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ABSIRACT

Solid oxide fuel cells (SOFCs) are of major inténiesfuel cell development due to their
high energy conversion efficiency, wide range @l$uand environmental friendliness. One
important obstacle for their industrial developmentheir processing difficulties. These
difficulties have recently been addressed by emptpya novel technique namely
electroless nickel - yttria-stabilised zirconia &)Sco-deposition which eliminates multi-

layer processing and high temperature sintering.

The novel work carried out in this research progreminvestigates the effects of different
processing parameters on the co-deposited anod&OBCs. In particular, YSZ patrticle
size, electroless bath agitation method, electsoegh pH and substrate surface condition
are investigated. These variables were investigiiedheir effect on (i) the ceramic to
metal ratio — important in terms of matching thefticient of thermal expansion of the
anode and substrate, as well as providing electroanductivity, and (ii) the porosity
content in the deposited layers — required for famdl exit gas penetration through the

anode.

The experimental work was based on a full factddesign of Experiment (DoE) approach
and consisted of three phases — namely, designinging and analysing. A 16 rutt @il
factorial DoE with five replications was construtteith YSZ particle sizes of 2 and 10
pum; bath agitation of air bubbling and mechanic¢atisg; bath pH of 4.9 and 5.4; and
substrate surface treatment of hydrofluoric acathielg and mechanical blasting. A total of
80 samples were analysed for nickel content by ggneispersive X-ray analysis and
porosity content by Archimedes buoyancy measuremém¢ DoE was analysed by the
ANOVA statistical tool in Minitab 15 software.

The co-deposition conditions that produced anodés (j the lowest volume percentage
of nickel and (ii) the highest level of porosity medetermined. Linear regression models
for both nickel to YSZ content and porosity respnwere built to estimate the correlation

between experimental and predicted data. The cteifi of determination, For nickel to
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YSZ content indicated a reasonable correlation eetwexperimental and predicted values

while the regression model for porosity responss hss reliable.

One anode containing 50 vol.% nickel recorded aotednic conductivity at 40C in air
that is comparable to the published data. Anotbaes of tests at higher temperatures (up
to 800C) in air and nitrogen resulted in encouraging teteic conductivities being

recorded.
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1. INTRODUCTION

1.1 Background

Energy plays a crucial role in sustaining globatledepment. The sources of energy
have evolved generally from wood to coal, then &rgdeum and currently towards
renewable and green energy sources. In tH& cEhtury the energy consumption rate
increased exponentially spurred by the rapid irses population (Smil 1997). The
International Energy Agency (IEA) 2001 states tthegt distribution of the global energy
consumption has been primarily led by oil (34.9%)lowed by coal (23.4%) and gas
(21.2%) then nuclear power (6.9%) and the remaibglerenewable energy (13.6%) (IEA
2001).

In the 1970s the world energy crisis, especiallthim US, as well as environmental
issues, particularly - global warming brought on the growth of carbon dioxide
concentration in the atmosphere, combined to opedows to alternative energy sources
such as renewable and nuclear power. Since enarggever be destroyed or created — it is
conserved and can only be converted from one forambther (Cengel 2002) - the world is
taking this opportunity to explore the advantagésusing the abundance of earth’'s
resources to supply useful energy power. Thusesamergy from natural sources can be
converted from one type to another, the idea isdiserve the energy as efficiently as

possible, consequently reducing cost and minimisimgronmental pollution.

Basically, energy can be categorised into renewabl@ non-renewable. Fig. 1
based on reviews Chang et al. (2003); Dincer (208fbbard et al. (2003); Muller-
Steinhagen and Nitsch (2005); Pitts (1994); andaR@805) gives a general idea of the
categories of energy and their sources based oewsvby. Non-renewable sources
comprise fossil fuels and minerals, particularlglioactive ones, that are in limited supply.
On the other hand, renewable sources are fromalatesources that exist in abundance,
such as sun, wind, water, and hydrogen gas. Rgcatiention is increasingly focused on

fuel cells using hydrogen as fuel.
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Fig. 1: Energy categories and their sources

1.2 Renewable Energy

Renewable energy has great advantageof bein¢ totally environmentally
friendly. Natural energy resources from the swater, wind, earth and gas are harnesse
producealternative ener¢. Thetop five countries in renewable power capacity € the
end of 2008 are, imlescending order, China, United StaBgrmany,Spain and India
(REN21 2009). Fig2 illustrates the estimatedorld renewable electric power capacas
of end of 2008.

10, 4%

World Renewable Energy

0.5, 0%

0.3,0% ® Wind power
52,18% H Small hydropower

M Biomass power

M Solar photovoltaic-grid
B Geothermal power

ISolar thermal power—CSP

*Large hydropower capacity 860GW of 1140 GW tota

Fig. 22 World re newable electric power capacity irGW (estimated) end of 200 (REN21 2009)

If both small and largeydropower wereeombined, hydropowe- energy gained by
movement of water ithe major renewable energy souréénd power derives from win

turbines started in Euro, especially in Holland Next on the list is biomass pov.
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Biomass is the extraction of energy from plantshsas palm oil and woods, contributes
approximately 18% (exclusive of large hydropowektee total world renewable energy

capacity.

Solar power can be divided into photovoltaic (Péyver and solar thermal power.
Solar PV power involves direct conversion of sumiigy a solid-state device whereas solar
thermal power uses radiation of the sun to heatvager for hot water and heaters. The
challenge for development and use of this energjyrt@logy is the cost. Geothermal power
uses underground heat from magma as a heatingesotifus power source has been used

for supplying heat in geothermally active countsesh as New Zealand and Iceland.

There is one more highly potential renewable enesgyrce that is yet to be
discussed - the fuel cell. Fuel cell is like a &attbut instead of storing electricity, it
generates electricity. Fuel cell technology hasnbegtensively studied due to its high
efficiency and its production of virtually no pdifion as it uses hydrogen as fuel and

produces water as its waste product.

1.3 Hydrogen Economy

Recently the world has moved towards technologyreviinydrogen is used as an
energy carrier. The combustion of hydrogen releasesgy and electron as it combines
with oxygen as in [equation 1.1] and this procassversible. The production of water as
its waste is cleaner and exerts less impact oerihigonment. Hydrogen economy has been
proposed to reduce environmental damage that hes beade by the combustion of

hydrocarbon from fossil fuel and furthermore toueelthe dependencies on petroleum.
H;(g) +105(g) © H,0Q) - E? = —286k] (1.1)

Since hydrogen is denser and highly flammable & natural gaseous form,
transportation, distribution and storage of hydrogeesents safety issues (Ohadi and Qi
2007). However, hydrogen is a chemical fuel, simitanature to petroleum, so it can be
stored in a high pressure tank, transported byk$rutains, planes, or ships or pumped

through pipelines (Williams 1994).
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Moreover, the present technology developed to aoooate oil and gas networks
could be used to transport hydrogen gas. The catibmof renewable technologies is also
possible - for example, wind electricity for onesglectrolyser can be combined with solar
power as an electrolyser for hydrogen generatiorr{ifher 2008). The end use of
hydrogen economy is the fuel cells as auxiliarygrmi transportation and stationary power

sources in the future.

1.4 Fuel Cells

Fuel cells transfer chemical energy into electrieakrgy in the most efficient
manner by electrochemical cells. The fundamentatept of fuel cells was discovered by
Sir William Grove in 1839 by accident (Yamamoto @R0The basic fuel cell block is built
up by an electrolyte layer in contact with porons@e and cathode layers on each side. In
1950 the achievement of the alkaline fuel cell (AIB€5 kW led to the development of 12
kW AFC for NASA'’s space shuttle orbiter in the 1974 a reliable power supply without

any backup battery power.

The achievement of the fuel cell showed it has eafgfuture. A comparison of
various generation systems is tabulated in Talfldrubakaran et al. 2009). Fuel cells have
power capacity ranging up to 2 MW, which is higktean those of photovoltaic and wind
turbine systems. It may still not be at par witkipeocating engines but its efficiency is
undoubtedly incomparable. The major drawback of ¢edl applications is the higher cost

of installation, but they are less expensive torraan.

Table 1: Comparison of different generation systemgirubakaran et al. 2009)

Reciprocating Turbine Photovoltaics Wind turbine Fuel cells

engine. Diesel generator
Capacity Range 500kW-

500kW-5MW 1kW-1MW 10kW-1MW 200kW-2MW

25MW
Efficiency 35% 29-42% 6-19% 25% 40-60%
Capital Cost
200-350 450-870 6600 1000 1500-3000

($/kW)
Operating &
Maintenance 0.005-0.015 0.005-0.0065 0.001-0.004 0.01 0.0019-0.0153
Cost ($/kW)
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Several types of fuel cell have recently been itigated: the alkaline fuel cell
(AFC), proton exchange membrane commonly known agnger electrolyte membrane
fuel cell (PEMFC), direct methanol fuel cell (DMFEGholten carbonate fuel cell (MCFC),
phosphoric acid fuel cell (PAFC) and solid oxidelfaell (SOFC). The most reliable and
aggressively investigated fuel cells are SOFC aBMIFC, which are more likely to be

commercialised.

AFC is the first commercial fuel cell employed byASIA. AFC operates at low
temperature (10C) with potassium hydroxide (KOH) as an electraly#&hen newly
developed, it operated at 2 (EG&G Services et al. 2000). The operating terajpee
depends on the concentration of KOH — a high canagon (85 wt.%) operates at a high
temperature (~26C) whereas a lower concentration (35-50wt.%) ojsrat a lower
temperature (>12C). It transports negatively charged ions fromhode to anode and
produces water as its waste. The disadvantageeAHC is that it is very sensitive to both

carbon monoxide and carbon dioxide.

PEMFC is an ion exchange membrane with solid pofy(fteorinated sulfonic acid
or similar) as electrolyte, and it operates at ayview temperature of 10C. The
electrolyte is an excellent proton conductor anectebn insulator. It has higher power
density and quick start up, and its low operatieghgerature makes it suitable for
automotive, laptop computer, bicycle and mobile nghoapplications. The major
disadvantage of PEMFC is lower operating efficieaeyl the high cost of the platinum
used as a catalyst.

DMFC is a relatively new fuel cell. It operateslaiv temperature with polymer
electrolyte, such as in liquid methanol (§&MHH) in water to eliminate the requirement of
external reformer. The disadvantage of DMFC is thatcrossover of methanol from anode
to cathode reduces system efficiency and electroma oxidation kinetics. It has many
similarities to PEMFC.

MCFC operates at relatively high temperatures ramdietween 600-76Q with
alkali carbonates retained in a lithium aluminiunxide (LIAIO2) ceramic matrix
electrolytes. At this high temperature the elegtelturns to a molten salt that is highly
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conductive with carbonate ions as ionic conductibime disadvantages of MCFC are its

intolerance to sulphur and its slow start up.

PAFC operates at relatively low temperatures raj@iom 150-228C with 100%
phosphoric acid used as an electrolyte - minimisiegwater vapour pressure which helps
the management of cell water. At lower temperatuee phosphoric acid electrolyte is a
poor ionic conductor, and platinum electrocatalystomes severely poisoned by carbon
monoxide. The major disadvantage of PAFC is itséased cost from the application of
platinum as a catalyst.

SOFC has become popular over the last few decadéshas shown a promising
co-generation system efficiency of up to 70% whbesheat produced is applied to another
system producing more electricity, space heatirdyiadustrial processing. It is estimated
that SOFCs are 5-10 years away from commerciaisdtii and Karimi 2007). SOFCs
operate at high temperature ranging between 700%00@ith a solid ceramic electrolyte
typically YSZ. The oxide ions are transported froathode to anode, where they combine
with hydrogen ions (H to produce water and heat. The waste heat cardyeled for a
cogeneration system. The disadvantages of SOFGtsaargow start up, high cost and
sulphur intolerance.

Recently, three types of fuel cells appear to leentiost promising — SOFC, DMFC
and PEMFC (Weins 1999-2010). SOFC is the mostlileeintender for both large and
small electric power plants in the 1 kW and abave.SDMFC is targeted to be the most
promising as a battery replacement for portabldiegdpns such as cellular phones and
laptop computers. Table 2 below compares all fedltgpes and their important features
based on reviews conducted (EG&G Services et 80;28aile 2003b, 2003a; Kirubakaran
et al. 2009; Rosa 2005; Sammes 2006; Weins 1990}20Among the three most
promising fuel cells, SOFC has the highest eneffigiency especially when cogeneration
power is implemented besides multi-fuel capabilitiiis is the main reason for the greater
intensity of recent development in SOFC technology.

6|Page



Table 2: Fuel cell types and their important features

Type of | Operate| Mobile ion | Electrolyte Fuel Max Power Output & Problem
Fuel Cell| T/°C Efficiency
) Liquid 5-12 kW2 .
AEC 100 OH Alkaline - H, Very sensitive to both
260 KOH 60-70% CO and CQ
Solid
H(H,0)," polymer- H 250kWP Lower operating
PEMFC | 80-100 |_2|+ "’ | Sulfonated CH 2(,)H efficiency and high cos
polymer 3 40-45% platinum as a catalyst
(Nafion™)
Liquid WKW CH;OH crossover
DMFC 100 H(HZE))” ' alcohol- Ha, reqlu_ces system
H CH;0OH 25-40% efficiency and high cos
Methanol 0 :
platinum as catalyst
Molten
carbonate- .
MCEC 600- coZ Mixture of | H; HC, 250kW-3MW 45% Sulphur intolerant and
700 lithiumand | CO 50-60% slow start up
potassium
carbonates
_ d
160- Liquid 200kW-1MW High cost platinum as g
PAFC H* Acid, H, 11MW catalyst.
220 PO,
3 40%
25-100 kW,
700- 5. Ceramic H, HC, 2ZMW Slow start up, high cos
SOFC O Solid oxide .
1000 _vs7 6{0) 50-60% and sulphur intolerant.

~70% (cogeneration

[

a U.S. Apollo Space Programme (1960)

b Ballard Generation Systems (Aug 1997)
¢ Fuel Cell Energy (June 2000)
d International Fuel Cell Corporation, IFC (Aug 200
e Siemens Westinghouse Power Corporation/ Natienel Cell Research Centre (2001)

1.4.1 Solid Oxide Fuel Cells

SOFCs produce electrical power directly from a gasefuel by electrochemical

reaction. The fuel cell by-products damage the renvnent only insignificantly. The fuel

cell has a high energy conversion efficiency, bgpas chemical energy conversion (fuel)

to mechanical or thermal energy like other poweregation devices. SOFC is also known

as ceramic fuel cell as its key characteristictssceramic electrolyte. What make for a

unique and better performance is the applicatiorecdmic as an electrolyte in the fuel cell,

eliminating corrosion and electrolyte managemestesy problems.
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The ceramic material of the SOFC electrolyte urttlersolid oxide category only
conducts electricity in the high temperature ramgiween 600-100C. At this high
temperature the solid ceramic material allows thredaction of oxide ions through it. Due
to this high temperature, SOFC materials are lidniitg the level of chemical stability in the
reducing and oxidising environments, the level dfernical stability of contacting
materials, conductivity and thermo-mechanical caibpay. Thus the present main
technological challenge in the continued developgnoérSOFC is the search for suitable

materials and fabrication processes.

1.4.2 Future Needs in SOFC Development

Major technical difficulties in making SOFC commiatty viable are the selection
of materials and fuel cell manufacturing (Yamam2®0). The selection is limited in large
part by the constraints imposed by the high SOF&king temperature of up to 108D on
the selection of materials as well as cell consimac The development of materials for
SOFC components is based on (1) property compggtibbetween neighbouring
components, (2) electronic and ionic conductivifyetectrodes and electrolytes and (3)
stability in reducing and oxidising environmentdthdugh alternative materials for SOFC
components have been studied and developed, is &rfael cell manufacturing, the main
obstacle is the cost. Conventional ceramic fabbooamethods are not very effective
whereas modern and advanced methods are too cobityis where the present research

begins.

1.5 Research Aim

This research focuses on fabricating an SOFC amdu®e the electrochemical
reaction of fuel takes place to produce electriClye current fabrication processes require
multi-layers and stages (therefore are time-consgjnifollowed by repeated sintering at
high temperature (resulting in the high cost oftimeg. The goal is to fabricate the anode

via a single process with no sintering, using ENdeposition.

EN co-deposition has been used extensively in weaistance and corrosion

resistance applications. The application of thchieque in fabricating an SOFC anode is
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still new, and the addition of ceramic YSZ to beyagted together onto the substrate
makes it novel and it is called the EN co-deposifoocess. The advantages of this novel
process include its simplicity as it is a singlag& process, and since it does not require
sintering or heating, it is more cost- and timdeetve.

1.6 Research Objectives

The objectives of this research are:

1. To design the experiment and undertake tests tduaeaon a novel low-cost
manufacturing process for SOFC anodes

2. To investigate and evaluate the critical varialirest will affect the performance of
the above process
To perform statistical analysis to relate the aboseables
To perform optimisation condition suitable for logeramic to metal ratios and
acceptable porosity contents for SOFC anodes

5. To develop multiple linear regression models tertlate the DoE responses

1.7 Research Outline

The research was carried out in three phases.ilt@lhase was a preliminary one-
factor-at-a-time (OFAAT) experiment in determinitige parameters and variables for the
second phase work. The first phase consisted ofi@pendent experiment parameters to
measure the possible effect of each factor thathimigfluence the EN co-deposition

process.

The second phase, the body of the work, consistéllevels factorial DoE. The
data from the first phase were analysed and anriexpetal design was developed with a
2k full factorial of 4 factors in a 16-run experintal array; each run was replicated 5 times
in random order. The responses of this second pliesethe Ni to YSZ ratio and porosity
percent. A linear regression model was developedo&dh responses. The models were

used to predict the response and then comparedhvatexperimental data.
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The third phase was the DoE multiple response agsition of conditions and
anode performance of electrical conductivity in imwdated SOFC environment. All
samples then underwent physical testing and clarsation using scanning electron
microscopy (SEM) coupled with energy dispersiveax-analysis (EDXA). The research

work outline is shown schematically in Fig. 3.
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2 LITERATURE REVIEW

2.1 Introduction

The possibility for SOFC technology only began witie Nernst’'s discovery of the
solid-oxide electrolyte in 1899 (Minh and Takahas®95). Thirty-eight years later in 1937
the first SOFC was operated at 180®y Baur and Preis (Minh and Takahashi 1995). This
first SOFC to be operated used Z#iased ionic conductors with iron or carbon as anod
and FgO, as cathode. In early 1960, serious developmeS8OHC began along two fronts:

the two - cell configuration and component material

Cell configuration development started with a fiédte design followed by a
segmented-cell-in-series design by Bell and Spigtmh and Takahashi 1995), which was
then modified by a banded configuration. In 1988l $ess tubular SOFC was discovered,
followed by monolithic SOFC two years later. Fiyaihe flat-plate design evolved due to
advances in ceramic forming and processing teclgredo These flat-plate and tubular cell
designs are found to be the best cell configuratdiay as shown in Fig. 4.

