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ABSTRACT

The optimisation of micro-tubular Solid Oxide Fuel Cells (ImSOFCs) was studied,
including anode extrusion, electrolyte dip coating and heat treatment of the resultant

half-cells.

The study of NiO-YSZ anode extrusion started with an analysis of powder packing,
followed by the determination of the optimum liquid content required to produce
reliable roll milled viscous paste mixtures. Rheological tests were carried out using a
simple die configuration to predict the extrusion pressure during the anode
processing. The mechanisms, which lead to differences between the predicted and
experimental extrusion pressures were explored. The pore former (corn starch) in the
paste formulation was used as a microscopic indicator of phase maldistribution
distribution. This redistribution gave a dense ceramic layer at the interface between
the bulk paste and the die pin or mandrel. It was suggested that this redistribution
was the major contributor to the varied extrusion pressure recordings as extrusion
progressed. The phenomenon was thought to be a significant contributor to the
experimentally measured pressure being three times of the predicted value.
Extrusions with a solid load of ~70 vol% were shown to exhibit stable pressures and

produce homogeneous defect-free anode tubes.

A YSZ electrolyte coating method was developed, involving the determination of
binder and dispersant fractions within the slurry to optimise performance, plus the
control of coating thickness by adjusting processing parameters (solid weight fraction
and withdrawal speed). Two-step heat treatments were employed to generate a

dense electrolyte layer. Dip coated electrolyte layers with a dense sintered thickness



between 20 and 30 um were obtained at a solid mass fraction of 50 wt% in the slurry
and a withdrawal rate of 80 mm/min. The heat treatment to develop a dense
electrolyte structure was determined as a pre-heating of the anode tube at 1100 °C

followed by a re-heating of the electrolyte coated dual structure at 1350 °C.

After the addition of cathode (Lao.sSro.2MnO3, LSM) and current collection (silver)
components by brush coating, the fabricated full cells are electrically characterised in
terms of current-voltage polarization and electrochemical impedance spectroscopy
(EIS). The open circuit voltage (OCV) and peak power density were 0.82 V and 0.11

W/cm? respectively.
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Chapter 1 Introduction

1.1. Power generation techniques

Power generation techniques have been developed since Michael Faraday
discovered the phenomenon of electromagnetic induction and presented his law of
induction in the 1830s [3, 4]. Energy in various forms, including mechanical energy
and chemical energy, for example, have been transformed to electricity via
subsequently developed methods, as the so-called secondary energy could be

retransformed and meet nearly all the application situations for daily human activities.

A schematic diagram of a typical generator is given in Figure 1a. A metallic loop,
located in a uniformly distributed magnetic field, is rotated by exertion of an external
force. Electricity is induced when the conductive loop cuts the lines of magnetic
induction. As the cut angle between the circuit surface and induction lines is altering
all the time during rotation, the generated current is consequently in a sinusoidal
form, as shown in Figure 1b. Large-scale national power plants in the modern world
are all supplying this type of alternating current (AC) for domestic usage. The source
of external force could be any form of energy that could be transformed to

mechanical energy.
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Figure 1 Schematic Diagram of (a) an AC Generator and (b) its output electromotive

force (image source: BYU [5])

1.1.1. Fossil fuel power generation

In a fossil fuel power station, a fossil fuel (i.e. coal, petroleum or natural gas) is burnt
for electricity generation [6]. Thermal energy is first acquired from the chemical
energy of the fossil fuels via combustion. Usually, water is heated as a medium and
transferred to steam via the fuel burning process. A turbine is driven by that steam to
convert mechanical energy into electrical power by the electrochemical induction
effect. In some cases, burning fuels could also activate a gas turbine or an internal

combustion engine directly to perform the required mechanical work.
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Figure 2 Electricity generated by different types of energy across UK in 2015 (image

source: DBEIS [7])

Figure 2 gives the relative fractions of electricity generated by different energy
sources across the UK in 2015. It can be seen that the contribution to total electricity
generation by the burning of fossil fuels exceeded 50%. In the same year, on the
global scale, this percentage was much higher. This indicates the heavy dependency

of limited fossil fuel resources by current world energy consumption.

Besides the finite reserve of fossil fuels, the biggest problem of burning such types of
energy is the emission of carbon dioxide, which is the major origin of the greenhouse
effect and traditionally disposed by air dilution. The Royal Commission on

Environmental Pollution (RCEP) published a report in 2000, suggesting that in UK,



CO2 emission by human activities must be reduced by 60% within the period
between 1998 and 2050 [8]. This is an even tougher task compared to that agreed in
the Kyoto protocol [9] in December 1997, but accepted by UK government to get
involved in the inhibition of climate change and the continuing replacement of fossil

fuels with renewable energy [10].

1.1.2. Nuclear power generation

Both fossil fuel and nuclear power generation can be categorised as thermal power
generation, since thermal energy acts as an intermediate product for energy
transformation. The difference of the latter is, a nuclear fission or fusion reactor is the

heat source.

Generally, a nuclear reaction involves the fission of uranium-235, as the reaction
itself could generate enormous amount of thermal energy (the energy released by
1kg U-235 is equal to that of 2700 t burnt coal [11]). During the fission process, the
U-235 nucleus is stuck by a neutron and absorbs its energy before vibrating and
dividing into two smaller nucleus and 2-3 neutrons. The newly-created neutrons

would strike adjacent U-235 nuclei to continue the fission chain reaction.

Considerable energy is created accordingly. A typical nuclear fission reaction for U-
235 is given in Equation 1. For safety control, the nuclear reactors are inspected by
self-cut-off systems to suspend the chain reaction when an emergency occurs [12],
while being governed in terms of reaction violence at the same time, by adjusting the

quantity of neutron to continue the fission reactions [13].

In + 235U - '£1Ba + 22Kr + 3&n, (Equation 1)



1.1.3. Renewable energy power generation

Our planet has a huge storage of ready-to-use natural sources of energy, which can
be reproduced within a short time frame. Utilisations of such renewable energy
storage would considerably inhibit the environmental problems related to the
consumption of conventional fossil fuels, including global warming, air pollution, acid
precipitation, etc. [14] Given the fact that currently 25% of world’s population that live
in the developed countries consume 75% of global energy production [15] and the
prediction that the overall population will double by 2050 [16], enhancement of power
generation techniques from renewable energy is imperative for sustainable
development [17]. Renewable energy is normally in the form of either direct
mechanical energy or thermal energy. Hence it is able to generate power via
traditional electromagnetic induction processes. Electricity generation can be also
realised not by alternatives to mechanical — electrical energy conversion using

renewable energy. These concepts will be introduced later in this section.

1.1.3.1. Direct mechanical energy — hydro, tidal and wind power generation

A hydroelectric station uses the potential energy of water (converted to kinetic energy
when water falls due to gravity) to transform mechanical energy to electricity by the
electromagnetic induction effect. Hydroelectricity contributed to 16.6% of overall
global power generation and 70% of renewable energy power generation in 2015
[18]. A upstream reservoir is necessary for hydroelectricity and thus whether it is
environmentally friendly is in doubt. [19] Irreversible ecological damage has been
observed within 10 years since the final completion of the Three Gorges Dam [20], a

well-known tidal power system in China. A direct ecological issue related to dammed



rivers is the altered distribution of both river basin and habitat structure [21-24]. Most
witnessed problems of damming are due to operations of the water on the upstream,
comprising discharge, sedimentation and thickening of hazardous constituents [25-
27]. As a result, the discussion about the validity of renewable or clean energy by

dammed water continues.

Similarly, tidal and wind power generation take the advantage of kinetic energy of the
tidal sea water or wind, to create induced electricity [28]. They cause little
environmental damage compared to hydroelectricity. The disadvantages for both
techniques are high construction costs and uncontrollable time/location variables

[29].

1.1.3.2. Direct thermal energy — geothermal and solar power generation

The traditional geothermal electricity generation technique collects thermal energy
from underground high-temperature bedrock [30], which is then used to heat
underground water and hot steam is formed to drive the turbine. There is a
stupendous geothermal reserve under the surface of Earth, which is in sufficient
excess to resolve the current energy crisis [31, 32], if the necessary technologies

were mature enough.

Enhanced Geothermal System (EGS) has been intensively developed in the 21t
century [33] to slow down the tendency of climate change. To distinguish it from
previous geothermal technologies, EGS obtains geothermal energy by first applying
physical interaction, instead of collection of ready-to-use heat. A typical

representative of EGS is hot dry rock (HDR) technology [34]. As shown in Figure 3,



high-pressurised water is injected into hot rock (usually above 200 °C) deep
underground and thermal energy is generated in the form of direct heat or hot steam
[35]. A minimum number of two drilled wells are necessary for HDR power
generation, one of which is for cold water injection while the other is for heat

collection.

Figure 3 Schematic of HDR heat mining system [35]



Two types of techniques are related to solar power generation: concentrated solar
power and photovoltaics, the latter of which will be introduced in the next section.
The concentrated solar power technique gathers solar power by mirrors and lenses
(e.g. parabolic troughs) in the form of thermal energy within a concentrated small

region, before conventional heat turbines are activated for power generation [36].

1.1.3.3. Chemical energy - biomass

Biomass refers to the live or just-dead organic material, which could be treated as
fuels or industrial raw materials. The organic matter could be lignocellulose or
converted biofuels (e.g. ethanol, methane, etc.) [37]. Burning of biomass is similar to
that of fossil fuel, but the carbon cycle of the former is much shorter. Thus, biomass
is regarded as a renewable energy. It could generate electricity in the same way as
fossil fuel power stations or by electrochemical transformation during fuel cell

operation, as discussed in Section 1.1.3.7.

1.1.3.4. Non-electromagnetic power generation technique

Power generation techniques introduced above all rely on the electromagnetic effect
and hence alternating current (AC) [38, 39] would be created due to the configuration
characteristics of conventional generators. However, in some special cases,
electricity could be transformed directly from a range of energy types without the
conversion to mechanical energy as an intermediate product. Power generated by
these methods meet the demands for distributed generation (i.e. electricity

generation in the neighbourhood of residence) [40], as it is usually on a small scale



[41] and in the form of direct current (DC). The rest of this chapter presents this type

of power generation technique.

1.1.3.5. Photovoltaics

The photovoltaic (PV) effect is observed with some semiconductor materials, which
could be applied to convert light energy directly into electricity [42]. Solar panels, an
assembly of single power cells, are the core components of a photovoltaics system

that can be installed either on the ground or top of roofs.

The mechanism of PV is given in Figure 4. By photovoltaic effect, electrons (negative
charge) and holes (positive charge) are separated in pairs then transferred via n-type
(n denotes negative) and p-type (p denotes positive) semiconductors respectively, in
opposite directions within the circuit, where current flow is generated as a result [42].
Typical materials used for photovoltaic cells are monocrystalline silicon,

polycrystalline silicon, amorphous silicon, cadmium telluride (CdTe) or copper indium

gallium selenide (CIGS) [43].

Between 2000 and 2015, the global power capacity of PV was raised by a factor of
57, from 4 to 227 gigawatts (GW), with the capacity of total renewable energy

growing more gradually by a factor of 9.2, from 85 to 785 GW [44].
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Figure 4 Mechanism of PV effect showing the direction of electron flows [45]

1.1.3.6 Thermoelectric power generation

Electric power could be alternatively produced if a temperature gradient exists
between two terminals of a thermoelectric device [46]. The thermoelectric effect is a
reversible phenomenon that was discovered independently by Seebeck in 1821 and

Peltier in 1834 [47].

Figure 5 shows a schematic diagram of a small thermoelectric device. Thermal
couple units are positioned on the top of the device, while being electrically
connected to n-type and p-type thermoelectric semiconductors. Free electrons (e°)
and holes (h*) are forced to move via separate types of semiconductors and a
current path is formed. All the basic power generating units are electrically linked in
series and thermally configured in parallel [48]. Thermoelectric materials that are able
to create an adequate electrical potential include, for example, bismuth

chalcogenides [49], lead telluride [50] and half Heusler alloys [51].
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Figure 5 Schematic of a small thermoelectric device [52]

1.1.3.7. Electrochemical power generation — fuel cell

A fuel cell is a power generation device that converts chemical energy directly to
electricity [53, 54]. The major difference between fuel cells and conventional batteries
is the dependency on an external fuel supply, thus the working characteristics for the
former are also similar to those of an engine [55]. Running on a continuous supply of
fuels including hydrogen, methane and hydrocarbons, fuel cells should be able to
output a constant current via electrochemical reactions. William Groove invented the
world’s first fuel cell in 1839 using an acidic electrolyte, together with two platinum
(Pt) bar electrodes, to electrochemically transform hydrogen and oxygen to water

while simultaneously generating external current flow [56].
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Figure 6 Summary of the most common types of fuel cell, the fuel and oxidising
agents required, typical operating temperatures and the electrolyte ion transfer type

and direction [57]

1.2. Types of fuel cells

A few representatives of the major fuel cell types are briefly introduced here,

beginning with an informative diagram stating the distinctive features of them, Figure

6.

1.2.1. Phosphoric Acid Fuel Cell (PAFC)

The PAFCs were the first generation fuel cells for commercial use whose large-scale

production can be traced back to the 1960s. The ion transfer media within the PAFC
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electrolyte is in liquid form, which is always high-purity phosphoric acid (H3POa)
dispersed in a solid matrix (e.g. SiC). The electrodes for both air and fuel are made of

porous carbon black, with a platinum coating as a catalyst [58].

As can be seen in Figure 7, a schematic diagram of a PAFC, the electrochemical
reaction on the anode side is the oxidation of hydrogen, with the reduction of oxygen
occurring on the cathode side. The charge carrier in the electrolyte region is

hydrogen ions (H*), coming from the hydrolysis of phosphoric acid.

PAFCs are more tolerant to carbon monoxide (CO) impurities than PEMFCs,
therefore the required purity level of hydrogen within the reformed anode gas is more
moderate, yet avoiding poisoning problems caused by carbon dioxide (CO2).
Phosphoric acid is chemically stable at the cell working temperature (i.e. 150-210
°C), but solidifies at room temperature. Thus a maintained operation temperature is
always applied on PAFCs to save the set-up cost and to meet non-stop working
situations. PAFCs are also efficient at co-generation of electricity and heat, with the
magnitude of both products comparable. Consequently, the low generation efficiency
of pure electricity is one of the disadvantages of PAFC, plus its large space
occupation. Another drawback is the relatively high production/maintenance cost, as
a result of the precious metal catalyst and chemically aggressive electrolyte
materials. Typical applications for PAFCs are stationary generators and vehicles (e.g.

city buses) [58, 59].
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Figure 7 Schematic sketch of a phosphoric acid fuel cell [60]

1.2.2. Molten Carbonate Fuel Cell (MCFC)

The working temperature for MCFCs falls in the intermediate temperature range of
500-800 °C, where low-cost metallic catalysts become adequately active and
production investment could be effectively reduced. Commercialised MCFCs were
intensively developed chronologically after PAFCs, with the major technical leap for
manufacture occurring in 1980s. The electrolyte of MCFCs consists of mixed molten
carbonates, distributed uniformly through a solid ceramic base and providing
carbonate ion (CO3?) as the charge carrier during cell operation. The operation
process of MCFCs can be found in Figure 8, indicating that although the overall cell
reaction is still the combination of hydrogen and oxygen, with water generated, CO2
and COs? participate in the separate electrode reactions with an entire cycle between

them.

As the role of charge conductor is played by CO3?, carbon-containing fuels are

beneficial for the supplementation of CO2, as a thorough recycle of exhaust gas is

14



unrealistic. C-containing fuels such as carbon monoxide and hydrocarbons that may
be poisonous to other types of fuel cells may be used and MCFCs also had the
benefit that hydrocarbons could be pre-reformed internally to CO and H2 before

electrochemical reaction.

The disadvantages of MCFCs are mainly related to their high operation temperature.
Life limiting examples are the poor long-term durability due to violent chemical activity
and slow set-up process to reach the required temperature. Additionally, the

electrolyte materials are also harmful for the environment.

Hydrogen fuel

LOAD
_ / e.g. electric

' / motor

Electrons flow round
the external circuit

Oxygen and carbon dioxide

Figure 8 Operating process of a molten carbon fuel cell [61]

1.2.3. Proton Exchange Membrane Fuel Cell (PEMFC)

Initially designed by William T. Grubb in 1959 [62], PEMFCs operate in the
temperature range of 50-150 °C. Both anode and cathode are formed of fibrous

carbon, with noble metallic catalysts dispersed at the boundary between each

15



electrode and the electrolyte. The choice of electrolyte material could be a variety of
proton-conducting membrane polymers, among which the most widely used one for
current PEMFC production is Nafion, a sulfonic Teflon-based material manufactured
by E.I. Du Pont in the middle of 1960s for use in the aviation field [63]. A hydrophobic
treatment, normally a waterproof coating, is necessary at the end of both electrodes
to guarantee efficient transfer of reactant to the catalytic region. A schematic diagram

of a PEMFC can be seen in Figure 9.

Owing to their low operation temperature, PEMFCs have short setting up times and
are easy to be integrated into multi-cell compacts. However, PEMFCs are also
susceptible to the poisoning effect of CO, because the adhesion of CO on the
surface of the catalyst would reduce the available reaction sites for hydrogen
oxidation [64]. This cell type again requires a high purity of hydrogen supply and this
increases the operation cost. Another problem to solve is the management of water,
in order to reduce the resistance of fuel loading and to avoid flooding/freezing issues

[65].
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Figure 9 Essential components of a proton exchange membrane fuel cell [64]

1.2.4. Alkaline Fuel Cell (AFC) and Alkaline Exchange Membrane

Fuel Cell (AEMFC)

The AFC was described by Reid [66, 67] in 1902 and Noel [68] in 1904. In the 1960s,

AFCs were applied by NASA in its Project Apollo spaceflight missions. The most
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recent AFC fabrication technology could lower the cell operating temperature down to

the range of 25-75 °C.

The electrolyte of AFCs is usually a porous matrix saturated with aqueous potassium
hydroxide (KOH) [69], as shown in Figure 10. During operations, AFCs can be
poisoned by CO: if the anode gas (direct fuel or reformed organic fuels) contains a
certain level of CO, as KOH is prone to be transformed to potassium carbonate
(K2CO3), which blocks the ion transfer path [70, 71]. Thus the requirements for highly

pure hydrogen and oxygen raise the operation cost of AFCs.

LOAD

Cathode Electrolyte Anode

0.

Cathode: O, + 2H,0 + 4e'— 40H

Anode: 2H, + 40H— 4H,0 + 4e’

Overall: O, + 2H; —» 2H,0

Figure 10 Fundamental layout of an alkaline fuel cell [72]
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Although the power transformation efficiency of AFCs is the highest (~70%) among
all fuel cell types, research work was gradually suspended worldwide due to some
inevitable drawbacks. Besides the sensitivity to CO., the fabrication cost for AFCs
could not be effectively controlled as they require electrodes and catalyst made of
precious metals. Moreover, the lifetime for cell operation is only a few thousand
hours, considering the current required lifetime for commercial fuel cells (i.e. 4,000 h

for mobile application and 40,000 h for large stationary application) [69].

The concept of the AEMFC was proposed in 2005 to overcome the drawbacks of
AFC mentioned above [73]. With the existence of an anion-exchange electrolyte
membrane (Figure 11), which is made of a polymeric alkaline material, AEMFCs
could be fuelled by carbon-containing organics, as the entry of CO; into the
electrolyte is constrained. Researchers have investigated methods to reduce the
electrode/catalyst cost. The major technical issue of AEMFCs is the effective ionic

contact between the membrane and electrodes [74].
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Figure 11 Schematic of an alkaline fuel cell with an anion-exchange membrane

electrolyte [74]

1.2.5. Solid Oxide Fuel Cell (SOFC)

Solid oxide fuel cells (SOFC), which were first investigated intensively in 1960s, could
be regarded as the third generation of commercialised fuel cells. Fuelled by hydrogen
or reformed hydrocarbons, they work efficiently at high temperature range (700-1000
°C) to generate electricity at sub kilowatt level while providing heat energy for system
heating and external application [75]. Compared to low temperature (100-200 °C) fuel

cells (AFC, PEMFC and PAFC) and intermediate temperature (500-800 °C) MCFC,
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SOFCs have higher power generating efficiency as a result of high temperature
reactivity. Additionally, the flexibility of SOFC is a significant advantage for both
stationary and mobile use [76], because all the components of the single cell are
solid and can be installed easily. The description above also reveals the clean and
noiseless nature of SOFCs, which is also a feature of all the types of fuel cells, as no
ignition progress is required during the cell operation. Owing to the features of SOFC
layout, the heat waste could be recaptured for a second cycle of power generation

[77]. SOFCs are described in further detail in Section 1.4, 1.5 and Chapter 2.

1.3. Fuel types

1.3.1. Direct hydrogen

The most obvious advantage of applying hydrogen directly as a fuel is its non-
hazardous by-products, as the only resultant of electrochemical reaction gives water.
Compared to fuels that contain carbon (C) or sulphur (S), hydrogen could effectively
avoid the emission of its combustion or electrochemical waste that may cause
environmental problems such as the greenhouse effect gases or acid rain [78].
Nonetheless, the inconvenience of direct acquirement from natural energy reserves
makes the fuel supply of pure hydrogen for fuel cell operations a high-cost activity.
Traditional electrolysis of water would involve consumption of electricity [79], which
contributes to the total cost and a tough evaluation of the overall sustainability by the

energy cycle.

