed both inside the grain and
along the grain boundaries. Furthermore, with increasing the Ni doping content, the
number of particles increases. Under the same sintering conditions (1100 <C, 10 h), the
grain size for BSCFNi-25 is a factor 4.5 smaller in comparison with that of the pure
BSCF as shown in Figure 4.71. A similar phenomenon was observed in BSCF with
Zr-doping[271]. According to the explanation of Stournari et al.[271], the suppressed
grain growth in Zr-doping BSCF can be ascribed to a secondary phase pinning or
dragging mechanism, because small Zr-rich crystallites can be found along the grain
boundaries. Therefore, by analogy it can be suggested that both Ni solute and the

secondary-phase NiO particles can constrain the grain growth of BSCF.
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It can be also clearly observed that the number of secondary phase particles (NiO)
located on the grain boundaries increases with increasing the Ni content, especially
above 15 mol%, as shown in Figure 4.69(C-D). As mentioned above, secondary phase
particles can inhibit grain growth by pinning or dragging the migration of grain
boundaries, which is often called the Zener pinning or drag effect [276, 277]. The total
pinning force Frp is given by

FTP _ 3fypsinfcoso (437)

r

where f is the volume fraction of particles at the grain boundaries, y, is the grain
boundary energy per unit area, 6 the angle between the grain boundary surface and the
point of intersection with particle, and r is the particle radius. These parameters f and r
were determined by Image analysis based on SEM micrographs (Image-Pro Plus 6.0
software). With increasing in the Ni doping level, the volume fraction of the secondary
phase particles increased, and since the particle radius changed only slightly, the total
pinning force of the secondary phase particles increases according to Equation (4.37).

Therefore, the grain size gradually decreases.

The first quantitative model to describe the effect of inclusion particles on the grain
growth in polycrystalline materials was developed by Zener et al.[278, 279]. In this

model, the limiting grain size G of the main phase is given by:

_2d

¢=3

(4.38)

where d is the average size of the particles. Zener’s model involves two major
assumptions: one is the existence of a stabilised microstructure, in which grain growth
stops or a constant grain/particle size ratio prevails during extended heating; the other is
that isolated spherical inclusion are randomly dispersed in the matrix. Since many
experimental results showed that the observed limiting grain sizes were not in
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agreement with those predicted by Zener’s equation, modified models have been

suggested. The general form of the modified equation is [280-282]

G = cfim (4.39)

log (g) = —mlog(f) + log(C) (4.40)

where C and m are constants.

To evaluate Zener’s effect, the value of C and m can be determined from the
experimental data by plotting log (G/d) versus log (f) and comparing with the ones
predicted by the models. Since these models are based on a preferential location of the
secondary phase particles at the grain boundaries, samples with a doping level above 15
mol% Ni were used. The data for these three different doping levels are shown in Figure
4.73. From this plot, the values of C and m obtained are 0.94 and 0.55, respectively.
These values do not agree well with the original Zener’s model(C=0.67, and m=1), but
they are in close agreement with the ones in the modified models of Haroun and

Budworth (C=1.03 and m=0.5)[280] and Gladman et al. (C=0.88 and m=0.5)[281].
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Figure 4.73 log (G/d) as a function of log(f) for the sample of BSCF doped with 15, 20,
25 mol% Ni sintered at 1100 <C for 10 hours.
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4.3.1.2.2 Grain size distributions and grain aspect ratio distributions

Figure 4.74 shows grain size distributions and grain aspect ratio distributions of sintered
BSCF with various Ni doping contents sintered at 1100 <C for 10 hours. It has been
reported that dopants can induce abnormal grain growth in some ceramics systems
[283-286]. As shown in Figure 4.69, all the samples of Ni-doped BSCF show regular
equiaxed grains and no abnormal grain growth can be found. As shown in Figure
4.74(A), the shape of the grain size distribution profile of each curve remains essentially
similar while the grain size distribution curves shift toward the finer end of the size

profile as a function of Ni doping content. This phenomenon is also found in other

doped ceramic systems [79, 80, 287].
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Figure 4.74 Grain size distributions (A) and grain aspect ratio distributions (B) of
sintered BSCF with various Ni doping contents

From the literature [288, 289], it has been proved that doping can influence the grain
aspect ratio of ceramics materials as well. However, the grain aspect ratios of BSCF

doped with different content Ni are approximately 1.8 and are almost the same as those

of pure BSCF.

4.3.1.3 Porosity

Figure 4.75 shows the dependence of porosity of BSCF on the Ni doping content. It is

clearly observed that the porosity increases with increasing the Ni doping content. In
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other words, Ni doping clearly inhibits densification of BSCF at 1100 <C. With
increasing Ni doping concentration from 2 to 8 mol%, the porosity increases gradually.
However, upon further increasing the dopant concentration, the porosity increases
sharply up to 25 mol% to a level around 16%, which is more than twice that at 15 mol%.
The porosity increases with the increase in Ni doping level. In sum, the densification
rate of BSCF is reduced by the Ni doping, and the reduction rate increases with the
increase in Ni doping level. This phenomenon indicates that the diffusion rate and/or the

sintering stress were reduced by Ni doping.
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Figure 4.75 Porosity as a function of Ni doping content for BSCF sintered at 1100 <C
for 10 hours.

The dissolution of Ni into BSCF leads to a decrease of diffusion coefficient of the
cations by depressing the concentration of this species. Studies on Ni doping in
BaTiO3[275] have shown that Ni constrains the diffusion rate of Ti. Additionally, Ti is
the rate controlling species due to its the highest activation energy of diffusion in
BaTiO3[275]. Therefore, Ni doping retards the densification of BaTiO3[275]. Similarly,
in the case of Ni doping in BSCF, it suggests that one reason for the increase in the
porosity with increasing Ni doping content can be attributed to the diffusion of cations

constrained by Ni.

With respect to the process of sintering, the densification occurs by means of the pore
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surface moving to the pore centre. Very small inclusions will be possibly dragged and
gathered together with the aid of the movement of pore surfaces during the sintering[79].
The force of these particles obstructing the movement of the surface is equivalent to the
influence of inclusions on the grain boundary mobility[79]. In this way, the drag effect
of the particles on the pore-surface motion consequently decreases the sintering stress.
Therefore, besides restraining the diffusion rate, Ni doping can retard the densification
of BSCF by means of the restraint of the diffusion rate and the reduction in the sintering

stress.