Anode

Interconnection

<+—— Interconnection
(Bipolar Plate)

Cathode

Electrolyte

Air
Electrode

Fuel Electrode

Fig. 4: SOFCs design, tubular (left) and planar (rght) (Singhal 2002)

Cell design helps optimise surface contact betwiesers, thus increasing the
output. The planar design has been found to be nagable of achieving very high power
densities as well as affording possible significemst reductions through a concept called
‘mass customization’ — multi-stack fuel cells &e planar design is simpler and easy to

fabricate into multiple layers (Singhal 2002).
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The development of SOFC component mate, on the cher hand, began with the
use of noble metals for electrodes and intercosnéetter, inthe early 1970s Ni-YSZ was
used as amanode, doped ;03 as a cathode and CaOy as an interconnect. The
interconnect materials we replaced by LaCr@in 1980 and Istly by high-temperature
alloys. For cathode materials, LaM; and LaCoQ@ have beeriound to be more reliab
than the doped pDs.

In generalthe major challenges in determining SOpErformance and reliabilit
are (1) materials degradaticover long tem operation and (2) total cell cost reduc,
including cost offabrication and materie (Williams et al. 200¢t. Ivers-Tiffee et.al (2001)
found that he performance of the cells can only be improvedheselection of elevated
materials for use. fie next subsection introduces SOFC working principles as wasllits

electrolytes, anodeandcathodes.

2.1.1 SOFC Working Principles

A fuel cell isbasically a refuelable battery.dperates k electrochemical reaction
that converts chemical energy dily to electrical energyThe electrochemical reactions
are called reductionxidation (redoxreactionswhere reduction is for capturing electrc
and oxidation is for releasing electroA fuel cell is a stack of ano-electrolyte-cathode
layers with iterconnecs and sealant. A schematic diagrama@OFC with its major cell
components -anodeof porous composite, cathode of porous ceramicdense solid oxide

ceramic as anlectrolyte is illustrated in Fig. 5.

Porous
composite anode
- electrochemical

reaction of
hydrogen <
molecule with
oxide ions | -H
produces water | H

Porous ceramic

cathode — oxygen

~_ receives

~ electrons and
produces oxide
ions

Solid oxide ceramic
electrolyte — allows oxide
" ions to pass through

T

Fig. 5: Schematic diagram of a SOF( consisting ofsolid electrolyte andporous anode and cathode
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At the cathode, the reduction of oxygen occurs wbeygen captures electrons,

becoming oxide ions, as in [equation 2.1]. The desdid electrolyte allows oxide ions to

migrate from the cathode to the anode. The oxide then react with Hfuels at the anode

and undergo an oxidation reaction, releasing elastto the external circuit [equation 2.2],

producing water as waste. This process is contimasuong as the fuel and oxygen are fed

into the system. Electrons flowing through the mig<circuit should be homogenised with

the ionic charge through the electrolyte that poeduthe electrical power. The overall cell

reaction is modelled in [equation 2.3].

Cathode reaction:

Anode reaction:

Overall cell reaction: H,(g) + 1/2 0,(g) & H,0(1)

2.1.2 SOFC Components

SOFC components can generally be divided

0, + 4e~ > 20%"

2H, + 207 - 2H,0 + 4e~

e (2.1)

- (2.2)

e (2.3)

into finain categories:

interconnects, sealants, electrolytes, cathodesamodles. The energy efficiency of an

SOFC system is approximately 60% for a single carié up to 85% for the total system

(Badwal and Foger 1996), achieved by optimisingheaell components. Various

companies have invested in developing SOFC compenas summarised by Tietz et al.

(Table 3).

Table 3: Materials for SOFC components in electrolyte-suppded planar cell design and corresponding
fabrication (Tietz et al. 2002)

Company Country  Component  Materials Production Thickness
Process
Sulzer Hexis CH Electrolyte YSZ Tape casting Ns
Cathode LSM Screen printing  Ns
Anode Ni-YSZ Screen printing  Ns
ECN/InDec NL Electrolyte YSZ Tape casting Ns
Cathode LSM Screen printing 50 um (two layers)
Anode Ni-YSZ Screen printing  Graded composite
Fraunhofer Ges., D Electrolyte YSZ Tape casting 150 um
IKTS Cathode LSM Screen printing  Ns, two layers
Anode Ni-YSZ Screen printing  Ns
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CFCL AUS Electrolyte 3YSZ, 8YSZ Tape casting 100 um
Cathode LSM Screen printing  50-60 um
Anode Ni-YSZ Screen printing 50 um

SOFCo USA Electrolyte YSZ, (Ce,Sm)O, Tape casting 180 um, 300 pm
Cathode (LaSr)CoO3 Screen printing  Ns
Anode Ni-YSZ Screen printing  Ns

Tokyo Gas JP Electrolyte 3YSZ Tape casting 50-100 pm
Cathode LSM Screen printing 150 um
Anode Ni-(Ce,Y)SZ Screen printing 30 um

Mitsui Eng. & JP Electrolyte 8YSZ Tape casting 300 um

Shipbuilding Cathode (La.Sr)(Mn,Cr)O;  Painting 150 um
Anode Ni-YSZ Painting 150 um

Ns = not specified

The common material for SOFC components are 8Y $Zhi electrolyte, Ni-YSZ
for the anode and lanthanum strontium manganes#)Li6r the cathode. Electrolytes
have been mostly produced by conventional ceramicgssing tape casting whereas the
anodes and cathodes are fabricated by screenngriniihe average thickness ranges
between 50-150 pum, with the exception of YSZ and,$th)Q electrolytes by SOFCo
which are 180 and 300 um thick respectively. Tis¢ tlaree companies in Table 3, SOFCo,
Tokyo Gas and Mitsui Engineering & Shipbuildingedgslifferent materials for electrolyte,
anode and cathode.

The details of SOFC component materials and caitetll be further discussed in

the next sub-sections.

2.1.2.1 Interconnects

SOFC interconnects connect the main SOFC compagneaisely anode and
cathode, via an external circuit. Their primarydtion is to carry electrical current so must
have good electrical conductivity. Additionallyeshmust be chemically and mechanically
stable at high operating temperatures. Intercosnece also exposed to oxidation
environment at one end, the anode, and a reducivigpement at the other, the cathode.

The material for interconnects must meet theseraait

There are metallic and ceramic interconnects. Meted very well-known for their
good electrical conductivity, but they are very tab¢e in air which causes oxidation that

reduces the conductivity of metallic interconneatdigh temperatures. Common metallic
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interconnects are chromium-based alloys, ferritaingess steels, austenitic stainless steel,
Fe-Ni-Cr base alloys and Ni(-Fe)-Cr-based alloysergbs et al. 2009). Ceramic
interconnects are usually made from semiconducaikides that are compatible with other
SOFC components. Semiconducting oxides are goddgat temperatures but their low
conductivity at lower temperature causes probléigpical ceramic interconnects are pure
LaCrO; (Sakai et al. 2004).

2.1.2.2 Sealants

SOFC sealants are used to ensure that the gasesnréight within the cell.
Thermal stresses due to repeated heating and goalenthe main challenge in choosing
sealants. The nature of the sealant is not an fesuee tubular design SOFCs, but it is a
main concern in the planar design. Typical sealanés glass, glass-ceramic, ceramic-

composite and compliant seals (Lessing 2007).

2.1.2.3 Electrolytes

The critical component of any fuel cell is the élelyte. This is also true of SOFC,
whose name is taken from the type of electrolytéenels used, solid oxide, usually a
doped solid ceramic oxide, typically YSZ. This makhas been used over the last two
decades of fuel cell development (Haile 2003b). okding to Minh and Takashi (2004)
SOFC electrolytes should have (1) sufficient iooamductivity in dual atmosphere, with
the highest ionic conductivity possible and nedgligielectronic conductivity; (2) stability
in dual atmosphere, both reducing and oxidisingcf@mical compatibility with other cell
components; (4) matching CTE to other cell comptsieand (5) dense ceramic (no open

pore porosity) to prevent gas cross leakage.

The main criteria for suitable electrolytes are hhigonductivity for ions and
negligible electron conductivity. The conductanéeaaeramic electrolyte depends on (1)
operating temperature, (2) thickness of electrodyte (3) nature of electrolyte (Rosa 2005).
Significant ionic conductivity of YSZ materials st at 808C and thus it is possible to
operate at this temperature with certain modifaraior at higher temperatures, as shown
in Fig. 6.
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Fig. 6: lonic conductivity of YSZ materials againsttemperature (Sammes 2006)

An electrolyte must be thin to achieve acceptabdmdactance. Ideally the
electrolyte should be 5 um thick, but current etdgtes have thicknesses between 50-75
pm (Williams et al. 2006). The thicknesses that Hrdimes greater than ideal are due to
the difficulty of maintaining gas impermeability at very thin ceramic layer during
fabrication. Furthermore, thin ceramic is very flagand must be supported by either the

anode or cathode.

The nature of the electrolyte depends totally oe thternal properties of the
materials. An intermediate temperature SOFC opwggat the temperature range of 600-
80C°C is possible using other ceramic materials suclsamsaria-doped ceria (SDC) or
ceramic proton conductor (BeCgOANny ceramic material chosen as an electrolytstrba
chemically inert to the adjacent materials, i.e #mode and the cathode, and meet all the

criteria mention earlier.

2.1.2.4 Cathodes

According to Minh and Takashi (1995), a SOFC ca¢hathould meet all the
following criteria: (1) be chemically, morphologlaand dimensionally stable in the
oxidant environment; (2) have sufficient electronanductivity to support electron flow;
(3) be chemically compatible to other component emals and chemically stable at
operating or higher temperatures with minimal dftun or reaction; (4) matching CTE to
avoid delamination or cracking; (5) have sufficipoarosity (>50%) to allow gas transport

to the reaction sites; and lastly (6) produce sidfit catalytic activity for the

17|Page



electrochemical reduction of the oxidant. Geneegjurrements such as high strength and

toughness, fabricability and low cost should alsa@bnsidered.

At the cathode, a reduction of oxygen to oxide iomsurs as in [equation 2.1].
Therefore the cathode material must be stable imxadant oxidising environment. As
listed in Table 4 in previous sub-section, the namshmon cathode material is strontium-
doped lanthanum manganate (Sr-LaMnOr LSM. Other alternative materials are being
investigated, such as L#&rFeQ; (LSF) and La,SrCoFeG;;5 (LCSF) (Sammes 2006). In
the case of these materials, problems related ngpatbility with neighbouring materials

might arise.

2.1.2.5 Anodes

The anode is a positive electrode where hydrogeadati®n occurs to produce
electrons, which then flow to the external circMitater is the waste product of the reaction
when using hydrogen @fuel, as shown in [equation 2.2]. When carbon axicte (CO) is
used — [equation 2.4], carbon dioxide is the wasteluct, and similarly if methane (GH
is used as a fuel — [equation 2.5], both waterearton dioxide together with electrons are
produced. The SOFC has an advantage in that wvsllor a wide range of fuels. In
general, criteria for the anode are similar to éhdsr the cathode, except that their

environments are different as the anode exista ioxalising environment.
Anode reaction: 2H, + 20? - 2H,0 + 4e~ e (2.2)
Anode reaction (CO fuel): 2CO + 20%~ - 2C0, + 4e~ - (2.4)
Anode reaction (CH, fuel):CH, + 40%~ - 2H,0 + CO, + 8¢~ -+ (2.5)

As the main focus of this thesis is the fabrioatad SOFC anode, the criteria and

fabrication of this component will be discussed @tail in the next section.

2.2 Anode Criteria

Anode criteria must be identified and well undeostoThe fabricated anode should
meet all the required criteria to perform efficigras an SOFC anode. SOFC anodes should
meet all the following criteria: (1) high electrarconductivity, (2) good catalytic activity,

(3) adequate porosity content, and (4) matching .CE&ch of these criteria will be
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discussed further below, but first knowledge ofdmonaterials is important to understand

their behaviour and properties.

2.2.1 Materials

Materials for anodes have to be electrically comigtac have high electrocatalytic
activity, match CTE with neighbouring components & chemically stable in a reducing
environment (Wincewicz and Cooper 2005). Anode neteare usually a combination of
metal and ceramic (henceforth called cermet) whbee metal part provides electrical
conductivity and hydrogen oxidation catalytic prdge The ceramic part, on the other
hand, governs catalytic activity of the anode anavides ionic conductivity, inhibits Ni

coarsening and also reduces the CTE of the cermet.

It has been shown that Ni is the best metallic el@nfior an SOFC anode since Ni
has acceptable electronic conductivity and is lowast (Zhu and Deevi 2003). It is a good
electrochemical catalyst for high electrochemiadivity and is also good at catalysing the
carbon-formation reaction (Gould 2005). Concertragi of Ni in an SOFC anode are
between 40-60% which is above the percolation Hulels(30% Ni) of the cermet anode
(Pratihar et al. 2006). A problem arises at higmgerature where Ni particles coarsen,
causing a reduction in electrical conductivity 8,36 from initial value (Simwonis et al.
2000).

A few attempts have been made to use metals as SDbB@e, among them are
platinum, palladium, cobalt, copper, but none werend suitable and reliable for SOFC
anode due to high cost, low melting temperaturactity and lower electronic conductivity
(Gorte et al. 2002; Kikuchi et al. 2006; Ringuedeale 2004). Noble metals are expensive,

spurring the exploration of other possible metalalmys for fabrication of the anode.

A number of studies have substituted Ni with cog@r) as Cu is more electrically
conductive, less catalytic to carbon-forming andrensulphur tolerant (Boder and
Dittmeyer 2006; Dongare et al. 2002; Gorte et @04 Jung et al. 2006; Kim et al. 2006c;
Senguttuvan et al. 2006; Xie et al. 2006). Unfoately, the melting point of Cu is lower
than that of Ni [Cu: 1083°€, Ni: 1453C (Shackelford and Alexander 1992)] making it
impossible to fabricate at YSZ processing tempeeaiGorte et al. 2002).
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Co-doping of two or more metallic elements has aksen applied in several studies
which have focused mainly on combinations of Ni &wwith Co (Ringuede et al. 2004),
Ti, Fe (Kikuchi et al. 2006), Rh, Pd, Pt (Gorteakt2004) or Fe and some of their oxides
(Huang et al. 2007). These alternative metallienelets did improve the anode properties
relating to electronic conductivity and fuel compdity but failed to meetthe other
important anode criteria such as anode thermathanical stability, especially in the long
term.

The best ceramic material for an SOFC anode has foemd to be YSZ. It is the
most commonly used SOFC electrolyte material arfohitldy has chemical compatibility
with the adjacent component. YSZ is consideredtivacalthough it plays an important
role in dictating the catalytic activity of the ate Thus, the most popular and state of the
art anode material is Ni-YSZ, which has been fototheet almost all anode requirements
(Badwal 2001). Ni-YSZ has been used as a high testype SOFC anode since 1964

(Steele 2000). Table 4 summarises properties of B-cermet in an anodic environment.

Table 4: Properties of Ni-YSZ cermet in anodic envonment (Minh and Takahashi 1995)

Properties Data
Melting point/ °C 1453
(Melting point of Ni)

Density, g/cm® 6.87
(30 vol.% Ni)

Conductivity at 1000°C, Q 'cm™’ ~500
(30 vol.% Ni, 30% porosity)

Coefficient of thermal expansion, 10° K ~12.5
(30 vol.% Ni, 30% porosity)

Strength at 25°C, MPa ~100

(30 vol.% Ni, 30% porosity)

Other studies have substituted YSZ with other nelgemwhich have high ionic
conductivity on the ground that the materials usethe anode should suit the materials
used in the electrolyte. Possible candidates arm-based ceramics such as scandia-
stabilised zirconia (SSZ) (Huang et al. 2006a; Kisito et al. 2007), gadolinium doped
ceria (GDC) (Guan et al. 2008; Wang et al. 2008&aijnaria doped ceria (SDC) (Misono et
al. 2006; Ohara et al. 2000; Suzuki et al. 2006y &ti al. 2006), yttria doped ceria (YDC)
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(Guan et al. 2008; Horita et al. 2004), ceria dopm@-earth (RDC) (Goodenough and
Huang 2007) and the co-doped ceria (Martinez-Aetad. 2005; Tsipis et al. 2005).

Besides ceria-based solid oxide, lanthanum-basedvgate-related ceramics
(Delahaye et al. 2006) and others with brownmikgrapatite, or pyrochlores (Mather et al.
2004; Sakai et al. 2006) and tungsten bronze strei¢Sun and Stimming 2007) are also
being studied. Ceria-based ceramic materials haxedmonic conductivity which makes
them suitable for anode but otherwise in electeolyPrimdahl and Mogensen 2002;
Sammes and Cai 1997). However, this material istadtle at low partial pressure and high

temperature (Kharton et al. 2004).

Table 5 lists Ni-based anode materials being stuttiedate. Information in this

table is drawn mainly from Ivers-Tiffee et al. (2Q@nd Wincewicz and Cooper (2005).
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Table 5: Advantages and disadvantages of currentliywvestigated Ni-based anode

CERAMIC CRITERIA ANODE ADVANTAGES DISADVANTAGES
Zirconia- More mechanically stable than | Ni-YSZ Most common and state-of-the-art SOFC anode met most of | Not suitable at lower temperature,
based ceria-based anode criteria (Haile 2003b) formation of carbon when using HC
High temperature application Max. power density produced in single cell so far ~2 W/cm* at (Holtappels et al. 2006; Sun and Stimming
7), Ni i D h L1 ;
(700—lOOO°C) 300°C (Kim et al. 2006b) 2007), Ni coarsening (Drescher et al. 1998;
Steele 2000) and thermal degradation

Typical OCV ~1.1-1.2V (Mallon and Kendall 2005)

Ni-ScSZ | Low overpotential and better stability compared to Ni-YSZ and | Expensive due to price and availability of
better fuel flexibility with low carbon formation. (Huang et al. | scandium and phase transition and aging
2006a; Huang et al. 2007; Kishimoto et al. 2007; Ukai et al. 2001) | with time

Ceria- Lower operating temperature | Ni-GDC | Higher average ionic conductivity than YSZ, compatible to most | Less stability and high cost
based (500-700°C) cathode materials and suppressed carbon formation (Marina et al.
Unstable at lower partial 1999; Wang et al. 2006b)
pressure. Max power density 1.43 Wem ™ (with SNDC electrolyte at 650°C)
Exhibit mixed ionic and (Ahn et al. 2010)
1 i ductivity (O
clectronic conductivity (Orera Ni-SDC High ionic conductivity below 700°C, compatible with Ni and | Not suitable at high temperature and
et al. 1994; Primdahl and . . .
performance strongly dependent on microstructure (Lu et al. | require microstructure control (Ohara et al.
M 2002
ogensen 2002) 2003) 2000)
Low OCV (~0.8-0.9V
oW ( ) Max power density of 388 mWcm™ (at 750°C) (Fang et al. 2004)
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High fuel utilisation decreased

Ni-YDC | Least expensive and low carbon formation Poor chemical stability than ceria
the system efficiency
Fe-doped Less catalytically active Ni-FCT Stable performance at more than 20 hours operation (Kikuchi et | Still unknown
TiO. s .
CaTio, Stability strongly dependent al. 2006)
on partial pressure (Boder and
Dittmeyer 2006)
AL,O3 High catalytic activity Ni-ALO; | Max power density of 0.07 Wem ™ with 0.24 V activation | Lower power density than the Ni-YSZ

towards methane that give
long-term stability

polarisation and R, 0.26 Qcm ™ at 900°C at a current density of
1.2 Acm™* compared to Ni-YSZ anode with max power density of
0.30 Wem ™ at 900°C (Li et al. 2010)
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2.2.2 Electrical Conductivity

Electrical conductivity of the SOFC anode is itstical criterion. It is usually
determined by the metallic element in the cermeiciwimost commonly is Ni. Metals
usually have higher electronic conductivity complat@ other types of material. Resistivity
and conductivity are inversely proportional. Theref as the Ni content increases it is
expected that the anode conductivity increasedtandesistivity decreases, as illustrated in
Fig. 7. Maximum possible anode conductivity is rieggh to minimise ohmic losses due to

ionic conductivity of the ceramic phase.
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Fig. 7: Ni-YSZ volume ratio dependence of conductity and anode resistance (Koide et al. 2000)

The percolation threshold of the anode is defined minimum electronic
conductivity that allows electricity flow. Theoredlly, electrode performance reaches its
effective conductivity when the composition of aecotronically conducting network is
close to the percolation threshold (Schneider.2@06). Zhu and Deevi (2003) report that

most studies reviewed found that minimum Ni contetetween 20-30 vol.%.