Presently, the most commercialised method to produce hydrogen is the conversion

from fossil fuels, contributing to 96% of global hydrogen production [80]. This means
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the current generation of hydrogen is still far from renewable and clean, resulting
from the consumption of limited reserves of natural gas, oil and coal, plus the
potential emission of CO [81]. Several technologies could be developed to assist the
hydrogen production to become more environmentally protective, such as the use of
renewable hydrocarbons as hydrogen sources and the supplementary process of
carbon capture and sequestration. Likewise, a viable hydrogen storage technique is

also imperative [82] to eliminate the necessity of local hydrogen production.

1.3.2. Methane and hydrocarbons

As methane (CH4) is the major content of natural gas, the national gas network could
be used for the immediate supply of fuels [83] for some types of fuel cells, such as
SOFCs. The problems related to the utilisation of methane is similar to those of
hydrogen production, namely the depletion of fossil fuel storage and the release of
greenhouse gases. Renewable sources for CHs includes the decomposition of

biomass [84] and direct collection from the natural resources such as marshes.

Hydrocarbons with multiple carbon atoms in their formula could be utilised as fuels
too. An inevitable issue for direct fuelling with hydrocarbons is the carbon deposition
onto the catalyst surface [85, 86], due to the incomplete oxidation of low-valence
carbon into simple substances. Carbon deposition could be induced by the
Boudouard reaction [87] or pyrolysis [88], as given in Equation 2 and 3 respectively,
and removed by steam gasification (Equation 4). The existence of such deposition
structures would inhibit the contact between anode gas and the active reaction areas.

The hazard of carbon deposition is like that of the poisoning problem by CO», namely

22



reduction of the electrochemical activity exhibited by the anode oxidising process,

leading to poor long-term cell durability.
2C0 - C + CO,, (Equation 2)
CH, — C + 2H,, (Equation 3)
C+ H,0 - CO + H,, (Equation 4)

Methane and hydrocarbons, especially a liquid form for the latter, are hard to
participate in the electrochemical oxidation directly at the boundary between anode
and electrolyte. A pre-reforming process is necessary to convert the organic fuels
into gaseous H2 or CO, which would be converted again to H.O and CO: later via
electrochemical reactions. H> and CO could also be mutually converted via the water
gas shift reaction [89], which is a competitive process against the anode

electrochemical reaction (Equation 5).
H,0 + CO < H, + CO,, (Equation 5)

When fuelling with methane, steam reforming is the most common process for the
purpose of pre-oxidizing, which is shown in Equation 6. Other similar routes are

partial oxidation and dry reforming [90], as shown in Equations 7 and 8 respectively.
CH4 + H,0 - 3H, + CO, (Equation 6)
CH4 +1/20, — 2H, + CO, (Equation 7)
CH4 + CO, — 2H, + 2CO, (Equation 8)

Internal reforming is possible for fuel cells like SOFCs, as the high operation

temperature is adequate for pre-reforming, while an additional external reforming
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chamber is essential for fuel cells working at low temperatures, such as PEMFCs and
AFCs. A coking issue is related to internal reforming, as carbon may be produced via

Equation 4 on the anode to inhibit the gas transfer.

1.4. SOFC configurations

A single cell only generates limited electrical power and should be integrated into a
multi-cell stack to output adequate electricity. The conventional layout of SOFC
stacks are combinations of planar or tubular single cell units. The resulting cell stacks
have a regular geometry (e.g. cubic) for the convenience of commercial and military

installations.

Flow - Fuel Electrode

a Planar SOFC b Tubular SOFC

Figure 12 Typical designs for (a) planar and (b) tubular SOFCs [91, 92]
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1.4.1. Planar Design

Figure 12a shows a representative layout of a planar SOFC design. In this type of
cell configuration, all the cell components occupy a flat 2-dimensional shape.
Symmetrical and ordered fuel channels are designed to be near the anode and
cathode surfaces. Due to its regular geometry of single units, few additional structural
components are required to build up the whole SOFC stack. Fuel channels are even

tactfully integrated into the conductive interconnection materials in Figure 12a.

The relatively lower cost of planar SOFC fabricated by tape casting and screen
printing [93] makes this design the most commercialised one in the current market,
but the sealing issue is a limitation as a result of the large area occupied by the fuel

outlet.

1.4.2. Tubular Design

The tubular SOFC unit shown in Figure 12b, was first designed and manufactured in
1970s by Siemens Westinghouse [94]. The single units are separate from each other
and additional structural components are required to construct a regularly shaped cell
stack. In spite of this, the fabrication technique of the tubular design has become
fairly mature [95]. Some tubular cells are created with the anode structure on the

inside while others have a cathode structure inside.

The design shows better durability after thermal cycling than planner systems. The
tubular shape also promotes easier sealing compared to that of the planar design

[96], but it has a longer electron travel path from anode to cathode side, which

25



hinders the improvement of power density. Another challenge for tubular SOFCs is

the current collection due to both inner and outer being curved surfaces.

1.4.3. Micro-tubular Design

To minimize the problems of tubular SOFCs, the concept of micro-tubular SOFC
(mSOFC) was put forward in early 1990s by Kendall [93]. For micro-tubular design,
the outer radius can be decreased to no more than a few millimetres and the wall
thickness, less than 1 mm. This design can significantly increase the power density
by shortening the length of the electron travel path. Smaller dimensions of the tubes
are also beneficial for better thermal shock resistance and shorter set-up time [97].
Also, mobile applications of SOFC such as portable chargers become more feasible

[98].

1.5. SOFC cell components

1.5.1 Components for the electrochemical reaction

The three main components for micro-tubular SOFCs are anode, electrolyte and
cathode. Table 1 shows the basic requirements for each component. Materials

selections for different cell components will be given in the next chapter.

1.5.2 Interconnects

Another important cell component is the interconnect material, which conducts
electrons between single SOFC units. It has the same basic requirements as the 3

major cell components, as listed above. Popular interconnect materials are ceramic
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and metallic materials [99]. Cheap metallic interconnects can save the fabrication

cost but their high-temperature corrosion resistance is unfavourable. In comparison,

precious metals and Cr-based ceramics are more widely studied for interconnect

materials [100].

Table 1 SOFC main components and their capabilities

Cell components

Conductivity Porosity

requirements requirements

Stability

requirements

Anode High electronic Porous structure for Adequate
conductivity fuel permeability chemical
Electrolyte High ionic Dense structure to stability and
conductivity avoid gas transport  thermal
[101] expansion
Cathode High electronic Porous structure for match at
conductivity oxygen permeability operation
temperatures
with other cell
components
Interconnects High electronic Porous if any gas High melting

conductivity phase is supposed
to reach the
electrode through

the structure

point to retain
physical
integration at
operation

temperatures
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Chapter 2 Literature review

2.1. mSOFC Materials

Generally, the materials used for mSOFC fabrication are also used for other types of
SOFC. Among the possible mSOFC anode materials, nickel is the most frequently
used due to its low cost and balanced performance [102]. Compounds of Ni, most
frequently in the form of NiO are used before the cell reduction process. The NiO
powders are always mixed with electrolyte powders [103] to produce anode layer
(e.g. NiO mixed with yttria stabilized zirconia [104] or NiO mixed with gadolinia doped
ceria), mainly for the purpose of thermal shrinkage match during heating process
between anode and electrolyte, as well as preventing the sintering of nickel and
consequent reduction in porosity. A reduction process is required after cell
fabrication, where NiO would be reduced to Ni to guarantee sufficient electronic

conductivity and create the required level of porosity.

There are a number of candidates for the electrolyte and cathode materials [105,
106]. Some commonly used mSOFC materials are shown in Table 2. Recently
developed materials, for example lanthanum strontium cobalt ferrite (LSCF) [107-
110], are favourable for cell operations at lower temperatures, as they can maintain
adequate electrochemical activity [111] and conductivity when the working
temperature range is down to 300-400 °C [112]. In order to solve the problems
related to the application of these materials that performs well at intermediate

temperatures, assistive manufacture processes, on the basis of those of the
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electrodes and electrolyte, are sometimes applied. For instance, scandium stabilised
zirconia (ScSZ) electron blocking layer has been inserted between electrolyte and
electrodes [113] when gadolinium doped ceria (GDC) is chosen as electrolyte
material, and GDC layer was sandwiched to avoid reaction of the LSCF in direct
contact with YSZ electrolyte [114]. The most frequently used performance criteria for
manufactured mSOFCs are Open Circuit Voltage (OCV) and surface power density,

which will be detailed in Chapter 3.

Table 2 Most frequently used materials for mSOFC component manufacture [1]

Acronyms Chemical formula Function
YSZ (2r02)1x(Y203)x, Electrolyte
0.08<x<0.1
ScSZ (ZrO2)0.89(Sc203)0.10(Ce | Electrolyte
02)0.01

GDC, SDC Ce0.8Gdo.201 3, Electrolyte, barrier
Ceo0.8Smo.201.8 layer

LSGM Lao.9Sro.1Gao.sMgo.203 Electrolyte

LSO, LGO La10Sis027, La10GesO27 Electrolyte

LSM Lao.sSro.2MnOs Cathode

LSF Lao.sSro.2FeOs Cathode

LSC Lao.sSro.2Co03 Cathode

LSCF Lao.6Sro.4Coo.2Fe0.803.5 Cathode
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Table 2 (Continued)

Acronyms Chemical name Function
PMMA Poly methyl methacrylate | Pore former
_ Acrylic resin Pore former
_ Graphite Pore former
_ Starch Pore former
PVC spheres Polyvinyl chloride Pore former
PAA Polyacrylic acid Dispersant
Beycostat Phosphate ester Dispersant
PVA Polyvinyl alcohol Binder

PVB Polyvinyl butyral Binder
DOP Dioctyl phthalate Plasticizer
DBP Dibutyl phthalate Plasticizer
_ Ethanol Solvent

_ Isopropanol Solvent

_ Cyclohexanone Solvent

_ a-Terpineol Solvent
MEtK Methyl ethyl ketone Solvent

2.2. Fabrication techniques

Any of the three main functional layers (i.e. anode, electrolyte and cathode) of
mSOFC can be manufactured as structural support [115], which then necessitates a
greater thickness than the other two. Recent works are mainly focused on anode

supported tubes, as they have better ionic conductivity and less electrolytic loss
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owing to supporting a thinner electrolyte layer. As a result, anode supported

mSOFCs can operate at relatively low temperatures [116].

2.2.1 Extrusion — support layer

The fabrication process of mMSOFCs always starts with the shaping of the support
part. Isostatic pressing (cold or hot) is a competitive technique to produce a uniform
membrane tube for subsequent sintering (i.e. heat treatment for powder consolidation
[117]) and deposition of additional cell components, compared with other powder
pressing methods. However, production repeatability is usually poor when referring to
pressing, as some characteristics of the green body such as shape and size, are not
reproducible [1]. Thus production rate is low in this case, limiting the prospects of
scaling up from laboratory work to factory fabrication. Although some other
techniques such as gel casting and injection moulding are also practical for support
fabrication, extrusion is considered the most commonly used method, because of its
relatively high efficiency and low cost when generating homogeneous density and

complex cross-sectional geometries [118].

2.2.1.1. Conventional extrusions

Thermoplastic extrusions, during which relatively rigid material compounds are
heated to reach a softened plastic state for rapid shaping, are frequently used for
mass production at an industry scale. However, for lab scale research, cold solvent
based extrusions with a room-temperature plastic precursor are predominantly
adopted for the controllability during systematic research. Ram extrusion is frequently

applied for mSOFC fabrications, as it can provide an adequate product strength at a
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high yield rate [119]. For all extrusion routes, powder mixtures (at least containing
ceramics and polymer binder) have to be prepared first by high energy mixing
processes and/or sufficiently long dispersion time with solvent. The homogeneous
powder mixture will then be fed into an extrusion die, with a usual pre-formation into
the viscous paste form [120]. Despite a low fraction in the powder formulation
(typically 1 wt %), plasticizer is another important component with the function of
forming a non-sticky compound and avoid any blocking or adhesion problems when
passing through the die. Dispersant is occasionally added to the powder mixture to
guarantee a well-distributed suspension and homogeneity of the green body. If the
anode layer is designed to be the mechanical support, pore formers such as graphite
or corn starch can be added at an appropriate concentration to enable high gas
permeation around the fuel channel during operation. Typical organic polymer

constituents involved in powder formulations are also listed in Table 2.

Sammes’ group from the USA has developed plastic ram extrusion since 2004. They
have already performed optimisation studies to develop the extrusion quality and
realised ideal shaping of the tubes, i.e. constant annular cross section and straight in
the longitudinal extrusion direction [116]. Under this premise, they state that extrusion
die design is one of the important considerations of their work to unify the pressure
distribution and force materials inside the extrusion die to the outlet as smoothly as
possible [121]. In addition, they found that the drying process after extrusion is a
crucial period for the shape retention and the prevention of microcrack formation,
thus specially designed tube holders were used for drying, as shown in Figure 13. A
power density of 1.31 W cm at 550 °C [122] was realised in 2010, which is the

maximum ever reported by the Sammes’ group [123].
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Figure 13 Picturing of C-shaped plastic tube holders [124]

Another group working in Japan and led by Suzuki has done considerable works on
conventional ram extrusion. They mainly focused on lowering operation temperatures
down to the intermediate range while maintaining sufficient cell performance. They
managed to fulfil this purpose by alternating electrolyte material from YSZ to the
better ionic conducting GDC [125], as well as promoting the connection between
electrodes and current collectors [126]. Other routes to improve the cell performance
developed by this group are the promotion of anode porosity [127], the reduction of
electrolyte thickness [128] and the redesign of bundled cell stacks (i.e. a three-
dimensional integration of a number of single cells to generate high electric power)

[129]. An attempt to minimise the fabrication cost by performing anode-electrolyte co-
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sintering was also made [130]. A reported power density of 1.29 W cm at 600 °C

was the highest they achieved in all their published papers [131].

Anode Tube
: 70 wt% NiO
Binder 30 Wt%GDC water
Electrolyte
Dip coat
Mixing
. Sinter 1450°C 6h
Vacuuming
Cathode
Extrusion !
Dip coat
Tube cutting
Sinter 1000°C 1h
Dry at R.T.
[

Figure 14 Single cell fabrication process by Suzuki et al.

According to the reports from the groups mentioned above, some conclusions can be
drawn. For example, there is a positive correlation between gas permeability and
anode porosity (by volume fraction) in the range 30-50% of the latter, with a
saturation gas delivery efficiency at 50% porosity. Furthermore, a thickness of about
10 um of the thin electrolyte layer is beneficial to both ionic conductivity and gas
tightness. A temperature of 1450 °C is shown to be most appropriate for anode-
electrolyte co-sintering. The laboratory work carried out in this project will be based

on these conclusions while seeking for further development of single cell fabrication.
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2.2.1.2. Phase-inversion technique

The so-called phase inversion method is a newly initiated process for tubular support
fabrication. This process can be regarded as a variation of conventional ram
extrusion and is also called dry-jet wet extrusion [132]. Instead of a solid or quasi-
solid extrusion compound being used, a liquid spinning suspension is utilised for wet
extrusion, while phase-inversion (solidification) process occurs subsequently after the
extrudate reaches an external coagulation bath, induced by a solvent-non-solvent
exchange process, the mechanism of which is illustrated by a ternary phase diagram
as shown in Figure 15 [133]. The terminology hollow fibre is used here to describe
the green body produced by this type of phase-inversion method, as extremely thin
annular structures (OD<1 mm and wall thickness around 200 ym) can be obtained,
which should increase the power density through the mechanisms mentioned earlier.
The particular advantage of hollow fibre over SOFC tubes fabricated by other
techniques is the graded microstructure through the component thickness. By
adjusting the fraction of the non-solvent component (i.e. ethanol) in the spinning
suspension, fine graded anode layers with varied levels of porosity can be tailor-
made for both good gas permeation and high electrochemical reactivity (i.e. high
porosity anode layer in contact with the fuel channel, while a low porosity anode layer
close to the electrolyte layer can be formed). The high porosity anode layer has a so-
called finger-like porous structure, which is desired for gas delivery [134]. The low
porosity sponge-like dense layer near the electrolyte provides longer and more active
triple phase boundaries ( i.e. the region between the electrode, the electrolyte and a
gaseous fuel) (TPB) [135]. The performance of such tubes was significantly higher

than that of conventionally solid extruded tubes when electrolyte thickness is
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reduced, which will be described later in this chapter (Section 2.3). To sum up, the
phase inversion technique is a promising fabrication process for mSOFC support and

has potential of commercialisation from laboratory scale.

Polymer

Tic-linc through Binodal li
solidification point i e
Precipitation

point

Original polymeric Final membranc
solution \A ------ C." Solidification composition
point
L
Solvent Non-solvent

Figure 15 Schematic ternary phase diagram of polymer/solvent/non-solvent during

polymeric membrane formation from Point A to Point D [133]

2.2.1.3. Co-extrusion

The conception of co-extrusion was brought forward at the beginning of this century
to cut down the production cycle [136], although there was no performance shift in
the cells and new technical obstacles were encountered by doing this. Researchers
who had previously worked on conventional extrusion and hollow fibre techniques
have developed co-extrusion experience for both routes for the purpose of more
rapid production. During a co-extrusion process, at least two layers are extruded

simultaneously to form a multi-layer membrane precursor functioning as the support
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structure. Some of the problems related to co-extrusion are rheology mismatch of
extrusion pastes between different layers, as well as delamination while co-sintering.
To date, co-sintering is only a realistic proposition for anode-electrolyte co-production
because good adhesion can be achieved between the two layers when the furnace
temperature is as high as 1500 °C. However, its feasibility is underdeveloped for the
cathode-electrolyte co-firing as a result of significant thermal expansion mismatch

between the materials.

Based on the Benbow-Bridgwater six parameter model [137], the extrusion of
ceramic pastes through dies with circular cross section and regular die entry at a
certain velocity can be described by Equation 9.

Dy

4L
D ) T (to + BV™), (Equation 9)

where P is the total pressure drop and P1 and P2 are the pressure drop due to
convergent flow and plug flow respectively. a is a velocity-dependent factor for the
convergent flow, B is the velocity-dependent factor for parallel flow, n and m are
exponents, og is the paste bulk yield value, 1o is the characteristic initial wall shear
stress of the paste, Do and D are the diameters of the barrel and of the die,
respectively, L is the die-land length and V is the extrudate velocity. According to
pressures for different pastes derived from this model, the applicability of co-

extrusion can be assessed.
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Figure 16 Schematic diagram of ram extrusion [138]

Powell at the University of Birmingham manufactured five-layer mSOFC half cells
after adequate rheology analysis in 2010. The cell consisted of four layers of Ni-YSZ
with reducing Ni volume ratios and an YSZ electrolyte layer. In this work, pressures
required for different pastes were predicted and measured at different extrudate
velocity with L/D ratios ranging from 1 to 8. Large pressure mismatch around 10%
appeared with short die length ratio L/D = 1, indicating the rheology mismatch is
more severe at the die entry than that occurs when the pastes flow through the die
land. Such mismatch between pastes will cause delamination or other types of
deformation, as it was shown that only pressure differences within 5% could be
tolerated without formation of flow defects [139]. High L/D ratio and moderate
extrudate speed (3 mm/s) were applied for multi-layer co-extrusion of fuel cell tubes,

with good adhesion between adjacent layers being obtained [138].

One of the most successful research teams for phase-inversion co-extrusion is from
Imperial College London, previously led by Li. They started from single layer

electrolyte supported cell fabrication [140] and gradually their work expanded into
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anode supported extrusion and multi-layer co-extrusion of NiO-GDC/GDC based half
cells. Recently, the team successfully produced triple-layer (dual anode layers and
an electrolyte layer) hollow fibres during single extrusion [141] by using a four-orifice
spinneret, although problems were encountered for gas tightness due to the
existence of finger-like microvoids in the electrolyte layer. The milestone of their
previous work was the development of dual-layer hollow fibres with high anode
porosity and superior cell performance [142]. The success based on the reduction of
the electrolyte thickness [143]. Weight fractions ranging from 5% to 20% of ethanol
were applied to spinning suspensions for pore forming in this work, and relatively
thick electrolytes were produced to guarantee desirable ionic conductivity and
sufficient gas tightness. The main characteristics of the best-performing tubes were
long finger-like voids occupying 70% of the anode thickness (by adding 5% of
ethanol) and 15 ym electrolyte thickness. These features gave the cell a power
density of 2.32 W cm at 600 °C [144], which is the best cell performance ever

reported in the literature.