4.3.1.4 Pore evolution

Figure 4.76 shows the pore size distributions and pore aspect ratio distributions of
BSCF with 0, 15 and 25 mol% Ni doping sintered at 1100 <C for 10 hours. The average
pore size with standard deviation of these three different samples are 1.8040.47 um (0
mol%), 2.3730.68 um (15 mol%), and 3.13+1.01 um (25 mol%) while the average pore
aspect ratio with standard deviation are 1.2740.36 um (0 mol%), 1.6540.59 um (15
mol%), and 1.9040.72 um (25 mol%). It is clearly observed that both pore size
distributions and pore aspect ratio distributions are unimodal and become broader with

increasing Ni doping content.
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Figure 4.76 (A) Pore size distributions and (B) pore aspect ratio distributions of Ni

doping in BSCF sintered at 1100 <C for 10 hours
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4.3.2 BSCF doped with 8 mol% Ni (BSCF-Ni8)

In this part, the structure and sintering behaviours of BSCF-Ni8 are presented and
discussed. The samples were sintered from 1000 <C to 1200 <C for 10 hours. The
characterisation techniques used include structural analysis by XRD, relative density,

and microstructural analysis.

4.3.2.1 X-ray diffraction analysis

(A) * Cubic
~~
2 |y X5 x Leovck s % s
C o
- e . LiO%E. .
= N XN
= L kA frzsec, N
£
<C L. I _11100 C A e
= | wh . porse, o
D
= b josoec,
9 °
= L ) r025°c Fa
. | J_1000°C P
1 1 1 " | 1 | 1 1 1 1
20 30 40 50 60 70 80
290
4.006—(B)
£
°
o 4.005
=
b
94004
@ 4.004
£ 9
©
@
© 4.003 -
0)
O
4002 }
=
1 2
4.001 L - L ' L N— - L
1000 1050 1100 1150 1200

Sintering temperature/°C
Figure 4.77 (A) XRD patterns of sintered BSCF-Ni8 at different temperatures for 10
hours; (B) Lattice parameter of BSCF-NI8 as a function of sintering temperature.
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The XRD patterns obtained for BSCF-Ni8 sintered between 1000 <C and 1200 <C for
10 hours indicates that it is well indexed as a cubic perovskite structure, as illustrated in
Figure 4.77 (A). Even up to 1200 <C, the BSCF samples do not shown any
decomposition and no other phase can be identified by XRD. As shown in Figure
4.77(B), it can be observed that the lattice parameters of BSCF doped with 8 mol% Ni
increase approximately linearly with the sintering temperature, which is also observed
in undoped BSCF. As mentioned in Chapter 4.1, it is caused by the release of oxygen,
and hence an increase in the oxygen vacancy concentration with increasing temperature.
Within the temperature range studied, the variation of the lattice parameters of BSCF is
0.12%, which is much lower than that of BSCF. This suggests that the sintering

temperature has less influence on the lattice parameter of BSCF-Ni than that of BSCF.

4.3.2.2 Relative density
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Figure 4.78 Relative density of BSCF-Ni8 as a function of dwell time (A) and sintering
temperature (B). The lines are a guide to the eye.

Figure 4.78 shows the relative density as a function of the dwell time and sintering
temperature for BSCF doped with 8 mol% Ni. For a given temperature of 1100 <C, the
relative density reaches the maximum after 10 hours. Subsequently, the density remains
approximately constant with further increase of the sintering time up to 50 hours. For a

given dwell time of 10 hours, the relative density gradually increased as the sintering
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temperature increased in the range from 1000 < to 1175 <C. When the sintering
temperature reached 1200 <C, the relative density decreased from 95.5% to 92.6%. By
comparison with the BSCF-Ni8 samples sintered at temperatures between 1175 <C and
1200 <C, the value of linear shrinkage at 1175 <T (9.03%) is higher than the value at

1200 <T (8.87%). In other words, the densification rate decreased at 1200 <C.

4.3.2.3 Microstructural evolution

4.3.2.3.1 Grain growth

The changes in microstructure as a function of dwell time and sintering temperature are
presented in Figures 4.79 and 4.80, while the results of the microstructural analysis are
summarised in Figure 4.81. It is evident that the average grain size grows gradually as
the sintering time increased from 1 to 50 hours, as displayed in Figure 4.81(A). The
average grain sizes of the BSCF-Ni8 ceramics sintered at 1100 <C from 1 to 50 hours
were in a range from 7.8 to 16.1 um as shown in Figure 4.79. As displayed in Figure
4.81(B), for a given time 10 hours, the average grain size grows with increasing
sintering temperature. The grain size increases slowly with the sintering temperature up
to 1050 <C and then grows gradually with the sintering temperature in the range from
1050 to 1175 <C. Between 1175 <C and 1200 <C, the grain size enters a period of rapid
growth. For instance, the average grain sizes of BSCF samples sintered at 1025, 1075
and 1200 <C are determined as 3.6, 9.2, and 34.1 um, respectively as shown in Figure

4.80.

186



CHAPTER 4 RESULTS AND DISCUSSION

Figure 4.79 EBSD band contrast micrographs of BSCF-Ni8 sintered at 1100 <TC for
various time: (A) 1 hour; (B) 10 hours; (C) 50 hours

Figure 4.80 EBSD band contrast micrographs of BSCF-Ni8 sintered at different
temperatures for 10 hours (A) 1025 <C; (B) 1075 <C; (C) 1200 <€
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Figure 4.81 Average grain size as a function of (A) dwell time at 1100 <C and (B)
sintering temperature for 10 hours.
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It is noted that the average grain size increases with increasing dwell time. The
phenomenological kinetic grain growth equation can be expressed in the following

equation:
1 1 Q
In(D) = ;ln(t) +— [InK, — (E)] (4.41)
From the slope (1/n) of the In (grain size) versus In (time) line, the value n of the grain
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growth kinetic exponent can be calculated.