The minimum Ni content can be further reduced bprowing the microstructure
networking and the electrochemical reaction of bgen oxidation that are contributed by
the ceramic phase. Recently, coating YSZ powdeh Wt has proven to effectively
enhance microstructural integration with adequatesity and good three phase network.
Such coating techniques are Pechini (Kim et al.6B)0coat-mix (Simwonis et al. 1999),
surface induced (Moon et al. 1999; Wang et al. 2@04 EN coating (Pratihar et al. 2004;

Wen et al. 2000) which are then followed by solidtes processing where the powder is
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compacted and sintered. Simwonis et. al (1999) evetpthe performance of an anode
fabricated by coat-mix with those fabricated by tdo@ventional ceramic method of tape
casting, and found that anodes fabricated by caatproduced better microstructure,

leading to higher conductivity.

The EN coated powders gaveniform distribution of Ni surrounding the YSZ
particles as shown in Fig. 8. This morphology shibweod metal-to-ceramic contact as
well as a continuous metallic network that enswedgelectrical conductivity. Pratihar et
al. (2006) work producing anodes via EN coating $taswed percolation thresholds with
Ni content as low as 27.04 weight%. This is alggpsuted by Jiang et al. (2005) and Lee et
al. (2002) where they found that optimum electrmahductivity of anode can be achieved

through its compositions and a good network of thet@ements.

Fig. 8: Optical micrographs of Ni/YSZ cermet contaning 20 vol.% Ni. Magnification 400x (Pratihar et d. 2004)

Yu et al. (2006) has shown that particle size obNil YSZ also play an important
role in improving electrical conductivity of the @he while fine particles for both ceramic
and metallic phases give better percolation andtrgdal conductivity as well as
mechanical properties. Fine particles introduceallemn porosity directly enhancing the
mechanical property of the anode, while coarsegbastenhanced the contact and surface

area for electrochemical reaction to take placeny\&t al. 2006c).

The combination of coarse and fine particles (bdeip studied by Kim et al.
(2006b) showed an enhancement of both chemicalebsudrical properties of the anode.
Kim and co-authors successfully fabricated an NEYa&hode having nano-size YSZ and

NiO particles co-conjugated on the bigger diam¥®Z core particles, as illustrated in Fig.
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9. This morphology is found tcyield a homogeneous, durable and highly effici
electrode. The single cell run under 1.0 #2 at 806C for 550 h of operation has sho'

excellent durabilityvith zero degradation with power densities of 1.5 V.

Core YSZ

Conjugated YSZ

Fig. 9: Schematic diagram of the dual composite powd€Kim et al. 2006b’

A site where three phas (gas, metal and ceramic) meend th: electrochemical
activity occursis calleda triple-phase boundary (TPBBerkel et al.(1994) illustrated the
effect of particlesize on TPB length and anode performar(€g. 10). A low YSZ/Ni
particle size ratiavas bund to reduce TPB length withigh voltage losst. On the other
hand, a highy SZ/Ni particle size ratiincreasesIPB length and redus voltage losses.
The work of Berkel and colleaguedescribed TPB length asrelctly proportional to thi
YSZ/Ni particlesize ratic The small particles tend to cluster around large piagicThe
fine Ni-particles give high surface area which then impsa¥® meteto-ceramic contacts,

leadingto higher electrical conductivii(Boer et al. 2000).
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TPBL in mfem?®

0.30 |-
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8YSZ[Ni-particle size ratio

Fig. 10 Anode voltage losses and TPBL as a function of &Z/Ni particle size ratic (Berkel et al. 1994)
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The TPB of an anode can be improved by a good ascse fabrication metho
The fabrication method determis good metal to ceramiinteraction. The sintering al
reduction process helps increase por, thus improving the thredimensional network of
metal-ceramigores that is called TPEPratihar et al. (20053ompare the variation in
anode conductiwt against temperaturiFig. 11) following variousfabrication techniques,
i.e. solid state, liquid disperse aEN coating. Theyound thatthe EN coating technique
dramatically improve electrical conductivity as it result&n better morphology and

network formatiorthando other fabrication techniques.
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Fig. 11 Conductivity comparison of three different fabrication techniques (Pratihar et al. 2005)

In conclusiol, a few factors have been found toaximise anodeelectronic
conductivity: (1)compositiin of metal and ceramic, (Pharticle size, and (3) morphology
optimisation viamethod of fabricationThe next criterion foa goodanode is the catalytic
activity, elaboratedh the next sectic.

2.2.3 Catalytic Activity

Catalytic activity of an anode basically related to the electrochemical oxida
reaction of the fuelSufficient catalytic activity of electrochemical idationin the anode
lowers polarisation.In order to improve the NY-SZ anode electicatalytic activity,
resistance of the ce- the rootcause of reduced electrocatalytic acti - must be
eliminated or at least minimised. The cell resis&derives frontwo sources of resistance:
ohmic resistance (IR) anpolarisation resistancg@lia et al. 20C; Pratihar et al. 2004).

Ohmic resstance (IR) isusually taken to aristom electrode ar the electrolyte, but the

27|Page



major source of IR is the electrolyte due to itsiccconduction as described by Virkar et al.
(2000). The polarisation resistance of the anodeeig sensitive to the contact area of Ni

on the electrolyte material (Jia et al. 2007).

It has been argued that the electrochemical reaettdually occurs in the anode,
either on the Ni or YSZ surface or at the intedatayer between electrode and electrolyte.
This is where the TPB comes into the picture as dibe where the reaction occurs.
loselevich et. al. (1999) gives clear illustratifam the reaction mechanism movement as
shown in Fig. 12. White circles resemble metallages, black circles resemble ceramic
phases, empty spaces resemble pores and the shadexdrepresent TPB. The reaction
species i.e. the gas/ fuel, is supplied throughpibres, as represented by the dotted lines.
The charge transfer of the reaction species andfdhmation of HO are routed, as
indicated by the solid lines, through the metadlil ceramic phases. These activities occur
at the TPB, so increasing the TPB will increasalgét activity. Furthermore, Bieberle
and Gauckler (2000) found that the length of thactien site or TPB is inversely

proportional to the polarisation resistance.

Current collector with gas channels

Fig. 12: lllustration of active site for electrochenical reaction (loselevich et al. 1999)

Other workers Abe et al. (2006); Holtappels et(2006); and Jiang and Badwal
(1999) have noted that the reactions consist af $teps: (i) diffusion of reaction species,
i.e. Hb and HO in gas phase; (ii) dissociative adsorption ofctiea gases at the solid
surface, i.e. metal or oxide surfaces; (iii) suefaliffusion of Hg Osgq, OHaq ON the anode
surface or diffusion of H in the anode to the remarcsite and (iv) charge transfer of reaction
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species and formation of,B at reaction sites. One of these reaction mecimsni®uld be
rate-determining or limiting for anodic reaction.

Other than electrochemical reaction kinetics, amotlfiactor influencing cell
resistance is the composition of the Ni-YSZ anddstudy by Koide et. al. (2000) showed
that cell resistance (both ohmic and polarisat&r constant current density of 0.3 Atm
at 1000C behaves differently as a factor of Ni compositifig. 13 (from Fergus et al.
2009) shows the maximum power output and cell tast® with varying levels of Ni. The
maximum power output was found to be directly prtipoal to the Ni volume percent
(Fig. 13a) whereas the ohmic resistance was inlygpseportional to Ni content (Fig. 13Db).
Interestingly, polarisation resistance was fountidéo/ery sensitive to Ni content. Minimum
polarisation was achieved at 40 vol.% Ni (Fig. 13b)
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Fig. 13: Anode performance (a) maximum power outpuaind (b) IR and polarisation resistance (Fergus eil. 2009)
2.2.4 Porosity Content

Adequate porosity content is also important aslp$ managing fuel flow-in and
reactant gaseous flow-out. Undesirable microstrattyproperties such as anisotropic
packing and pore structure have been found to Iqvege density and connectivity of
metallic and pore phases, resulting in significan#éduced cell performance with the
decreasing number of electrical conduction patifective gas diffusion paths and TPB
length for anodic reaction (Fukui et al. 2003). d&#s have shown that the acceptable
degree of porosity in the anode is around 40 v@K#n et al. 2006a). This upper limit of

porosity is based on acceptable mechanical strexfdtie anode.
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Increasing the length of the TPB by controlling tiécrostructure of the anode
materials can increase the electrochemical reactidghe anode (Fukui et al. 2004; Virkar
et al. 2000). Fig. 14 shows the differences in gewh porosity distribution in Ni-YSZ
anodes fabricated by two different methods, ligdigpersion and EN coating. The EN
coating technique produced more porosity in thenfaf open pores than did the liquid-

dispersion method leading to higher anode conditiztiv 10006C.

Fig. 14: SEM micrograph showing porosity in the ande fabricated by a) liquid-dispersion (b) electroles coating
(Pratihar et al. 2005)

Porosity can also be enhanced by the addition of-flymer, sintering process
(Clemmer and Corbin 2004) as well as reducing cyptocess (Fergus et al. 2009). The
hydrogen reduction cycle during operation incregs@®sity volume in the anode but at
the same time reduces fracture toughness due tedtid area (Radovic and Lara-Curzio
2004).

One study shows that the porosity of the anodesas®s with the increasing amount
of coarse powders (Koide et al. 2000). The ideahlmaation is 20% fine and 80% coarse
particles, as shown in Fig. 15, ending with appmately 40 vol.% porosity in Ni-YSZ
cermet. A sufficient porosity level gives high efemal conductivity (>1400 Scih at
80C°C) with power output of 0.56 Wchdue to effective percolation between Ni, YSZ and
pores (Kim et al. 2006a).
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Fig. 15: Porosity as a function of coarse powder &ction (Koide et al. 2000)

2.2.5 Coefficient of Thermal Expansion

The ceramic phase in the anode depends on eldetrbterials because it provides
chemical and thermal stability to the interfacei@ag Thermal expansion of Ni-YSZ varies
proportionally with the amount of Ni. The CTE ofetlanode should be made as close as
possible to the CTE of the electrolyte. This carabkieved by reducing the Ni content in
the anode as much as possible since the CTE oflé\N6 (x 10°K™) is higher than YSZ
(10.7 x 1 K™) (Pratihar et al. 2004). Reduction of Ni contenswes matching CTEs
between anode and electrolyte, thus avoiding delamein and cracking of the anode stack

during fabrication or operation (Aruna et al. 1998)

A plot of the average CTEs of anode cermet for &najpre ranges between room
temperature and 1280 as a function of Ni volume percent is shown ig.Ai6 (Minh and
Takahashi 1995). The plot shows that the addibioNi to YSZ gives the cermet a higher
CTE than that of the YSZ electrolyte, resultingairsignificant degree of CTE mismatch,
which can cause large stresses and cracking. $evedies have investigated methods for
tolerating and minimising anode CTE mismatch by,dwample, control of processing in
order to reduce flaws in electrolyte fabricationaoiding another constituent to reduce the
anode CTE mismatch. The ceramic phase should bstadjto best suit the metallic phase
as well as to produce high ionic and electronicdemtivity. Furthermore, maintaining
matching CTE between the anode and the electridytiee key to achieving the optimum

anode.
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Fig. 16: Anode cermet CTE as a function of Ni conteg (Minh and Takahashi 1995)

In the following section, anode fabrication techugg will be elaborated further.
This is the heart of this study as the productiost ©f anode is one of the major obstacles

for SOFC applications in the industry (Yamamoto @00

2.3 Anode Fabrication

Fabrication of the anode depends, first of allttoen SOFC design, whether tubular
or planar. Since the most popular and practical S@€sign is planar, investigation of the
fabrication process has concentrated on planar S@t@de. Planar SOFC comes in two
types: anode-supported or electrolyte-supportedortter to reduce ohmic resistance the
electrolyte has to be made as thin as possiblgrogmately less than 10 pum (Xin et al.
2006) or ultra-thin at less than 1 um (Chen and 2@€6) but an electrolyte that is too thin

is not practical.

Most fabrication is based on electrolyte-suppornpedcessing where a layer of
anode substrate is placed onto the electrolyte. Kéhefactors in determining the best
processing technique to be applied are anode peafuice and production cost. In general,

anode substrate fabrication techniques can beeathirto three major classes:

(2) Conventional ceramic processing techniqugse tasting (Basu et al. 2008; Misono
et al. 2006; Qiao et al. 2007; Savignat and ChR607; Simwonis et al. 1999), screen
printing (Rotureau et al. 2005), slurry coating n@ial 2000, Wang 2006a), solgel
(Marinsek and Macek 2000; Suciu et al. 2008; YialeR006), tape calendaring (Han et al.
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2008) electrophoreticdeposition (EPD)(Besra and Liu 200, and impregnation/
infiltration (Jiang 2006; Jin et al. 20; Wang 2006b),

(2) Solid stateprocessinctechniques: conventiondEguchi et al. 2000; Muller et ¢
2002; Tucker et al. 201, precipitation (Han et al.®6; Wang et al. 201, coat-mix
(Simwonis et al. 199, Pechini (Kim et al. 2006a), alitN coatin¢ (Pratihar et al. 2007),

3) Direct deposition techniqu: electrochemical vapour deposition (E\ (Haldane
and Etsell 2005)CVD (Liu et al. 2004), plasma sprayii§tover et al. 20(; Benoved and
Kesler 2009; Li et al. 20.), spray pyrolysigKawano et al. 2005; Liu et al. 2010; Sud:
al. 2006),physical vapour deposition (PV (Wincewicz and Cooper 20(, and sputtering
(Rezugina et al. 201.

The stages dhbrication of theanode layer onto the electrolyde=given in Fig. 17.

Anode Fabrication
Conventional- V\{et Ceramic Solid State Processing Direct De_pOSItlon
Processing Techniques

Tape casting, Screen

printing, Slurry Conventional, Precipitation, EVD, CVD, Thermal/plasma
coating, Solgel, Tape Coat-mix, Pechini, EN spraying, spray
calendering, EPD, Impregna coating pyrolysis, PVD (sputtering)

tion/ Infiltration ) ) J
| | | | |

Multi-layer stage to achieve Reair . i Single-stage process by
desired thickness “9Ulte pIe Picpatal o varying deposition time

I Require heating: l . . l L .
calcinin; sintering &gdrying Compaction & sintering No sintering & drying

Fig. 17: Anode fabrication categories

2.3.1 Conventional Techniques

Since SOFC anodes are made of ceramic mateonecommonly used fabricatic
technique is conventionawet ceramic processingConventional anode fabricatis
teciques are relatively reliablor production ofeasonable SOFC anode performalA
variety of ceramic conventional proceshave been invegated,but the most popular are
tape casting, screen printing, paintand slurry coating, sajel and EPL
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2.3.1.1 Tape casting

Tape casting is the most common processing methodabrication of SOFC
anode-supported electrolyte. The process involigggedsing a slurry of the desired powder
composition from a slurry vessel onto a movingiearfilm, as illustrated in Fig. 18. The
slurry passes under the doctor blade to form #efiaed layer of green (unfired) ceramic
tape. The slurry comprises of dispersant in a Blataolvent with organic additives such as
binder, plasticiser and homogeniser. Slurry thislsnean be controlled through the doctor
blade and viscosity adjustment. Organic pore fosr{pyrolyzable particles), which will

burn-out during firing, are added to increase arpatesity.

Doctor blade =

~ Slurry vessel

Carrier (e.g. mylar film) |

Fig. 18: Schematic diagram of tape casting proce$sr producing a ceramic green film (Savignat and Ciron 2007)

Multilayered plates can be produced by casting iplallayer tapes, which are then
laminated together and co-fired to yield the fieghproduct. Multiple green tape casting
layers of various thicknesses were successfulldymed by Moon et al. (2008), then co-
fired to improve cell electrochemical performanoe dong-term stability. The application
of hot pressing lamination on a green tape castiag found to give a gas-tight electrolyte

and good overall cell performance without crackiBgng et al. 2008).

For the fabrication of planar SOFC anodes, tapengps the most popular method.
A recent study has shown that gradient anode ggress successfully achieved by tape
casting and that the power density in the unit oelfeases with porosity concentration
distribution from 76 mWcmi to 101 mWecrif at 606C in humidified hydrogen (An et al.
2010). A new approach for tape casting has recdr@gn investigated where the Ni-YSZ
anode and YSZ electrolyte layer were successfultyisaneously tape casted and co-fired
without crack, warping or delamination, giving aipower density of 1085 mWe¢hat
850°C (Le et al. 2010).
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2.3.1.2 Screen printing

Screen printing is widely used in commercial prdducof planar SOFC, especially
of the electrolyte. It is a simple method. The eorgrinting machine is an apparatus
enabling printing on ceramic material, includingvleemperature co-fired ceramic material.
The prepared slurry is poured onto the screensafta@p machine (Fig. 19) and a print head

pressure is applied to flatten and remove excess/sl

Fig. 19: Screen printing press

A very precise final product is possible as the mae includes predetermined
patterns and a movable fixture to adjust separatistance between the fixture support
plate and the print head during the screen-printipgration. After flattening and removal
of excess slurry, the product is sintered at agprately 1406C for the electrolyte and
900-1200C for the cathodes. Rotureau et al. (2005) fourad #m Ni-YSZ anode and an
LSM cathode that had been screen printed onto M&Zrelyte to form a single-chamber
fuel cell (SCFC) had a power density of 1.2 mWcat 800C in methane.