Table 3 shows the structure information and major performances of mSOFCs
mentioned in recent published papers, with the support layer fabricated by

conventional or phase inversion based extrusions.
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Figure 17 SEM images of the dual layer hollow fibres with increasing ethanol content

from 5 wt. % to 20 wt. % [142]
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2.2.2. Deposition techniques

Non-support thin layers can be deposited onto the inside/outside surface of substrate
by wet power spray coating (WPS) or dip coating [1]. Suspensions are prepared
again for deposition and polymer binders are also necessary in addition to the
ceramic components to give the required rheology. During this process, dispersant is
even more crucial than that in the fabrication of the support part, as no agglomeration
is desired for well-distributed coating layers and the development of a non-porous
sintered layer [182]. In the case of WPS, the coating slurry is sprayed over the
substrate tube automatically by programmed apparatus, while for dip coating the tube
will be immersed into the slurry and held for a while before pulling it up slowly from
the suspension. Key parameters for coating thickness of these two methods are
deposition rate and solid loading of the slurries. One thing should be mentioned is
that, the deposition rate of dip coating refers to the speed of tube withdraw from the
slurry suspension. Thick coated layers can be also achieved by deposition of a
second layer after thorough drying (by solvent evaporation) of the previous one. In
the case of electrolyte or cathode supported tubes, deposition on the inside surface
of the tubes is required. Sometimes this is achieved by electroless plating technique,
which can also be applied for the introduction of some catalyst particles to the porous

electrode channels.
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2.2.3. Impregnation technique

Metal catalysts are sometimes added to the anode layer in the form of nanoparticles
[183]. This is done by impregnation or electroless plating techniques [184]. In the
case of impregnation technique, metal nitrate solutions provide both fine particle size
and great dispensability into the porous anode (sometimes also the cathode) being
infiltrated. Later calcination processes are carried out to transfer nitrates to the
expected oxide catalysts. Without co-sintering above 1000 °C, these processes avoid
potential reactions between catalyst and other cell components and allow the
application of materials which are unstable at high temperatures. One reason why
anode nanopowder catalysts are desired for improving cell performance is that they
form a path within the porous anode material (e.g. Ni) that enhances the anode

conductivity [174].

2.3 Development of fuel cell performance

Recently, lowering operation temperature to the intermediate range (500-750 °C,
ITSOFC) has attracted quite a lot attention in order to make a satisfactory thermal
set-up and duration time of mMSOFC. The only obstacle for ITSOFC is to maintain the

cell performance at low temperatures.

An important parameter for cell performance is area-specific resistance (ASR), which

is defined in Equation 10 [93].

Emf —-U )
ASR = — (Equation 10)
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where Emf is the electromotive force with the inlet fuel and air, and U is the point cell

voltage at the current density i.

Here ASR is regarded as an index of total energy loss during the cell operation and

should be controlled to a minimum level.

However for practical measurement, ASR is always divided into different sections as

given in Equation 11 below:
ASR = Rs + Ry, = Reject + Reonnect + Rpeichem + Rp airr + Rp.convers (Equation 11)

where Rs is the Ohmic resistance, including electrolyte resistance (depends on
thickness and geometric features) and connecting resistance (depends on contact
between cell components and current collection), and Ry is the electrode polarisation
resistance arising from electrochemical reaction, gas phase diffusion and gas
conversion. Thus improvements of performance can be considered from the

mentioned aspects above to minimize ASR.

Regardless of chosen techniques for the production of the support and other layers,
further developments of cell performance can be realised by adjustments such as
increasing anode porosity, reducing electrolyte thickness, tailoring cathode structure
and redesigning current collector [179]. In some cases, an additional layer made of
pure anode/cathode materials (e.g. Ni or LSCF) have been manufactured [185] to aid
current collection instead of using precious interconnect material (e.g. silver), which
saves the fabrication cost and enlarges the selection of materials for the current
collector. Current collection should be performed to maximize the use of surface area

of both electrodes if uniform current and minimum loss are required [186], so in many
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cases, annular metallic meshes are inserted into the SOFC tubes and bundled wires

are wound outside to approach the ideal situation as much as possible.

2.4. Aims of the project

The overall aim of this project was to explore and optimise the fabrication methods

for mSOFC components. Ram extrusion was chosen for the anode tube fabrication
as this method has the potential to be scaled to commercial manufacture, and most
emphasis has been place on the fabrication of the anode/electrolyte half calls. A

number of separate objectives were defined in order to achieve this aim.

e Investigation and characterisation of solvent-based room temperature
extrusion methods for the fabrication of porous anode support tubes. This
includes the control of extrusion parameters, microstructure, porosity, and
sintering processes.

e Development of a coating method for the application of thin, dense electrolyte
layers onto the anode tubes. Control of electrolyte thickness, integrity and
adhesion of the coating and suitable sintering/co-sintering regimes are all
important factors to be considered.

e Demonstration of mSOFC performance using optimised fabrication

procedures.
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Chapter 3 Experimental techniques

3.1. As-received materials

Green nickle oxide (Grade F, mean particle size 1-2 ym) powders were purchased
from Hart Materials Ltd. (UK) for mSOFC anode fabrication. Two types of yttria-
stabilized zirconia (YSZ) powders were supplied by Imerys Fused Materials GmbH
(Germany): YSZ powders with a mean particle size of 3-5 ym for the anode
fabrication and 1.4-2 ym for the electrolyte, both contained 8-10 mol% Y203 as the
dopant (Table 2). Corn starch (Product Number S4126) powders, used as the anode
pore former, were supplied by Sigma-Aldrich Company Ltd. (UK). A solvent-based
PVB binder system, developed by Functional Materials Group in University of
Birmingham, was used for formulations of the paste/suspension system for
anode/electrolyte processing. The processing method for anode paste is known as
the viscous plastic processing (VPP), as detailed in Section 3.2. Menhaden fish oll
(Product Number F8020) was purchased from Sigma-Aldrich Company Ltd. (UK),

which was used as the dispersant for electrolyte manufacturing.

The manufacturing route for half cells employed in this project is given in Figure 18.
On the basis of this, the addition of cathode and current collector, with heat treatment
including sintering and reduction (where oxides in electrodes are reduced to pure
conducting metal) was undertaken for electrochemical cell testing, which will be

detailed in Chapter 9.

47



Addition of cathode

+

1 1

" 1

1

formation (VPP) : Sinterin :
Sintering/co- : i € |
sintering : :

1 1

l

1

[

materials

Mixing of anode ﬁ Milling for paste Anode extrusion

Addition of current collector

Mixing of coating Milling for slurry Electrolyte dip ] w
homogenisation ™ coating i reduction
]

slurry

Figure 18 Manufacturing route for the structure of anode/electrolyte

3.2. Viscous plastic processing (VPP)

The Viscous plastic processing (VPP) technique is frequently used for fabrications
involving non-metallic inorganic materials [187, 188]. First industrialised in 1983 for
producing macro-defect-free cement [189], VPP has been developed into an effective
method for the processing of functional materials related to the conversion of energy
or electrical signals. During the processing, ceramic powders are forced to distribute
homogenously within an organic polymer phase to form a plastic paste under a high
shear stress [190]. The developed paste system is shaped to the required geometry,

i.e. via a net shape process such as extrusion, pressing or calendaring.

The characteristics of the viscous system are vital to the quality of the finished
product. On the one hand, as the separate solid powder phase is surrounded by a
continuous liquid phase, a powder packing study should be carried out to determine
the optimum solid/liquid ratio when formulating the starting materials, on the premise
that the minimum addition of liquid phase is required to fill the space between
densely packed solid powders [191]. On the other hand, the rheological behaviour of
the processed paste effects the final products, since an excessively stiff paste would
cause potential processing defects and possible equipment damage while an over

softened paste would not retain a fixed geometry after the net shaping step.
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A developed powder packing study applies a discrete approach to predict the
distribution of a second species, with a smaller particle size, in the interstices of the
original coarse powders. The Westman model was the first successful formula using
a non-continuous assumption [192], with a parabolic distribution of the packing
density for a binary system, i.e. a peak packing density at a certain volume ratio
between the two powder species. Similarly, Furnas proposed his expression for
calculating packing density in the 1930s [193]. Compared to the Westman model, the
Furnas model takes account of the mutual effect between the packing of the two
types of powder. The limitation of both models is the deviation from actual packing

density when applied to ternary or quaternary systems.

An extended expression for the Westman model is given in Equation 12 [194], which

could be used for powder systems with more than two species.

2
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where ¢, ;.1 is the packing density of the powder added at last (assuming it is
packed alone), with the finest grain size of d;;; and volume fraction of x{,, $maxi+1 IS
the packing density of the eventual powder mixture. ¢.,.4; is the packing density of
the prior powder system before the addition of the finest material. G; is a defined
parameter specially for powder packing theory, which is a function of the particle size
and geometry, whose determination requires the values of d; (i.e. the characteristic

diameter of the prior powder system) and d;, ;.

—_—
| BRIDGE |

Figure 19 Twin roll Bridge milling machine with and without load of processed

compound mixture
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To mix the proposed paste formation, a Bridge twin roller miller (shown in Figure 19)
was applied in this study. The roller is connected to a chiller that maintained the
working temperature at 15 °C by running a water cooling system. The diameter of
both rolls was 50 mm and the distance between them was adjustable. The rotational
speeds of the rolls were fixed at 18 min-' and 16 min-', separately, hence the
processed materials were always attached to the roll with a higher speed, as a result

of a higher shear stress at that surface.

Prior to the milling of mixture of the starting materials, the dry powders are
preliminarily mixed by hand with the polymer and liquid constituents. Then the
distance between the mill rollers was set to 1 mm for the first milling, before further
adjustment to 0.2 mm for three additional millings to break down any potential
agglomerations within the processed paste. The formed thin film was cut off from the
surface of the rolls after one milling and refed into the miller for the next cycle, with
the total time spent for the whole milling process being roughly 10 minutes. The
procedures described above were aimed at minimising the variation of solvent loss

during the milling process, in order to guarantee the experimental repeatability.

The milled paste, in the form of a thin film, was then left in a freezer for 3 h before
exposure back to the room temperature for 30 minutes, before subsequent extrusion
being undertaken. This was also for the purpose of inhibiting solvent loss due to

freezing and deforesting prior to extrusion and to reduce variation.
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3.3. Extrusion die design

A three-dimensional schematic of the customised extrusion die set is given in Figure
20, together with its disassembled view. In order from the top to the bottom, the
whole set includes a plunger to apply the extrusion pressure, a barrel to load the
starting paste, a binary annular die set (comprising upstream a plate with six holes
and supporting the central pin or mandrel to form the inner diameter of the extruded
tube, and a downstream plate forming the outer diameter of the extrudate), a capping

to fix the die parts and the necessary screws.

Figure 20 3-D schematic of assembling and disassembling views of the tailor made

extrusion die set for this project
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A simplified two-dimensional section diagram is also given in Figure 21 with

necessary dimensional information. There are two convergent sections that would be

experienced by the processed paste, which are labelled as section (1) and (2)

respectively in Figure 21. In the first extrusion section, the processed material would

be forced into six small holes before recombination at the outlet of these holes, while

a tubular geometry would be generated after the paste passes through the second

extrusion section. The die set was made of stainless steel.

4mm  «|»
| =/

o 2.1mm

barrel

region

22.5mm
2mm ”
o

A

11lmm

v
- »12mm
i ———

8.3mm

binary
«die
/ system

Figure 21 Simplified cross section view of core components for the die set with

essential dimensional information and indications of two convergence regions (the

plunger and the capping parts are not shown here)
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3.4. The Instron load frame

A load frame (5507 Instron, UK) was applied for multiple purposes in this study, in
addition to the extrusion of the anode tubes. The equipment could exert a
programmed load or crosshead speed within a compression or tensile operation and
has been widely applied for characterisation of mechanical and textural properties
[195, 196]. For the extrusion processing (Figure 22) undertaken in this thesis, a fixed
cross-head speed of 1 mm/min was selected for the tube extrusion. Other

applications of the load frame will be detailed in the following sections.

Figure 22 Extrusion process where a vertical load is exerted via an Instron load

frame to force the extrudates out of the die
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3.4.1. Powder packing behaviour

Cylindrical compacts consisting of dry solid powders (ceramics and the pore former)
were formed by a uniaxial pressing process. A 13 mm-diameter die was used
(Specac, UK) for this purpose, as shown in Figure 23. The height of the compacts
could be directly read from the computer screen if the position for zero level was
properly set where two metallic backup plates are just contact with each other. Then
both the volume of the cylindrical sample and the space occupied therein by the solid
powders could be computed before the packing density was determined. The
packing density data were then used for the determination of liquid content required

for the anode paste formulation prior to the VPP process.

Figure 23 Photograph and schematic of the compaction die used for the powder

packing study in this project
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3.4.2 Paste rheology test

In order to determine the rheological behaviour of the dough-like paste after milling, a
simply configured die set with a structure identical to that shown in Figure 16 was
applied. This set has 3 interchangeable dies, which are shown in Figure 24. In order
to gather the required data for rheological analysis a full barrel of material was run
through each die. The ram velocity during this operation was varied between 1-50
mm/min in the initial tests and at other velocities for later tests as will be described in
Chapter 5. The derived rheology data were applied to predict the pressure drop for

the more complicated tube forming die set.

7.5mm

]

L

Figure 24 2-D drawing of the alternative dies with varying die lengths, used for paste

o
[

rheology study
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3.4.3 Dip coating

During the coating of the electrolyte layer, the anode tube was inserted into an elastic
holder made of polydimethylsiloxane (PDMS). A thin magnetic disc was mounted in
the same holder to achieve the attachment to the horizontal surface of the load frame
(Figure 25). The pulling-up (withdrawal) speed could be programmed after the
immersion of the tube into the electrolyte slurry, to obtain variation of coating

thickness.

The dip coating slurry is prepared by adding the electrolyte material to the viscous
liquid dispersing agent, made up of multiple organic compounds (the specified
formulations can be found in Chapter 6). With the assistance of zirconia balls (at a
slurry/ball ratio of 1:1) as a milling agent, the coating slurry was milled for 24 hours on
a ball milling machine (Machine No. 21735, Pascall Engineering, UK) for 24 hours

before being used.

@ Fixed surface of the load frame
@ PDMS tube holder
@ Magnetic hollow disk

Figure 25 Layout of the dip coating holder installation
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3.5. Sintering

A muffle furnace (Serial No. 5705, Lenton Furnaces, UK), in which the temperature
ramp rate and dwell time could be set, was used to complete the heat treatment of
the SOFC samples. This heating process includes the debinding stage and the
sintering stage. The burnout of organic constituents (the binder system) usually
finishes before the temperature reaches 600 °C and the densification of ceramic
powders starts at ~1000 °C, with details of individual heating regimes being
explained in separate chapters. Alumina crucibles were used to support the SOFC

tubes with zirconia sand acting as a cushioning agent between them.

3.6. Particle size analysis

For the distribution and statistics of the particle size of the starting powders, namely
NiO, YSZ and corn starch powders in this study, a particle size analyser (Gracell,
Sympa Tec, Germany) was used. This machine utilises the laser diffractometry
technique to detect the distribution of particle size [197]. For each test trial 0.5 g of
the powder samples were dispersed in 3 g deionised water (ethanol in the case of
corn starch that is soluble into water) with the assistance of 2 drops of a dispersant
(NasP207, Sympa Tec, Germany), before adding to the testing tank, which was also
filled with deionised water (again ethanol in the case of corn starch). The
concentration was set to meet the observation requirements of the system and the
appropriate optical model based on the refractive index of the powders developed.
The particle size data were used to predict the powder packing densities described in

Chapter 4.
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3.7. Thermal gravity analysis (TGA)

TGA equipment (Netzsch, STA 449C, Germany) was used to characterise the mass
change during heating with a specified temperature profile, in order to obtain the
information at what temperature the removal of the binder and the pore former is
completed. Within the equipment, a precise balance is mounted in a furnace to
record the real-time sample mass at different temperatures [198]. The applied

heating ramp was 10 °C/min and typically 2 g of sample was analysed.

The purpose of using TGA in this project was to determine the temperature that all
components of the binder system were removed and to confirm that this is below the

onset of sintering.

3.8. Dilatometry

The dimensional change (expansion or shrinkage) related to temperature change
was characterised by a dilatometer (Netzsch, 402E, Germany) to judge the feasibility
of co-sintering operations. The sample loaded into the dilatometer was in a rod form
with both end surfaces flat and parallel to each other. A pushrod was set against one
of the sample ends and could detect any tiny change in longitudinal sample
dimension. In this project, dilatometry was performed to compute the difference in
thermal expansion coefficient (TEC) between the anode and electrolyte samples in a
compact form. The anode compact was cut from an extruded rod while the electrolyte
compact was formed by using the same compaction die as shown in Figure 23. As
the ceramic powders would experience neck growth and merging with each other

during sintering, a negative dimensional change is expected (i.e. sample shrinkage).
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A large mismatch of TEC is expected to cause defects such as cracking or
delamination after the co-sintering of bi-layer structures. The definition of TEC is

given in Equation 13.

TEC = iTi) , (Equation 13)

_f
L; (T —

where Liis the initial length, Ls is the final length, T is the initial temperature and Tr is

the final temperature

3.9. Viscosity test

A rheometer (TA Instruments, AR500, USA) was used in this project to optimise the
dispersant fraction within the dip coating slurry, by obtaining the minimum viscosity. It
is believed that there is a saturation condition for the adhesion of dispersant on the
particle surface [199] and the slurry reaches an ultimately dispersed state as a result.
During the test by the AR500 rheometer, the shear stress was programmed while the
shear rate was characterised over a shear rate range 0-2500 s™'. The apparent slurry
viscosity (n) is determined by the ratio of instant shear stress (1) and shear rate (y) as
given in Equation 14 [200]. A plate geometry of 40 mm diameter was used with a
solvent trap to avoid solvent loss during the test. The machine with the geometry

used is shown in Figure 26.

T
n= ;, (Equation 14)
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Figure 26 Photographs of some equipment used in the project, i.e. (a) particle size

analyser, (b) dilatometer, (c) TGA and (d) rheometer
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3.10. BET surface area characterisation

The Brunauer-Emmett-Teller (BET) method was used to determine the surface area,
an assistant characteristic for packing density analysis of the powders, by gas
adsorption at increasing pressures. A 3Flex instrument was used (Micromeritics
Instruments Corporation, USA). The samples were precisely weighed after degassing
and then evacuated with the vial submerged in liquid nitrogen. The pressure was
increased and the adsorption isotherm was measured. From that isotherm the

surface area was determined.

3.11. Scanning electron microscopy (SEM)

Two types of SEM (JEOL 6060 and XL30 ESEM) were used in this project. A JEOL
6060 SEM was used to characterise the fracture surfaces of the anode tubes and
half cells, while an XL30 ESEM was used for the particle geometry of starting
materials as it had a better resolution to distinguish microstructures under 1 ym. The
characterised sample surface should be conductive. Thus a metal substrate, with the
adhesion of a conductive film, or a plastic holder were selected here to mount the
samples before surface coating with platinum or gold was undertaken, as shown in
Figure 27. This is a destructive method for cells as they were necessarily broken into
two parts to exhibit cross sections with a fracture surface. The cross section was then
prepared without polishing in order to avoid unwanted scratches being introduced to
the initial structures, and to obtain a more distinguishable boundary between the
anode and the electrolyte. Sample surface morphology and thickness was detected

afterwards in vacuum by electron beams released by heated tungsten filament. The
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images were acquired in secondary electron mode normally at the 20 kV accelerating

voltage.

b Fracture surface

Figure 27 SEM samples for characterisations of (a1) as-received powders (a2)

longitudinal cell fracture surface and (b) axial cell fracture surface

3.12. Cell testing

Cell tests of electrochemical performances were carried out in the School of
Chemical Engineering, University of Birmingham. A schematic diagram of the fuel cell
test rig is shown in Figure 28 and comprises MFC (Mass Flow Controllers), a heating
furnace, a temperature controller and a cell test system. Insulating fire blocks
(Thermal Ceramics) are the major structural components of the furnace, while
Nichrome ribbon (Advent Ni80/Cr20 1.5 mm x 0.13 mm) acts as the heating element.
A Eurotherm 2404 temperature controller was used, which could program the furnace

heating or cooling regime for electrical testing at different temperatures. The cell test
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system used for recording any cell performance was a Solartron™ 1400 that could
also control the input electrical signal. The interactive operation with the test system

was via Cell Test™ software, in order to adjust the input voltage or current.

Exhaust

Fuel Cell

Figure 28 Schematic of the test rig for electrical cell performance [57]

3.12.1. Current-Voltage measurement

The manufactured mSOFCs were characterised in terms of output voltage at different
input current densities. A typical |-V curve is given in Figure 29. A sharp drop would
always occur at the beginning of the curve that is believed to arise from the activation
energy required for the electrochemical reactions. This stage is followed by a linear
correlation between the characterised voltage and increased current density, the
reason for which is the Ohmic resistance loss, mainly resulting from the transfer of
ions within the electrolyte [201]. At the final stage where the output voltage reduces

significantly again, insufficient fuels or air at the Triple Phase Boundary (TPB) are
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expected to cause the concentration loss that inhibits an adequate voltage output
[202]. The extrapolation of the I-V curve to the vertical axis where current density is
equal to zero would acquire the Open Circuit Voltage (OCV) of the cell, whose

theoretical value is as explained below.

The calculations of total Gibbs free energy change and electromotive force, at
standard temperature and pressure (STP, i.e. 298 K and 100 kPa), is given in
Equation 15 and Equation 16, where n is the number of electrons transferred

between reactants and products, while F is the Faraday constant (96485 C/mol).