Figure 4.82 shows the grain growth kinetics for BSCF-Ni8 sintered at 1100 <C, with a
In-In plot of grain size against time. It demonstrates the isothermal grain growth data for
the BSCF ceramics over a time period from 1 to 50 hours at a temperature of 1100 <T in
the form of Equation (4.41). The slope 1/n is determined to be 0.212. This means that
the value n of the grain growth exponent is approximately 4.7. The
temperature-dependence of grain growth during sintering for BSCF-Ni8 can be

expressed as

DY = Ky t exp(Z2) (4.42)
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Figure 4.82 Graph of In(grain size) versus In(time) for BSCF-Ni8 sintered at 1100 C

n
o

Figure 4.83 shows an Arrhenius plot by constructing the data of average grain size from
a constant dwell time, in which In(D"t) is plotted versus the reciprocal of the absolute

temperature (1/T). Rearranging the Equation (4.42) yields,

(%) =-2(2) + K, (4.43)

the slope of which can be used for calculation of the apparent activation energy for the
grain growth procedure. For BSCF-Ni8 (n=4.7), there exists a reasonably good linear
relationship between In (D*'/t) and 1/T from 1000 to 1200 <C at the constant sintering

time(10 hours) in this study. The grain growth activation energy determined from the
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slope of Figure 4.83 is 803.4430 kJ/mol.
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Figure 4.83 Graph of grain growth rate versus inverse temperature for the determining
activation energy for grain growth, all the results are shown for the BSCF-Ni8

4.3.2.3.2 Grain size distributions and grain aspect ratio distributions

Figure 4.84 and Figure 4.85 present the grain size distributions and grain aspect ratio
distributions for the BSCF-Ni8 samples sintered under different conditions. It is clearly
evident from the plots presented in Figure 4.84(A) and Figure 4.85(A) that, the shape of
the grain size distribution profile of each curve remains essentially similar, whereas the
grain size distribution curves shift toward the coarser end of the size profile as a
function of prolonging sintering time and/or increasing temperature. Additionally, the
average grain aspect ratios of BSCF-Ni8 sintered under different conditions are
approximately 1.8 and are similar to those of undoped BSCF as shown in Figure 4.84(B)

and Figure 4.85(B).
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Figure 4.85 Grain size distributions (A) and grain aspect ratio distributions (B) of
BSCF-Ni8 sintered at different temperatures for 10 hours

4.3.2.4 Mechanisms of densification and grain growth of BSCF-Ni8

As mentioned previously in Chapter 4.1, the model proposed by Coble et al.[54]

predicts the densification rate Z—’t’ as the following equation:

dp _ CN&y:0
dt ~  pm

Combining the Equations (4.5) and (4.8), yields the following equation:

dp _ CNEyD
dt tKyexp (—%)

Equation (4.45) can be integrated to transform to the following equation:

__ CN¢ys0

= In(t) + 0
Koexp (—s) ©

(4.44)

(4.45)

(4.46)

Taking logarithm of both sides of Equation (4.44) yields the following equation:
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log (3—’;) = —mlog(D) + @ (4.47)
where all the alphabetic symbols denotes the same meaning as before; ® and @ are
constants.

The experimental data obtained from the samples sintered at 1100 <C from 5 to 50 hours
are plotted in this way for the densities ranging from 93.7% to 95% in Figure 4.86. It
shows relative density of BSCF-Ni8 sintered at 1100 <C from 1 to 50 hours(A) and plot
of log(densification rate) versus log(grain size)(B). At 1100 <C, the calculated value of
m from the plot is 3.5720.14 for BSCF-Ni8 in Figure 4.86(B). Considering the value of
m, the predominant mechanism for controlling densification is not clear. It seems that
both grain boundary and lattice diffusions are the equally dominant controlling

mechanisms for BSCF-Ni8 at 1100 <C.
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Figure 4.86 (A) relative density of BSCF-Ni8 sintered at 1100 <C for various dwell
times; (B) Plot of log(dp/dt) versus log(grain size) for 1100 C

In the case of grain growth Kinetics, the grain growth exponent n of BSCF-Ni8 is
determined to be 4.7. In other words, the grain growth kinetics of BSCF-Ni8 do not
follow the classical law of parabolic growth (n=2). A higher grain growth exponent
indicates that grains slowly coarsen. As mentioned before, the driving force for grain
growth is the local curvature of the grain boundary[16]. When the pores are dragged
along the grain boundary, it will lower the driving force for grain boundary mobility

thereby slowing grain growth[165]. It has been reported [290, 291]that grain growth
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exponent higher than 2 can be related to porosity and the impurity content of the oxide
material. Therefore, it can be observed in Figure 4.72 that both pores and secondary

phase particles lead to the higher grain growth exponent.

With regard to the activation energy for grain growth of BSCF-Ni8, it is calculated to be
803.4+30 kJ/mol. As mentioned before, the activation energy for oxygen ion diffusion
(45-105 kJ/mol[103, 104]) is much lower than that for grain growth of BSCF-Ni8.
Accordingly, cations diffusions are the rate-controlling species of grain growth rather
than oxygen ions. Although there is no literature about the activation energy for Ni
diffusion in BSCF, it has been reported that the activation energy for Ni diffusion in
nickel oxide is 285 kJ/mol [292] which is much lower than that for grain growth of
BSCF-Ni8. Therefore, it suggests that Ni diffusion cannot be the rate-controlling specie
of grain growth of BSCF-Ni8. On the other hand, Lein et al. [104, 105] have reported
that the diffusion of Sr/La in LagsSrosCoosFeo 2035 is slower than that of Co/Fe.
Therefore, in terms of BSCF-Ni8, it can be speculated that the Ba/Sr cations can be the

rate-controlling species during the sintering process.

4.3.2.5 Comparison of density and grain growth between undoped
BSCF and 8 mol% Ni-doped BSCF

Grain growth processes in sintered undoped BSCF and BSCF-Ni8 ceramics have been
systematically investigated in the preceding sections. It is shown that Ni doping has a
negative influence on the density and grain size of BSCF. First, as mentioned previously,
the grain growth kinetics of both undoped and Ni-doped BSCF do not follow the typical
correlation of parabolic growth (n=2). Furthermore, the grain growth exponent of 4.7
for BSCF-Ni8 is higher than that value of undoped BSCF (n=3). The increased n value

is most likely due to the presence of secondary phase (NiO) particles which inhibits the
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grain boundary mobility as mentioned before. Second, the apparent activation energy
for grain growth of BSCF-Ni8 (Q=803.4437 kJ/mol) is also greater than that value of
undoped BSCF (Q=650.7430 kJ/mol). According to Jud et al. [293], lattice diffusion
usually exhibits a higher activation energy than grain boundary diffusion. Additionally,
the mechanism of grain growth in undoped BSCF is grain boundary diffusion while
grain growth of BSCF-Ni8 is equally controlled by grain boundary diffusion and lattice
diffusion as discussed before. Therefore, the change in mechanism of grain growth
results in the higher activation energy for grain growth of BSCF-Ni8.
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Figure 4.87 Average grain size as a function of relative density curves for undoped and
8 mol% Ni-doped BSCF sintered at 1100 <C. The lines are a guide to the eye.