2.3.1.3 Painting & durry coating

Painting is a simple technique in which a slurrytle# powder to be deposited is
applied by brushing onto support layers. The probklevith painting are the method’s low
production consistency, the difficulty in scaling for mass production and it is not being
readily reproducible. Slurry coating is sometimeagdito deposit the anode layer on the
electrolyte (Singhal 2000). Slurry spin coating heesen shown to give more uniform
thickness through controlled spinning speed (Cheh. 2006; Wang et al. 2006a).
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2.3.1.4 Sol-gel

Sol-gel is a polymerisation process of a solid bfsdgn a metal compound solution,
a process that is sometimes referred to as thedligrecursor method. In the sol-gel
process, a solution of metal compounds or a sugpemns very fine particles in a liquid
(referred to as &0l) is converted into a highly viscous mass (@B88. The two types of sol-
gel processes are distinguished by their use of arsa solution. A sol (suspension of fine
particulates) produces particulate gel which upoying produces dried gel and a dense
product after firing. A solution of polymer, typiba a solution of metal-organic
compounds (such as metal alkoxides), produces ia ofgolymeric gel, which turns into

dried gel upon drying and a dense product afterdir

Basically the process for both sol and solutioretgpl-gel can be simplified into 3
major stages as illustrated in Fig. 20. This solusol—gel process is receiving considerable
research interest; however, the sol-gel processdbas the gelling of suspensions sees

more widespread industrial application.

aLL, = 50% alil, = 20%
AV, = 90% AV, = 50%
drying % firing
—_— —_ @
N
Gelled Material Dried Gel Dense Product

Fig. 20: Three major sol-gel stages and the signifint shrinkage upon drying and heating (Rahaman 2(&)

The application of a sol-gel process in fabriogqim NiO-SDC anode of 35 um was
successfully achieved, giving a long-term stabibitaer 7 days (Yin et al. 2006). Also, other
studies have varied sol-gel solution compositionugihty et al. 2006b), pre-cursor
compositions and YSZ-NiO proportions (Marinsek avidcek 2000; Suciu et al. 2008).
The studies found that these factors altered ptodumrphology, increasing electrical
conductivity at Ni volume above 35% and patrticleesi to near-optimal SOFC anode

production and continuous phases.
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2.3.1.5 Tape calendaring

Tape calendarinds a process involvingape forming of electrolyte and supp
electrodesFirst the powders and organic binders of elegteoand electrodes are mix
together in a higlatensity mixer to form plastic masses. Then thebtrolyte anc
electrode plastienasses a rolled into tape as illustrated ifg. 21. These two tapes are
then rolled together to foria bilayer and then rolled again with another elecrtol form
anode-electrolyteathode layersThe product is cut, then fire give the final depdted
electrode applicatiorA study by Han et al. (2008) ortape calendarir-produced anode of
thickness range 0.8:0 mmeco-fired at 1300-135C finally yielded ¢ 15-20 pm active
functional layer with maximum power density of 0\&n ™ at 80CC.

Tape forming Rolling Rolling

77\

</f=/= R _% Electrolyte Bilayer
=/

Thin
electrolyte
on support
electrode
layer

Bilayer

~

'___' :-W_f : Support

@& electrode
-

o

Support
electrode

NN S

Deposited electrode

N A Firing Cutting
application

Fig. 21 Tape calendaring process in fabrication of planalSOFC (Minh et al. 1999)

2.3.1.6 Electrophoretic deposition

Electrophoretic depositionEPD) is a olloidal processin technique that offers
potential reliabilityin producingceramic films and components through control of
initial suspension and its evolution during shapiThe foundatiorof EPD theory is the
movement of clay partics in water due to electrical field inductioEPD uses direct
current (DG to depoit thin layers of particle where theharged powder particles ¢
dispersed or suspended in a liquid me¢, thenattracted and deposited onto a conduc

substrate of opposite char¢Fig. 22).
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Fig. 22: Schematic diagram of EPD (a) cathodic, (lgnodic (Besra and Liu 2007)

The process has advantages of a short formatios, it need for only a simple
apparatus, little restriction on the shape of galbstits ability to orient anisotropic powders
allowing texturing of materials, and its having reguirement for binder burnout as the
green coating contains few or no organics. Tholnghprocess is simple, easy to use and
cost-effective, it requires thoughtful choice ofvemt media. This ensures an appreciable
magnitude of surface charge developed on the sdspepowder surface to stabilise the

suspension as well as promoting high electrophoretibility (Besra and Liu 2007).

2.3.1.7 Sntering

Tape casting, screen printing, painting and slwogating, sol-gel and EPD are
deposited in green (unconsolidated) form usingriglsirof various viscosities with a
suspension liquid as the carrier. Therefore a Bing€firing) process is required to densify
the layers to achieve good bonding and contact dmtwthe particles. The firing
temperature must be high enough to fully densiy gneen body—typically 146G for
most electrolytes. At such high temperatures indactions between some electrolyte-
cathode pairs are likely to occur, so the firingpst are often done in two separate sintering
steps: (1) a high-temperature step to co-sinteatiogle and electrolyte together, and (2) a

lower-temperature step to consolidate the cath@dedewicz and Cooper 2005).

2.3.1.8 Impregnation/ Infiltration

Impregnation or infiltration is a process to formelectrode via a series of stages as
illustrated in Fig. 23. A porous pre-form electradebtained by sintering at a temperature
that achieves good contact between the porous@tiecand the adjacent electrolyte. Then

the porous pre-form is infiltrated or impregnatedhweither nano-particle slurry or
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precursor solution. The body is then fired agaim &w temperature, and sometimes this

stage is repeated many times to obtain sufficilmttde reaction sites.

® Metals
Metal Oxides

il.,‘ ALY Al

) e SN O
oo Nfeog - o 5 0S feoy

Sinter ~1500°C Impregnation

Fig. 23: lllustration of impregnation stages (Gorteet al. 2002)

Some anodes are fabricated by impregnation ortriaiibn methods. An Ni-YSZ
anode infiltrated by the optimal 1/14 wt.% SZY wasand to improve the electrochemical
properties of the anode (Jin et al. 2010). Anotltedy on GDC-impregnated Ni anode was
found very stable in weakly humidified environmegrB8%H0) at 806C (Wang et al.
2006Db).

2.3.2 Solid State Processing

Solid state processing is a fabrication of a comeanode in its solid state. The
fabrication of Ni-YSZ anode is done by a pre-pregian process, either conventional
precipitation, or coating of powders. The convemiopre-prep process includes the stage
of ball milling the powders to ensure good mixifidnen the mixed product is uniaxially
pressed and sintered at 1100-1%00The precipitation process, the most common a€kwh
is the glycine-nitrate process (GNP), crystallipesvders from a suspension. The powders
are then dried, compacted and sintered. The prarfessating of powders could be done
by EN coating of the YSZ powders with Ni. Then pheavders are dried and compacted to

produce the green pellet and then sintered.

In a recent study using new anode materials, Ni<Lfi@ = La, Ce, Pr, Nd, Sm,
Eu, and Gd) cermet anodes fabricated by GNP wenadfto give better porosity with peak
density of 730 mWenft and total interfacial polarization resistance daw.12Qcn? (He
et al. 2010). The studies modifying the preciptlatmethod such as coat-mix (Simwonis et
al. 1999) and Pechini (Kim et al. 2006a) found tieise methods gave improved anode

microstructure with adequate porosity, electromicductivity and good durability.
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A composite of Ni-YSZ at 50-50 vol.% fabricated walid state precipitation was
manipulated to give thread-like Ni particle microsture. This gave percolation with
porosity greater than 65% and a mechanically stablaposite with structural density
greater than 80% (Gonzalo-Juan et al. 2010). Amosihedy by (Pratihar et al. 2005)
compared anodes fabricated via conventional stdite sliquid dispersion and EN coating
and found that the anode fabricated with EN coasimgwed improved 3-D networking of
the Ni ring, improving anode electronic conducijvit

2.3.3 Direct Deposition Techniques

Multi-stage wet-ceramic processing followed by siimtg at high temperature
causes tremendous degradation in terms of unwdayed inter-reactions, microstructural
coarsening, and possible oxidation of a metal sudplayer for metallic interconnect-
supported cells. Direct deposition techniques that not require a high-temperature
consolidation step after deposition of the layeperoup other processing alternatives.
Several direct deposition techniques i.e. EVD, CVWYD and plasma spraying that have
been developed for SOFC fabrication will be diseddselow.

2.3.3.1 Electrochemical vapour deposition

Electrochemical vapour deposition (EVD) is a precetere mixed chlorides of the
specific metals involved react in the gaseous steith water vapour, resulting in
deposition on the support tube/air electrode satestiThe thickness of the impervious thin
oxide layer deposited ranges between 20 and 5@®nsciThis process occurs in an internal
heater, such as a heat pipe, that is placed wittensupport tube/cathode substrate and
induces a uniform temperature profile to give pgeand uniform oxide deposition. Since
the process is only suitable for tube substratas iturrently utilized to produce the
electrolyte on cathode-supported tubular cellssTechnique is particularly adapted for

large-scale, commercial fabrication of SOFCs.

EVD is sometimes used to deposited anode layers cathode-electrolyte bilayer
tubes as the anode cannot be fired at a very bigperature to fully densify the electrolyte
(Fergus et al. 2009). In one study, a metal anodes Wabricated using polarised
electrochemical vapour deposition (PEVD) which heslin a densification of the metallic
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electrode during deposition (Haldane and Etsell520This densification problem can be

controlled by lowering the deposition temperature.

2.3.2.2 Chemical vapour deposition

Chemical vapour deposition (CVD) is a well-estdi®id technique that can be used
to deposit all classes of materials, including nsetaeramics, and semiconductors. The
process involves transportation of reactive mokesuh the gas phase to a surface where
they chemically react and form a solid film. CVDncaover a wide range of coating

dimensions and thicknesses, making it amenableass production.

CVD has a number of process variables that musiaeipulated to produce a
deposit with the desired properties, including staitiors as (1) flow rate of the reactant
gases, (2) nature and flow rate of any carrier ga& pressure in the reaction vessel, and
(4) temperature of the substrate. Of these foutofac substrate temperature is the most
critical since it influences the deposition ratel @the main factor controlling the structure
of the deposit, i.e. high temperatures give criis@ldeposits while low temperatures result
in amorphous deposits, while moderate temperapnehice polycrystalline deposits.

CVD is especially targeted for fabricating thinettelyte films, but an SOFC anode
has been successfully fabricated by combustion ™anvapour deposition (CCVD).
Porosity-graded LSM-GDC/ LSM-LSC-GDC/ LSC-GDC calkoand NiO-GDC anodes
were deposited onto YSZ electrolyte via CCVD, ggvia reasonable maximum power
density of 0.48 Wcrfi at 806C (Liu et al. 2004).

2.3.2.3 Plasma spraying

The plasma spraying process gives a very precideeacellent finish in terms of
rapid deposition rate, continuous morphology, #piio control compositions, direct
deposition without sintering and low metal interoeat oxidation during cell fabrication.
Based on these excellent qualities, this technigueeady for mass production and

adaptable to fully automated manufacturing. Unfoately, the process is high in cost.

The plasma spraying process involves feeding a potdt is suspended in either a
gas carrier or liquid such as water or ethanokherfeeding of solution precursors, into a

plasma jet. There are two types of plasma jet teells - radial and axial injection as
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shown in a schematic diagram in Fig. 24. The heghpgeratures that reach up to 10,000 K
melt the particles and the molten droplets are glteg toward a substrate where they

solidify rapidly to form a coating.

Radial injection of powder Pores and
or suspension feedstock interlamellar
cracks

i

Axial injection ol I Plasma jet, ] II
of powder or asma T ~ 10,000 K ) Substrate

Single splat
suspension torch gle sp

feedstock

Fig. 24: Schematic diagram of plasma spray (a) radl injection (b) axial injection (Fergus et al. 200)

In recent times, plasma spraying technology has beexmonly used in fabricating
SOFC anodes. The Ni-YSZ anode and YSZ electrolytea dunctional graded PEN
(positive-electrolyte-negative) planar SOFC werdritaated via atmospheric plasma
spraying (APS) and the LSCF cathode by solgel ltiegun improved electrochemical cell
performance (Wei-sheng et al. 2009).

2.3.2.4 Spray pyrolysis

Spray pyrolysis is a process of depositing SOFCpmmants in three consecutive
stages. This process uses a carrier gas delivetgrayan ultrasonic atomiser, furnaces and
spraying nozzle as shown in Fig. 25. The precusstution is filled into an ultrasonic
atomizer where the atomised droplets are trangpoite carrier gas through the furnaces.

They are then pressurised through the spraying@ezrzl deposited on the substrate.
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Fig. 25: Schematic diagram of spray pyrolysis syster(Suda et al. 2006

Ultrasonic spray pyrolysihas been investigated fds ability to control the Ni-
CGO anode microstructure. It was found that theodijon temperature and precur:
solution concentration are the most critical par@nmsethat influence anode morphol,
optimally yieldinghomogeneous elemental distribution, porositntent of 21-52% and
particle size betweer- 17 um (Liu et al. 2010)Another study by Suda al. (2006) found
that an NiSDC anode fabricated via spray pyrolysis producptiescal NiC-SDC
composite particles of (-0.7 um giving ahigher SOFC cell perrmance than the mixing
method.

2.3.2.5Physical Vapour Deposition

Physical vapour deposition VD) can be categoriseds pulsed-laser deposition
(PLD), sputtering anmolecular beam epitaxy (MBEPLD is more common in fabricatit
electrolytes and cathode lays. Sputtering has commonlbeen used to fabricate
electrolytes busome studies have shown succesgsaanode and cathode fabricat using
RF sputteringRezugina et al. 2010; Yoo 20\

2.3.2.6 Sputtering

The sputteringprocess is held in a vacuum chambed a pump for supplying ¢
ionisable gas into the vacuum chamber. There are twestgb sputtering technigL: RF
and DC sputteringl'he differencebetween the twes the source of the power supply the
case of thirilm depositior, the sputteringechnique is combinewith photolithography
where the etched area protected fromion bombardment during sputter operatiThe

sputtering technique much more versatiléhan other deposition techniquas it allows
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excellent control of composition and morphologyd aaquires relatively low temperatures,
helping to prevent the unwanted reactivity obseraedigher temperatures. However, the
major limitations are equipment costs and slow diéjmm rates (~5um/h) (Holtappels et
al. 2005).

2.3.4 Summary of Anode Fabrication

The three categories of fabrication methods dsedisabove are used for anode
fabrications. The summary of studies done on arfaloiécations by conventional ceramics,
solid state and direct deposition are listed inl@d@ The most common anode material
used is NiO-YSZ followed by Ni-SDC, Ni-GDC and N¢&Z, and the recent investigated
anode material is Ni-ADs. The conventional techniques give a maximumxPf 1.2
Wcmi? at 806C. The solid state techniques having a maximum Bf 2.005 Werif at
80(°C whereas the direct deposition techniques maxirRumis 0.57 Wenf at 1006C.

On average the maximum power output obtained int melts is about 0.5 Wctwith an

anode thickness as thin as 15 um and as thickras.3
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Table 6: Summary of anode fabrication over the lasi0 years

FABRICATION ANODE MATERIALS ANODE THICKNESS PERFORMANCE REFERENCES
Tape Casting Ni-YSZ 27 mm 48 vol.% porosity Simwonis et al. (1999)
Ni-YSZ 20 um active site Ppax 0.73 Wem™ @ 700°C Moon et al. (2008)
45 um active site Ppax 0.20 Wem™ @ 700°C
Ni-YSZ 570 um Ppuax 0.17, 0.23 Wem ™ @ 750°C Song et al. (2008)
Ni-SDC ns Ppx 460, 750, 910 mWem™ Misono et al. (2006)
@ 550, 600, 650°C
Ni-GDC ns Ppax 909, 623, 335 and 168 mWem™ @ 650, Fu et al. (2010)
600, 550 and 500°C
2 Ni-YSZ 1500 pm 101 mWem™ @ 600°C with 35% porosity An et al. (2010)
g Ni-YSZ 1.5 mm Ppuax 661, 856, 1085 mWem™ at 0.7V and 750, Le et al. (2010)
3 800 and 850°C
?é Screen Printing Ni-TZ3Y ns Pax 350 mAcm ™ with OCV 90mV @ 800°C Jiang et al. (2000)
'% NiO-YSZ 1.5 mm P 1.2 Wem™ @ 800C Basu et al. (2008)
:;: Ni-YSZ >10um Porosity 26%, CTE min 12.3X10°K Muller et al. (2002)
Q
Ni-YSZ ns Ppax 1.2 mWem™ for SCEC @ 800°C Rotureau et al. (2005)
Sol-gel - Gel-casting Ni-8YSZ (sintered @ ns o= 7.0 Scm™ Huang et al. (2006Db)
1300°C)
NiO-SDC (sintered @ | ns Py 491 mWem ™ @ 600°C Yin et al. (2006)
1350°C)
Tape calendering NiO-YSZ 15-20 um Ppax 0.28,0.51.0.95 Wem™ @ 700, 750, 800°C | Han et al. (2008)

EPD

Ni-YSZ (60:40 wt%)

ns

P 150, 300, 450 mWem™2 @ 700, 750, 800°C

Ni-coated Pt

ns

Ppax 200 mWem™ @ 700°C

Besra and Liu (2007)
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Ppax 209, 306 and 388 mWem ™2 @ 650, 700
and 750°C

Impregnation/ NiO-YSZ ns P 434 mWem™ @ 800°C Besra et al. (2006)
Infiltration Ni-CeO,/YSZ ns Prax 230, 420, 530 @1173 K for 25wt%Ni, Qiao et al. (2007)
5wt%CeO2-25wt%Ni/YSZ, 10wt%CeO2-
25wt%Ni/YSZ respectively
NiO-ScSZ impregnated | ns 119 mW cm™ @ 750°C Zhang et al. (2010)
with Ni catalyst
Precipitation YSZ-Cu alloy ns Poax 275 mAcm ™2 operated for 110h at 700- Tucker et al. (2010)
800°C
Precipitation calcined NiO-YSZ (electrolyte 0.6-0.7 mm Ppax 658 mWem? @ 650°C Chen et al. (2006)
@400 by slurry coating)
Precipitation GNP NiO-YSZ (electrolyte ns Pax 900, 1567, 2005 mWem ™ 700, 750, 800°C | Wang et al. (2006a)
by slurry coating)
Precipitation coat-mix | Ni-YSZ 2.7 mm 43 vol% porosity — high gas permeability Simwonis et al. (1999)
g
g Precipitation with NiO-YSZ 2-3 mm 6 =430 Sem™ @ 800-1000°C 33% porosity Han et al. (2006)
'r§ surface modification
Conventional NiO-YSZ 2 mm (green) 6= 400 Scm™ @ 700°C Pratihar et al.( 2005)
Liquid dispersion 6-200 Sem™ @ 700°C
EN coating 6-900 Scm™ @ 700°C
Co-precipitation Ni-YSZ ns Ppax 315 mWem™ @ 800°C Bao et al. (2005)
Ni-SDC ns 30-40% porosity Fang et al. (2004)
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6=900 Scm™! between 600-800°C