—-g®

freactants’

AG = G?

f,products

(Equation 15)

AG = —nFE, (Equation 16)
For the electrochemical reaction at STP between hydrogen and oxygen,

AG = Gy o — Gfy, — Gfy, = —237.2 — 0 — 0 = —237.2k]/mol, (Equation 17)

Thus,

G
= 1.23V, (Equation 18)

E¢ = ——
2F

When working at a given condition deviated from STP, a fuel cell would have an OCV
less than 1.23 V (could be down to 0.9 V for SOFC operating at around 800 °C in
hydrogen), which is able to be calculated by the Nernst equation [203] as given in

Equation 19.

1

2
RT PH,P
E=E%+ ﬁln —29% | (Equation 19)

PH,0
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If an OCV less than 0.9 V is observed, the possible reason for it might be an
insufficiently dense electrolyte, which could cause a short circuit between electrodes.

Additionally, a slight excess of fuel supply is always used to avoid the concentration

loss.

Figure 29 also shows the typical distribution of power density at different current

densities. A peak power is characterised at an intermediate current density value.
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Figure 29 Typical polarisation plot of a fuel cell [204]

3.12.2. Electron Impedance Spectroscopy (EIS)

EIS is one of the most commonly used techniques for battery fuel cell studies [205,

206]. The technique involves loading a small amplitude AC voltage onto the cell and
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receiving the response of current. The sinusoidal perturbation voltage and response

current could be expressed in the forms shown in Equation 20 and Equation 21.
V(t) = Vysinwt, (Equation 20)

I(t) = I sin(wt + 6), (Equation 21)

Z (Equation 22)

V(e
ICK
The impedance is defined as Equation 22, similar in the form to the resistance in a

DC circuit [207]. It has a real part and an imaginary part and could be interpreted as

a vector in the complex plane (Figure 30). Two essential factors of the impedance Z

are the magnitude (|Z| = %) and the phase (0).
0

Y-axis

Im (2)

X-axis

Re (2)

Figure 30 Impedance Z plotted in the complex plane [208]
Therefore, it could be noted by Equation 23.

Z = |Z|cos® + jsin® = Z' +jZ" = |Z|e/®, (Equation 23)
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Multiple impedance points could be plotted in a single complex plane, as a function of
frequency. This type of impedance expression is called Nyquist plot, whose

representative expressions for several simple circuits are shown in Figure 31.
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Figure 31 Nyquist plots for (a) a capacitor, (b) a capacitor in series with a resistor, (c)
a capacitor in parallel with a resistor, and (d) a resistor in series with a parallel

resistor-capacitor circuit [209]

The process of EIS analysis is like white-box testing, as the purpose of it is to

understand the inside structure of a given fuel cell. Accordingly, an equivalent circuit
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is necessary to reveal the cell configuration. The equivalent circuit usually contain a

group of resistances and capacitances, arranged in a combination of series and

parallel.
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Figure 32 Equivalent circuit for a simple fuel cell [210]

A reasonable equivalent circuit for SOFC is shown in Figure 32, which is known as

Randles circuit [211]. The circuit includes:

69



(1) Resistance Rs, referring to the voltage loss predominantly within the range of
electrolyte solution, described in the section of |-V testing, namely activation
energy, Ohmic loss and concentration loss.

(2) Capacitance Cqi, introduced to simulate the structure of double layer, formed
of electrolyte ions along TPB, where electrostatic interactions occur.

(3) Faradic impedance, consisting of the charge transfer resistance Rct and the
mass transfer impedance Zy. The latter is also called the Warburg impedance
[212], which is due to the diffusion of reactants and is negligible at high
frequencies. It has the same numeric value for both imaginary and real parts,

hence always has a phase angle of 45° in a Nyquist plot.

The descriptions lead to the ideal plot for a SOFC shown in Figure 32.
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Chapter 4 Powder characterisation and anode

processing

4.1. Introduction

In this chapter, the results of the characterisation of the purchased starting powders
NiO (Hart Materials Ltd., UK), YSZ (Imerys Fused Materials GmbH, Germany) and
corn starch (Sigma-Aldrich Company Ltd., UK) are presented and discussed in terms
of particle size and microscopic morphology, in order to assist in the analysis of the
powder packing behaviour that is essential to determine the solid/liquid ratio during
the anode paste formulation. The chapter describes a powder packing study which
includes the exploration of the powder compaction limit and the computation of
packing density for a ternary system, using an extended binary model. The results of
initial trails of anode extrusion based on the determination of solid/liquid volume ratio

within the paste formulation are presented and discussed.

4.2. Results and discussion

4.2.1. As-received powder characterisation

The starting ceramic powders were characterised in terms of particle size, particle
morphology and surface area. The YSZ powders used for anode fabrication were
denoted as YSZ-A, while YSZ-E was used to denote the YSZ powders used in
electrolyte layer. The characterisation results of initial powders provided the
fundamental information to evaluate the feasibility of powder packing analysis carried

out in Section 4.2.3.
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Figure 33 and Figure 34 show the particle size distribution of NiO, YSZ-A and YSZ-E
powders, the corresponding statistical data are given in Table 4 (see Section 3.6 for
the methodology). In general, ceramic powders with a small mean particle size (Dso)
show better densification behaviour during sintering processes, thus YSZ-E powder
(Ds0=1.25 um) was chosen for electrolyte fabrication to realise a dense structure. The
size distribution of YSZ-A and YSZ-E powders can be regarded as a Gaussian
mono-modal distribution, which is advantageous for subsequent packing analysis,
except for a slight fraction of large-sized (~15 um) particles or agglomerates within
the YSZ-E powder. However, for the NiO powders, two peaks are observed at D=~1
pm and D=~4 um. As NiO and YSZ-A are used in combination in the anode
formulation and powder packing behaviour of binary powder system will be studied
later in this chapter, the bimodal distribution of NiO particles may increase the
complexity of the packing model. In addition, the relatively wide size distributions of
the two ceramic particles added uncertainty to the prediction of particle packing. This
is because the majority of packing models assume mono-modal and narrow size

distributions in the calculation.

Table 4 Statistical particle size data for as-received ceramic powders

Powder Do Dso Do
Description

NiO 0.38 um 1.19 uym 5.11 ym
YSZ-A 0.64 uym 3.35 um 8.40 uym
YSZ-E 0.42 uym 1.25 uym 3.34 uym
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Figure 33 Particle size distribution for (a) NiO and (b) YSZ-A powders
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Figure 34 Particle size distribution for YSZ-E powders

SEM images of the three ceramic powders are shown in Figure 35 and Figure 36. In
terms of the particle shape, it is believed that a regular geometry is desired for
optimal powder packing, powder packing behaviour will be detailed in the later
sections of this chapter. The microscopic geometry of the particles confirms the
characteristic results of the particle size analysis. It is worth noting that all three types
of powders are in the form of flake or lump, which means the irregularity of the
particle shape cannot be neglected when powder packing or any other resultant
analysis is being carried out. In modelling powder packing it is generally accepted
that the particles are assumed to be spherical. Distributions are considered possible
but generally narrow particle sizes are assumed in the simpler models. In the

formulation of pastes, it has been said that irregular shaped particles can promote
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phase migration [213] but unfortunately, the feed ceramic powders are rarely

spherical as is the case here.

Figure 35 SEM imaging for (a) NiO and (b) YSZ-A powders

75



“’"fx. "\ .

0-5.1R~

ool

f .
-

_

Acc.V SpotMagn Det WD ———— 1um
10.0kV 3.0 50000x SE %10:1

Figure 36 SEM imaging for YSZ-E powders

BET results are listed in Table 5. It would generally be expected that finer powders
would have higher surface area but in the selected powders this is not strictly
followed. Although the mean particle of NiO powder is comparable with that of the
YSZ-E powder, the bimodal size distribution contributes to a surface area value that
falls between the two zirconia powders. The finer zirconia powder is seen to contain
discreet fine particles, which are assumed to contribute strongly to the powders’

higher surface area.
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Table 5 BET surface area data for basic ceramic powders

Powder Description BET surface area
NiO 3.28+0.007 m?/g
YSZ-A 1.26+0.004 m?/g
YSZ-E 6.14+0.008 m?/g

4.2.2 The introduction of pore former

Although initially only the ceramic powders were considered in the formulation of the
extrudates, 5 g of corn starch (i.e. 46.16 vol% of the solid phases) was introduced to
produce sufficient porosity within the anode layer, for the purpose of efficient gas
transfer, after sintering. This was the primary reason for the corn starch addition but it
was also shown that the distribution of corn starch in the extrudates could be related
to phase maldistribution and this aspect is considered in Chapter 5. The
characterisation results for particle size and shape for corn starch are shown in
Figures 36, Figure 38 and Table 6, indicating a reasonably spherical particle

morphology and a mean particle size of ~17 pym.
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Figure 37 Particle size distribution for corn starch powders
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Table 6 Statistical particle size data for the as-received corn starch powders

Density distribution g3*

Powder D1o Dso Do
Description
Corn Starch 5.68 um 17.23 pm 29.88 um
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Figure 38 SEM image of the corn starch powders

4.2.3 Powder packing study and initial extrusion trials

4.2.3.1. Powder compaction behaviour

As the maximum volume fraction achievable for the random packing of the separate
NiO and YSZ-A powders is an essential parameters for the prediction of minimum
liquid fraction into a binary/ternary solid powder system during the paste formulation,
a compaction die with a diameter of 13 mm was used to study the corresponding
powder behaviour. The load was applied until a maximum load (initially at 5 kN) was

attained. That load was held for 5 min and then released. Height measurements of
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the cylindrical compact and a volume calculation were carried out to determine the

maximum packing density achieved.

Plots of compressive load against compressive displacement are shown in Figure 39
for NiO powders, where the x-coordinate indicates the negative value of the compact
height, by convention. The compaction process for the YSZ-A powders was

consistent with that of NiO powders and so is not shown.

The volume reduction of the powder compact has to overcome two barriers: friction
due to relative motion between the particles and elasticity due to instantaneous
shape deformation. When the number of contact points between powders is
increased, both barriers will be shifted (i.e. maximum static friction and macroscopic
elastic modulus). As a result, the compression curves exhibit an increasing gradient
with increasing compaction load. At the beginning of the compaction process, relative
motion between loose powders predominates, while particle shape change gradually
become dominant during the later stages of the process, as a result of limited powder
mobility. In the extreme no more powder flow or slip will be induced by raising the
pressure, unless irreversible plastic shape deformation occurs (not likely for rigid

ceramic powders).

Repeated loading to the same maximum load in principle generates only particle
shape change. Figure 39a shows that when the compact is reloaded to the fixed load
of 5 kN the displacement is small with no change in curve profile with each
successive repeat. A subsequent compaction load over the previous maximum value
will re-generate powder flow behaviour. In the NiO powder this is indicated by a

reduced slope beyond 5 kN in Figure 39b when the force was driven to 15 kN.
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Figure 39 Continuous compaction curves for NiO powders (3 g) with (a) multiple
reloads at fixed maximum load 5 kN and (b) single reload at raised maximum load

from 5 kN to 15 kN

Figure 40 shows the compaction curves for corn starch powders using an identical

test method.
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For ceramic powders, the densest packing status is said to be reached before plastic

deformation occurs. However, for corn starch, the plastic distortion of the particles

within the bed was thought be initiated well before the packing limit had been

reached. This was thought to be indicated by the sudden gradient rise on the

repeated load curves shown in Figure 40a, where plastic deformation or breakage of

starch powders significantly increase the inter-particle contact points. Typically, for

soft particle compaction such as in the case of starch the load-extension curve after a

relatively low pre-load will show an initial gradient rise and followed by a fall, as

shown in Figure 40b. This form of behaviour will continue if the compaction load at

each repeat is increased, until no significant powder flow occurs (Figure 40c).
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Figure 40 Continuous compaction curves for corn starch powders (1.5 g) with (a)
multiple reloads at fixed maximum load, (b) multiple reloads with rising maximum

loads and (c) single reload at the highest maximum load, 25 kN
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Repeated pressing with rising load was stopped when no significant compact height
change between adjacent reloads was observed. The compact volume and density
were calculated and converted to packing density values, which are listed in Table 7
and Table 8. Note that for corn starch powders, further compact volume change is

still feasible, but not necessary for this study.

Table 7 Processing parameters for powder compaction

Powder Type Weight Final Load Final Height
NiO 349 44 kN 5.08 mm
YSZ-A 349 55 kN 5.58 mm
Corn Starch 159 15 kN 7.69 mm

Table 8 Calculated packing density results

Powder Type Compact Density Theoretical Density Packing Density
NiO 4.45 g/cm?3 6.67 g/cm?® 66.72%
YSZ-A 4.05 g/cm? 6.10 g/cm?® 66.40%
Corn Starch 1.47 g/cm3 1.50 g/cm?3 98.00%

The maximum packing densities for both ceramic powders are around 2/3 of their
theoretical densities, in agreement with literature reports [214, 215] of a random

packing limit of ~0.64 (noting that this value is for monodispersed spherical powders).
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The packing limit for corn starch is hard to obtain by this form of experiment, due to
the large plastic deformation that occurs. If the transition between elastic and plastic
deformation is considered then it is reasonable to assume a packing fraction of 0.64,
especially as the particle shape of the starch is more spherical when compared to
that of the other two powders with which it is being combined. In later analysis, the
values of 66.72%, 66.40% and 64.00% will be used as the random packing limit
volume fraction for NiO, YSZ-A, and corn starch powders, respectively. The
determined values were used for the packing density predictions undertaken in
Section 4.2.3.2 and 4.2.3.4, for the purpose of calculating the minimum liquid content
necessary to form a homogeneous anode paste with a binary/ternary solid powder

system.

4.2.3.2 Packing density prediction for binary powder mixture
The expression for extended Westman powder packing model (Equation 12) tailored

for a binary system is shown in Equation 24.
, (1 1-x)°
(I)m,z -
(I)max,z q)max,l
(I)maxld)mz ( 1 1_X,2> ( 1 XIZ )
+ 2G 2 X - X —14+x;,—
! 1- (I)max,l ¢max,2 cI)max,l q)max,z ? (I)m,z

2 2
(bmaxl ) ( 1 Xlz >
+ : X —1+x;—
(1 - (I)max,l q)max,z 2 q)m,z

=1, (Equation 24)

where G can be calculated by:
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-1.566

_ 42
G, = 0.738 <d1)

where ¢y, , is the packing density of NiO with the grain size of d, and volume fraction
of X5, dmax 2 IS the packing density of the binary powder mixture. ¢,y 1 iS the packing

density of the YSZ-A, with the grain size of d;.

The mean particle sizes of the NiO and YSZ-A powders are d, = 1.19 um and d; =
3.35 um respectively. Assuming both particles are spherical in form and their size
distributions are sufficiently narrow, the packing density for any NiO/YSZ-A powder
mixture can be predicted by applying corresponding characterised or calculated

values of the parameters of the two powders.

The ratio of NiO to Y203 is fixed in the case of the anode structure by the
requirements for optimal triple phase formation. Thus for the formulation under
consideration a mixture of 15 g NiO and 10 g YSZ: x; = 0.58, G; = 3.73, ¢pax1 =
0.664, b, = 0.6672, is used and thus ¢y, = 0.7218. The required amount of liquid
phase in paste formulation at this stage of development with a fixed solid dosage (i.e.
15 g NiO, 10 g YSZ) was calculated to be as 1.42 g cyclohexanone. Details of the

calculation are:

(YV=m/p;
(2) Vsolid = Vnio + Vysz; Viiquid = Veyelo (NO significant volume change after addition of
other constituents into cyclohexanone);

(3) Vsotid / (Vsolid + Viiquid) = ®max 2

where pnio=6.67 g/cm3, pysz-a=6.1 g/cm?3, peyciohexanone=0.95 g/cm?
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4.2.3.3 Paste formulations and anode fabrications for binary powder system

In the previous section it was predicted that the minimum weight of cyclohexanone
for a binary powder system should be 1.42 g for the standard batch sizes used in this
work. Using this as a starting point, a series of anode paste formulations with
increasing liquid content were prepared, denoted as Paste 1, 2 and 3, which were
subsequently extruded using the die set shown in Figure 21 (tube outside diameter
(OD) 4 mm and inside diameter (ID) 2.1 mm) at a fixed plunger speed of 1 mm/min.
Details of the material weights used in these paste formulations are listed in Table 9
and Table 10. The PVB binder system was developed by Functional Materials Group
in University of Birmingham and proved capable of forming a homogeneous dough-
like paste for subsequent extrusion trials [216]. The relative fractions of the separate
constituents within the liquid binder phase have been modified by Powell especially

for mSOFC anode extrusion [217], with a PVB/cyclohexanone weight ratio being

roughly 0.9.
Table 9 Materials with fixed dosage for anode extrusion
Paste constituents Weight Weight fraction
NiO 159 59.64 wt%
YSZ-A 1049 39.76 wt%
DBP 019 0.40 wt%
Steric acid 0.05¢ 0.20 wt%
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Table 10 Paste formulations with different liquid content

Paste Cyclohexanone PVB Solid load vol%
No.

1 159 144 71.12 vol%

2 2049 1.8¢g 64.87 vol%

3 2649 2449 58.69 vol%

Table 11 and Figure 41 indicate the milling (mixing) and extrusion characteristics of
the paste formulations with varying liquid content. Paste 1 was unextrudable and this
is thought to have a solids loading beyond the calculated critical value of 72.18%,
due to the loss of liquid during paste processing (the theoretical solid loading of
Paste 1 was 71.12 vol% from Table 10). Considering that the particle shape of
ceramic powders is not spherical, which will generally be reducing the packing
density and the relatively wide particle size distribution of these powders (which
always increases the packing density) it is not surprising that the critical solids
loading may not have been precisely predicted. Nevertheless, it proved worthwhile to
use the calculated packing fraction as a reference threshold value when preparing

workable ceramic pastes.
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Table 11 Paste processing descriptions with different liquid content

Paste No.

Milling characteristics

Extrusion load at 1 mm/min

1

Paste slightly separate
from the milling roll, and
very easy to remove from
the rollers at the end of

the process

Unextrudable

Paste stuck to the milling
roll, but was easily
removed at the end of the

process

Ranging from 7.5 kN to 8.8 kN

Paste had a gel-like form
and was hard to remove
from the milling roll at the

end of the mixing process

Generally fixed at 4.0 kN

Paste 2 and Paste 3 exhibited good extrudability with no obvious surface or cross-

sectional defects observed on or in the processed anode tubes, although extrudates

manufactured from Paste 3 were relatively soft and could not hold their tubular shape

well when lying horizontally during drying. An unexpected phenomenon was that the

extrusion load for Paste 2 kept increasing (by 1.3 kN after the initial rapid increase in

load and the emergence of the extrudate, i.e. 3.27 MPa) while being extruded,

indicating that the paste consistency may rise during the process. According to

Rough et al. [218], this phenomenon could be attributed to liquid phase migration,
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which occurs when comparatively dry pastes are used. However, the solids loading
of Paste 2 (64.87%) is far from the critical value solids loading of this system, and no
significant phase migration was expected or observed. Gross phase migration can be
detected by free liquid on the surface of the extrudate or at the joints of the extruder,
but no such observations were made in the paste developed here. Therefore, further

analysis was required to understand this phenomenon and is considered in detail in

Chapter 5.
Compressive Load vs Extension
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Figure 41 Compressive Load vs Extension curves for extrusions without pore former

To complete the whole fabrication route of anode tubes for further characterisation,
the green extrudates were dried and furnace treated, based on the literature review

in Section 2.2.1.1 and repeat laboratory experience, to acquire fully sintered
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products. The drying and sintering process for the as-extruded anode tubes is
detailed in Table 12 and Table 13. Careful drying and sintering processes were
established, as it was observed that immediate drying in the oven would distort the
tubular shape. Furthermore, hasty sintering before adequate drying would diminish
the tube inside diameter (or even eliminate it) and leave considerable large pores

within the ceramic body, as a result of violent solvent vaporisation.

Table 12 Drying process for anode tubes

Drying stage Duration
Room temperature Drying Overnight
Oven drying at 50°C 8h

Oven drying at 90°C Overnight

Table 13 Heating regime for anode tubes

Heating stage Rate/Duration Purpose
Ramp to 325 °C 1 °C/min Drying
Dwell 1h

Ramp to 500 °C 1 °C/min Debinding
Dwell 1h

Ramp to 1400 °C 5 °C/min Sintering
Dwell 2h

Ramp to 40 °C 10 °C/min Cooling
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After heating, both the tubes extruded with Paste 2 and Paste 3 were characterised
by SEM. A number of large pores (visible to naked eyes) were found which were
non-uniformly distributed within some of the tube cross sections for Paste 2. These
were found in the vicinity of both the inner and the outer tube surfaces (see Figure
42). These pores were normally concentrated in specific portions of the longitudinal
sections and absent along others. The distribution of pores was linked to the regions
where the anode paste recombined within the die before passing through the annular
die entry (die region between (1) and (2) in Figure 21).The pores exhibited a
tendency to move towards the tube surfaces through the subsequent extrusion in the
tube forming die land (towards the die or pin wall) and occasionally forming a line of
weakness for crack initiation. In some cases, cracking was observed in the location
of this line of weakness after sintering. Additionally, there may have been some
associate particle orientation issues where the six separate paste flows came
together after the supporting pin plate, but this was not visible in the observed

microstructure. Such alignment lamination has been described by Ribeiro et al [219].