Figure 4.87 shows grain size-density curves for undoped and Ni-doped BSCF sintered
at 1100 <C. The grain size-density curve shows the ratio of the grain growth rate to the
densification rate. The curve for undoped BSCF lies higher than that for the doped
BSCF-Ni8, with the Ni effect being stronger in retarding grain growth than on the
densification. It suggests that grain coarsening in undoped BSCF seems faster than in

Ni-doped materials at this stage. This observation is consistent with the idea that Ni
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doping inhibits grain boundary mobility at 1100 <C. Additionally, it can be observed that
some secondary phase particles exist along grain boundaries, although most are located
within the grains. It has been reported that precipitates on grain boundaries have been
shown in two-dimensional theoretical simulations to have a significant effect in

retarding grain growth even at very low volume concentrations in this range[294].

Figure 4.88 shows average grain size and the ratio of average grain sizes between
undoped and Ni-doped BSCF as a function of sintering temperature. It can be clearly
observed that grain growth rate decreases fast as the sintering temperature increases.
The ratio of grain size between undoped and Ni-doped BSCF is 1.04 at 1000 <C,
increasing to 4.64 at 1150 <C. This observation indicates that Ni doping inhibits grain
boundary mobility more significantly with increasing the sintering temperature between

1000 <C and 1150 <.
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Figure 4.88 Average grain size (A) and the ratio of average grain sizes between undoped
and Ni-doped BSCF (B) as a function of sintering temperature. The lines are a guide to
the eye.

4.4 Mechanical properties of Ni-doped BSCF

4.4.1 Variation of Ni doping level in BSCF

In this section, all the Ni-doped BSCF samples (BSCF-NiX; X=0, 2, 4, 8, 15, 20, 25

mol%) were sintered at 1100 <T for 10 hours. Mechanical properties of Ni-doped BSCF
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are evaluated and discussed. Hardness and Young’s modulus are determined by the
micro-indentation method. Fracture toughness is measured by indentation crack

measurement method. Two 10x10 indentations matrices are measured for each sample.

4.4.1.1 Hardness and Young’s modulus

Figure 4.89 shows the hardness and Young’s modulus as a function of various Ni doping
contents in BSCF sintered at 1100 <C for 10 hours. It is clearly observed that both
hardness and Young’s modulus show a non-monotonic trend with Ni doping content. In
a lower doping level (from 0 to 8 mol%), they increase with Ni doping content, while at
a higher doping level (from 8 to 25 mol%), they decrease with increasing Ni doping

content.
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Figure 4.89 Hardness and Young’s modulus as a function of different Ni doping
contents. Solid lines are an eye-guidance.
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As mentioned in Chapter 4.3, Ni doping causes an increase in the lattice parameter, an
increase in porosity, and an increase in the amount of secondary phase but a decrease in
grain size. In the case of hardness of Ni-doped BSCF, the increase from 0 to 4 mol% is
probably caused by the strain induced by lattice distortion, because the ionic radius of
Ni?* is larger than those of both Fe** and Co**[275]. Ling et al.[295] have also found
this phenomenon in other perovskite-structured materials and have attributed it to a

solute solution strengthening mechanism. From 4 to 8 mol%, the increase in hardness of
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Ni-doped BSCF is due to formation of secondary phase, because the hardness of a
secondary phase (NiO) is much higher that of pure BSCF and the amount of secondary
phase increases. Between 8 and 25 mol%, the reduction in hardness may be due to the
sharp increase in the porosity. Although the amount of secondary phase increases with
increasing the Ni doping level, the porosity of Ni-doped BSCF shows even more
dramatic increase at this range. As a result, the hardness of secondary phases cannot

compensate the loss caused by the increase in porosity.

With respect to the Young’s modulus of Ni-doped BSCF, the curve shows a similar trend
to that of hardness. As reported in the literature [296-298], doping can result in the
change in bond length thereby changing bond energy. The Young’s modulus
significantly depends on the bond length and bond energy [297, 298]. It has been
reported that Ni-O bond energy (392 kJ/mol) is higher than that of Co-O bond (368
kJ/mol) [299]. Therefore, the change in bond length and bond energy could be the
reason for the increase in Young’s modulus. From 4 to 8 mol% the increase in Young’s
modulus can be attributed to secondary phase particles, because the Young’s modulus of
secondary phase particle NiO (263 GPa) is much higher than that value of BSCF[300]
and the amount of secondary phase increases. Between 8 and 25 mol%, the reduction in
Young’s modulus is due to the sharp increase in porosity, since Young’s modulus is

sensitive to the porosity as discussed previously.

4.4.1.2 Fracture toughness

Figure 4.90 shows the indentation fracture toughness for BSCF doped with different
contents of Ni. It is clearly observed that Ni doping increases the fracture toughness
compared with pure BSCF. There are three possible factors to explain this phenomenon.

Firstly, Ni doping increases the Young’s modulus when the content is below 8 mol%.
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Secondly, the fracture toughness of NiO (1.65MPa m®®) [301] is larger than that of pure
BSCF. Thirdly, crack deflection by secondary phase causes the increase in the fracture

toughness.
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Figure 4.90 The indentation fracture toughness as a function of different Ni doping
contents. Solid line is an eye-guidance. The line is a guide to the eye.

From 0 to 4 mol%, the increase in fracture toughness of Ni-doped BSCF can be
ascribed to the increase in Young’s modulus. From 4 to 8 mol%, the increase is
attributed to the larger fracture toughness of secondary-phase NiO particles. In addition,
the amount of secondary phases increases with increasing the content of Ni doping. As

shown in Figure 4.91, no substantial crack deflection was found and crack propagation

was primarily transgranular as for BSCF-Ni8.