Coating precipitation Ni-YSZ ns Wang et al. (2004)
30% porosity sintered @ 1350°C.
Pechini Process NiO-YSZ 0.5 mm (green) Pax 388 mWem™ @750°C Kim et al. (2006a)
1.2 mm (green) Ppax 0.56 Wem™ @ 800°C
CVD - Combustion NiO-GDC ns Ppax 0.48 Wem™, R, 0.11 Qem* @ 800°C Liu et al. (2004)
CVD (CCVD)
Plasma spraying Cu-SDC ns Anode R, 4.78Qcm* @ 712°C Benoved and Kesler (2009)
P,ax 0.3, 0.57 Wem ™ at 900, 1000°C
NiO-YSZ 1.5 mm P,.x 500 mWcm™2 Stover et al. (2006)
Atmospheric plasma M-YSZ, ns M-YSZ (monometallic) and trimetallic Ni-Cu- Benyoucef et al. (2009)
o spraying M-=Ni,Cu,Co,Cu-Co & Co-YSZ has the best microstructure and porosity
3 Ni-Cu-Co-YSZ level with stability @ 800°C.
g (1.1.1.2 ratio)
§ NiO-YSZ 50 um Pax 0.30 Wem™ with 0.1 V activation Lietal (2010)
é Oxygen—aceftylene polarisation and Rp 1.6 @ 900°C
A | flame-spraying ) . o
Ni-Al,O4 Ppax 0.07 Wem ™= with 0.24 V activation
polarisation and R, 0.26 Qcm-2 @ 900°C
Spray pyrolysis Ni-CGO ns 21-52% porosity Liu et al. (2010)
NiO-SDC ns Prax 248 mWem™ at 0.3 Acm™ @ 750°C Kawano et al. (2005)
NiO-SDC ns 453 mWem ™ at 1.0 Acm™ at 700°C Suda et al. (2006)

ns = not specified
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2.4 EN Deposition

EN depositiol has been used &xsively in industries since the early 198The
techniquewas first developed by Brenner & Ridc (Baudrand 197¢ EN techniques have
been used in many prewon engineering applications,ifor example the aerospace,
electronics, petroleum, automces industries but the primamterestin this technique is

related to wear and corrosion resista(Feldstein 1990).

Increasing demand in this field is due to its autding characteristics such
superior corrosion and wear resistance as wemechanical and physical properties, g
solderability, wide range of thicknees excellent uniformity, and surface lubric
(Baudrand 1978)Besides goo(EN deposition characteristictis process can be applied
on the surfaces o&lmost all materis, such as plastic€Guo et al. 200%, ceramics
(Alirezaei et al. 200¢ alloys (Szczygiel et al. 200&nd powder (Pratihar et al. 2004;
Wen et al. 2000)Basically ENdepositions can be dividedto 3 main categorieFig. 26).

EN DEPOSITIONS

Low-Phosphorus Medium Phosphorus High Phosphorus
Wear resistance Decorative bright Corrosion resistance
I I I
Composites Other Reducers Ternary Alloys
= EN/Diamond o Ni-B o Ni-B-Th
EI:éfg!ijcgn = Hydrazine . Ni-P-W
—  EN/PTFE . Hypﬁtr?g;];?hite —  Ni-P-Co

Fig. 26: Categories of EN deposition and their sublivisions

48 |Page



2.4.1 EN Process

Since EN depositions are deposited by the conttalemical reduction of Ni ions
onto a catalytic surface, the characteristics ofdedositions are strongly dependent on the
composition of the EN bath. The main ingredientsdn EN solution are a Ni source, a
reducing agent, complexing agents, buffering ageatselerators and an inhibitor. Their
typical chemicals and functions are tabulated ibl&& which was compiled from reviews
by Agarwala and Agarwala (2003), Baudrand (1994l Baheri (2002).

Table 7: EN bath composition, commercial chemicaland their functions or criteria

Composition Chemical Functions/ Criteria

Ni sources Nickel sulphate Supply Ni ions for EN deposition

Reducing Supply electrons for the reduction of Ni

agents Sodium Most common reducing agent operates at pH 4.4-5.5
hyphophosphite Advantages. lower cost, greater ease of control, better

corrosion resistance
Aminoborane Limited to compounds:
(1) N-dimenthylamine borane (DMAB) — readily
soluble aqueous system
(2) H-diethylamine borane (DEAB) — must be
mixed with short chain aliphatic before it can
dissolve in aqueous system
Typically operated at pH6-9 and temperature between
50-80°C can be used as low as 30°C
Sodium borohydride Most powerful reducing agent — hydrolysis of
borohydride ions is very fast and operate at pH12-14,
temperature between 90-95°C
Hydrazine Not very popular due to bath unstability, difficult to
control, brittle and results in highly stressed deposits
Operate at pH 11-12, temperature between 90-95°C
Complexing Citric acid or glycolic ~ Control free Ni available for the reaction thus avoiding
agents acid spontaneous decomposition of EN solutions and
controlling the reaction to occur only on the catalytic

surface
Inhibitors Three types: Stabilisers that helps control reduction
(1) Sulphur Without inhibitor the EN solutions will decompose

compounds: thiourea  unexpectedly initiated by colloidal/ solid particles in the

(2) oxyanions: solution, ie. dusts or blasting media. Inhibitors
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molybdates or iodates
(3) heavy metals: Pb,

absorbed on any colloidal or particle impurities

Indication of EN solution decomposition are increasing

Sn, Bi, or Cd hydrogen evolution and fine black appearance
precipitates
Buffering Acetate, propionate, Resist pH changes caused by the hydrogen generated
agents succinate salts during deposition
Accelerators Most common: Helps increase the speed of reaction due to the addition
Succinic acid of complexing agent
Others. Carbonic Loosen the bond between hydrogen and P atoms in
acids/ soluble hyphophosphite molecules
fluorides
Energy Heating To set the optimum condition for the reaction to occur
Reaction Orthophosphite HPO,* ions accumulate as Ni is reduced
byproducts As concentration of HPO,* increases, deposition rate
reduces, P content in deposits increases
Uncontrolled HPO,* concentration caused (1) nickel
phosphite precipitation to give rough surface and
spontaneous decomposition, (2) HPO,* co-deposition
causes highly stressed, porous deposit
Borates BO, accumulates as borohydride or boric acid and

Hydrogen ions

reduces deposition rate without decomposition
H+ produced by reduction reaction causing pH to

decrease

EN bath could be either alkali or acidic, dependingthe EN solution used (Henry
1984). It has been found that acid solutions atebas they give higher plating rate and
better stability with ease of control and betterrasion resistance (Baudrand 1994). The
details of commercial hypophosphite-reduced ENtgmis are listed in Appendix A, while
details of aminoborane- and borohydride-reduceds&Ntions appear in Appendix B. The
chemical reactions of hypophosphite-reduced EN nduthe process are modelled in

equations below:

(HyP0,)™ + H,0 » H* + (HPO3)*™ + 2H,,, -+ (2.6)
Ni%** + 2H,,s - Ni + 2H* - (2.7)
(H,PO,)™ + Hyp » H,0 + OH™ + P - (2.8)
(HyP0,)™ + H,0 - H* + (HP03)*™ + H, - (2.9)
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All substrates are subjected to sensitisation pGOEN deposition. This process
ensuresa catalytic surface anthe presence o$ufficient energy, ypophosphite ions
(H2PG,)". In [equation2.6] the hypophosphite comes fraodium hypophosphitwhich is
oxidised to orthophosphate (Hs)?. Some of the hyagen evolved in the process
[equation 2.6] is a&brbed ont the catalytic surface and redadei ions near the surface
[equation 2.7] The asorbed active hydrogen also reduces a small amait
hypophosphiteproducing wate P and hydroxyl ions [equatidh€]. Some hypophosphite
in the solution is catalytically oxidised torthoph@phite and hydrogen ¢ evolved

[equation 2.9]causing lw efficiency of the EN solution.

2.4.2 EN Process Parameters

In addition to bath composition, EN deposition @trolled by several factors su
as bath composition, bath temperature, bath d soaking timéDugasz and Szasz 19.

2.4.2.1 Bath temperature

Temperature is the rst important factor determinirthe amount of energy prese
for the EN deposition rocess. The processing temperatsineuld be approximate 70-
94°C but it variesaccording to the EN solution us (Shearer and Davidson 20. The
effects of temperatu of acidic hypophosphite-reducedNEsolution on deposition rate
given in Fig. 27 The rate of deposition increases rapidly witlhgeratur, and optimum

temperatte ensures good and economdeposition.
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Fig. 27: Effect of temperature on deposition rate for acidichypophosphite-reduced EN solutior (Parkinson 1997)
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2.4.2.2 Bath pH

Bath pH whether alkali or acidi is strongly dependeron the bath composition
(Appendix A and B) The bath pH varies betwee-11.5 forthe alkali bath (Jappes et al.
2005) and 4.5 for the acidic bath (Liu et al. 2006Most hypophosphite reducEN
solutions at pH 4.5 (Agpendix A), and the optimum pH leetween -6.5 (Keping et al.
1996). The bath ptdeterminesP content in the EN deposis well as the deposition r,
as shown in Fig. 28Increasing bath pH reduces theéhtent by weigh(Henry 1984;
Honma and Kanemitsu 19¢ but a complementary obsation has been made ttbath
pH increases with the rate of deposit(Fig. 28).
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Fig. 28 Effect of pH change on deposition rate anP content(Baudrand 1994)

2.4.2.3 Bath loading

Bath loading isa term used to define the ratio dépositiol surface to the bath
volume. A ommercial bath perates in a bath loading rangie0.1 to 1.0 dr’/| depending
on the EN bath solution usi(Reidel 1997). Lower bath loadjrgive: better deposition rate
in the same temperature ran@s shown in Fig. 29aA similar trend was four by

Grunwald (1983) Kig. 29b), where lower bath loadinggas found togive a better
deposition rate against til.
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Fig. 29 Effect of bath loading on deposition rateagainst (a) temperatureand (b) time (Grunwald 1983)

2.4.2.4 Bath agitation

Bath agitatio has been applied in EN deposititmimprove deposition rate and
deposition surfaceConventional modes of agitation cku as ai pressure, inert gas
pumping, magnetic stirrin, rotating fan and moderultrasonic agitation were found to
effectively improvethe deposition and reaction rate. The wdrk Sevugan et. a(1993)
used agitatiormainly to improve reaction rate and reduceabsd hydrogen or oxyg,
but agitationvas founcto have indirectly improvedeposition rate as w. Absorbed gases
near the surface can lead to pitting or h, but agitation helps remove or relie them.
Bath agitation ignairly required to ensure adequaiarticle suspension throughout EN
deposition process.

2.4.2.5 Qubstrate surface treatment

Substrate surface treatment is a treatneither mechanical or chemic#éo make
substrate surfaces eitl rougher or smootheMechanical treatmercould be by brushing
or sanding omlasting witt high pressure air or particleshereas chemical treatm is
performedby etching invarious acid solutiondepending on the substrate to be treate
studyby Teixeira and Santir(2005) of surface treatment anpolymeric substratresulted

in rougher polymeric surfa which improved depositionniformity and adherenc
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2.4.3 EN Deposit Properties

The propeits of the EN deposits depe on a couple of criteria: microstructL
which is strongly dependent on the P content and pggrasintent. The physical ar

mechanical properties of the EN deposits are stydnfjluenced by these two criteria

2.4.3.1 Microstructure

The composition of EN deposit usihypophosphateeduced soltions is typically
92% Ni and 8% KParkinson 199, although P content may reach up to : (Baudrand
1994) P content in EN deposits can be categorised3nevels: low (-5%), medium (6-
9%) and high (1@3%) (Jackson et al. 1990EN deposit microstritures are strongly
based on the level of P content. Crystallinity dyofound in EN deposits with low
content between 3% (Keping et al. 1996and the intermediate levels show a mixtur
the two phases. The formation of the amorphous ephssalso romoted by the EN
stabiliser and bath temperatures higher th°C (Jappes et al. 20C.

The microstructures of these three P content -defined EN deposit categori
can be altered by heat treatment. Heat treatmembies hardness of EN depositth the
precipitation of N§P acting as precipitation hardeni(Keong et al. 2003, as shown in the
phase diagram ifrig. 30, where (a) shows the equilibrium state for soledifNi-P alloy
after melting or ENdepositior after heat treatment and (b) shows the-equilibrium state
for as-deposited EMepositiol.

1500

(a) (b) 1500
1400 NigP 1400
1300 bt e e 1300
1200 Molten — _{ 1200

. . 1100 " i
& 1100
“u 1000 o +Molten 1000
= 900 - - — So0o
= 800 Ny =500
2 700 - o =700
£ 600 T i 2600
D - :—_n
500 e 5500
400 il =400
300 300
200 — 200
100 100
0 i Mon-equlibrmmphaces
0 2 4 6 8 10 12 14 16

Phosphorus Content %

0o 2 4 6

s 10 12 14 16

Phosphorus Content %o

Fig. 30: Ni-P phase diagram (a) equilibrium state (b) no-equilibrium state (Duncan 1996)
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The prediction of the microstructure of the as-dged EN using phase diagram (a)
is not accurate as described in detail by D. Baawl{2005; 2006). In the non-equilibrium
graph (b),p (P < 4%) is crystalline phase andP > 10%) is fully amorphous phase. Thus
heating the EN deposit to 3ZDwill transform all the amorphous phase tgMNcrystalline
phase. Heating EN deposit to a temperature of &00c8for 10-15 minutes resulted in
removal of P from the deposit surface (Baudrands2@®d heating at 1107-1517(1380-
1790 K) showed partial evaporation ofRithat proceed by the reaction in [equation 2.10]
(Viksman and Gordienko 1992).

NisP (c) »3Ni () + 1/,P,(g) -+ (2.10)

2.4.3.2 Porosity

In most EN deposition studies porosity has beersidened as a defect in the
deposition. Increased porosity has been found tseca rough surface as well as to reduce
its mechanical strength. The porosity of EN coatedaces is higher, especially when the
thickness of the deposition is less than 10 pm a@ntbst dense microstructure can be
obtained above 25 pm as shown in Fig. 31.

Porosity, area fraction {X1000)
Number of pores

Q 10 20 30 40 S50 60 7O 10 20 30 40 50 60 VO

D eposit thickness, m Deposit thickness, pm

Fig. 31: Porosity against deposit thickness (a) posity area fraction (b) number of pores (Das and Gin 1959)

Leisner and Benzon (1997) showed that the opensporeEN coated surfaces
participated in a galvanic reaction in which theagtion surface is the cathode and the
small pore area acts as the anode. As a resuieddvere galvanic corrosion, the uncoated
area of the pore corrodes drastically. The P conddso influenced the EN deposits’

porosity level; deposits with high P content aresde and those with low P content are
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more porous. Impurities and organic contamin: in the EN bath, such as degreas
solvents, oil residues, mould releases and forigigrganic ions such as heavy metals v
improper balance and control, will cause deposighmess, porosity and poor adhes
(Henry 1984).

The studyof Vaghefi et al (2003) on EN composite of -B,C found that as
depositionthickness increases from-35 um, the amount of particles in tdeposition

increases three times and the smoothness depositiondecrease (Fig. 32).

30um
Fig. 32: The effect ofdepositior thickness on surface topography (a) 10 um (b) 25 pe) 35 pun (Vaghefi et al.
2003)

2433 Physical and mechanical properties

It was shown that the properties of Idepositionare very much dependent on th
content in the deposits, which may vary between &% 12%(Parkinson 1997). For
comparison, the physical and mechanical propedigsure Ni are taklated in Appendix
C. Fig. 33a, 38 and 3c show the variation of maty point, density and CTI
respectively, with P content in Edeposition All three properties of the EN deposits

not as high as those of pure Ni and all are inve@®portional withP content.
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Fig. 33: Effect of Pcontent on(a) melting point (Parkinson 1997) and (byensity (c) CTE (Baudrand 1994)

Electrical resistivity varies proportionally with &ntent, as described iFig. 34
(Parkinson 1997) Heat treating reducedeposit resistivity where EN microstructt
transformation occurs at 3°C (amorphous to crystalline), giving better eleett
conductivity. Since SOFC works at high tempera{@@-100FC), the high resistivity ca
be overcome. However, the possibilof grain coarsening at high temperature is inelete
as found by Staia et 8(1997); when heat treatment of tdepositiol at 406C caused

extended cracking.
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Fig. 34: Effect of electrical resistivity on EN deposition(Parkinson 1997)

2.4.4 EN Composites

The deposition of ENco-depositios is also termed as EN -deposition. The co-
deposition of fine particle -situ in an electroless metalatrix is very attractive as it sav
energy and time. Conventional fabrications for ipatate composites are limited to so

state powder procesg and thermal spraying techniques. Typco-deposition consists of
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particulates in the size range of 0.1-10 pum withdlag of up to 40 vol.% of the total
matrix (Feldstein 1990).

Extensive research has been carried out in re@amsyon EN co-deposition varying

the particulate materials and sizes (micro or naviajious studies have sought to optimise

some properties of conventional EN (Ni-P) deposgijancluding incorporation of various

particles, as listed in Table 8.

Table 8: Types, names and formulas of the particlessed in EN co-deposition

Types Particle Molecular References
formula
Inert/ Diamond C Hung et al. (2008); Matsubara et al.
hard (2007); Sheela and Pushpavanam
materials (2002)
Silicon nitride SizN, Balaraju and Rajam (2008); Dai et al.
(2009); Das et al. (2007)
Silicon carbide SiC Berkh et al. (1996); Kalantary et al.
1993; Lin et al. (2006)
Silicon oxide SiO Dong et al. (2009)
Boron carbide B,C Vaghefi et al. (2003)
Alumina ALO; Balaraju et al. (2006a); Hazan et al
(2008a; 2008b)
Ceria CeO, Necula et al. (2007)
Yttria Y,03 McCormack et al. (2003)
Zirconia ZrO, Shibli et al. (2006)
Iron oxide Fe;0, Zuleta (2009)
Others Polytetrafluoroethylene PTFE Ger and Hwang (2002)
Titanium oxide TiO, Balaraju et al. (2006b)
Multiple  Silicon carbide- Alumina SiC-Al,0; Li et al. (2005a); Li et al. (2005b); Li et
al. (2006)
Silicon carbide-Graphite SiC-G Wu et al. (2006)
Silicon carbide- PTFE SiC-PTFE Huang et al. (2003)
Zirconia-Alumina- ZrO,-Al,03-  Sharma et al. (2005)
Zirconium aluminide AlgZr

The properties and affecting factors of conventidtd deposition might or might

not be applicable to EN composites. A study shothead the structural characteristics and

phase transformation of EN composite incorporatBigNs,, CeQ and TiQ remained
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unchanged as from those of the conventional Ni{gosiéon. In general, various factors
have been shown to affect the deposition of EN asies, including (1) particle catalytic
inertness, (2) particle charge, (3) EN bath contmsi (4) bath reactivity, (5) particle
compatibility with the matrix, (6) plating rate, érf7) particle size distribution (Feldstein
1990). Several factors that contribute to an inggeia particle loading in the matrix are

discussed below.