In spite of the unwanted porosity formed within the green tubes due to processing
features before heating, a dense bulk microstructure was achieved after sintering, as
shown in Figure 42. Although it was expected that the debinding stage would
generate a certain volume of capillary air channels, previously occupied by liquid and
polymer phases, the sintering stage, which initiates merging and grain growth,
eventually eliminated most of the inter-particle porosity (e.g. theoretically 35.1 vol%

for Paste 2) and leaving a relatively dense compact.

With regard to the whole manufacturing path for SOFC (Figure 18), another origin of

porosity is the downstream reduction process, where NiO is reduced to elemental Ni,
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however the porosity generated by this is also limited. A dense anode structure is not
desired for gas penetration when working as part of a fuel cell, hence the addition of
a pore former is considered to be beneficial for enhancing cell performance. To
overcome these issues a pore former was added to the formulation, and from the
literature and general considerations corn starch was selected as the additive. It has
a uniform particle size and burns cleanly leaving little ash in the product, an important

feature for the performance of the cell.

X100

10zem WD 11.6mm

Figure 42 SEM imaging for sintered anode cross section without pore former
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4.2.3.4. Packing density prediction for ternary powder mixture

The packing study of a ternary system (NiO, YSZ-A and starch powders) starts with
the binary mixture of corn starch and YSZ-A, whose mean particle size is larger
compared to NiO powders. Equation 24 was applied once more to work out the
corresponding packing parameters. Then a tailored packing expression (Equation 25)

for the ternary system was applied:
o2 ( 1 1- x'3>2
m3 q)max,3 q)max,z
¢max2¢m3 ( 1 1 _X,3> ( 1 X’3 >
+ 2G ——— X - X —14x5—
g 1- q)max,z q)max,S q)max,z ¢max,3 ° ¢m,3

[0) 2 1 x5\
+ max2 ) X ( R pp— > = 1, (Equation 25)
(1 - q)max,z q)max,.'s : ¢m,3

d —-1.566
(G, = 0.738 <d=3> )

2

where ¢, 3 is the packing density of NiO with the grain size of d; and volume fraction
of x3, dmax 3 IS the packing density of the ternary powder mixture. ¢y 2 is the
packing density of the binary powder system of corn starch and YSZ-A. ¢, , is the
packing density of YSZ-A with the grain size of d, and volume fraction of x5, ¢pax2 IS
the packing density of the starch/YSZ-A powder mixture. ¢.,.x ;1 is the packing
density of the corn starch, with the grain size of d,. d, is the characterised mean
particle size of the starch/YSZ-A powder mixture. For the mixture of 15 g NiO, 10 g
YSZ and 5g corn starch: d; = 17.23um, d, = 3.35um, d3 = 1.19um, ¢ a1 = 0.64,
®m2 = 0.664, G; = 9.59, x5 = 0.33, X3 = 0.31, dmayxz = 0.7583, dps = 0.6672, d;, =

10.49um, G, = 22.30. ThUS (pay; = 0.84.
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Powell’s [220] work developed an empirical method to determine the critical solids
loading (or maximum packing density) for a given powder system, by extending the
linear plot of the reciprocal of the Benbow-Bridgwater parameters versus paste liquid
content to the horizontal axis. However, the determined solids loading values in that
work were always below 60%, in terms of volume fraction, which is significantly lower
than the predicted data for the materials and methods developed here. Paste
formulations with a solids loading of more than 60 vol% proved extrudable and that

work is discussed in section 4.2.3.5.

4.2.3.5 Paste formulations and anode fabrications for ternary powder systems
The minimum amount of solvent required to formulate the pastes was 1.38 g
cyclohexanone. The determination of this value was undertaken in the same way as
that of a binary system shown in Section 4.2.3.2. A single paste formulation (Table
14) was selected this time to guarantee sufficient extrudability. Repeated extrusions
with this formulation were carried out and plots of the load vs extension curves

analysed.
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Table 14 Paste formulations for extrusions with pore former (72.6 vol% solid)

Paste constituents Weight Weight fraction
NiO 159 42.67 wt%
YSZ-A 10g 28.45 wt%

Corn starch 5¢ 14.22 wt%

DBP 0.1g 0.28 wt%

Steric acid 0.05¢ 0.14 wt%
Cyclohexanone 264¢g 7.40 wt%

PVB 2449 6.83 wt%

The extrusion pressure beyond the initial rise prior to extrudate emergence exhibits a
similar tendency to that of Paste 2 with no pore former. The variation of plunger load
generally falls in the range of 2-4 kN within a single extrusion. Interpretation of the
extrusion curves was linked to the die configuration. A transitory slowdown of raising
extrusion load was observed at ~1/2 of the force when the first formed extrudate was
ejected from the die, corresponding to the paste recombination region between the 6-
hole extrusion section and the annular extrusion section (die region between (1) and
(2) in Figure 21). The profile of the load-extension curves presents a certain degree
of variance in their profiles between the different extrusions from nominally identical
paste formulations. Examination of the data forms lead to the curves being

categorised as fitting one of two profiles, shown in Figure 43.

96



Load vs Extension
—Type 1
12
—Type 2

10

Compressive Load kN

0 5 10 15 20 25
Compressive Extension mm

Figure 43 Typical load vs extension curve profiles for extrusions with 5 g pore former

and 2.6 g solvent

Type 1 extrusions exhibit a load-extension relationship in which after the initial force
rise and flow is initialised, the pressure rises linearly with time or displacement of the
ram. Type 2 extrusions showed an interim reduction in load once flow was
established before rising again. In the case shown in Figure 43, the rise starts after
10 mm of ram displacement and after about 5 mm of ram displacement after the start

of flow. Mechanisms for these two extrusion types will be discussed in Chapter 5.

Another issue was that unwanted macro green body porosity was detected similar to
that described for pastes with no pore former addition. This was thought to have
been generated by the same mechanism as previously described for extrusions

without pore former. This phenomenon, together with the unstable extrusion
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pressure, suggested the necessity to increase the paste liquid content. After further

extrusion trials a formulation using 3 g of cyclohexanone and 2.7g of PVB was

developed with a solid loading 69.6 vol%. This formulation maintained the same

fractions of the other constituents (Table 15). A stable extrusion load at 4.5 kN was

achieved. Further increases of liquid content caused the paste to stick onto the

extrusion pin and pucker up into a much thicker and uneven extrudate. This

phenomenon was due to the lower stiffness of the system and there being free liquid

at the surface (Figure 44c). If the extrusion was run with pastes of higher liquid

content than shown in Table 15 post processing shape retention became an issue.

Photographs of fabricated tubes and of them being dried can be seen in Figure 44.

Table 15 Paste formulations for extrusions with pore former (69.6 vol% solid)

Paste constituents Weight Weight fraction
NiO 15¢ 41.84 wt%
YSZ-A 104 27.89 wt%

Corn starch 5¢ 13.95 wt%

DBP 0.1g 0.28 wt%

Steric acid 0.05¢ 0.14 wt%
Cyclohexanone 39 8.37 wt%

PVB 2749 7.53 wt%
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Figure 44 (a) Tube drying in the oven, (b) green anode tube and (c) schematic of
anode paste sticking onto the extrusion pin and flowing slower than the paste being
extruded behind it causing the paste to thicken and pucker up rather than forming a

continuous tube.

4.3. Conclusions

The two ceramic powders and the pore forming agent used to manufacture the
anode pastes had different particle sizes, with NiO being the finest and corn starch
being the coarsest. Mixing these powders influenced the overall particle packing of
the system. To evaluate this, the packing behaviour was modelled first for the
required mixture of the two ceramic powders and then for the tri-powder mixture
containing corn starch. It was concluded that potential cause of inaccuracy for
powder packing prediction was the breadth of the particle size distributions,
especially as a strong bimodal distribution was observed in NiO powder. The packing
density of separate powder species was determined by compaction tests but the

method was shown not to be valid for the plastically deformable corn starch powders.
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As a compromise, the application of a theoretical random packing limit (i.e. 0.64 for
spherical geometry) was taken for the critical packing fraction of corn starch, as the
SEM images showed it to have a quasi-spherical particle shape. Initial extrusion trials
were carried out with the paste solids loading determined on the basis of the powder
packing predictions, and the extrusion quality was characterised. As a result, the
formulations were adjusted to give the required tube structures. It was observed that
the extrusion behaviour fell into two distinct types of pressure (load) variation, which
will be discussed further in Chapter 5. Extrudates free of macro defects were
prepared using the derived formulation and taken forward for further processing into

SOFC tubes (Chapters 6, 7 and 8).
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Chapter 5 Paste rheology analysis

5.1. Introduction

The mechanism that induced the varied plunger pressures at a given speed during
anode paste extrusion required further explanation. In order to study the paste
extrusion behaviour, it was important to study the rheological behaviour of the paste
during extrusion using an appropriate model. For the rheological investigation, the
Benbow-Bridgewater equation was used. This equation has been widely used in the
literature [138, 221, 222]. It has found popularly due to its simplicity and because it is
based on the concept of plug flow and slip at the wall, which has been demonstrated
to dominate in highly solids loaded pastes such as have been developed in Chapter
4. The Benbow-Bridgwater equation was used in preference to the Herschel-Bulkley
equation for these reasons. First the rheology parameters were investigated and
calculated by capillary rheology applying the basic Benbow-Bridgewater equation
(Equation 9). A model was developed for the micro tube extrusion die and the paste
parameters derived from the characterisation were used to predict the pressure drop.
The focus of this chapter is the interpretation of varying extrusion pressures, which

are detailed in the following sections.

5.2. Results and discussion

5.2.1 Six-parameter Benbow-Bridgwater fit

The die set used for anode tube extrusion is complex and a simple ram extruder with

interchangeable dies was used to acquire the rheological parameters. The simple die
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configuration is given in Chapter 3. Even for this simplest die set, the Benbow-
Bridgwater expression, with 2 terms and 6 parameters, still required curve fitting by
software. Therefore, the derivation of rheological parameters is divided into two

steps, with those for die entry flow acquired first followed by those for die land flow.

The paste with 5 g of pore former and 2.6 g of solvent (see the full paste formulation
in Table 14) was used for the rheology characterisation. Pressure data collected at

different extrusion velocities, with different die lengths were handled as follows:

(1) Fit the pressure vs L/D plot at a fixed velocity (e.g. 1 mm/min) with a linear
correlation;
(2) Collect the intercept value with the vertical axis for each pressure vs L/D fit, to
acquire the pressure data for L/D=0;
(3) Fit the 3-parameter equation after eliminating the second term and derive the
die entry flow parameters;
(4) Put the derived parameters back into the equation and take the fitting results of
the remaining unknowns.
For each die the paste was extruded at various speeds between 1 and 50 mm/min.
An example of the raw data is shown in Figure 45. The force for each speed is
abstracted from the graph and converted to pressure. At any given speed the
pressure is largely constant except perhaps at the longer die lengths. This indicates
that the paste is reasonably homogeneous and stable in flow. It can be thereby
reasonably deduced that, there must be some unrevealed issues existing in the
process of anode fabrication with a more complex die layout, in terms of a varying

extrusion pressure, as described in Chapter 4.
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Unfortunately, the fitting results for the die entry term contained an exceedingly small
value for the yield stress oo (less than nano-magnitude), which was not thought
reasonable. The reason for this was that the software starts its fitting with a power
law correlation (i.e. without a constant term), and if the power-law-preferred fitting
was undertaken then a negligible constant would be generated. To reject the false
fitting, more extrusion trials in the plunger velocity range of 0-1 mm/min were
designed. However, the extrusion load at extremely low speeds was very sensitive
and gave inconsistent data with the model (an example is shown in Figure 46) and

considerable repeat tests were carried out to minimise experimental inconsistencies.

=
o 2mm/min
({v}
2 1mm/min
= 0.5mm/min LID=4
)]
w0
o . 0.2mm/min :
Q 0.1 i ' . -
A mm/min / e . L/D=1
o e
Q
6 7 8

Compressive extension (mm)

Figure 46 Unreliable extrusion trial with L/D=1 exhibiting a higher plunger load at 0.1

mm/min, compared to the one with L/D=4
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Table 16 Pressure data taken for curve fitting with different velocity & L/D

combinations

Pressure L/'D | 8 4 1 0
Plunger rate

0.1 mm/min 0.88 MPa 0.43 MPa 0.34 MPa 0.21 MPa
0.2 mm/min 1.36 MPa 0.70 MPa 0.46 MPa 0.27 MPa
0.5 mm/min 2.23 MPa 1.21 MPa 0.64 MPa 0.37 MPa
1 mm/min 3.22 MPa 1.76 MPa 0.81 MPa 0.43 MPa
2 mm/min 4.69 MPa 2.59 MPa 1.12 MPa 0.59 MPa
5 mm/min 7.50 MPa 4.06 MPa 1.77 MPa 0.89 MPa
10 mm/min 10.47 MPa 5.69 MPa 2.54 MPa 1.31 MPa
20 mm/min 14.29 MPa 7.70 MPa 3.64 MPa 1.92 MPa
50 mm/min 20.47 MPa 10.80 MPa 5.45 MPa 2.88 MPa

Table 16 lists the pressure data used in the Benbow-Bridgwater fit, along with the
fitted values at L/D=0 by linear extrapolation. It should be noted that the pressures at
plunger velocities greater than 1 mm/min, for all L/D values, were better fitted by a
straight line than at lower velocities, demonstrating again the difficulty of extrusion at
low speeds. Curve fitting is executed on the L/D=0 data to fit the rheological paste
parameters oo, a and m for the die entry flow with typical R? values of 0.99, as given

in Table 17.
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When fitting for the remaining parameters 1o, § and n the same problem of the initial
fitting was encountered, resulting in an infinitesimal die wall shear stress, 1o, despite
the fact that significant work was undertaken attempting to exclude the fitting
limitations. 1o was obtained by drawing a straight line connecting the adjacent
pressure data points for plunger velocities at 0.1 mm/min and 0.2 mm/min and taking
its intercept value with the vertical axis (v=0). Lastly, a 2-parameter power law fit is

applied to determine B and n.

It can be seen from Table 17 that the paste evaluated in this thesis has much smaller
bulk yield and die wall shear stresses (not of the same order of magnitude),
compared to Powell’s [138] results (e.g. 00=0.74 and 10=0.08) of an extruded paste

with equivalent a and (3 values.

Table 17 Determined paste parameters using Benbow-Bridgwater fit

Rheological parameter Fitted value
0o 0.037 MPa

a 13.02 MPa-s/m
m 0.52

To 0.009 MPa

B 9.64 MPa-s/m
n 0.57
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5.2.2. Modifications to the Benbow-Bridgwater expression

for the tubular anode extrusion die set

Aiming at customising the rheology expression for the die set applied for anode
extrusion in this study, an attempt to analyse the pressure drop that develops within
every step of the process was undertaken. The six-hole and the annular extrusion
sections are handled separately, each of which can be subdivided into two adjacent
regions with the die entry and the die land flow behaviour initiated successively in
each case. The paste-recombination region between the two major extrusion
sections is a standard cylindrical geometry (but with a mandrel through the middle),
no pressure drop was considered for this region when the modified expression
(Equation 26) was developed. As a result, 4 terms would be included in the equation,
corresponding to pressure drops due to convergence flow and plug flow, for both

main extrusion sections.

By referring to a similar die configuration in literature [223], a modified six parameter
Benbow-Bridgwater equation (Equation 26), tailored for the anode extrusion die set

and involving 4 terms as explained above, was derived and shown below:

P = 2(0, + aV™)I D, +( +BV“)4L1+( + aViM] D7 — D
= GO o 1 n\/ND TO 1 D 00 (04 2 nDCZ) — Dlz
4L, .
+ (to + BVY) , (Equation 26)
Do - Di

where D1 is the diameter of the barrel, D is the diameter of the identical holes, N is
the number of the holes, L+ is the length of the holes, L2 is the length of the annular

die land, D2 is the diameter of the paste recombination region, D, is the outside
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diameter of the annular outlet, D; is the inside diameter of the annular outlet, V1 is the

paste velocity in the holes and V2 is the extrudate velocity.

Then by substituting D1=22.5 mm, D=2 mm, N=6, L1=11 mm, L2=8.3 mm, D2>=12 mm,
Do=4 mm, Di=2.1 mm, V1=VD+%/ (ND?) and V2=VD+% (Do2-D) into Equation 26, the
predicted pressure for selected extrusion recipe (Table 17) at the plunger rate V=1
mm/min is: P=0.7438 MPa+2.4081 MPa+0.8554 MPa+2.8214 MPa=6.8185 MPa,

while the corresponding extrusion load is F=P* mD1%/4=2.72 kN.

It was noted that for the die configuration designed for this project, the die land flow
behaviour of the pastes dominates the anode extrusion process, compared to the
contribution of the die entry flow. This is indicated by the larger numerical values for
the 2 die land flows. Moreover, the predicted value for extrusion load is only ~1/3 of
the observed experimental value (see Figure 43 in Section 4.2.3.5). Even when
steady extrusion pressure was observed with a higher content of liquid binder system
(i.e. 3 g of cyclohexanone with 15 g of NiO), where paste rheological characteristics
were changed and a load lower than 2.72 kN should be expected, the experimentally
characterised value (4.5 kN, see Section 4.2.3.5) was still significantly greater than
the predicted load. The underprediction of the pressure can be attributed to a number
of aspects. In Section 5.2.3 the paste behaviour is considered. However, we must
consider the limitations of the model. First the parameters were difficult to fit but the
final correlation coefficient was very good. However, the geometry of the micro-
tubular forming die is far more complex and far finer than the geometry used to
measure the data for parameter determination. In particular the velocity of the
extrudate from the microtubular die is significantly greater than that used in the

determination of the original parameters. Blackburn and B6hm have noted a similar

108



issue in the extrusion of honeycombs [224] for pastes which exhibit low values of m
and n. This discrepancy between the two extrusion conditions and the pressure
variations observed in preparing the tubes in Chapter 4, was studied further and the

results are discussed in the following section.

5.2.3. Study of the extrusion pressure variations

As described in chapter 4, the suspected reason for varying extrusion pressures with
an intermediate solids loading was liquid phase migration. To investigate its effect,
the first barrier to overcome was the repeatability of extrusion pressure curves for
nominally identical paste formulations. In addition to the two types of curvature
profiles categorised in the previous chapter, there are still variations with the
extrusion pressure under the same curvature type. This is probably due to the loss of
liquid content during paste milling and defrosting, which is sensitive to the room

temperature and humidity, and was relatively uncontrolled in these experiments.

Three load versus extension curves, for extrusions with 2.6 g of cyclohexanone and 5
g of corn starch (see the full paste formulation in Table 14), are shown in Figure 47.
Curve 1-1 shows a curvature profile of Type 1, while Curve 2-1 and Curve 2-2 belong
to Type 2. The difference between Curve 2-1 and Curve 2-2 is the extent of pressure
drop from the initial peak before the pressure rises again, with only a slight pressure
decrease for Curve 2-1 from the first peak to the trough. The observable extrusion

load values for these three curves are listed in Table 18.
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Figure 47 Original load vs extension curves for 3 separate extrusion trials with 2.6 g
cyclohexanone and 5 g corn starch, with highlights of notable load points described

in Table 18
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Table 18 Characteristic extrusion load for 3 separate extrusion trails

Curve No. 1st inflection 2"9 inflection Minimum Maximum

load after 2"® load after 2™

inflection inflection
Curve 1-1 2.5kN 5.4 kN 5.4 kN 7.6 kN
Curve 2-1 3.6 kN 8.5 kN 8.1 kN 11.5 kN
Curve 2-2 4.4 kN 8.2 kN 6.1 kN 8.4 kN

Compared to the die set used for paste rheology characterisation, the design of die
layout for anode extrusion is much more complicated, thus the first inflection point of
the curvature, after sufficient paste compaction has occurred, is said to be the
pressure value least affected by the die configuration, where the extrusion in the 6-
hole region is just initiated. Extrusion pressures at this point can be taken as a
reference for liquid content in anode pastes, as extrudates with high liquid volume
have higher flowablity (i.e. lower viscosity) and require lower extrusion pressure.
Accordingly, the liquid content for respective pastes being extruded in these 3 trails

has an expected order of Curve 1-1 > Curve 2-1 > Curve 2-2.

The implication is that the pastes either do not have the same liquid content as a
result of the inconsistencies of the mixing process or go through a process of phase
separation during the extrusion process. It is possible for the liquid content to vary
through a single extrusion and that will now be considered. On the one hand, the
liquid phase, with higher flowability than the solid phases, migrates faster while the
paste is being compacted, resulting in a higher liquid content on the bottom of the

barrel. On the other hand, the same process would occur again when the extrusion
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process is running, and the liquid phase begins to migrate into extrudates. Outwardly,
these two processes would not interfere with each other as they both generate a
reduced liquid content within the extruded tubes over the duration of the extrusion.
However, as shown in Figure 48, convergent paste flow would create a radial velocity
gradient at the base of the barrel, with paste in the central part transferred faster than
other regions. Two static zones build up as a result. The static zones are initially
composed of relatively high-liquid-containing paste from the bottom of the barrel, the
liquid phase within which is thought to migrate into extrudates during subsequent
extrusion, leaving a relatively dry solid zone. Simultaneously, a similar migration
phenomenon is also occurring in the central flowing paste. Therefore, the resultant
liquid phase content when the paste moves forward as a whole becomes complex,
depending on the overall paste rheology. The two mechanisms of liquid content
variations due to phase migration then have a superposition effect on the
characterised pressure, which may lead to the different curve profiles obtained
through anode extrusion. Initially there is a probability that the extrudate will be
enriched in liquid phase and then progressively become drier as extrusion proceeds.
This then would perhaps lead to the pressure initially falling if it is the case that the
die land contribution is significant. Such migration could be more pronounced in an
initially drier paste which appears to be the case here. At the later extrusion stage, no
liquid content is available in the static zones for phase migration, and the extrusion

pressure would rise again.