Figure 4.91 Typical indentation impression of BSCF-Ni8
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As shown in Figure 4.92, secondary phase in Ni-doped BSCF samples can serve to
deflect cracks for BSCF-Ni20 and results in a modest enhancement in fracture
toughness, while straight cracks pass though the grains for less than 8 mol% Ni doping
in BSCF. This phenomenon also can be observed in other perovskite-structured
materials [145, 302, 303]. Between 20 and 25 mol%, the reduction in fracture toughness

IS probably due to the increase in porosity.

AccV Spot Magn Det WD p—— 2pm
100kv 30 8000x SE 1038

Figure 4.92 SEM micrographs of crack induced by Vickers indentation for BSCF-Ni20
(The inserted micrographs show the high magnification of cracks).

Figure 4.93 shows EDX mapping of secondary phase adjacent the crack in BSCF-Ni20
and NiO can be identified. Crack propagation has been changed as shown in Figure 4.93,
which is believed to be affected by the thermal internal stress due to the thermal
expansion mismatch between the matrix and the NiO particles. Because of the different
thermal expansion coefficients (TEC) of the BSCF matrix and NiO, the thermal residual
stress is produced between matrix grains and the NiO particles when the samples were

cooling from the sintering temperature (1100 <C) to room temperature. Assuming all
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particle inclusions are spherical, the residual stress can be determined by the equation

derived by Selsing[304]:

(am—ay)AT
0 = Thy 1775 (4.48)
2Em + Ep

where a,, and a, are the thermal expansion coefficient (TEC) of the matrix and the
particle, respectively. AT is the temperature change; E and v are the Young’s modulus
and Poisson’s ratio respectively. In this study, the TEC of matrix and NiO particles are
19.7>10° and 17.1x10° <T?, respectively[305]. The Young’s modulus and Poisson’s
ratio for NiO particles are 263 GPa and 0.37, respectively[305]. The thermal residual
stress can be calculated from the Equation (4.48). The value of thermal residual stress
yields 233 MPa in tension in the radial direction and 117 MPa in compression in the
tangential direction at the interface of the matrix/NiO particles. Crack propagation can

bypass the NiO particles induced by the thermal residual stress.

Figure 4.93 EDX mapping of secondary phase adjacent to the crack in BSCF-Ni20

As shown in the Figure 4.94, it can be observed that crack deflection induced by
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secondary phase occurs under the surface. Therefore, the increase in fracture toughness
can be attributed to crack deflection[303]. This phenomenon was also found in Ni

doping in other ceramic materials[300].
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Figure 4.94 SEM image th I-|IIed ron BSCF-Ni20, where crack path below
the surface has been exposed.

4.4.2 BSCF doped with 8 mol% Ni (BSCF-Ni8)

The BSCF-Ni8 samples were sintered between 1000 <C and 1200 <C and obtained
different porosities. Hardness and Young’s modulus are determined by
micro-indentation method. Fracture toughness is measured by the indentation crack

measurement method.

4.4.2.1 Hardness and Young’s modulus

Figure 4.95 shows hardness and Young’s modulus of BSCF-Ni8 as a function of
sintering temperature. It can be clearly observed that hardness and Young’s modulus
show a similar trend. Both hardness and Young’s modulus increase with increasing the
sintering temperature between 1000 <T and 1175 <C, then they decrease as the
furthering increasing temperature up to 1200 <C. Compared with the density as a

function of this range of sintering temperatures, they show a similar trend. This
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indicates that the porosity is the dominant factor for Young’s modulus and hardness.
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Figure 4.95 Hardness and Young’s modulus of BSCF-Ni8 as a function of sintering
temperature for 10 hours. Solid lines are an eye-guidance.

The hardness-porosity relationship can also be written in a linearised form such that

In(H;r) = —bp + In(Hy) (4.49)
where H, is the indentation hardness H normalised by the zero porosity hardness H,.
The normalisation that was used allowed a direct comparison among the data from this
study in terms of the indentation hardness, H,r (GPa). The linear fit to Equation (4.49)

yields values of 9.0240.64 GPa for H, and 3.1040.42 for the constant b, with a R?

value of 0.947 as shown in Figure 4.96.
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Figure 4.96 Hardness of BSCF-Ni8 as a function of porosity

The intrinsic hardness of BSCF-Ni8 is higher than that value of undoped BSCF, which
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is indicative of the increased resistance to penetration of a polycrystalline assemblage.

This can be attributed to solute solution strengthening mechanism.

The variation of the Young’s modulus as a function of the sintering temperature is due
to the different porosity. The Young’s modulus of the porous sample is expressed
by[248]:

Eir = Ey - exp(—bp) (4.50)
where Ey is the Young’s modulus of the fully dense material, p is volume fraction of the
porosity and b is an empirical constant ranging between 2 to 5. The Young’s
modulus-porosity relationship can also be written in a linearised form such that

In(E;r) = —bp + In(Ey) (4.51)

As shown in Figure 4.97, the linear fit to Equation (4.51) yields values of 121.532.45
GPa for E, and 4.1840.29 for the constant b, with a R? value of 0.958. The intrinsic
Young’s modulus of BSCF-Ni8 is higher than that value of non-doped BSCF,

suggesting that bond strengths of BSCF-Ni8 are higher than those of pure BSCF.
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Figure 4.97 Young’s modulus of BSCF-Ni8 as a function of porosity
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4.4.2.2 Fracture toughness

The value of fracture toughness can be easily determined from indentation-induced

crack[128]:

F
Kina = X715 (4.52)

where C, is the crack length and X:O.016(§)°-5 , representing the elastic plastic

behavior. Furthermore, Young’s modulus E and hardness H are also directly accessible

from the depth sensitive indentation test.

Porosity is well-known to reduce fracture toughness. According to Rice’s model[180], it
has been shown that the intrinsic toughness can be associated with the measured
toughness:

Kic = Kic’exp(—bp) (4.53)
where K;c and K.’ are the measured and intrinsic toughness (zero-porosity),
respectively; p is the porosity and b is a constant. It has been reported that the value of b

for fracture toughness is between 2 and 5 for many ceramics.