2.4.4.1 Particle stability

Particle stability in this case could be the chastgbility of the particles in the
solutions. Particle stability determines the p#tidispersion in the solution and particles’
tendency for agglomeration or sendimentation. Neetilal. (2007) found that particles are
having good dispersion stability in deionised waétetr not so in the EN solution. Studies on
alumina (Hazan et al. 2008b, 2008a), boron carpi@ghefi et al. 2003) and ceria (Necula
et al. 2007) particles showed that the disperstahilgy strongly depends on pH and the
low stability caused a short sedimentation timedis by Hazan et al. (2008b; 2008a) on
dispersion stability in Ni-P-AD3; EN system incorporating comb-polyelectrolyte shdwe

high particle concentrations of up to 50 vol.% fgdatincorporation.

Periene et al. (1994) concluded that volume peroérto-deposition particles is
dependent on powder conductivities and hydrophohyarophilic properties. Another
study done on co-depositing boron carbidgQBwith particle sizes ranging from 5 to 11
pm in hypophosphite-reduced EN solution gave a mawi of 33 vol.% BC when the
B.4C particles were wetted with surfactant before gpeidded into the bath (Vaghefi et al.
2003). The surfactant is a blend of surface aciyent which contains both hydrophilic and
hydrophobic groups which helps increase depositémen at 8 gt particle loading. The
application of surfactant in the deposition of PT& low carbon steel substrate showed

strong adsorption (Ger and Hwang 2002).

2.4.4.2 Particle shape and size

Shape and size of the particles play an importate as they influence the
deposition surface area and energy. It was fouad $pherical particles with smaller
particle size (average 1 pm boron particles angi&dalumina particles) gave high particle

concentration in the matrix (Apachitei et al. 1998judy done Balaraju et al. (2006a)
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varying alumina powder sizes of 50 nm, 0.3 pm ar@ [Im showed that the highest

particle incorporation occurred at 1.0 um partsitee.

2.4.4.3 Particleloading

Particle loading is the amount of powder partigtesa litre solution. Co-depositing
very fine polycrystalline diamond ranging between a®d 12 pm with varying
concentrations from 2-10 g/l onto aluminium suldstrat 70-98C for an hour yielded as
high as 18.40 vol.% diamond powder in the dep@ieela and Pushpavanam 2002). The
particle incorporation in a Ni-P-Zs&CEN system was found to be directly proportional to
increase particle loading up to 9 g/l as well asdbposition rate (Shibli et al. 2006). In Ni-
P-B4C EN system, particle composition in the matrixr@ased from 12 to 33 vol.% as the
particle loading increased from 1 to 8 g/l (Vagletfial. 2003). It was found that a particle
loading more of than 15 g/l SiC in hypophosphitéueed solution caused extensive bath

foaming which reduced the plating rate (Kalantarsel1993).

2.4.4.4 Bath conditions

The addition of silicon carbide (SiC) powders wtrticle size ranging from 4-7
pm in varying EN solution conditions (compositigr, temperature and time) showed an
increase in SIiC loading in the deposition but auctidn of the deposition rate and
deposition weight (Kalantary et al. 1993). Anoteardy showed that co-deposition of SiC
(1-5 pm) in sodium hypophosphite-reduced EN sofutd pH 4.5-5.5, 80-9C with air
agitation resulted in 25-30 vol.% SiC in the depoasi (Li 1997). Aggressive agitation
might cause substrate or deposition abrasion bgrdtrctors such as particle hardness,

particle shape and size, particle loading and bethement (Kalantary et al. 1993).

2.4.4.5 Qubstrate orientation

Substrate orientation is defined as the positiothefsubstrate in the EN bath during
the EN deposition. The variations of substrate tmopshave shown to give an effect on the
EN deposition. In a study by Sheela & PushpavariZi62) on diamond EN co-deposition
in hypophosphite-reduced solution showed that doatrsubstrate position gave less than
20% particle incorporation compared to the horiabpbsition. Another study on Ni-P-SiC

using hypophosphite-reduced solution with a patidading of 25 g/l showed that the
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substrate held tangentially gave the highest particmposition in the matrix and a vertical
position leading to uniform particle incorporatiamd adherence provided, that uniform

agitation was used (Kalantary et al. 1993).

2.6 Design of Experiments

Design of Experiments (DoE) is of high interest emgineering to get robust and
reproducible results with a minimum number of ekpents (Woll and Burkhard 2005DoE was
founded by Sir Ronald A. Fisher in the 1920s inHatsted, England (Kuehl 200a)he goal of
DoE is to eliminate bias through collection of alvs¢ions to gain maximum information
in the most efficient manner. DoE for engineeriran cbe divided into three major
categories: Taguchi; Response Surface MethodolB@M); Factorials. Each method has

its own strengths and limitations.

2.6.1 Taguchi

The Taguchi method started in the early 1980s. Jdq@anese engineer Genichi
Taguchi published a quality improvement methodoladpych involved the use of designed
multifactor experiments. The design also knownodsist design, focuses on the robustness
of a product which performs consistently on taiy&d is not sensitive to changes in factors
that are difficult or impossible to control. Thediehi philosophy involves the concept of
‘loss to society’ (typically modelled as a quadratunction of deviation from target)
instead of the ‘binary’ view of product quality vehi stems from the use of specification
limits in the factorial design. Taguchi design isaaged in orthogonal arrays with the

simplest as kequivalent to 2factorial arrays.

2.6.2 Response Surface Methodology

RSM is a combination of mathematical and statiktieghniques based on a
mathematical model. RSM was developed by Box anddfiin 1951 (Montgomery 2009).
The techniques used to analyse an interest respoasefluenced by several variables and

the objective is to optimise this response. Thehr@pie basically comprises (1) a
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procedure to move into the optimum region, (2) beha of the optimum region, (3)

estimation of optimum condition, and (4) verificati

2.6.3 Factorials

Factorials design is the basis of DoE. Factoriasigh is the most efficient way to
study the effects of two or more factors. For exiamp-levels is simplified as“@r three
levels as & Factorial design investigates all possible comtiims of factor levels for each
complete trial or replication of experiment. This lbecause the factors arranged in a
factorial design are crossed by the Yates algoritBisgaard 1998). A*factorial design is
used to study the effects kffactors with two levels for each factor. Tkeepresents a
multiple-factor design with a variation of treatrheesigns where a set of treatments
(factors) are tested over one or more sets of treatméavid). In practice the higher-order

interactions are usually not significant, thus maesign are limited to 2-3 levels.

Factorial designs can be categorised as balancgdamdom designs. Balanced
design uses the same number of samples for eatcn-facel combination. Random design
can be divided into with or without blocking. Ramdalesign with blocking is also known
as fractional factorials. Random design withoutckiong is categorised as full factorials.
Appendix D tabulates the 2-factorial experimentdign with number of run, blocks, and
factors, indicating whether they are full or fractal factorial (Bisgaard 1998). Thé 2
design is widely used in factor screening experisen the early stages of experimental

work when there are many factors to investigate.

DoE is the arrangement of samples used to con&a@tvon error. Multiple-factor
design in an experiment allows for treatments ofemihan one factor, allowing for the
possibility that one factor influences another poasibility that cannot be evaluated with a
one-factor-at-a-time (OFAAT) experiment. The majiisadvantages of OFAAT are: they
require more experimental runs than DoE; they aapable of detecting the factor
interaction; and they cannot detect the specifiellef each factor that will optimise a
response variable. In order to design an experimahtthree fundamental components

described by Fisher should apply: blocking (loaaitcol), replication and randomisation.
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2.6.3.1 Blocking

Blocking is a local control to reduce experimentatiation error. The experimental
error is defined as a variation among identicalig andependently treated samples, due
possibly to natural variation, measurement, ingbito exactly repeat the experiment,
treatment-sample interaction and other extraneactorfs. Blocking is grouping the
samples such that the variability of samples witthi@ group is less than that among all
samples prior to grouping. Major criteria for bloog are proximity, physical
characteristics, time and management of task irekperiment. Blocking can be divided
into complete blocking or incomplete blocking. Cdetp blocking is used when precision
is the major concern whereas incomplete blockirapgied to reduce block size. Reducing

block size will minimise error variance.

2.6.3.2 Replication

Replication is an independent repetition of experimas a means to estimate
experimental error variance. It proves that theultssare reproducible at least for the
particular experimental setup. It provides asswraagainst results due to unforeseen
accidents; the means to estimate experimental .eReplication has two important
properties that are (1) to obtain an estimate pedrmental error and (2) to obtain a more
precise estimate of the factor-interaction eff&ufficient replicates provide precision in

the inferences concerning the effects of factotstarir interactions.

The terms ‘replication’ and ‘repetition’ are noclmically the same. Repetition is
repetition of testing or measurement done on theessample or same set of experimental
conditions whereas replication means repeatingcparenent separately producing another
sample. Replication reflects sources of variand¢eden runs and within runs.

2.6.3.3 Randomisation

Randomisation is an arrangement of experimentalgaiares to reduce the effect of
experimental bias. For example, the experiment tnigh affected by such factors as
operator errors, time, humidity, ambient tempemtand power surges. Randomisation of
the experiment provides a valid estimation of eixpental error variance by averaging out

the effects of noise factors. Practising randonusain DoE is to eliminate those biases in
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comparison of treatments that arise through sydtenmassignment of treatments to
samples. It evaluates the statistic for all possibdirangements of treatments on the
samples. A well designed experiment determinesrésalts. The results need to be

analysed to extract important information whichlwahd to the answer for the problem.

2.6.4 Model building

Model building is developing an equation for prediig response values for
different combinations of the process parameterthair best levels. Franceschini and
Macchietto (2008) have reviewed a model-based é@xpet design technique for
increasing parameter precision especially in chalraad biological processes, which has
become increasingly important recently. Roy e(2008) also reviewed the application of
DoE in optimisation that results in the developmehta surrogate model in various
engineering application.

A predicting responses value equation is derivethfthe important effects that
have been identified. The relationship betweenspaese and a set of parameters which
affect the response can be built by a regressiodeimapproach. A regression model for
factors at 2-levels is usually of the form:

Y = Bo+ B1x1 + Paxy + -+ PiaXgp + Pi3xez + ot € (2.13)

wherep,, B.... are the regression coefficients ghds the average response in a factorial
experiment. The terng is the random error componer;,, Piz.. correspond to the
interactions between the process paramete@n® %. This was applied in a parametric
optimisation and prediction of electroless Ni-B dsition (Oraon 2007) and also in model
building for fuel cell component characterisatioNghdame et al. 2009). Similarly, two
studies done using Taguchi DoE successfully deweelap mathematical model to predict
the DoE responses (Azmir and Ahsan 2008; Azmit.&099).
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3 RESEARCH METHODOLOGY

This chapter elaborates on the chemical prepardtonthe EN co-deposition,
substrate preparation, types of ceramic powder,UsHdco-deposition variables, OFAAT
methodology, DoE process and methodology, modétlingi for predicting the response

function and finally the testing methodology.

3.1 Chemical Preparation

3.1.1 Cuprolite

Cuprolite supplied by Alfachimici is an alkalineeaher conditioner for the direct-
plating process. It consists of a mixture of twpdy of liquid, Cuprolite X 96 DP A and B,
in a ratio of 10 to 1 (see Appendix E). 250 ml afp@blite X 96 DP A was pipetted into a
clean 5 | beaker, and then 25 ml of Cuprolite X0 B were added. Deionised (D.I) water
was added to the mixture to make it up to 5 | vaduend stirred thoroughly. All work was
done in a fume cupboard. A fresh Cuprolite X-96 $afution was made up to 5 litres for

each batch and kept in a Winchester bottle.

3.1.2 Pre-catalyst

UNIPHASE PHP pre-catalyst supplied by Alfachimi@ & colloidal catalyst
composed of mainly palladium and tin. The pre-gatahelps prevent water drag-in
pollution in the subsequent catalyst bath, thusidawng catalytic colloidal stability
problems. The pre-catalyst is made by mixing UNIFFEAPHP salts A with acid and D.I.
water (see data sheet Appendix F). Fresh pre-catalys made by filling a clean 5 | beaker
up to three-quarters full with D.I water. Then 1090of salt A was added and mixed
thoroughly till it dissolved. The solution was éied to remove any undissolved salts. 100
ml of 37% hydrochloric acid was pipetted into tl@usion, which was then well-mixed

while adding D.l water up to 5 | volume.
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3.1.3 Catalyst

UNIPHASE PHP catalyst supplied by Alfachimici catsi of UNIPHASE PHP
salts A and UNIPHASE PHP solution B (see Append)x &clean 5 | beaker was filled
with D.l water to three-quarters full and 1000 gsaft A was dissolved in it. The solution
was filtered to eliminate any suspended particl€&) ml of 37% hydrochloric acid was
added and mixed well prior to addition of 100 mIUXIPHASE PHP B and D.I to reach
the final volume of 5 I. All work was done in anfie cupboard. When the prepared solution
was ready for use, it was kept in a Winchesterldaib avoid excessive chemical
degradation due to UV light. Deterioration of thetadyst's dark brown colour indicated

degradation of the catalyst and thus the need f@vafresh solution to be prepared.

3.1.4 Niplast

NIPLAST AT 78 supplied by Alfachimici is an excelleactivator and its use is a
fundamental step for direct EN plating. It pressré&N stability and is stable over time.
The details of NIPLAST AT 78 can be found in AppenH. A fresh 5 | Niplast solution
was prepared by mixing 500 ml of NIPLAST AT 78 widhl water to volume in a clean 5 |
beaker and kept in a Winchester bottle.

3.1.5 EN Solution

EN SLOTONIP 1850 supplied by Schloetter is a hymgphite-reduced EN
solution with a medium phosphorus range that iy ¢aperate and is suitable for high
speed EN bath. It consists of three main componeStSOTONIP 1851 Starter,
SLOTONIP 1852 Ni solution and SLOTONIP 1853 Rember (see Appendix 1). A fresh
EN solution was prepared in a clean 5 | beakeiilliyg the beaker half full with D.l water
before adding 750 ml of SLOTONIP 1851 starter. $bkition was then mixed well. Next,
30 ml of SLOTONIP 1853 replenisher was added togbi@tion and mixed. Then, D.I
water was added to 5 | volume. The bath pH wasséefjuto the manufacturer standard
pH4.9 by adding either 50% ammonium hydroxide o¥el€ulphuric acid. The prepared

EN solution was kept in a Winchester bottle to stiawn chemical degradation.
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3.2 Substrate Preparation

A substrates the surface where EN deposition grow$e substrate used in ti
work was asolid and fully dens alumina tile supplied by Coors Ceramics U with
manufacturer dimensns of 50 mm x 50 mm x 1 mm (Fig. 3#n alumina substrate was
used instead o¥SZ as alumina is cheaper, ea to handle ancsimilar to YSZ where
alumina obtain good EN adhes (Honma and Kanemitsu 198 An EDXA spectrum (Fig.
36) showsan alumina substrate containiAl and Oas the main compones with traces of
P, C, and Na.

Fig. 35: Alumina substrate for EN co-deposition

) E:r:ue-;::tr'l.iml

Fig. 36: Alumina substrate EDXA spectrum
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3.2.1 Substrate Cutting

An alumina tile with manufacturer standard dimensiof 50 mm by 50 mm was
cut into 25 mm by 25 mm tiles for DoE experimer{ssingle tile can easily be cut using a
hand-held diamond scoring pen. The alumina tildaser was first scored with the pen.
Then with a support directly under the score, presssvas applied to either side of the cut
till the tile snapped along the score. Snappingguree must be constant along the scored

line to ensure a smooth cut.

Multiple tiles were cut using a ceramic cutting imae (Struers Accutom-5) with a
diamond blade. A stack of 4 to 5 alumina tiles weleamped snugly but not too tightly as
too much pressure increases the risk of cerangidtiakage during cutting. The machine
was set to a position at the centre with alumiles tiotating counter to the direction of the
wheel in such a way as to cut both sides of thenia tile upon spinning. Water-based
coolant was used to avoid cutter blade over-heafihg machine is fully automated and
accurate setting according to the manual is impbrtar a good and accurate cutting

dimensions.

3.2.2 Substrate Etching

Surfaces of the substrates were treated by etesmgquired by for OFAAT or DoE
substrates. The substrates were placed in a ssiskeel basket with the surface to be
treated facing upwards. A mixture of 1 part hydsofic (HF) acid (20ml/l) and 5 parts
ammonium fluoride (NkF) (2g/l) made up the HF etching solution. The laskas
immersed in the solution for 5 minutes at room terafure. Substrates were then washed

and rinsed with D.l. water and air dried.

3.2.3 Substrate Blasting

Another substrate surface treatment used was mieethdnasting. The substrates
were affixed onto a flat plate and introduced iatblasting chamber where brown alumina
sands under high pressure blasted the aluminaraté$or 1-2 minutes. Substrates were

then washed and rinsed with D.l. water and airddrie
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3.2.4 Substrate Cleaning

Some substrates that had been subjected to blagtirigcontaminated with dirt and
required ultrasonic cleaning. Substrates were sulpdeindividually in beakers filled with
acetone. The beakers were then arranged in arsatiabath in such a way to avoid
toppling. Ultrasonic cleaning was done for 30 masuat room temperature. Then substrates

were rinsed with D.l. water and hot air dried.
3.3 Ceramic Powders

3.3.1 Yttria Stabilised Zirconia

Yttria stabilised zirconia (YSZ) is a ceramic phabat is commonly used in
fabrication of SOFC anodes and electrolytes. Wiy well-known that ceramics in general
have high hardness, good scratch and corrosiorstaese, and very good thermal
resistance, but they are also characterised bytdaghness and high brittleness. Normally
the addition of ceramic particles in compositesreases the composite’s mechanical
properties in term of its hardness, corrosion tasie and thermal resistance, but in this
research the addition of ceramic particles wasehdsr the purpose of improvement of the
catalytic activity in a SOFC anode as well as ttuse CTE difference between the anodes

and the electrolytes.