This interpretation is consistent with the observed pressure characteristics exhibited

by the 3 chosen curves. Take Curve 2-1 as an example, the offset effect of liquid
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phase migration by flowing paste nearly eliminates that by static paste, hence a slight

pressure drop is observed before the significant increase occurs.

Liquid phase
migration

Low

i High

Liquid content

Figure 48 Assumed liquid phase distribution in the barrel during extrusion

More quantitative results are essential to validate or modify the interpretation of

varying extrusion pressure. To quantify the liquid content of the extrudates it was first
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essential to ensure that all the liquid phase was removed by pyrolysis. To check if the
appropriate temperature was selected, thermal gravimetric analysis (TGA) and
dilatometry tests were undertaken, and the results are given in Figures 49 and Figure
50. The green anode tube was heated at a rate of 10 °C/min until 1000 °C to
characterise the weight change during TGA test, while the debound anode compact

sample was heated to 1400 °C at a rate of 5 °C/min for the dilatometry test.
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Figure 49 TGA of green anode sample
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Figure 50 Dilatometry data showing dimensional change during heating of debound

anode sample

The TGA result shows that all the organic constituents in the anode sample are
thoroughly burnt off (weight loss of 25.9%) between 500 °C and 600 °C, which means
the liquid binder phase and the pore former (theoretical weight fraction of 28.9% for
the formulation given in Table 14), are totally removed above this temperature range.
The dilatometry results indicate that the sintering (i.e. neck growth and grain growth)
of anode layer has not been initiated at the temperature of 1000°C. Accordingly,
subsequent analysis for phase location would use 1000°C as a heat treatment

temperature.

Extrudates for Paste 2, discussed in the previous extrusion trails (Table 10) were
used to characterise their liquid fraction as a function of time, as the weight of liquid

phase in these extrudates without pore former can be measured with more accuracy.
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Four samples of extrudate were collected from different sections of the same
extrusion of Paste 2, at the start, approximately at 33% extruded, 66% extruded and
at the end of the process. Tube samples were weighed immediately after extrusion
and the instantaneous extrusion load recorded at the point of sampling. The samples
were dried in an oven at 90 °C overnight before being weighed again. They were
then furnace treated at 1000 °C with the end weight of the de-bound samples

recorded. The weight change of the tubes can be found in Table 19.

The weight loss after heating is treated as the weight of liquid phase in the
corresponding extrudate, while the weight change after overnight oven drying at 90°C
is considered to be the solvent weight. However, the paste contained 2 g
cyclohexanone in 3.95 g of total liquid phase (i.e. the mixture of cyclohexanone, PVB,
steric acid and DBP) as formulated, but the derived liquid weight fraction from drying
weight loss was between 10% and 11%, less than formulated for all of the 4
extrudates. The conclusion is that the solvent in extruded samples had not been
totally removed after oven drying. Nonetheless, the overnight drying weight loss can

still reveal relative liquid content differences between the extruded tubes.
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Table 19 Weight change for extrudates of Paste 2 after drying and heating

Extrudate 1 Extrudate 2 Extrudate 3 Extrudate 4

Increasing

Extrusion )

time

Instantaneous 7.5 kN 7.8 kN 8.2 kN 8.5 kN
extrusion

load

Initial weight 2.119g 1.828 g 24214 1.696 g
Weight 0.113 g 0.097 g 0.127 g 0.088 g

change after  (5.33 wt%) (5.31 wt%) (5.25 wt%) (5.19 wt%)
drying (90°C

overnight)

Weight 0.261g 0.225¢ 0.297 g 0.207 g
change after  (12.32 wt%) (12.31 wt%) (12.27 wt%) (12.21 wt%)
heating to

1000 °C

By comparison, the extrudates with a higher extrusion pressure do have a lower
liquid content. However, the situation is not straight forward as the extrusion load
rises by 1 kN (i.e. 2.5 MPa) with only a negligible liquid weight change of 0.11 wt%.
From this study it is clear that there must be other mechanisms active in the process
which lead to the variations in extrusion pressure as the bulk liquid variances cannot

produce the observed magnitudes of pressure variation.
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One hypothesis is that there is not only liquid phase separation, but also some form
of the solid phase separation, which may lead to a higher flowability. These solid
particles, together with the liquid phase, could be extruded with a low pressure.
There are two types of solid phases that can be considered more likely to give
preferential flow: particles with small dimensions and particles with smooth surfaces.
To characterise these two features, heated samples of Paste 2, Extrudate 1 (short
time) and Extrudate 4 (long time) were ground in a mortar and pestle, and their

particle size and surface area measured.

Figure 51 shows the particle size distributions for both extrudates. Before doing the
test, the powder samples were suspected to contain large agglomerates that may
affect the results, but the data obtained shows that the solid particles in the ground
extrudates were well separated. The figure shows the distribution of a NiO/YSZ-A to
be a binary powder system, with no obvious differences developing through the

duration of the extrusion process.

Table 20 Mean particle size and surface area data for extrudates exhibiting different

instantaneous extrusion pressure

Extrudate No. Instantaneous Mean particle = BET surface area
extrusion load size (Dso)

Extrudate 1 7.5 kN 1.33 ym 1.401+£0.021 m?/g

Extrudate 4 8.5 kN 1.57 ym 1.303+0.036 m?/g
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The mean particle size values, plus characterised BET surface area values are listed
in Table 20. Again, no significant difference is observed between the results of two
powder samples, which suggests that they have similar particle size distribution and

particle surface condition. It can be concluded therefore that there is no or very little

bulk separation of the solid phases present in the pastes during the extrusion

process. At most this mechanism can only account for minor changes in the

extrusion pressure.
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5.2.4 Local phase redistribution analysis

From the discussions in the previous section, it is reasonable to exclude the
possibility of the macroscopic constituent difference as a major origin of the varying
extrusion pressure. The binder system used in this study is as a result believed to be
effective at inhibiting phase migration for both liquid and solid phases, despite the
fact that even a tiny drop of liquid content can signify a large change in extrusion
load. Another hypothesis is brought into focus. Could the pressure variation be the
result of local inhomogeneity within the total phase distribution. This concept gives

rise to three aspects to consider:

(1) A phase rearrangement is induced during the extrusion, which produces a
transverse phase distribution, instead of the longitudinal variation which has
been considered in the previous section;

(2) The phase rearrangement is more significant within the die land flow and
relatively moderate in the die entry flow;

(3) Once the phase redistribution is built up, it will become very sensitive to relative
local liquid content changes, regardless of the absolute liquid fraction in the

paste.

Aspect (1) is based on the discussion of results shown in Table 19, Table 20 and
Figure 51, where little longitudinal paste inhomogeneity was observed. Aspect (2) is
considered plausible as the greatest contribution to pressure drop in the modified
Benbow-Bridgwater equation are the two die land pressure terms (2.41 MPa and

2.82 MPa for paste 2) accounting for 77% of the total for the die land flow pressure
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drop. Aspect (3) is considered plausible by the examination of Figure 47 where
Curve 2.2, which is thought to have the lowest liquid content (section 5.2.3), has a

lower extrusion force than paste curve 2.1, 6.1 kN and 8.1 kN respectively.

To validate these suggested mechanisms, SEM images for the heated extrudate
fracture surfaces of Paste 2(Extrudate 1 - Extrudate 4) were examined. The
extrudates were fractured and mounted in the microscope very carefully as the burnt-

out tubes were effectively only assemblies of loose ceramic powders.

. !

Figure 52 Fracture surface of an extrudate from Paste 2 heated at 1000 °C without

pore former

Unfortunately, although the imaged microstructure is not as dense as the sintered
fracture surfaces, no notable variation was observed across the tube in the radial

direction. The typical homogeneous structure of extrudates heated at 1000 °C can be
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seen in Figure 52, in which the original ceramic powder geometry, as well as large

quantities of micro-pores can be observed. The micro-pores represent the channels
previously occupied by the liquid binder phase and they are too many and varied to
identify any variation in their distribution. From this image it is not possible to prove

the hypothesis, and further experimental design was required.

The addition of a pore former was then reconsidered in order to evaluate the
assumption of local phase redistribution, as it has a distinct particle size and
morphology, which is advantageous in characterisation the porosity after heating of
the extrudates to 1000 °C. However, there are additional barriers to overcome in the
analysis once corn starch is added, over and above the difficulties already found in
the analysis of extrudates without pore former. Generally, the additional ‘barriers’ to

be overcome for the assumption validation are:

(1) The introduction of corn starch would make the paste system a ternary-phase
system, as it is soft and deformable, and cannot be treated as an identical solid
phase to the ceramic particles;

(2) The distribution of porosity after heating can only reflect the flow behaviour of
corn starch, with no direct indication of the liquid phase distribution;

(3) The liquid phase content can be no longer be represented by the extrudate
weight loss after heating, as a result of pore former removal;

(4) The paste rheology is constrained to a small range, with a high liquid content
exhibiting a stable extrusion, and a low liquid content (or high instantaneous
pressure) resulting in entrapped air giving rise to large pores or deformed corn
starch particles;

(5) The large visible pores contained in the extrudates which can be regarded as a
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fourth phase in the paste, add to the noise/error of the phase redistribution

analysis and thus should be avoided as much as possible by selecting

appropriate and highly developed paste formulations.

Macro pores
resulting from gas
entrapment

Micro pores with
non-uniform

shape left by the
deformed starch

Figure 53 Fracture surface of an extrudate heated at 1000 °C, with an instantaneous

extrusion load of 10.5 kN and 2.6 g usage of solvent
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Figure 53 shows an example of heat treated extrudate failing to avoid Barrier (4) and
Barrier (5). This paste contained 2.6 g solvent (see the full paste formulation in Table
14) and exhibited an instantaneous extrusion load of 10.5 kN. The consistency of the
paste has caused gas entrapment which generated large spherical pores and pores
formed from deformed corn starch particles visible on the fracture surface. Although
quite a few dense regions with low porosity were observed, the image was not

considered to be an adequate proof of local phase redistribution.

Table 21 lists the weight loss data for three extrudates formulated with 5 g pore
former and 2.6 g solvent. While the similar weight loss fractions indicate the total
content of pore former and liquid phase in these green extrudates are similar, the
absolute composition of liquid content cannot be measured demonstrating the issue

described in Barrier (3).

Table 21 Weight loss for extrudates at different instantaneous extrusion loads, with

the usage of 2.6 g solvent and 5 g pore former

Extrudate at 8.0 Extrudate at 8.8 Extrudate at 9.1

kN kN kN

Weight loss % 28.58% 28.29% 28.16%
after heating at

1000 °C

Therefore, the additional ‘points’ to overcome Barriers (1) — (4) were developed and

are listed below:
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(1) Assume that the order of flowability for three phase types are: liquid phase >
corn starch (solid phase with regular geometry and adequate deformability) >
ceramic powders;

(2) Consider that the inhomogeneous distribution of corn starch is accompanied by
a disorder of the liquid phase, but a homogenous distribution of the starch does
not imply a similar arrangement of liquid phase;

(3) Use the extrudate weight loss after overnight drying as an indicator of relative
liquid content;

(4) Take the SEM imaging as supporting results for the hypothesis, where
sufficiently spherical pores created by the pore former are characterised;

(5) Take the SEM images without observed large pores, which are shaped not by

pore former, to aid in drawing a conclusion.

To investigate the validity of point (3), 8 extrudates were studied and their properties

are listed in Table 22. These tubes were from 4 separate paste formulations (Batches

1-4), and the tubes within Batch 4 correspond to the extrusion shown in Curve 2-1 of

Figure 47. The following analysis is based on the premise that the liquid loss during

paste preparation is proportional to the initial liquid phases present during mixing, in

terms of the component fractions. This implies the viscosity of the liquid phase within

all the extrudates is consistent. Further if point (3) holds i.e. extrudate weight loss

after overnight drying at 90 °C reflects the solvent content, and the first inflection load

is taken to be indicative of the paste consistency, then the relative movement of fluid

in the system can be monitored. The data relating to such an analysis is given in

Table 22.
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Table 22 Selected characterised results for different extrudates

Extrudate Batch Paste First Weight loss % Instantaneous
No. No. solvent inflection after overnight extrusion load
content extrusion drying
load

A 1 349 2.2 kN 7.70% 4.5 kN

B 2 29g 2.5kN 7.57% 4.7 kN

C 2 29g 2.5kN 7.50% 5.2 kN

D 3 349 2.7 kN 7.47% 5.3 kN

E 3 349 2.7 kN 7.38% 5.9 kN

F 4 2649 3.6 kN 6.71% 8.1 kN

G 4 2649 3.6 kN 6.64% 8.6 kN

H 4 2649 3.6 kN 6.25% 11.0 kN

To interpret the data presented in Table 22 an empirical parameter, named the ‘Load
Growth Rate by Solvent Change’ and given the symbol R, was developed. R is
defined as the increase of extrusion load with a 1% of extrudate weight loss
difference after overnight drying at 90 °C, which is given by Equation 27. For
example, Rac (where the subscript shows which extrudates of table 22 are being
compared) is equal to (5.2 kN-4.5 kN)/ (7.70-7.50) =3.5 kN, reflecting the degree

extrusion load rises with identical solvent content difference between two extrudates.

instantaneous load difference

weight loss % difference (Equation 27)
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Table 23 Calculated R values between different extrudates

Rpe Rrc RcH Rae Rer

6.67 kN 7.14 kN 6.15 kN 4.38 kN 3.28 kN

Some representative R values are given in Table 23, in which Rpg, Rre and Rgh
indicate the load growth rate during the same extrusion trial (i.e. both extrudates
have the same batch number), while Rae and Rer reveal the comparison between
different extrusion formulations (batches). In order to avoid unnecessary variations,
only Extrudates A, C, E and F were taken for load comparison between different tube
batches, as they were all collected from extrudates at the beginning of an extrusion

process (exemplified by the second point from left for any plot in Figure 47).

Generally higher R values are obtained when comparing extrudates from the same
extrusion (batch), which indicates the pressure is more sensitive to the gradually
varying liquid content while the extrusion is progressing. The high R value does not
show any obvious dependency on the absolute liquid content. These observations

can be regarded as a proof of point (3) being applicable within the study.

To validate points (1) and (2), a range of SEM images were gathered. Figure 54
shows the longitudinal fracture surface of a heat treated extrudate with an 8.5 kN
instantaneous load and 2.6 g solvent formulation. Compared to Figure 53, the image
has fewer examples the porosity generated by deformed corn starch, but still
includes large pores formed during the paste preparation. It is possible to see for the
first time a dense region next to the pin (mandrel) which has developed during the

extrusion process.
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Figure 54 Fracture surface of an extrudate heated at 1000 °C, with an instantaneous

extrusion load of 8.5 kN and 2.6 g usage of solvent
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According to the derived pressure drop terms in the Benbow-Bridgwater equation for
the tube forming die, die land flow behaviour dominates the overall extrusion
pressure. Given that the pressure drop due to die land flow is caused by friction at
the die wall, and the experimentally determined extrusion pressure is much greater
than the predicted (calculated) value, the observation of ceramic-concentrated or
dense region near the extrusion pin suggests that such a feature could be
responsible for considerably increasing the capillary friction without significantly
changing of overall liquid content. However, the statistical validity of this suggested
mechanism needs to be considered. Thus, to improve the statistics, characterisation
continued on pastes with more homogeneous structures to confirm the presence of
such dense regions (reduced or absent pore forming starch) next to the pin. There
proved to be a limited range of formulations over which the entrapped bubbles from
processing were removed and the paste rheology allowed the formation of the
integral micro tubes. It was found that tubes B-E of table 22 could be studied and
used to draw further conclusions about the phenomena observed first in Figure 54.

Pastes F, G and H had large bubbles while paste A was too soft to handle.

Figure 55 shows that the large pores, not generated by pore former, were
successfully avoided in Extrudate E (instantaneous load 5.9 kN) and Extrudate D
(instantaneous load 5.3 kN) (data from Table 22). It is also noted that no dense
structure in the vicinity of extrusion pin is observed for Extrudate D where it was
observed in Extrudate E, which means a homogeneous phase distribution during
extrusion, at least for the pore former. A probable explanation for the loss of the
dense region as extrusion progresses can be found by considering the plotted load

vs extension curve shown in Figure 56, where the end of the curve does not rise as
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the extrusion progresses beyond the point of sampling Extrudate D. It is suggested
that the initial dense layer found in Extrudate E is sluffed off by the continued flow
process. This is thought to be the local reduction of liquid phase eventually
eliminating the dense ceramic structure at the die wall which initially formed as flow
was initiated and pressure was high. The relative uniform structure once formed
appears insensitive to liquid content change as extrusion continues. The paste
rheology is then self-accommodated, and no upward extrusion load tend is

developed.

Figure 55 Fracture surface for (a) Extrudate E and (b) Extrudate D heated at 1000 °C
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Figure 56 Plotted load vs extension curves for tubes made with Batch 3 and Batch 2

The load vs extension curves of Extrudate C (instantaneous load 5.2 kN) and

Extrudate B (instantaneous load 4.7 kN) are also given in Figure 56, and the SEM

images for their heat-treated fracture surface are shown in Figure 57. Both images in

Figure 57 show a continuous dense zone on the tube inner surface, suggesting the

lasting existence of local phase redistribution. This is consistent with the rising curve

beyond the sampling point of Extrudate B in Figure 56 where the system is
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increasingly depleted in liquid phase. This suggests that it is local redistribution of
phases which cause the observed differences in pressure drop. It also shows the
transient nature of the process and its sensitivity to small variations in formulation
and flow. It is interesting to note that the dense region (depleted in starch) was only
observed against the pin. The exact mechanism for its formation remains unknown
but it is possible that due to the longer length of the pin the shear at the wall

promotes movement of the larger starch particles from the wall.

Benbow and Bridgwater in their book [137] suggest that in the shear region at the
wall the paste is only moving in a layer half the thickness of the largest particle. In
this study the large particles are the starch and so the formation of the dense layer
could be attributed to the migration of those large particles away from the region of
high shear, which is next to the wall, and the extended length of the pin relative to

any other feature in the die.

One thing to consider is the worn conditions of the extrusion die, as the small cross-
sectional areas of the die land would result in significant friction and potential wear by
the abrasive ceramic particles contained in the paste. Friction itself, together with the
potential damage to the die surface during removal of sticky paste in the cleaning
process, may potentially increases or decrease the wall shear stress in subsequent
extrusions. it is suggested that in this study there was a rise in the extrusion pressure
drop and a reduction in the maximum permissible solid loading, after one year of

operation. This aspect could be taken forward for further study.
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Figure 57 Fracture surface for (a) Extrudate C and (b) Extrudate B heated at 1000 °C
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5.3. Conclusions and future work

In summary, the phenomenon of local phase redistribution is believed to be the
mechanism behind abnormal extrusion pressure variation during the extrusion
process examined here. It can significantly increase the friction between the die
components and the paste (particularly the long central pin or mandrel), without a
notable reduction of liquid content. Once built up, the dense ceramic region,
accumulated in the vicinity of die components due to a low flowability, it drives the
extrusion pressure and is sensitive to small liquid content changes, and such
sensitivity is relatively unaffected by the absolute liquid content within the paste. The
superposition of liquid phase migration in both barrel and extrudate would cause
slight longitudinal liquid content difference in processed tubes, resulting in different

forms of pressure variation.

The transvers phase redistribution is believed to occur in both the 6-hole die region
and the annular die region. However, because the central extrusion pin is the last die
component that contacts the paste and also the longest in contact, the dense
ceramic regions are consequently observed only in the inner tube surface. Due to the
high mobility of the liquid phase as well as the pore former, they always incline to
move toward the region of low shear and low pressure respectively, as shown in the

schematic in Figure 58.
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Figure 58 Schematic of dense ceramic regions formed during extrusion

It is also concluded that for extrusion dies with a small cross section area, an
abnormal pressure rise cannot be simply attributed to liquid phase migration within
the bulk material. Such a phase migration only determines the observed variation

trend but is not considered to give rise to the magnitude of the pressure variations.
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The Benbow-Bridgwater equations are generally fitted to a specific and simple die
geometry before then going on to extend them to an unknown more complex
geometry. Itis possible that if the two geometries are considerably different in
construction and particularly in terms of their flow distributions, then the model is not
accounting for all the mechanisms operative in the new more complex die in which
the pressure is being developed. This is the case in this study. In the simple dies
used for generating the data for the parameter fitting the constrictions and flow may
not lead to the development of the observed dense regions found in the more

complex tube die.