As shown in Figure 4.98, the intrinsic fracture toughness of BSCF-Ni8 can be obtained
from the linear fit of the Equation (4.53) and get the value of 1.63 MPam®®, and
2.4340.31 for the constant b, with a R? value of 0.939. Excluding the influence of
porosity on the fracture toughness, the intrinsic toughness of BSCF-Ni8 is significantly
better than undoped BSCF due to the increase in Young’s modulus. In other words, it
suggests that Ni doping can offer an advantage at least in terms of mechanical integrity
at room temperature. However, it is still significantly lower than yttria-stabilised

zirconia, a typical ceramic material.
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Figure 4.98 Fracture toughness of BSCF-Ni8 as a function of porosity
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As shown in Figure 4.99, Hardness, Young’s modulus and fracture toughness have the
similar dependency of porosity. All of them decrease with increasing the porosity.
Compared with these three curves, the relative Young’s modulus is the smallest one
while the fracture toughness is the largest one at the same porosity. In other words, the
reduction in fracture toughness is relatively small compared with the change in Young’s
modulus with porosity. This phenomenon may originate from the deteriorated

microstructure of BSCF-Ni8 with extra pores and microcracks as obstacles during

fracture.
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Figure 4.99 Relative hardness H/Ho, relative Young’s modulus E/E,, relative fracture
toughness K|C/K.C° as a function of porosity; Ho, Eo, and K|C° correspond to the data of
BSCF-Ni8 with the porosity of zero. The lines are a guide to the eye.
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Chapter 5 Study of grain orientation in
BSCF ceramics by EBSD

5.1 Introduction

Based on SrCoOs;.; materials with oxygen permeability, improvements have been
realised by the substitution of foreign ions on the A and/or B sites [34, 35, 38, 49]. The
aims of these dopants are to either keep better chemical stability and/or increase oxygen

permeability.

In the case of copper doped systems in perovskite materials, it has been reported that
LagsSro4C0psCup203.5  exhibits  the  best oxygen  permeability among
La;xSrCo1yMyO3.5(M=Cu, Fe, Ca) perovskite materials[306]. Additionally, Zhao et al.
[307]have found that BagsSrosFeosCuop 2035 shows high conductivity at relatively low

temperature, which enable it to be used as a cathode material in solid oxide fuel cell.

With respect to Nb doped systems in perovskite materials, it has been found that
SrCoo9Nbg103.5 exhibits higher electrical conductivity, higher oxygen permeability and
better phase stability as well compared with pure SrCoO3[308]. In addition, Fang et
al.[309] have reported that partial substitution of Nb in BSCF maintains better phase
stability at high temperature and leads to lower thermal expansion coefficiency

compared with pure BSCF.

In terms of Ni doped systems in perovskite materials, Ni doped into the B site of
LaFeOj3 causes higher ionic conductivity and higher oxygen permeability compared
with pure LaFeO3[268]. Additionally, it has been found that partial substitution of Ni in

LaMO3(M=Co,Ga) shows higher electrical conductivity and higher oxygen permeability
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compared with LaMO3(M=Co,Ga)[50, 310-312].

As discussed above, Cu, Nb, and Ni dopants have improved the phase stability,
conductivity, and /or permeability of different systems in perovskite materials. It has
been found that the oxygen permeability of perovskite membranes significantly depends
on microstructure features, such as grain size, grain orientation and grain boundary
structure. Grain orientation is one of the most important properties of microstructure.
Additionally, it has been reported that dopants can influence the grain orientation of
ceramics materials[313, 314]. In this study, the effect of dopants(Ni, Nb and Cu) on

grain orientation will be assessed.

5.2 Experimental procedure

5.2.1 Sample preparation

Powders of BagsSros(Coo.sFeo.2)o.92NboosOs-s(abbreviated as BSCF-Nb) were prepared
by solid state reaction. Stoichiometric amounts of BaCO3, SrCO3, Co30,4, Fe,03, and
Nb,Os (Sigma-Aldrich, > 99%) were ball-milled for 24 h. The powder mixtures were
dried, and calcined at 900 <C for 10 hours in air and then cooled (180 <C/hour) to RT.
Powders of BagsSros(CoosFe02)092CUoosOs-5 (abbreviated as BSCF-Cu) were
synthesised by solid state reactions. BaCOs;, SrCOj;, Co0304 Fe;03, and CuO
(Sigma-Aldrich, > 99%) were weighted according to their stoichiometry and ball-mixed.
The mixtures were calcined at 900 <C for 10 h. The detailed preparation procedure of
these doped BSCF powders are described by Lu[217]. Preparation methods of powders
of BapsSrosCopgFep203-5 and BagsSros(CoosFeo2)o92NioosOs-s (abbreviated as

BSCF-Ni) have been described in Chapter 3.
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All the powders were sintered at 1100 <C for 10 hours, and the heating/cooling rates
were set to be 180 <C/hour. The samples were ground with several different sizes of
grinding paper from P400 to P1200, and then polished with diamond paste descending
from 6 um to 0.25 um. Then, colloidal silica liquid (OPS) was used at the final stage of

polishing.

5.2.2 Electron Backscattered Diffraction (EBSD)

Electron backscattered diffraction (EBSD) technique is broadly applied in quantitative
metallography, especially for subgrain imaging and texture determination [315-317].
Backscatter Kikuchi patterns generated from an EBSD system are collected for each
point of analysis. The crystallographic orientation is determined after indexing of the
corresponding diffraction pattern. For the EBSD sample preparation, the sintered
samples were ground and polished to achieve a smooth strain-free surface. All the
EBSD data were collected in a Quanta 650 SEM equipped with a NordlysNano EBSD
detector (Oxford Instruments). The results were obtained under an accelerating voltage
of 20 kV and a probe current of 20 nA, a sample tilt 70 degrees and the working

distance 15 mm. The data was processed and analysed by HKL Channel 5 software.

5.3 Results and discussion

Figure 5.1 shows EBSD images of undoped BSCF and doped BSCF (Ni, Nb and Cu)
sintered at 1100 <C for 10 hours. The colours in the images represent the
crystallographic orientation of each grain relative to the sample surface normal. The
black spots in Figure 5.1 are areas that have not been indexed, corresponding to pores.

The pores of BSCF, BSCF-Ni, and BSCF-Cu are located both inside the grains and at
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the grain boundaries. However, in the case of BSCF-Nb, most pores are located at the
triple junctions. The overall porosity (determined by image analysis) was about 4.4%,

5.6%, 12.2% and 9.1% for BSCF, BSCF-Ni BSCF-Cu and BSCF-NDb, respectively.