YSZ is composed of yttrium, oxygen and zirconiurheTproperties and stability of
YSZ depend highly on the yttria §03) composition, whether 8, 9 or 10 mol% (Kharton et
al. 2004). The main criterion for choice of YSZits high ionic conductivity, which is
achieved by its cubic fluorite structure, typicdlabassical oxygen ion-conducting oxide
materials. Zirconia has three stable polymorphsnaabnic (below 1167C), tetragonal
(between 1167 — 2368C) and cubic (236C to melting point at 267T).

The zf** cations are too small to sustain fluorite cubiucture, therefore they
require doping to stabilise them. Besides dopantentration, operating temperature also
influences the ionic conductivity of this materiBlopant concentration of 3 mol% Y gives
a tetragonal YSZ, known as TZP. It has been regdhat maximum ionic conductivity
occurred at 8 mol% Y content (Kilner and Steele )98 he ionic conductivity of this
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8YSZ can be enhanced by judicious choice of heatriments (Mori et al. 2002). Besides
its good ionic conductivity, stabilised Zr has hegtstrength and toughness than Ce-based
ceramics, with a bend strength of 143 MPa at roemperature compared to that of 400
MPa for fully stabilised Zr (Sammes et al. 1996).

Before introduction of the substrate, 50 g/l of YB@wder was added to the EN
solution and set in suspension by appropriate t@itaThe YSZ powders used were
commercial 8 mol% YSZ (Unitec Ceramics - UCM) withio different nominal particle
sizes, 2 um and 10 um. Detail specifications avergin Appendix J and K respectively.
An SEM micrograph of uncoated 2 pm nominal size BY®wder under 3k magnification
appears as Fig. 37. These powders were not suthjéatpre-treatment or a sensitising
process prior to deposition as the alumina sulestvas. Such treatments would promote Ni
deposition on the powders and thus increase theiatnad Ni in the EN co-deposition. The
result would then work contra to the objective lutresearch which is to reduce the Ni to

YSZ ratio in the deposition.

Fig. 37: SEM microgrph of unaated 2 urh‘ nominal ge 88 powders under 3k magnification

3.3.2 Ceria Stabilised Zirconia

Another ceramic powder used was ceria stabilisedomia (CeSZ). Based on
literature studies, Ce-based ceramics are a gderhative material for SOFC electrolytes
at lower temperature (500-7%D). It gives better performance in moist environtaggood
mechanical properties, lower price and wider raofesolubility (Sukuma and Shimada
1985; Wang et al. 1992). Thus, Ni-CeSZ is a paaeSOFC anode material. The addition
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of Ce between 10-16 mol% (Attaoui et al. 2007) tosIabilises the high temperature
phases and gives a stable tetragonal phase wilorrable sinterability and high ionic
conductivity. At low partial pressure of oxygelRof< 10%%), ceria is developing electronic
conductivity where C¥ ion is reduced to G&which gives mixed conductivity (Orera et al.
1994). The mixed conductivity is an advantage irF6@node applications but not in the

electrolyte as good electrolyte should be fullyicotonducting.

Similar procedure was carried out for Ni-CeSZ cpaigtion where a 50 g/l powder
was added into the bath to allow in-situ co-depmsitThe commercial 14 mol% CeSZ by
UCM with nominal size of 2 um was used — detailscomposition and particle size

distribution is given in Appendix M.

3.4 EN Co-deposition

The idea of this process is to deposit Ni and cergmwdersin-situ on to the
ceramic substrate. Prior to EN co-deposition, thbsgate has to be sensitised as a
requirement to make the substrate more reactiveNiodeposition. The sensitisation
process consists of four stages — cleaning by ditgreurface catalysing by Pre-catalyst
and Catalyst then followed by surface activationNiglast. It was found that during the
sensitising process the critical stage is deterdhibg surface adsorption of metallic
palladium (P8) on the ceramic substrate instantaneously in¢Hex sensitisation bath as
in [equation 3.1] (Mukhopadhyay et al. 2008).

SnCl, + PdCl, —» SnCl, + Pd® - (3.1)

The trade name and composition of sensitising agerd listed in Table 9. Each
stage required different working temperatures botilgr soaking times of 15 minutes.
Preferentially, EN co-deposition process is donen@diately after sensitising to avoid
catalytic degradation on the substrate surface.s@tion is green in colour which shows
the presence of Ni ions. The reducing agent isusndnypophosphate with acidic bath
medium. Working temperature condition is controle#B9C and should be kept as close

as possible with variation allowance of’€2
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Table 9: Chemical for sensitising and EN deposition proces(Schloetter 2006)

Trade name Composition Time Temperature

Cuprolite X96DP 50 ml/l Cuprolite X96 DP A 15 min 60°C
5 ml/1 Cuprolite X96 DP B

D.I water to volume

UNIPHASE PHP Pre- 200 g/1 Uniphase PHP A salt 15 min 20°C
catalyst 20 ml/1 37%Hydrocloric Acid RP

D.I water to volume

UNIPHASE PHP Catalyst 200 g/1 Uniphase PHP A Salt 15 min 30-35°C
20 ml/1 37%Hydrocloric Acid RP
20 ml/l Uniphase PHP B

D.I water to volume

NIPLAST AT 78 100 ml/1 Niplast AT 78 15 min 35-40°C

D.I water to volume

EN SLOTONIP 1850 5.0-6.4 g/l Ni 30 min 89°C
25-34 g/1 Sodium hypophosphite

The duration of deposition was kept at 30 min unkdated otherwise as referred to
the previous study by Chen and Chen (1997). Otl#in bompositions such as sodium
hypophosphite, nickel sulphate concentration wegt konstant as per the manufacturers
data sheet in each experiment. During depositla pbath composition, concentration and
volume were reduced throughout the deposition tiherefore the addition of Ni solution

was required to keep the volume constant througtieuplating.

Every individual substrate was weighed and thematisions were recorded prior to
sensitising and deposition. After the 4-stage $isitgy process, the substrate was covered
with thin aluminium tape on one side to ensure amlg-sided deposition — that represents
the SOFC anode. The substrate was kept suspendild bath by a very fine aluminium
wire that was suspended on a retort hand. It wayg ddficult to keep the substrate

positioned in the centre of the bath throughoutdiyeosition.

A ceramic powder of 50g/l was added into the balibng with the substrate.

Appropriate bath agitation methods, i.e. stirrimgoabbling were used to keep the ceramic
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powderssuspended in the ba The suspended particles near the surface will I-
deposied onto the substrate surfaThe overall EN cadepositiol process is simplified in
the schematic diagranFig. 38).1t is important to keep all utens used in the process as
clean as possible to avoid chemical contaminafidre equipmentwas rinsed with D.I.

waterafter tap wateto reduce any possibility of pH change.

Rinse with Rinse with Rinse with
D.l. water D.l. water D.l. water

-

Hotplate Hotplate Hotplate Hotplate

Cuprolite at Pre-catalyst at Catalyst at Niplast at EN Bath at
60°C — 15 min RTP — 15 min 35°C—-15min  40°C— 15 min 89°C

[ ¥ GE >

Fig. 38: Schematic diagram of the sensitising and EN etepositior

3.4.1 Bath pH

Bath pH changethe effect of the deposition rate -hmher bath pH gives higher
deposition ratesnd vice-versa for a low bath pH'he EN solution used was :acidic
hypophosphiteeducedto a pH window between pH &-(Appendix A).In order to
maintain he bath pl, Ni solution wasadded as and when required. The bath pH

monitored with aHanna digital pH meter (HI801.

3.4.2 Bath Temperature

The process was done in a st, controlled,closed environmer— the temperature
was kept constartt 89 + °C during the depositiorThis can be doi by controlling the air
ventilationin the fume cupboar(The agitatiorkeeps the ceramic partis suspended in the
bath and also help® removing excess heat in the balfhe temperature was close
monitored using a digital thermometTesto 925)The effect of EN batlevaporation was
significant after 10t5 minutes of deposition which then requiths addition of Ni solution
to maintain the batkiolume, Ni ions concentration and batémperatur¢ In order to avoid

anuncontrolled temperature drop, tvolume of Ni solutiorbeingadded was controlled.
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3.4.3 Bath Agitation

Good bath agitation in conventional Ni-P EN deposithelps remove entrapped
hydrogen gas on the substrate surface as well ppou@ the reaction rate. In EN co-
deposition, the agitation is crucial to keep alwgder particles in suspension for co-
deposition. In this research there were two tyddsath agitation that will be investigated:

air bubbling and mechanical stirring.

Air bubbling agitation was done by flowing a comdtair pressure using a small
4W power air pump at the bottom of the bath. Thereo air pressure control but it is
important to keep the air flow at the centre bottofrthe bath to ensure uniform bath
agitation. Mechanical stirring is simply using and@y hotplate magnetic stirrer. The
stirring has to be controlled as not to cause & wgrtex in the bath. The evaporation
should also contribute to this phenomenon wherectirestant stirring rate becomes too
high as the bath volume reduces. High vortex cabsidw area in the centre of the bath

which limits the deposition area, i.e. not all dudte area is submerged.

3.5 One-Factor-At-A-Time

There are many factors that might affect the ENdepesition. The kinetics of
conventional Ni-P deposition is still not fully vedtood and this makes the EN co-
deposition even more challenging. The addition efamic powders might upset the
optimum EN conventional bath condition. Thus expents called one-factor-at-a-time
(OFAAT) were required to determine which factoralle have an effect on this system.
The possible factors were gathered from previougias in conventional EN Ni-P and EN
co-deposition.

The nine OFAAT parameters are as listed in Table Tite standard EN bath
properties and processes are: standard manufagitite4.9 and temperature €9 30
minutes deposition time; 8YSZ ceramic powders; 2 pominal particle size; particle
loading of 50 g/l; bath loading of 0.5 dfy stirring agitation; vertical placement and
substrate surface as received. Factor varies aogbydut the rest were kept constant as
the standard.
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Table 10: Summaries of OFAAT parameters, variablesnd their justification

No Parameters Variables Justification

1 Particle size of 2 pm Studies done so far show varying particle size ranges
ceramic 10 um between 50 nm-12 um. Nano-particles (sub-
powders micron) leading to low co-deposition but all the

studies carried out at varying particle loading and
bath conditions. Both 2 um and 10 um are fall
within the range.

2 Typesof 8 mol% YSZ This factor has never been studied directly before.
ceramic 14 mol% CeSZ  There are reports discussing the stability of the
powders particles — the charges of the particles in EN solution

— hydrophilic or hydrophobic, van der walls,
hydrogen forces might also contribute.

3 Types of Air bubbling The agitation is affecting EN deposition especially in
agitation Mechanical increasing the particle concentration in the matrix.
methods stirring Many studies report various agitations effect and in

this research these two factors were used.

4 Substrate HF etching Effect of substrate surface condition was reported
surface Mechanical affecting the porosity content in the deposit. As
conditioning blasting SOFC anode, porosity content up to 40% is required

therefore it is worth noting the effect of these
factors.

5 Bath pH 34-54 Bath pH has been widely discussed either in
conventional EN deposition or EN co-deposition. The
range is within the acidic hypophosphite-reduced
solution windows.

6 Bath loading 0.21-1.25dm®1  Bath loading has been reported to have strong effect
on conventional EN deposition. The bath volume
was varied between 50-300 ml

7 Deposition 30— 120 min Deposition time is definitely proportional to the
time deposition thickness but the quality of deposition

and co-deposition properties and deposition rate
related in EN composites deposition is worth
studying

8  Surface Vertical There were studies reporting the effect of varying
orientation Horizontal surface  orientation  (vertical, —tangential or
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horizontal) in EN Ni-P-SiC system at 25 g/1.

9  Particle 125 -100g/1  Particle loading in EN composite influencing the
loading particle concentration in the matrix. A study
described particle loading greater than 15 g/l can

generate high foam and caused low deposition rate.

3.6 Design of Experiment

Design of experiment (DoOE) is a tool used to obt&nurate results within limited
time and cost. The main criterion for using factsiagainst the others is that it does not
compare results directly against a control or shashdlata but it evaluates all effects and
interactions by evaluating their significant statel differences among them. Factorials are
widely used as it offers many options: general, dod fraction. The fraction factorials are

very similar to Taguchi. A well-planned design Isdd a good outcome(s) conclusions.

There are four basic steps in establishing a gaxigd of experiment: planning
phase; designing phase; conducting phase and amgplybase. All these phases will be

discussed and elaborated in great details in tkiesub-sections.

3.6.1 Planning Phase

Planning phase is the core of DoE as it determinesuccess of the overall target
outcome and would not mislead the objective. Is 8tage, the problem statement of the
overall experimentation is clearly stated and usid@&d. Once the objective and target are
determined, the selection of parameters, respomagaples, levels and interactions can be

sort out and identified.

3.6.1.1 Problem definition

The manufacturing process should not hinder théch@guirement of the SOFC
anode. The main requirements for the SOFC anodgaaré electronic conductivity which
is provided by the metallic Ni. Ceramic YSZ phastphreduces CTE difference between
the anode and the electrolyte with acceptable cartipo of 50 vol.% YSZ; and lastly the
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importance of continuous porosity for fuel and pradgases flow in and out of the anode

which is ideally up to 40%.

Expected problems gathered from the literature wesecomposition of incorporated
particles as low as 12 vol.% in various EN compmositstems. To date, the EN deposition
engineering applications require a dense and umifateposition, thus porosity is
considered as a major defect. However, some literaghowed that porosity decreases as
the deposition thickness increases. Porous depositas obtained at thicknesses below 10
um whereas dense deposition was obtained at tliskseabove 25 pum (Das and Chin
1959). This indicates porosity is possible in thé deposition. Thus, the current problems

in EN co-deposition process are: low ceramic contjposand low porosity level.

Understanding these requirements and challengesresponses of the DoE were
determined: (1) to decrease Ni content to as loB(asgol.% and (2) to increase porosity
level up to 40 vol.%. The measurement of cerammopmsition is obtained by EDXA in
term of Ni in wt.%. Therefore the quality characgc for Ni content is thdower the
better as the main objective is to increase the amoulitSat ceramic in the composite. The

second quality characteristic for porosity conisrthehigher the better.

3.6.1.2 Possible Factors

There are many factors that might affect the ENdepesition process. In the
conventional EN deposition literatures, possiblgdes are bath temperature, pH, loading,
agitation and substrate surface condition. On ttieerohand, in the EN co-deposition
possible factors are particle stability, shape &esioading; bath condition and substrate
orientation. Fig. 39 shows a ‘cause and effectgdie related to the EN co-deposition for
the SOFC anode. The diagram simplified the possialeses into 4 categories that affect
the responses. Human factors such as accurachiemical handling and equipment
cleanliness are almost inevitable but it can beuced. Machine parallax is also a

contributing factor but can be overcome by caliorat
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Cause Effect Diagram

]
Human

Accuracy in SEM/EDXA Air pump
chemical handling Hotplate stirer:

Digital thermometer

Cleanliness stirring rate & temp

Weighing machine

Digital pH meter

Increase ceramic &

porosity content

Powder particle size & shape

Substrate orientation

EN solution parameters: Coating time

pH, conc, temp Bath loading Particle loading

Substrate surface
condition

Fig. 38: Cause and effect diagram of EN co-depositiofor SOFC anode

Bath agitation Particle stability

Fig. 39 listsall the possible causes that might affect the yafldesponses but n
all possible causes are worth investigating. Tloeeeffew OFAAT experiments we
carried out as descrid in the previous section and the resulit be used in the next sta

to dassify and narrow down the choic

3.6.1.3 Classification of process variables

The OFAAT experiments & representinghe design factors that a‘allowed-to-
vary’, Z. Four factos out of nine are worth investigatirajter taking into consideration
the DoE scopegiesources and timlimitations. The othedesign factors will be ‘he-
constant’,M. Noise is the nuisance fac, X, which can be classified as controllable
uncontrollable. Noise mig be contributedrom human and machine parameters but
will not be includel in this D as it will incur ahigh cost of chemical consumption &
machine calibration. Alclassified factors as M, X and Z are the contributiagtbrs tha
affect the response, YFig. 40 simplified theclassified factors and thefactors affecting
the response. Basanh this narrow selection of experimal parameters, the level will

identified in the next st-section.
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Noise factor, X
-None

Response, Y

‘ 1. Ceramic Content (Ni %)

2. Porosity content (%)

Held-constant factor, M
-EN bath concentration
-EN bath temperature

Allowed-to-vary factor, Z

- Bath Ioafiing - Particle size
-Coating time -Agitation method
- Particle loading -Bath pH

-Substrate surface

Fig. 40: Classified factors and their parameters

3.6.1.4 Determining the DoE process variables

Based on the OFAAT experiments, the experimentalrpaters to provide a loNi
to ceramic ratio as well as a high porosity levedye determined as ceramic particle s
agitation method, bath [ and substrate surface condition. The substratetation was
kept in the vertical position as it showed low Mntent for both types of agitation. Besic
that, this position is easier to handle and kedp &t for ceramic materials, YSZ wz:
selecte because (i) it is the most common ceramic us&UORCs and (ii) two variations
particle size were available while the ceria waly @vailable in 2 um particle size. T
deposition time was kept constant at 60 minutaswaas found that beyond tt time, there
was no gain in deposition rate. A similar trend whserved in particle loading in that thi
was no effect on Ni content at particle loadingsager than 25 g/l so 50 g/l was chosel

an average. The bath loading 0.63 dm*1 was selecteds this provided the lowest |

content deposit.

The particle sizes for 8YSZ (UCM) available werarfd 10 um thus they were :
to be the low and high level respectively. Bathtatgin that was used was mechan
stirring and air bubbling was introduc via a small power air pump. The bath pH \
varied between the standard manufacturer level®&dd an upper value for EN coating
5.4. Higher pH levels are known to increase theoditjon rate and this might increase
incorporation of ceramic pticle in the coating. Substrate surface treatmehtshemical
and mechanical roughening were chosen. These ®abtnients are commonly used
available at Aerospace Machining Technology (AMTEdinburgr

79|Page



As the objective of the experiment is obtain optimum process conditi, i.e.
increase ceramic and porosity con, the suitableexperimental design ieither process
characterisation or factor screer category. Montgomery2009 explained that for this
experimental design category, it is beskeep the number of factor le's low. In general,
two factor levelswith high and low level willwork very well. Table 11 shows the

parameters anictorlevel of DoE that have been determirmdfew important stage

Table 11: DoE parameters and factor levels

Parameters Symbols Level

Low (-) High (+)
Particle size A 2 um 10 um
Agitation B Air Bubbling Mechanical Stirring
Bath pH C 4.9 5.4
Surface Treatment D HF Etching Mechanical Blasting

3.6.2 Designing Phase

The nextstep after determining the pareters and factor levs of the DoE are to
consider the sample size (number of replicate$@csa suitable run order and determi
whether blocking or randomisation restrictiis required.A critical decision in desig
problem is to determinthe number of replicates to run.