If the system (paste formulation and die design) is only to be used for anode tube
fabrication, a paste formulation with an appropriate liquid binder phase is achievable
and able to give steady extrusion pressures through the extrusion of a complete
barrel of material. In this case, a careful drying process is required to hold the as-
extruded tubular shape especially for the softer pastes, which appear to perform

better in terms of defect reduction.

Later work could focus on the assumptions made in this chapter, on liquid phase
distribution in the barrel and die at different extrusion stages. This would require
suspension of repeated extrusions through the extrusion process and detailed
compositional analysis. As for the demonstration of local phase redistribution,
processes that are more analytical could be considered such as positron emission
particle tracking to look at the movement of the starch particle at the wall or NMR
imaging to look at the fluid distribution at the wall. Lastly, it is also suggested by the
author that all studies of paste rheology behaviour should be undertaken over a

relatively short time period to avoid the issue of die wear.
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Chapter 6 Dip coating of YSZ electrolyte

6.1. Introduction

In this chapter, the preparation of electrolyte slurries with different binder and
dispersant fractions are reported, followed by their characterisation in terms of
adhesion strength and viscosity. The slurries are based on an azeotropic solvent
system, namely a mixture of toluene and ethanol, which has been widely used for dip
coating processes [225-227]. An optimised slurry formulation is developed for
coatings at different withdrawal speeds and solid loadings, in order to determine the

range of electrolyte thicknesses that can be achieved.

6.2. Results and discussion

6.2.1 Coating slurry adjustment

The coating slurry was prepared by the methods described in Section 3.4.3. The first
issue to be determined when adjusting the coating slurry formulation was the
sequence of adjusting the binder and dispersant fractions. In the work of Alireza et al.
[228], the dispersant fraction was determined first. However in this study, considering
that the dispersant is an additive (not a necessary component) with a lower
proportion, compared to that of the PVB binder, it was believed that a change of
dispersant percentage without a known essential binder fraction was not the
preferred approach. Thus the binder fraction was determined first, without the

addition of the dispersant.

137



6.2.1.1 Binder fraction determination

Table 24 shows the results of the measurement of adhesion strength by tape testing
with different binder concentrations at a fixed usage of 5 g YSZ-E (i.e. 50 wt% of
solids fraction) and a withdraw rate of 80 mm/min. The testing standard for adhesion
strength (ASTM D3359-08) was developed by ASTM International, with a strength of
5 A (A is the unit defined in this standard whose numerical value is to describe the
adhesion strength) being considered as the highest level of adhesion. As the
extruded anode tubes were too narrow to carry out the tape testing, the testing was
carried out on sintered tubes with larger dimensions (ID 6 mm, OD 8 mm), which
were extruded using an alternative annular die manufactured together with the
original die set. This die has the same basic structural elements of the original tube

forming die (Figure 21), but with larger dimensions.

Table 24 Adhesion strength at different binder fractions

Toluene Ethanol PVB DBP Binder Weight Adhesion Strength

(9) (9) (9) (9) Fraction after 1h
2.375 2.375 0.125 0.125 2.5% 0A
2.25 2.25 0.25 0.25 5% 4 A
2.125 2.125 0.375 0.375 7.5% 5A
2 2 0.5 0.5 10% 5A

The drying of the electrolyte layer was found to be rapid after a single coating,

implying that the vertical thickness variation due to gravity was well controlled. This is
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because of the fast evaporation of the binary solvent system. The disadvantage of
rapid solvent evaporation is that the slurry itself lost solvent and changed the
consistency very quickly between coats so the coating thickness between successive
coats increased. As a result, the prepared coating slurry was divided into small
sealed glass tubes (ID 10.8 mm) immediately after ball milling. Each of the tubular
containers was only opened once and the slurry within it was only used for one
coating. Moreover, all of the prepared slurries were consumed within 30 minutes after

milling.

A 7.5% weight fraction of binder was determined to be sufficient for adequate
adhesion strength, with no recognisable removal of the coating layer observed on the
sticky tape surface. By taking the subsequent addition of dispersant into account,
which would increase the liquid content in the slurry, the chosen weight fraction of

binder for the coating slurry formulation was 10%.

6.2.1.2 Dispersant fraction determination

As a first step to characterise the viscosity, the shear rate during coating was first
derived, as shown in Figure 59. Assuming that the anode tube is immersed in the
centre of the tubular container, the distance between the outer tube surface and the
container wall, h, is 3.4 mm, hence the fluid shear rate, y, at a coating speed, v, of 80

mm/min is given by:

v
vy = n= 0.392 s7%, (Equation 28)
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The assumption is made that the fluid is essentially Newtonian and that the shear

profile is uniform across the annulus.

anode tube

v=80mm/min

slurry container

A
A J

10.8mm

Figure 59 Schematic of fluid shear rate during dip coating

Therefore, the handling of characterised viscosity results was mainly focused on the
viscosity at a low shear rate. In order to characterise the shear behaviour of the

coating slurry, a shear stress range up to 50 Pa was then applied in a rotational
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rheometer described in Section 3.9. This was done to determine more precisely how

much dispersant was required to optimise the suspension stability.

Viscosity vs Dispersant Fraction
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Figure 60 Viscosity for different dispersant contents at a shear stress of ~0.4 Pa

Another problem encountered was how to balance the solvent fraction and the solids
loading. If the addition of dispersant was on the basis of a fixed amount of other
constituents, the solids loading would change with different volumes of dispersant.
However, if the solids amount was fixed, the other components in the liquid phase
would be reduced to a certain extent in order to achieve the same solids loading. The
continuous reduction of solvent, due to the addition of dispersant, would increase the
slurry viscosity, which is indicated by the experimental results. Eventually, menhaden
fish oil (Sigma-Aldrich Company Ltd., UK) was added at different weight percentages
to an identical formulation of other constituents (i.e. 5 g YSZ-E, 0.5 g PVB, 0.5¢g

DBP, 2 g toluene and 2 g ethanol) and the change of solids loading was neglected.
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Little difference in terms of slurry viscosity was found as the dispersant weight
fraction was increased, as indicated by Figure 60, although a slight reduction was
found at a 2 wt% addition. This is still possibly due to the reduction of solvent
fraction, as addressed above. It is considered that although the addition of fish oil
would increase the liquid content in the slurry, the dispersant itself is a viscous fluid
and the solvent fraction in the liquid phase is correspondingly reduced. Thus, the
dispersant which is meant to adhere to the particle surfaces up to a saturation
condition, to generate a less viscous suspension, is countered by an increase of the

overall slurry viscosity at the same time.

Another issue that should be noted is that an extremely low shear rate is hard to
achieve in the rheometer geometry as a result of the low slurry viscosity. Since the
rheometer introduced in Section 3.9 is stress controlled, the shear rate of 0.392 s
means a shear stress around 0.01 Pa, which is impossible for the machine to run
steadily and generate a result that represents the true macroscopic viscosity (the
minimum shear stress for the rheometer was 0.08 Pa that is normally used for pre-
shear). Thus the slurry viscosities at a shear stress of ~0.4 Pa are reported where
stable data was obtained. A relatively low viscosity (an average value of 28.97
mPa-s) was characterised at the dispersant fraction of 2%, which would be used as a

fixed dispersant portion in the later formulations.

142



Viscosity vs Shear Rate
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Figure 61 A viscosity test cycle for coating slurry with 2% dispersant and 50% solid

weight fraction

Figure 61 shows a viscosity test cycle for the given coating slurry formulation. The

viscosity data at the beginning of the test is thought to represent a slurry that has not
reached a steady status, so the last point of the test cycle is selected for comparison
between slurries with different dispersant fractions. The viscosity cycle indicates that
over a relatively wide shear rate range, the slurry viscosity shows only a slight shear
thinning behaviour, but for practical purposes it could be considered that the material

is Newtonian.
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6.2.2 Coating thickness control

6.2.2.1 Coating on green anode

Figure 62 - Figure 64 give the cross-sectional SEM imaging of coated green tubes
with different withdraw speeds (the slurry formulation comprised 50 wt% of solid YSZ-
E powders, as shown in Table 25). An issue related to the coating on green tubes is
the identification of the coated YSZ layer, as both anode and electrolyte structures
are non-porous before heating. Under SEM imaging, the coated layer exhibited
serried porosity (a feature which was not obvious at the low dipping rate of 5
mm/min) with smaller dimensions, compared to the porosity of the anode substrate.
This feature was used to assist in distinguishing the electrolyte/anode interface and
the electrolyte thickness. The porous electrolyte is thought to arise from the fast

evaporation of the toluene/ethanol solvent mixture.

Table 25 Coating slurry formulation for thickness characterisation at different

withdrawal speeds

YSZ-E PVB DBP Fish Oil Toluene Ethanol

10g 19 19 049 49 49

An unexpected observation was that the imaged coating layer became thicker as the
withdraw speed increased, as the viscosity test shows a quasi-Newtonian behaviour
of the coating slurry. This indicates that at extremely low shear rate range (less than
1 s7), the fluid exhibits an apparent shear-thickening behaviour. The shear-thickening

behaviour was generally overserved in the literature for dip coating processes and
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the coating thickness (h) was concluded by the Landau-Levich equation [229, 230]
(Equation 29). The equation assumes that if all things remain the same (i.e. no
drainage occurs before the coating is completed) but the withdraw rate is increased
the value of h will increase.

2
h = 0.945 - (Equation 29)
v6(pg)2

where 1 is the slurry viscosity, v is the withdrawal speed, y is the surface tension, p is

the slurry density and g is the gravitational acceleration

Plotted coating thickness vs speed curve is shown in Figure 64a. At a coating speed
above 60 mm/min, it was found that the thickness growth of coating layer was no
longer obvious with the increase of withdraw speed, which is either consistent with
the Landau-Levich law (reduced growth rate for the coating thickness when the
withdrawal speed is raised) or possibly evidence that the shear-thickening behaviour
only exists within a low shear rate range, as indicated in Section 6.2.1.2. According to
basic ceramic processing principals [231], the coating slurry flows easily at low
withdrawal rates and behaves more like a lubricant, and both a more viscous
suspension and a greater coating thickness are expected when the dip coating rate is

increased.
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Figure 62 Cross section of coated green tubes at a withdraw speed of (a) 5 mm/min

(b) 20 mm/min (c) 40 mm/min (d) 60 mm/min and (e) 100 mm/min
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Figure 63 gives the coated layer thickness at different solids loading (by weight, as

shown in Table 26) on green tubes, with a fixed withdraw speed of 100 mm/min,

which is close to the upper limit of the machine capability. This was to avoid solvent

evaporation as far as possible in a high-solids-loading suspension. The plotted

coating thickness vs solids loading curve is shown in Figure 64b.

Table 26 Coating slurry formulations for thickness characterisation at different solids

loadings
YSZ-E PVB DBP Fish Oil Toluene Ethanol Solids loading
49 06g 06g 0.2g 249 244 40 wt%
5¢ 05g 05g 0.2g 29 249 50 wt%
69 04g 04g 0.2g 1649 169 60 wt%
79 0.3g 03g 0.2g 129 129 70 wt%
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Figure 63 Cross section of coated green tubes at a solid weight fraction of (a) 40%,

(b) 50%, (c) 60% and (d) 70%

As expected, there is a positive correlation between solids loading and coating
thickness, with a 92-micron-thick electrolyte observed when the mass percentage of
YSZ-E was 70%. Considering that the coating slurry is viscous at 70 wt% solids
loading and the electrolyte layer is required not to be too thick, the solids loading was
determined to remain at 50% for all subsequent trials. As a result, a coating thickness
around 40 um could be expected for the coatings on green anode tubes. For coatings

on pre-sintered tubes, however, a much thinner layer should be supposed, due to the

transformation of surface condition.
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Figure 64 Plotted curves for coating thickness vs (a) speed and (b) solids weight

fraction, with YSZ-E slurries
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6.2.2.2 Coating on sintered anodes

Similar coating processes were carried out on the fully sintered anode tubes (see the
heating regime in Table 13, Section 4.2.3.3). The surface condition of sintered tubes
was significantly different from that of green tubes, as the latter were much rougher
than the former and the shear thickening effect may be inhibited on a smooth

surface. The SEM images are shown in Figure 65.

As expected, the thickness difference is less noteworthy between coated layers at
varying withdraw speeds, although an identical shear thickening behaviour is
observed. At a withdraw speed of 100 mm/min, an electrolyte thickness of only 20

Mm is acquired, which would also be further reduced after electrolyte sintering.

Furthermore, a porous anode substrate may cause the discontinuity of a
homogeneous electrolyte layer, a feature which can be observed in Figure 65a. If
there is any section of anode surface not covered with electrolyte materials at all, a
local short circuit would occur between anode and cathode during cell operation,

leading to a decrease of output voltage.
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Figure 65 Cross section of coated pre-sintered tubes at a withdraw speed of (a) 20

mm/min, (b) 60 mm/min and (c) 100 mm/min
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6.3. Conclusions and Future work

Optimised mass percentage of binder in the coating slurries was determined to be 10
wt% after testing the adhesion strength, while the viscosity test suggests a dispersant
concentration of 2 wt%. The coating slurry was shown to be a shear-thickening fluid
at a low shear rate range, for both coating experiences on green and sintered anode
tubes. Finally the optimum processing parameters for electrolyte coating were

determined to be a 50 wt% for solids loading and a 80 mm/min withdrawal speed.

The possible solutions to avoid coating on a porous substrate and the discontinuity of
electrolyte were also described here. A dense anode functional layer, whose initial
formulation excludes any pore forming material, could be added onto the green
structural anode layer manufactured as described in Chapter 4 and Chapter 5. This
additional dense structure could generate a smooth substrate surface for dip coating
after pre-sintering, while simultaneously extending the length of TPB to enhance the
efficiency of electrochemical transformation during the subsequent cell operations.
The suggested assistant anode manufacturing process could be done by dip coating
too. Moreover, a second electrolyte coating onto a dried pre-coated electrolyte layer
is also feasible, if the eventual thickness of a dual-layer electrolyte configuration is

acceptable.

The selected electrolyte processing parameters for later cell fabrication stages is as

shown in Table 25 with a withdrawal speed of 80 mm/min.
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Chapter 7 Sintering of dual-layer half cells

7.1. Introduction

In this chapter, the sintering and characterisation of electrolyte layers dip coated onto
green/pre-heated anode tubes is described. The defects observed by SEM include
cracking and porosity, both of which are due to thermal mismatch (i.e. different TEC,
defined in Equation 13) between the anode and electrolyte layers. The next section
of this chapter reports the dilatometry data for compacts made of the exact
anode/electrolyte formulations, followed by systematic analysis of thermal mismatch

between structures with different shrinkage levels.

7.2. Results and discussion

7.2.1. Co-sintering of dual-layer structure

With anode/electrolyte formulations given in Table 15 and Table 25, the heating
process was first carried out on coated green anode tubes. Unfortunately, the
sintered YSZ layer could not retain integrity after heating. Thus fully pre-sintered
anode tubes were coated and co-sintered at 1300 °C. A continuous electrolyte layer

was achieved after co-sintering.

The heating regime and the characteristics of co-sintered tubes are listed in Table
27. Note that both the pre-sintering and co-sintering processes are the same method

as described in Chapter 3, except for the maximum dwell temperature.
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For Tube A and Tube B, it is believed that the cracks (See Figure 67) were initiated
at low temperatures within the electrolyte layer due to a larger shrinkage during co-
sintering on a green anode layer. For Tube C (Figure 68), when co-sintered with
coated electrolyte, the strong pre-sintered anode layer is able to maintain the
structural integrity of the bi-layer configuration during the densification process, thus
a higher thermal mismatch could be tolerated when 2-step sintering was carried out
for the half cells. As the co-sintering trials with green anode failed to obtain an
integrated bi-layer structure, one-step sintering proved not successful for half cells

produced in this project.

Table 27 Heat treatments for the first-batch of tubular anode/electrolyte samples

Tube batch No. Pre-sintering Co-sintering Characteristics
temperature temperature after heating

A Green 1300°C Cracked and

B Green 1400°C delaminated

C 1400°C 1300°C Continuous

electrolyte layer
with good

adhesion
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Dilatometry profiles for compacts made of anode and electrolyte formulations, using
a method suggested in the literature [232], are shown in Figure 66 to assist in
analysing the thermal shrinkage behaviour of the bi-layer structure. The compacts
were debound (i.e. no liquid phase remaining in the samples) before testing in the
dilatometer. It can be seen that both compacts start to shrink at ~1000°C and the
dimension change becomes moderate when the furnace temperature is held at
1400°C for 30 minutes. The YSZ-E compact on sintering eventually acquires a
thermal shrinkage of ~16.5% at the end of in-furnace treatment. On the other hand,
the YSZ-A/NiO compact, with a different thermal expansion coefficient (TEC),
reaches a corresponding shrinkage of ~10.4%. This means a thermal mismatch of
6.1%, in terms of strain, which could not be tolerated by the co-sintered half cells,
where the electrolyte is coated on a non-sintered anode substrate. It is also
presumed that any pre-sintering of anode tubes would result in a thermal mismatch
of >6.1% after subsequent co-sintering, since the anode shrinkage is expected not to
reach 10.4% during co-sintering. More dilatometry tests were required to quantify the

stress range of the 2-step sintering combinations.
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The cross-sectional imaging of 1-step co-sintered tubes is shown in Figure 67. It can
be seen that there was a certain level of porosity within the cracked electrolyte layer
when the electrolyte ink was on non-pre-sintered tubes. The anode tube that was
pre-sintered at 1400 °C and then coated with electrolyte ink shows that porosity is
also observed within the sintered electrolyte layer. The original porosity, generated
shortly after dip coating process due to the rapid evaporation of solvent, is expected
to be one of the causes of the characterised porosity after sintering. However, the
porosity in electrolyte could inhibit the efficiency of ion exchange and should be
ideally eliminated during densification process while heating. Literature [233]
suggests that the reason why such porosity remains until the end of two-step
sintering is the shrinkage of coated layer. As the pre-sintered anode would hardly
change its dimensions during the co-sintering, the coated electrolyte layer, which is

constrained by the substrate, could not shrink as an entity.

An explanation is provided here for the electrolyte porosity characterised in the 1-
step sintered tubes and shown in Figure 67. When the cracked and delaminated
electrolyte layer is not constrained by the anode layer, more degrees of freedom for
dimension change would be generated and the existing porosity could not be

effectively eliminated as a result.

Figure 68 shows only ~13 pm electrolyte layer develops when 2-step sintering was
performed, while Figure 67 shows an electrolyte thickness of ~25 um for 1-step
sintered tubes. This indicates that the surface of fully sintered (at 1400 °C) anode
tubes is too smooth to acquire a relatively thick electrolyte layer after coating and
sintering. A rough anode surface or multiple coatings are necessary if a thicker YSZ

layer is required. The additional shrinkage of the anode layer in the two-step process

157



is thought to arise because no cracking was observed and in order to accommodate
the differential shrinkage of the two components, the mobile (through sintering

plasticity) electrolyte layer shrinks in thickness.

The appearances of different combinations of anode/electrolyte conditions (green or

sintered) are shown in Figure 69.

Z8 kU

Figure 67 Cross section of co-sintered Tube B
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Figure 68 Cross section of co-sintered Tube C

[T S ———— ‘—._._#-...z-_ A‘u

Figure 69 Apperances of (a) sintered anode tube, (b) non-sintered coating on green

anode, (c) non-sintered coating on sintered anode and (d) co-sintered half cell
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The porosity of the coated layer is thought to be controlled by asjusting the degree of
the substrate shrinkage during the pre-heating process, which were proved valid for
both anode supported [234] and electrolyte supported [235, 236] tubular cells. This
means a fully sintered anode is not necessary for the cells manufactured in this
thesis. Accordingly, two more heating combinations of 2-step sintering were then
carried out, to explore the possibility of acquiring a dense and thick electrolyte layer.
These are listed in Table 28. Both sintering trials eventually produce half cells with
continuous and homogeneous electrolyte layers with a thickness between 20 and 30

um.

Tube D shows a dense electrolyte layer (Figure 70), with no obvious porosity. Tube E
exhibits similar characteristics, but a low level of porosity is observed within the

electrolyte layer (Figure 71).
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Figure 70 Cross section of co-sintered Tube D
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Figure 71 Cross section of co-sintered Tube E
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Table 28 Heat treatments for second-batch tubular samples

Tube batch No. Pre-sintering Co-sintering Electrolyte layer
temperature temperature thickness

D 1100 °C 1350 °C 28 uym

E 1250 °C 1350 °C 25 um

Thus, it can be concluded that a low thermal mismatch, in terms of strain, is
necessary for the co-sintering step during 2-step sintering, to obtain a dense and
thick electrolyte layer. In this case, the substrate anode layer would not apply a large
drag force on the electrolyte layer, so both layers could shrink together to some

extent. As a result, the porosity within the electrolyte layer could be eliminated.