) BSCF-Nb 2

-
- S

Figure 5.1 EBSD images of undoped BSCF and doped BSCF with different dopants
sintered at 1100 <C for 10 hours:(A)BSCF; (B)BSCF-Ni; (C)BSCF-Nb; (D)BSCF-Cu;
(E) the crystallographic orientations are shown in the stereographic triangle

The grain size distributions and grain aspect ratio distributions of undoped BSCF and
doped BSCF sintered at 1100 <C for 10 hours are presented in Figure 5.2. It has been
reported that dopant can induce abnormal grain growth in some ceramics systems
[283-286]. As shown in Figure 5.1, all the samples of undoped and doped BSCF show
regular equiaxed grains and no abnormal grain growth can be found. Specifically, Cu
doping positively affects grain growth of BSCF while Nb doping negatively affects
grain growth. It is clearly observed in Figure 5.2(A) that dopants have little influence on

the shape of the grain size distributions but the profile shifts with different dopants. This

phenomenon has also been reported in other doped ceramic systems [79, 80, 287].
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From the literature [288, 289], it has been observed that doping can influence the grain
aspect ratio of ceramic materials as well. However, grain aspect ratios of doped BSCF

are approximately 1.8 and are almost the same as those of undoped BSCF as shown in

Figure 5.2(B).
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Figure 5.2 Grain size distributions (A) and grain aspect ratio distributions (B) of
undoped BSCF and BSCF with different dopants (Ni, Nb and Cu) sintered at 1100 <C
for 10 hours

In order to further explore texture information, the distributions of the transverse
direction (TD), rolling direction (RD) and normal direction (ND) with respect to
crystallographic axes of the cubic BSCF phase are plotted in inverse pole figures (IPFs),
as shown in Figure 5.3. The poles are distributed evenly over the inverse pole figures,
suggesting that the undoped and doped BSCF grains are almost randomly oriented. In
other words, it is apparent from the IPFs that none of the specimens exhibits a
significant texture (i.e. preferred orientation). The orientation image maps from
undoped and Ni-doped BSCF were obtained at the same magnification. Due to the
smaller grain size of the Nb-doped BSCF and larger grain size of the Cu-doped BSCF,
an enlarged and reduced magnification has been applied, respectively. Table 5.1

summarises the EBSD acquisition parameters and the specimen grain size.
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(A) BSCF
an

™

ND

for 10 hours:(A)BSCF; (B)BSCF-Ni; (C)BSCF-Nb; (D)BSCF-Cu.

Table 5.1 EBSD acquisition parameters and grain size data

Materials | Data Scan Step Total number | Average  grain
points area(pum?) size(pm) of grains size(um)*

BSCF 929418 305267 0.2828 161 22.70

BSCF-Ni | 1391545 | 305267 0.2309 519 11.64

BSCF-Nb | 267074 134117 0.2542 703 4.86

BSCF-Cu | 1059862 | 585>611 0.5163 144 44.86

*Average grain size (Diameter = /45/11), Sis grain area

It is found that the distributions of grain boundary misorientation angles for both

undoped and doped BSCF agree well with the theoretical distribution of a randomly

oriented sample, as illustrated in Figure 5.4. Over 97% of high angle grain boundaries
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(>159 exist in both undoped and doped BSCF. Additionally, for each misorientation
interval, the number fraction for the three different doped specimens were averaged and
compared with those of undoped BSCF as shown in Figure 5.5. Overall, the dopants

were found to exert little influence on the overall misorientation angle distribution.
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CHAPTER 5 GRAIN ORIENTATION OF BSCF CERAMICS WITH DIFFERENT DOPANT

Therefore, it has been demonstrated that dopants have little influence on the lattice
preferred orientation and the distributions of grain boundary misorientation angles of

BSCF ceramics.

5.4 Summary

EBSD mapping on BSCF with different dopants (Ni, Nb and Cu) was successfully
conducted. The undoped and doped BSCF samples did not show any significant texture.
It has also been demonstrated that dopants have little influence on grain orientation and

the distribution of grain boundary misorientation angles of BSCF.
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Chapter 6 Conclusions and suggestions for

future work

In this chapter, the main conclusions are extracted from the experimental results and the
analyses of underlying mechanisms. The conclusions for undoped and Ni-doped BSCF

are presented separately.

6.1 BSCF

In terms of sintering behaviours, the grain growth kinetics was studied using the
simplified phenomenological grain growth kinetic equation D"=Kotexp(-Q/RT) together
with microstructure and densification of the sintered samples. The grain growth
exponent values (n) and the apparent activation energy were found to be 3 and 651
kJ/mol, respectively. Grain boundary diffusion was the dominant controlling mechanism
and the Ba/Sr diffusion can be the rate-controlling species during the sintering process
of BSCF at 1100 <C. When the grain size of the individual distribution was
nondimensionalised by their median size, the dimensionless grain size distribution
curves became a single self-similar grain size distribution plot. The dimensionless grain
size distribution was invariable independent of the sintering temperature-time
conditions employed. This strongly indicated that a lower sintering temperature and/or a
shorter dwell time did not make the grain size distribution narrower, although it showed
a finer microstructure. In the light of these observations, an algorithm was proposed for
predicting the grain size distributions as a function of the sintering temperature-time
profiles. In addition, the average grain aspect ratio and grain size aspect ratio

distribution were constant irrespective of the sintering temperature-time profiles.
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With respect to mechanical properties, the fracture stress of BSCF was measured by
three-point and ring-on-ring bending tests. Although the fracture stress determined by
three-point bending tests was higher than that measured by ring-on-ring test, by utilising
Weibull statistics a close prediction can be made of the three-point values from the
ring-on-ring values. The fracture surfaces showed only a transgranular fracture mode
between RT and 800 <C. Annealing reduced the fracture toughness of BSCF determined
by indentation strength method. The intrinsic hardness, intrinsic Young’s modulus and
intrinsic fracture toughness of BSCF determined by micro-indentation method were
7.05 GPa, 105.6 GPa and 1.49 MPa m®®, respectively. The crack shape was determined
as median-radial crack mode. The subcritical crack growth (SCG) of BSCF was also
studied using constant load method at room temperature and using constant stress rate
method at 800 <C. The high value of SCG parameter, n=24.3, at room temperature
indicated that BSCF was not very susceptible to SCG while the value of n 13.8 showed
that it was much more sensitive at 800 <C. The results were subsequently used as the
basis for a strength—probability—time (SPT) lifetime prediction. On the basis of the SPT
diagram, the stress for a lifetime of 40 years should not exceed 27 and 4.5 MPa to

assure a failure probability of 1% at RT and 800 <C, respectively.