7.2.2. Dilatometry analysis for anode/electrolyte compacts

Figure 72 shows dilatometry results for compacts made of identical anode and
electrolyte formulations but with different pre-heating treatments. The four anode
compacts denoted as Anode1100, Anode1250, Anode1400 and Anode were
extruded into a rod form first, using the anode paste formulations. They were then
pre-heated at temperatures of 1100, 1250, 1400 °C and room temperature (i.e. no
pre-heating treatment) respectively, as the first heating step experienced by Tube
A(B), C, D and E. The compact denoted as Electrolyte was prepared by collecting
and pressing the solid content after drying the electrolyte slurry. All of the five

compacts were tested to a maximum temperature of 1400 °C at a rate of 5 °C/min.
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Figure 72 Dilatometry plots for anode/electrolyte compacts in the temperature range

between 600 °C and 1400 °C

Here a term, mismatch strain, is introduced to assist the analysis, given in Equation
30 [237]. The mismatch strain describes the difference of sintering shrinkage
between two co-sintering bodies, with a high numeric value indicating a high

probability of sintering defects between half-cell layers.

: _ AL AL _
Mismatch Strain = (—) — (—) , (Equation 30)
Lo Electrolyte Lo Anode
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The mismatch strains for one-step sintering (denoted as Anode) at the temperature
range between 600 and 1400 °C are given in Figure 73. A mismatch strain of 7.2% is
known to be too high for the 1-step co-sintering to maintain the structural electrolyte

integrity.

Mismatch Strain %
D

600 700 800 900 1000 1100 1200 1300 1400
Temperature °C

Figure 73 Mismatch strains between anode and electrolyte layers of Tube A-B

Figure 74 plots the mismatch strain for two-step sintering (Anode1100, Anode1250
and Anode1400). It indicates that the mismatch strain between Anode1100 and
Electrolyte becomes 8.8% when temperature reaches 1400 °C. The mismatch strains
are 9.9% and 11.6% for the combinations of Anode1250-Electrolyte and Adode1400-
Electrolyte, respectively. This means a porous electrolyte is likely to form when the
mismatch stain between the pre-sintered anode and the electrolyte extents to a level

beyond ~10%. A persuasive assumption is that the further extension of mismatch
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strain into a higher level may cause cracking for materials undergoing a 2-step

sintering process.
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Figure 74 Mismatch strains between anode and electrolyte layers of Tube C-E

It should be noted that any plot of thermal strain shown before does not include the
information of strain when dwelling at a fixed maximum temperature for a perceptible
period. This means the data points shown in Figure 72 are all recorded during a ramp
process where the furnace temperature is raised at a given rate (5 °C/min in this
study). Both anode and electrolyte samples are expected to exhibit further shrinkage
after the held in-furnace treatment with the heating regimes given in Table 13, 26 and
27. As a result, the mismatch strain should have a reasonable variation after the

entire sintering practice, compared to the characterised values during a continuous
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ramp process. On the one hand, the eventual thermal strain for the one-step sintered
anode and electrolyte samples was seen in Figure 66, with a mismatch strain of
6.1%. On the other hand, the mismatch strain between these two samples is 7.2% in
Figure 73 for a pure ramp heat treatment. The variation of mismatch strain after

dwelling and cooling is considered to be acceptable for this simplified analysis.

According to Hsieh et al. [233], a mismatch strain of ~25% between pre-sintered
ScSZ (Scandia Stabilized Zirconia) electrolyte support and coated anode layer
(mixture of NiO, ScSZ and carbon) is still able to generate a porous sintered anode
layer without cracking or delamination. However, they found severe sintering defects
occurred when the mismatch strain reached ~30%. In this case, the anode layer
would become porous, fragile and poorly attached to the electrolyte surface at that
higher mismatch strain. Compared to the literature, the work reported here results in
mismatch strains with much smaller numeric values hence no cracking is observed
on the co-sintered electrolyte layer, which is coated onto the pre-heated anode tubes.
Additionally, the electrolyte manufacturing process has been shown to be able to

generate a dense structure on the anode extrudates.

7.2.3. Discussion of initiation of electrolyte cracking for one-step
sintering

Figure 75 gives the entire dilatometry profile of the electrolyte compact, including the
debinding process. It shows that before sintering shrinkage, a strain of ~20% has

already been generated, mostly in the temperature range of 0-300 °C. A comparative

shrinkage is also thought to occur for anode materials over this temperature range.
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This is believed to result from the gasification of solvent in the liquid phase, namely
cyclohexanone in the case of anode heating. More precisely, the constituents burnt
off over this low temperature range are in liquid form and yet hard to evaporate at
room temperature. Materials that comply with this characteristic include
cyclohexanone and DBP for the anode formulation, and additionally DBP and fish oil
for the electrolyte formulation. Burning of such constituents would definitely decrease
both mass and volume of the liquid phase, triggering the observed dimension
reduction. Nonetheless, the rest of materials within anode/electrolyte is still a
continuous and stable entity, until the binder (PVB) is removed at a higher
temperature (~500 °C). Accordingly, the dimension changes in this stage are not

thought to cause any structural defects in the electrolyte layer.

No obvious dimension changes are characterised over the temperature range 400 °C
to 600 °C, which indicates that shrinkage defects due to mismatch of the TECs are
also unlikely to initiate during this stage of the heat treatment, even if the binder
system is thoroughly removed and the half cell becomes an assembly of loose
ceramic powders. Combined with the TGA results shown in Figure 49, the burning
out of PVB and corn starch will give rise to considerable mass loss, without

significant volume loss being observed.

In the literature [233], the cracking observed in one-step sintering is considered to be
initiated at low sintering temperatures and its magnitude intensified as the mismatch
strain rises with temperature. The reason why no cracking is observed for 2-step
sintering is the existence of a strong substrate on which the coated layer is placed.
This interpretation is accepted by the author, but another possible origin of cracking

defects is provided in this section.
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At a temperature between 400 °C and 600 °C, the burning of binder (PVB) within the
anode structure, as well as pore former (corn starch), might have a slight impact on
the electrolyte layer, leading to a structural inhomogeneity for the half-cell surface.
Such distortion could be considered as a potential source of cracking, although the
coated layer is in a transitive form from viscous slurry to loose powder, at the
temperature range being considered. Previously published papers also pointed out
the problems associated with the binder removal procedure, such as tube warping

and twisting [238], which could be regarded as supplementary support of the

assumption.
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Figure 75 Dilatometry profile of electrolyte compact sintered at 1400 °C including

debinding process
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7.3. Conclusions and future work

One-step sintering is proved not valid for the half cells made in this project, as
cracking develops due to mismatch of sintering behaviour. Pre-heating of the anode
is believed to provide a robust substrate to constrain the sintering of the electrolyte
and allow a higher thermal mismatch to be borne. The electrolyte shrinkage is
desired to eliminate the initial porosity and not to generate additional porosity through
stress. A dense electrolyte was acquired by using a 2-step heating combination of
pre-sintering the anode at 1100 °C and co-sintering the pre-sintered anode together

with the electrolyte at 1350 °C.

Dilatometry results for anode/electrolyte compacts indicate a mismatch strain above
~10% would no longer allow a dense electrolyte structure to develop in 2-step
sintering. A mismatch strain of ~7% was sufficient to initiate cracks for 1-step
sintering. The temperature where cracking originates during a 1-step sintering is
believed to falls in the range between the starting point of sintering (~1000 °C) and
the maximum temperature. However, the debinding process (occurring below 600 °C)
is also thought to be a further source of cracking and delamination, as a result of

structural impact on the electrolyte due to the burning off of organic components.

Future work should focus on the constrained sintering of a coated layer on a non-
sintered debound support, in a loose powder form, followed by the characterisation of
sintering defects. A well-controlled operation process is required for this purpose, as
coating on an unstable substrate is quite intractable. If cracks are characterised at an
equal level of mismatch strain to that of a 1-step sintering in this study, then the

possibility that cracking is initiated during the debinding process could be excluded.
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Chapter 8 Cell performance testing

8.1. Introduction

The structurally optimised mSOFCs were electrically tested in terms of Current-
Voltage (I-V) and Electrochemical Impedance Spectroscopy (EIS) behaviour and the
results are reported and discussed in this chapter. Half cells comprising extruded
anode and dip coated electrolyte were fabricated and sintered using the methods
discussed in Chapter 4-7 and after sintering, a cathode layer and current collecting
components were added. The electrochemical performance of the cells are

compared and discussed in the context of literature.

8.2. Preparation for cell testing

The half cells, with anode/electrolyte formulations given in Table 15 and Table 25,
sintered using the heating regime identical to Tube D given in Table 28, were all
coated with two LSM (Praxair Surface Technologies Ltd., UK, Dso= 0.9 um) layers, to
give a functional and a structurual cathode layer. This produced a complete cell unit.
The coating was applied by brush, and the coated cathode layer covered nearly the
entire surface of the electrolyte, with only a tiny uncoated region at both ends of the
electrolyte. Separate but identical sintering processes were carried out after each of
the coating operations, as detailed in Table 29. The cathode slurries were developed

by the Centre for Hydrogen and Fuel Cell Research, University of Birmingham.

Before being installed into the manifold, the completed cells were further coated with
porous silver paste ink (SPI) on both the anode and electrolyte surfaces to allow

current collection. Additionally, the two electrodes are wound with a bundle of silver
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wire (99.98%, Silver Wire Co) to allow connection to the electrical analysis

equipment. The drying of SPI was undertaken in the oven for 4 h at 120 °C. The

prepared cell units ready for testing are shown in Figure 76.

Table 29 Heating regime for the functional/structural cathode layer

Heating stage Rate/Duration Purpose
Ramp to 350 °C 1 °C/min Drying
Dwell 1h

Ramp to 550 °C 1 °C/min Debinding
Dwell 1h

Ramp to 1100 °C 5 °C/min Sintering
Dwell 4 h

Ramp to 40 °C 5 °C/min Cooling
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Figure 76 Imaging of prepared cells ready for testing

8.3. Handling of gas tightness issue

A ceramic manifold was used to hold the tested cell, as shown in Figure 77a.
Ceramabond (Aremco) was applied to form the seal in place between the cell and the
ceramic manifold. The drying of Ceramabond was carried out in the oven for 6 h at

120 °C.

Multiple cell samples were tested using this manifold, with no recognisable open
circuit voltages (OCVs) characterised in most cases. The furnace was reopened after
testing and a damaged cell is shown in Figure 77b, with the current collection units
(i.e. the SPI and silver wire) melted and separated form the cell. A reasonable cause
for this failure is a hydrogen leak from the inside of the cell during testing, creating a

flame that melts the silver components.
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Leakage tests showed a number of gas leakage points located between the
ceramabond and the manifold surface, even when careful sealing was applied
repeatedly in this area. This was probably due to the thermal shrinkage mismatch

between two types of materials which the bond failed to overcome.

Figure 77 Ceramic manifold used (a) before and (b) after the initial tests
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The melting of the current collectors would give rise to two effects that might cause

the failure of OCV characterisation:

(1) Breaking of the silver wire on the anode surface, leading to disconnection
between the anode and the electrical measurement unit.
(2) Direct conductive connention between the anode and the cathode layer,

causing a short circuit and the extremely low OCV.

A -

- Connection to electrical measurement

Figure 78 Metallic manifold used for later tests

In order to develop a better seal, a metallic manifold was designed and applied to the
electrical testing of the mSOFC samples. This arrangement can be seen in Figure 78.

This manifold was oxidized before any testing operations were undertaken to avoid
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electrical conduction from the mounted cell. To achieve an easy connection, the end
of the manifold was made from a length of tube which had a smaller diameter than
the cell and could be inserted into the cell inlet without damage. The only region
requiring sealing was then a small portion of exposed porous anode on the outer
surface of SOFC tubes. Another benefit of this manifold design was its non-
destructive nature so that the cells could be unloaded and tested again after the first

run if required.

8.3. Results and discussion

As can be seen in Figure 79, the Current-Voltage (I-V) curve exhibits an Open Circuit
Voltage (OCV) of 0.82 V, which is considered to be slightly lower than would be
expected from the normal OCV range below the theoretical value. The cell voltage
drops rapidly while current density is raised, with the peak power (0.11 W/cm?) being
reached at a current density of ~0.25 A/cm?. Although the electrical data for mSOFCs
manufactured in this thesis are not ideal, they are quite normal for lab-made fuel cells
when referring to Table 3. Laboratory made cells with equivalent power densities to

those tested in this thesis can be found in References[147, 154, 161].

Electrolyte (formed from ScSZ) supported mSOFCs manufactured by Hsieh et al.
[233] showed a peak power density of 0.14 W/cm? at 800 °C, indicating an
equivalent power output level to the laboratory-made cells, though the OCV of their
products could reach 1.1 V. There are several suggested mechnisims for the low

characterised OCV within this study:
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1) Thick electrolyte between 20 and 30 ym would increase the resistance for the
transfer of anions;

2) Lack of a dense anode functional layer would shorten the length of TPB and
inhibit the electrochemical process;

3) Potential discontinuities in the electrolyte would cause exchange of fuel and
airgases across the electrolyte which could change the partial pressure

distribution on both sides of of the SOFC.
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Figure 79 Current-Voltage curve at 750 °C with 50 ml/min Hz and 50 mil/min N2

Table 30 shows the comparison of electrolyte characteristics between commercial
mSOFCs (Adaptive Materials Inc., USA, denoted as Cell AMI) and laboratory

manufactured cells developed in this project (denoted as Cell FMG). The SEM
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images of both cell structures are given in Figure 80. Accordingly, Mechanism 2 is
thought to be the major origin of low OCV value, as the minor differences in layer
thickness and density is not thought to significantly impact the electrochemical
performance, in the way suggested by Mechanism 1. A high OCV has been reported
by Hsieh et al. [233], as mentioned above and in SEM imaging of post-test cells. It
was difficult to characterise directly the contact between anode and cathode.
However, due to the large anode pore size, an exceedingly shortened TPB was
observed in the laboratory made cells, which was expected to inhibit the activity of

electrochemical conversion.

Table 30 Comparisons between commercial cells [2] and lab made cells using the

identical electrical test rig

Cell AMI Cell FMG
Electrolyte thickness ~16 um ~28 um
Electrolyte tightness Fully dense Negligible porosity
Electrolyte resistance (acquired | 0.11 Q (650 °C) 0.33 Q (750 °C)
from EIS characterisation)
OoCcv 1.13V 0.82V
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Figure 80 Electrolyte characteristics of (a) Cell FMG and (b) Cell AMI [2]

Figure 81 gives the Nyquist plot of the EIS responses. The lower intercept at Z axis
corresponds to a value of 0.33 Q, indicating that the inherent resistance of the
electrolyte at 750 °C is high, compared to the literature [2]. Although this ohmic value
also involves the connection and circuit resistance, the relative magnitude between

different electrolytes could be compared, given that the electrolyte resistance

179



contributes mostly to this resistance and the same test rig is used for both types of
cells (Cell FMG and Cell AMI in Table 30). Moreover, temperature is the only factor
that would relocate the lower intercept value as a result of limited ion conductivity at
relatively low temperatures, but its effect is constrained at the operating temperature
range. The high electrolyte resistance of laboratory made cells is consistent with the
characterised low OCV value that is thought to arise predominantly from limited

active reaction sites along TPB.

The higher intercept of the arc is strongly affected by fuel characteristics (fuel type,
flow rate, etc.) and input current, as it reflects the resistance built kinetically through
the electrochemical reactions. This value is also raised when the sample is cycled
repeatedly as a result of cell degradation. Thus only impedance data for the sample
being tested for the first time, at an input voltage 0.1 V below OCV were taken. This
high voltage value corresponds to a low input current, thus the kinetic resistance (Rct
in Figure 32) could be greater than that obtained at lower voltages (e.g. at the peak

power density), as a higher activation barrier is expected for lower currents.

Typically the arc region shows two semi-circles overlapping each other,
corresponding to the processes at both interfaces between the electrolyte and one of
the electrodes. Mcintosh et al. [239] suggested that the right partial arc (i.e. plot at
low frequencies) represents the impedance contributed by the anode. However, the
overlapping phenomenon is not obvious for the tested cells manufactured in this
project, making it hard to distinguish the individual resistance contributions of anode
and cathode, respectively. Nonetheless a total kinetic resistance of ~0.23 Q is

characterised for the overall reaction.
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Figure 81 Nyquist plot of EIS at 750 °C and 0.1 V below OCV, with 50 ml/min H2 and

50 ml/min N2

8.4. Conclusions

[-V curve and EIS plots of lab made mSOFCs in this thesis indicates high electrolyte
resistance and low OCV values. The most likely mechanism for this is that the limited
contact points between anode and electrolyte due to large anodic pore size
generates shortened TPB for adequate electrochemical reaction to take place.
Consequently, the efficiency of ion transfer within electrolyte is inhibited and a
degraded electrical performance is characterised. The phenomenon is believed to be
promoted by adding a dense functional anode layer between the porous anode

structure and the electrolyte, to extend the length of TPB.
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Chapter 9 Conclusions and future work

Ram extrusion technology has been developed as a conventional fabrication method
for the support tube of a mSOFC. Combined with viscous plastic processing (VPP),

anode supported tubes have been manufactured with no intractable problems.

A powder packing study suggested a threshold for the volume fraction of solid phase
within the viscous paste prepared for extrusion. The predicted packing of the powder
mixture comprising the ceramic constituents (NiO/YSZ-A) and the pore former (corn
starch) was 0.84. However, due to the processing characteristics of VPP (i.e. twin roll
milling) and extrusion, an excess of liquid phase (i.e. organic binder system) was
necessary for the paste formulation. Thus in the optimised formulation liquid phase
was added above that required to just fill the voidage estimated by calculation. The
upper limit of the solids loading computed in this thesis is high compared to that of an
empirical method in the literature, but is proved to be a reasonably valid prediction for
the methodology adopted in the study. A compromise should be made for the liquid
content between the paste extrudability and the intractable issues related to high

liquid fraction, i.e. paste stickiness and maintenance of the geometry of the tubes.

Rheology studies indicate that the formulated paste was homogeneous and that both
die land regions for the six-hole and the annular extrusion sections of the die
generate the maijority of the pressure drop during the extrusion process. These two
die land regions are considered as the origin of the pressure variations, when
relatively dry pastes are being extruded, after several assumptions were explored. A
variant of phase migration phenomenon, i.e. local phase distribution, was believed to

cause the observed unsteady trends in extrusion load. This type of redistribution is
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thought to be transverse, instead of longitudinal, with a dense ceramic region
accumulating in the vicinity of die components. The derivation of the conclusion used
the pore former as a tracer agent to indicate the distribution of paste constituents

during extrusion.

A dip coating process for the YSZ electrolyte layers was successfully developed to
apply the coating to the anode tubes. The minimum portion of binder necessary for
an adequate adhesion strength between the coating slurry and the anode surface
was found to be 10 wt%, while an intermediate dispersant percentage of 2 wt% was
identified to optimise the slurry condition and stability. The coating slurry was shown
to be a shear-thickening fluid at low shear rates, then the electrolyte layer thickness
could be controlled by adjusting the withdraw rate as well as the solids loading of the
slurry. The slurry involved an azeotropic solvent mixture of toluene/ethanol that
volatilizes rapidly even at room temperature. This characteristic inhibited the slurry
flowability after coating, driven by gravity, which was desired to acquire a
homogenous electrolyte, but at the same time a porous structure was generated.
This porous structure densified to closed porosity after sintering. Moreover, anode
surface conditions were shown to have a notable effect on the coating quality, as any
irregularity potentially caused a discontinuity in the electrolyte layer. The surface
irregularities could originate from extrusion or drying process, while becoming more

recognisable after sintering.

Different heating regimes for the dual-layer structure were studied and from there a
two-step sintering combination was chosen for the fabrication of a continuously
dense electrolyte layer. A one-step sintering process was shown to be not feasible as

cracking and delamination were induced as a result of thermal shrinkage mismatch.
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Additionally, the fully sintered anode tube exhibited high mismatch strains with the
green electrolyte that was not sufficient to create cracking but was sufficient to
prevent undesired porosity. A dilatometry study suggested a range of mismatch
strains that were beneficial for the elimination of electrolyte porosity, when the

electrolyte was coated on a pre-fired anode substrate.

The test of electrical cell performance gave moderate results. The most problematic
issue proved to be the gas sealing stage when the tested cell was inserted into the
manifold. The measured OCV was 0.82 V, with the peak power density of 0.11
W/cm?. The relatively low OCV value is believed to result from limited contact points

between the anode and the electrolyte, which lead to a shortened TPB.

Later studies could investigate the liquid content distribution of the paste at the base
of the barrel as extrusion progresses during the rheology investigation, to further

validate the interpretation of the observed variations in extrusion pressure.

A further study of the dip coating of non-support layers is recommended. The
addition of a dense anode function layer or a second electrolyte layer by coating is
suggested, aiming to increase or give a sufficient length to the TPB and a robust

electrolyte structure.

Further work at furnace treatment of mMSOFCs could be tailored to coat an electrolyte
layer onto an anode substrate that is preheated without any sintering initiated (i.e.
below 1000 °C), before the following co-sintering stage showing any firing defects. If
no cracking or delamination is observed after such a 2-step heating process, the
necessity of a strong substrate for obtaining a continuous electrolyte might be

questioned.
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Additionally, the extrusion die set manufactured for this project uses a conventional
design that proved to lead to some processing issues. A portion of die parts,
including the six-hole and the annular die land regions, experience extremely high
pressures during the processing and the wear rate appeared significant as extrusion
continued. This is one of the major sources of the characterised phase redistribution
in this thesis. A more developed die design is needed to meet the demand for scaling

up of the manufacturing process.
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