6.2 Ni-doped BSCF

In terms of sintering behaviours, the porosity and grain size decreased with increasing
the Ni doping contents. Ni doping retarded the densification of BSCF by means of the
restraint of the diffusion rate and the reduction in the sintering stress. In addition, Ni
doping constrained the grain growth due to both Ni solute and secondary phase

particles.
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Ni doping had little influence on grain size distributions and grain aspect ratio
distributions. The grain growth exponent values (n) and the apparent activation energy
were found to be 4.7 and 803 kJ/mol for 8 mol% Ni-doped BSCF, respectively. Both
grain boundary and lattice diffusions were the equally dominant controlling mechanisms

for BSCF-Ni8 at 1100 <C.

With respect to mechanical properties, both hardness and Young’s modulus showed a
non-monotonic trend with Ni doping content. In a lower doping level (0 to 8 mol%),
they increased with Ni doping content, while at a higher doping level (8 to 25mol%),
they decreased with increasing Ni doping content. The porosity and secondary phase
were the dominant factors for this phenomenon. The intrinsic hardness, intrinsic
Young’s modulus and intrinsic fracture toughness of 8 mol% Ni-doped BSCF
determined by micro-indentation method were 9.02 GPa, 121.5 GPa and 1.63 MPa m°°,

respectively.

6.3 Future Work

(1) Compare mechanical properties between undoped BSCF and Ni-doped BSCF

between RT and high temperature.

In Chapter 4.2, BSCF shows an anomalous behaviour of Young’s modulus between RT
and 300 <C due to the Co*" spin transition. When Co is partially substituted by Ni, it is
still unknown what happens to Young’s modulus of Ni-doped BSCF at elevated
temperature. In addition, it should be noted that Ni doping positively affects mechanical
properties of BSCF at RT. However, it is also unclear what happens to mechanical

properties of Ni-doped BSCF at elevated temperature.
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(2) Construct the modelling of pore size distribution of BSCF sintered under

different conditions and predict the pore size distribution of BSCF

In Chapter 4.1, the microstructures of BSCF sintered under different conditions are
observed, including grain size and pore size. Grain size and grain size distributions have

been analysed. In future, the modelling of pore size distribution will be also constructed.

(3) Determine the secondary phase along grain boundary of fracture surface of BSCF

by TEM

In Chapter 4.2, small particles along grain boundaries of fracture surfaces at high
temperature are observed. However, it is still unknown what phase they are. In future,

TEM will be applied to determine these small particles along grain boundary.

(4) Physical property tests

In Chapter 4.1 and Chapter 4.3, the microstructures of undoped and Ni-doped BSCF
have been analysed. Since these functional materials mentioned can be applied in SOFC,
it should be noted that physical properties such as impedance can be also assessed. In

addition, these physical properties highly depend on microstructure.
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APPENDIX A

Appendix A

Micro-indentation: ISO/DIS Standard 14577-1:2002
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Figure 1. Typical indentation curve including loading and unloading process

a: Application of the test force

b: Removal of the test force

c: Tangent to curve b at Fpax

h, is the permanent indentation depth after removal of the test force

h is the point of the tangent c to curve b at Fna With the indentation depth-axis
h. is the depth of contact of the indenter with the sample at Fpax

hmax 1S the maximum indentation depth at Fpax

S is the contact stiffness at Fmax

¢ is the geometric constant
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Surface profile Initial surface

after load Indente
h, \ : \
. h l :'d— a —_— X -

Surface profile
under load

Figure 2. Schematic representation of the indenter-sample contact

Frmax and hmax: Directly on curves (same acquisition point)
hp: Linear fit: Fit start: 15% of Fpax Fitend: 0% of Fax
End of load detection threshold: 0.5% of Fax
S (Tangent method): Tangent fit: Fit start: 95% of Fpax

Fitend: 70% of Fpay

S [d_F)
dh ).

m and S (O&P method): Power law fit of unloading curve:

Fit start: 98% of Fax Fitend: 40% of Fpax

h—h m
F = an\ ' -
h max h P

) S=m-F o (h
Calculation of S: max

—hp)_l

max
h,: Intercept of the tangent to the load-displacement data at the maximum load on
unloading (S) with the depth axis.

hl' = hl'lT(lX
h,=h

- FI'HEL‘{ /S

—&+(h,, —h,)

max max

&: Depending on the diamond shape
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Indenter Shape m &
Flat Punch 1.0 1.0000
Cone 2.0 2(n-2)/n=0.7268
Sphere / Parabolo'd 1.5 0.7500

In our case, ¢ is estimated using the m value!
(Table of ten values and linear extrapolation between two values)
Ref.: J. Woirgard and al../ Surface and coatings Technology 100-101 (1998) 103-109
B: Geometric factor (diamond shape dependant)
Circular B =1.000
Triangular B=1.034
Square B=1.012
Ap: Projected contact area (theoretical or calibrated)
A, = f(h)
Indentation hardness is a measure of the resistance to permanent deformation or

damage.

H _ FmM
IT —

A5 i Pascal
Fmax 1S the maximum Force
A, is the projected contact area (theoretical or calibrated)

The deduced modulus is calculated from the following equation:

E __ Vw8 _
"2.p 04, h)

The Plane Strain Modulus E* is calculated from the following equation:

oL
=y

E E,

P i

With: E; = Elastic modulus of the indenter (diamond 1141 GPa)

E, = Reduced modulus of the indentation contact
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V; = Poisson’s ratio of the indenter (0.07)
The indentation modulus is calculated from the Plane Strain modulus using an estimated

sample Poisson’s ratio:
_ % 2
E,=E*x(1-v)

As a reminder, typical values of Poisson’s ratio are:

Ceramic: 0.1t00.3 Metal: 0.2t00.4 Polymer: 0.3t0 0.4
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