The rumber of corner points is the number of run in oz@icate which is 16 ar
effect is the minimum difference between two lexthat is D vol.%. The power values are
usually between 0.8-:0 where minimung risk of 0.20is usually acceptabland standard
deviation of 20. Fig41 illustratesthe assumption of effect and standard deviatiomdg

into consideration of I-content response.

Ymax = 70 vol.%Ni

Max diff. bet. 2 levels = 40 Mean, § = 50 vol.%Ni
..Min diff. bet. 2 level=20 | |

Ymin = 30 vol.%Ni

Fig. 41: lllustration of the assumption of effect and standadt deviation
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The power curve for 2-level factorial design obé&a from Minitab 15 is given in
Fig. 42a whereas its outcome is shown in Fig. #2wer analysis is its ability to detect an
effect. The acceptable power is above 80% wsk of 0.2 and below. Fig. 42a illustrate the
effect is within the acceptable power range - all8e This indicates three replications are
an adequate sample size to identify any effect errsire normally distributed data (Fig.
42Db). As the variability of a sample mean decreasethe sample size increases and the
shape exhibits normal distribution, five replicatoof experiment were therefore deemed
to be a reasonable sample size and would imprayeaticuracy of the analysis. Clearly,
further replications would continue to enhance sacy, but a greater number of

replications considered to be unrealistic in teaiisme and cost.

Power Curve for 2-Level Factorial Design

Reps,
Ctr Pts Per Blk
3,0

0.81 Assumptions

Alpha 0.05
Stbev 20
# Factors 4
0.64 # Comer Pts 16
# Blocks none
# Terms Omitted 0

Power

0.4

0.2+

0.0 T T T T T

20 10 0 10 20
Effect
a.
2-Lewvel Factorial Design
Alpha = 0.05 Assumed standard deviation = 20
Factors: 4 Base Design: 4, 16
Blocks: none
Center Total Target
Points Effect /Reps Runs Power JCtual Power
a 20 3 45 0.8 0.913009
a 20 3 45 0.9 0.913009

Fig. 42: Power and sample size: (a) power curve (mumber of replicate with its power

In sub-section 3.6.1.3, it was decided that noentastor should be included and all
known enemies are kept constant, thus the expetigesign will not include blocking.
This then lead to a full-factorial design experimeks there are 4 factors and two levels,
the full factorials give 16 run experiments. Aleie 16 run experiments will be carried out

in random order to avoid any effect of surroundiemperatures, humidity, time that can
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affect the properties/ weight of the ceramic péatisubstrate, bath evaporation rate and

others.

The current research will use a sixteen run arwdlyféctorial where there are four
factors and two levels of variables. Below is tisé ¢f factors and variables selected for the
research. It is in Yates standard order (Bisga8@B8) and tabulated in Table 12. There are
sixteen experiments and each experiment will beatgal five times in random order. The

acceptance criteria are within 95% confidence.

Table 12 DoE for EN co-deposition

STD. PARAMETERS E RESPONSES
ORDER A B C D =4 Ni Contents Porosity Contents
1 - - - - 5
2 + - - = 5
3 - . . _ 5
4 + + = = 5
5 + - + - 5
6 + - + - 5 The lower The higher
7 - + + - 5 the better the better
8 + + + = 5 characteristics. characteristics.
9 - - - + 5 Targeted Targeted
10 + - - + 5 value as low as value up to
11 - + - + 5 30 vol.% 40%
12 + + - + 5
13 - - + + 5
14 + - + + 5
15 - + + + 5
16 + + + + 5

3.6.3 Conducting Phase

There were 16 run experiments with five replicasi@ach leading to a total of 80
experiments. All the 80 experiments were conduated random order. The deposition

time of 30 minutes in the OFAAT experiments hadvea inconsistency and inadequate
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deposition thickness. As a result of this, the démm time was increased to 60 minutes.
The alumina substrates dimension used are 25 x2&,m and this is being compensated
by the bath volume which gives an acceptable baadihg of 0.63 dfil where the bath

volume was 100 ml.

3.6.4 Analysing Phase

The DoE results have to be statistically analyseabtain results and conclusions that
are objective rather than judgemental in naturatisical methods ensure efficiency of
experiment and strengthen the conclusions obtaiBasic statistical tools to analyse DoE

use analysis of variance (ANOVA) in Minitab 15.

Analysis of the DoE factorial results involves sagtthe important effects from the
unimportant ones after obtaining all the main @femnd interaction effects. The 16-run full
factorials gives 15 effects and is calculated lstilated in Appendix M. This analytical
method depends on the number of replications. gbcedion test means no estimate of
experimental error. Effects that are near or closeero are usually due to experimental
error or noise. The higher-order effects are uguatin-significant and the two-factor
interaction effects are usually the most importanés in the experiment. In the multi-
factorial design, main effects and interaction bansimplified using a graph called effect
plots. A main effect plot is obtained by plottingetaverage response against the levels

factors. Interaction effect can be plotted agaamsither interested factor.

In general there are two ways DoE can be analybggdothesis testing and
confidence interval procedures for comparing meahswo treatments (Montgomery
2009). The most common procedure for analysis ishigyothesis testing. Hypothesis
testing or confirmatory data analysis is a testighificance, a method of making statistical
decisions using experimental data. In most cakesgtdecisions are determined by the null
hypothesis, i which simply indicates that the first and secaaiples do not vary
significantly. The critical region of a hypothegest is the set of all outcomes having a
significant difference causing the null hypothéside rejected in favour of the alternative

hypothesis, H
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A null hypothesis experiment is known to be nonusitto non-normality. If a null
hypothesis of constant means is rejected, the steptis to determine which means differ
significantly from one another (Rosenkrantz 199He probability value of the F-test, P-
value, can be used in hypothesis testing. The &eva said to be the smallest level of
significance that would lead to rejection of thdl tiypothesis. This is due to the limit set
by the level of significance, thevalue, which normally is 0.05. This is the anadysarried
out by the Minitab 15 software that interprets tlega variance from the normal. Higher

variance indicates significance effect.

The analysed experimental data is used to constnecevaluate models. This could
be done by understanding and obtaining the basiturfes of the numerical data
description. There are four objectives of DoE datalysis that are to determine (1) the
design parameters and process variables that dffecheans process performance (2) the
design parameters and process variables that mtug@erformance variability (3) the
design parameter levels that yield optimum perforcea and (4) whether further
improvement is possible (Anthony 2003).

The ANOVA results are summarised in ANOVA tablesntaining source of
variation, degree of freedomdf], sum of squaresSg), mean squaredS), F-ratio (a ratio
of mean squares) and P-value (probability more thasalue). An ANOVA table for a
single-factor is simplified in Table 13. For a Dekh replicationr for each of thel-cells
of the design, the degrees of freedomdid (Upton and Cook 1966).

Table 13: ANOVA table of single factor, fixed effecmodel (Montgomery 2009)

Source of variance S8 ar  MS F P>F
Between treatments . 2 MS,
SStznZ(y‘. -7) a-1 MS, F=

' i . M SE

i=1
Error (within treatments) SSg =SSy — SS; N-a  MSg
Total b 5

SSr = ZZ()’U -y)* N-1
i=1j=1
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3.6.4.1 Analytical tools of DoE

The analytical tools discussed here are based ontd¥di software. There are seven

analytical tools which help interpret the DoE as#yas listed in Table 14.

Table 14: Minitab DoE analytical tools

Tools Significant Interpretation
Main effects | Mean response values at Depending the target objective- higher the better
plot each level of design or lower the better.
factors The effect can be mathematically calculated as
follows:
B = Flany = Fopy
Where F . is average response at high level and
F 1) is average response at low level
The sign of a main effect is the direction of the
effect
The magnitude is the strength of the effect
Interactions | The mean response of Parallel lines indicates no interaction between the
plot two factors at all possible two factors
combinations of their Non-parallel lines indicates presence  of
settings interaction between the factors
Cube plots Display average response Use to determine the best and the worst
values at all combinations combination of factor levels for achieving the
of process desired optimum response
Pareto plot Display absolute values of Use to determine the factor and interaction effects
of factor effect and draw a which are most important to the process or design
effects reference line on the optimisation
chart Any effect pass the reference line is potentially
important
Normal A plot of main and Inactive main and interaction effects tend to fall
probability | interaction effects or along a straight and the active main and
plot of factor | factors against interaction effect tend to appear further away
effects cumulative probability from the normal (straight line)
(%) The a-value is set at 0.05
Normal A plot that evaluates the Moderate departure from normality does not
probability | normality of a data set necessarily imply a serious violation of the
plot of assumptions
residuals Gross deviations from normality are potentially
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serious and require further analysis
» Residual fall approximately along a straight line
indicate the normally distributed residual
= Otherwise, not normally distributed residuals
indicate that the data do not come from a normal
population thus require variance-stabilising
transformation on the data
Response Contour and surface plot | = Helps to understand the nature of the relationship
surface plots | that show 2-D or 3-D between the two or more factors

view of the results

3.6.4.2 Minitab software

Minitab is one of the most common and widely ustadistical software to analyse
DoE in industry. Minitab 15 contains three basioaows: session, worksheet and project
manager. Each window contains important informatibhe worksheet is where all the
work is being done in the window. The session wimdecords all the instructions or
commands and activities in the worksheet. The ptopndow keeps the overall project

tree and manages the whole project in the worksheet

DoE design in Minitab is created by leaving thesou at the first row and column
in the worksheet window. The steps to construct RdEactorial in Minitab is illustrated
in Fig. 43. The response column either the Ni aonte porosity content were keyed-in,

then proceeds with the DoE analysis.
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Fig. 43: Creating DoE in Minitab 15 worksheet steffa)-(e)

3.6.4.3 Response optimiser

Response optimiser is a menu in Minitab 15 thapielvaluate multiple response
optimisation simultaneously. It provides a scieatdnd logical approach to balance the
competing needs. It also provides a more accuratdehof the real world for those cases
where more than one response must be considered.r8gponses were keyed-in in the
same worksheet in order for them to be analysedil&meously as shown in Fig. 44.
‘Importance’ and ‘Weight’ determines the responseportance and their weight; in this

case both responses are equally important.
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Fig. 44: Response optimiser menu and setup (a) wakeet window (b) Minitab menu (c) Response optimise
window and (d) response optimiser setup

The results were displayed in an optimisation plibere it optimises the overall

desirability and also the individual desirability @ach response. The ‘Multiple response

optimisation’ is best coupled with the ‘Overlaidntour plot’. This helps in finding the

region of the optimum response. The results ofaresp optimiser give predicted optimum

conditions for both low Ni content and high porgstiontent response. Usually a set of

confirmation test should be developed and this istsisf another set of fractional factorial

DoE.
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3.7 Model Building for Predicting Response Function

The model building is used to predict the respdiosetion at various operating
conditions of the process. The model is developsidgua multiple regression model
approach as in [equation 3.2] (Montgomery and R&&R).

5} = ,80 + ,lel + ,823(2 + ... + ﬁkxk +& - (32)

wheref,, f» ... are the linear function of the unknown parargetegression coefficients
andf, is the intercept of the regression plane and Yleesge response in a factorial design.
Thek represent& number of regressor variables that relate to éspaonse. The ternme is
the random order component which is approximatetymally and independently

distributed with a zero mean and constant variafice

The response value obtained in [equation 3.23,Ni content in vol.% and porosity
content in %. Two forms of the linear regressiordelavere employed in the analysis. The
first used coded parameters assigned as -1 andgether with numerical parameters. The
coded parameters were applied to those factorsatbig not numerically justified — these
were (i) bath agitation and (ii) substrate surfaeatment. In order to make the model more
generally applicable, a second approach was adopitedeby the non-numerical factors
were replaced by representative data value nanmjetird actual deposition rate resulting
from the type of agitation in um/min and (ii) theesage surface roughness resulting from
the substrate treatment in pm as tabulated in Tehle

3.8 Testing Methods

3.8.1 SEM/EDXA

SEM is an abbreviation for Scanning Electron Micayse that produces images by
detecting incident electrons from sample's surf&eM can magnify up to 300 000 times
the size of object studied with an advantage of iBrRBges. SEM can be divided into five
major components: (1) electron gun which provides high speed electrons from a
tungsten filament in a vacuum chamber; (2) lensadarf magnets that focus and control

the direction of electron beams; (3) sample chamdesre the sample is placed and it is
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vibration free withmovable and rotatable devicé4) detector is to detect and coll
various types of electron bes that are xay, backscattered a secondary electrons; and
(5) vacuum chamber is to provide a vacuum mediuntHe electron beam to acceler

efficiently. The SEM features are schematically illustr in Fig. 45.

Electron
Gun

Condenser
ns

Condenser i

Fig. 45 Schematic diagram of SEM componen (Source:HowStuffWorks website 201()

There are fewtypes of incident electrons iI8EM including secondary electrot
characteristic xays, and back scattered electrons. The SEM isbtajd producing hig-
resolution images of a sample surface using secgradadron imaging which h: a great
depth of field and the wide range of magnificaticThe common setting of SEM is 24 n
working distance and 25 kV acceleration voltageessistated otherwise to ensure optin
condition for EDXA. Magnificatiorat 1000 or 200@nd resolution are varied according
the requirement (3-8.0). The EDX expose time waspt constant at 300s aexpose area

was kept close tthe whole scree.

SEM enables surface morphology echemicalmicroanalysisin conjunction with
EDXA. EDXA stands for Inergy dispersive Xay Analysis where an-ray emitted during
electron beam targeted to the sample surfis detected and collected for elemei
composition characterisation. The electron beambasdment knoc-out the electron near
the surface and resulting electron vacaris filled by higher energy electron level. Tt
energy isbetween 1-20 eV, depending on the materials anrditc x-rays to balance the

energy difference between the two electrtates as illustrated iRig. 46.

N|Page



Kn'é'cked-
oute
Fig. 46: Electron energy level and emitted energy

EDXA allows element characterisation as well aglisgributionthat give sample’s
chemical stathiometry. EDXA isuseful when usedo characterise loose grains
unpolished matéals and very effective with electron imaging meth(EDX collaborated
with INCA software exters its ability for quantitative analysis, qualitative analy:
elemental mapping, and line profile anal. Both SEM and ED> equipment will be used

intensively in this researc

3.8.2 Optical Microscope

Optical microscog is used foigeneral analysis of the specimen surface morphc
or specimen crossection A Leitz Aristomet optical microscope has six variatiof
objective lenses range from 2100 magnificationsThe objective magnification does r
represent the real image magnification becauseeyk-piece has 10 time magnificatic
Images size can be measd using a graticule with scale division designedh® standar:
magnifications cusimary in metallography. Table 1below shows the relationsh

between objective magnification, true magnificatéord graticule divisiol

Table 15 Optical microscope specifications

Objective Objective True Magnification  One division of graticule
Magnification Colour /mm
2 - 20 0.0625
5 Red 50 0.02
10 Yellow 100 0.01
20 Green 200 0.005
50 Blue 500 0.002
100 White 1000 0.001
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Another important factor taken into consideratiordetermining good images is the
incident light. This can be determined by usingeitbrightfield or darkfield mode. In this
research, only brightfield mode was used. In bfigltt mode, diaphragm module is useful
to perform interference contrast. The contrast sashpolarisation and oblique light
enhance certain feature of the captured imageg@blilumination was largely used in this
research to achieve the effect of relief-like angnepared surfaces. The samples for optical
microscopy require grinding and polishing to gilag &nd mirror finish surface.

3.8.2.1 Grinding

Grinding process removes the deep scratch on #@nspn surface. Grinding paper
with the range of 200-800 grit SiC is used andgtieding starts on the rough SiC paper.
This can be done on a static planar bench or ngtatheel under adequate running water.

After all the deep scratches were removed, theis@ecis brought to a polishing wheel.

3.8.2.2 Palishing

Polishing is a step to remove all the fine scratdioea mirror finish. There are few
types of polishing cloth of 1-6 microns and lubritavailable depending on the materials
to be polished. For a composite of Ni-YSZ, cerapotishing cloth was used starting with
6 micron cloth and finally to 1 micron giving a satb mirror finish with minimal fine

scratches.

3.8.3 Image Pro-plus Software

The software comes with Leitz Aristomet optical micope and it will be used to
determine the amount of porosity in the depositlorage Pro-Plus Version 5.1 requires an
image data in standard image file format to prod¢essn. SEM micrograph can also be
analysed by this software. The software works iffedintiating between dark and bright
area. The image can be enhanced by using powefalrcand contrast filter including
Fast Fourier Transforms (FFT), morphology, fieldtténing, background subtraction and
other spatial and geometric operations. Trace amuhtcfunctions are used to calculate

objects by manual or automatic operation. It measobjects attributes such as area, angle,
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perimeter, diameter, roundness and aspect rat® péhameters will be adjusted according

to research requirement.

3.8.4 Talysurf Profilometer

The talysurf profilometer is a general-purposerimsent used to measure surface
profiles and surface roughness. Taylor-Hobson is kading company in surface
topography measurement either by contact and notacbtalysurf profilometer. Contact
measurement is the traditional method first intcetliby Taylor Hobson in 1941 using a
diamond stylus traversed across the component tectdeariations in the texture of the
surface (AMETEK 2007). This derives direct repreéagon to the surface measurement.
This machine is used to measure the surface piiafiterm of surface roughness, R is
done by comparing £of an untreated surface with Ra of the treatefasarto determine
the degree of surface profile alteration. Tabldidi§ the surface roughness for 16 samples
of Run 1 DoE.

Table 16: Surface roughness before and after treatemt for Run 1 DoE samples

Mechanical blasting (R,/ um) HF etching (R,/ um)

Before Treatment After treatment Before Treatment After treatment
0.60 1.23 0.71 0.71
0.56 1.48 0.71 0.67
0.66 1.28 0.57 0.58
0.52 1.01 0.61 0.64
0.63 1.34 0.69 0.61
0.69 1.51 0.63 0.74
0.76 1.65 0.66 0.67
0.64 1.67 0.65 0.68

Ave. 0.63 Ave. 140 Ave. 0.65 Ave. 0.66

Mechanical blasting showed great degree of sulbsttaface alteration compared to
HF etching. The average surface alterations aré @ for the mechanical blasting and
0.01 pum for the HF etching.
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3.8.5 Porosity Measurement

Archimedes specific density can be used to meatweporosity fraction in a
material. The basic Archimedes principle states ttt amount of displaced water volume
is equal to the immersed object volume. The detstion of the solid substance density
can be done by buoyancy or displacement methoden,Tiorosity fractionf, can be
calculated by determining the difference betweeityusend the fraction of bulk and true

density as described in [equation 3.3] (Kingerglel976).

S .

o (33 p, =Bulkdensity, p, = True density
P P

The bulk density is the quotient of mass over thaltvolume of a body [equation 3.4]. It is

the overall density including the space in a bodye bulk density was not measured but
calculated instead. Complications arise in meagutite bulk density as the deposition

thickness is very low range between 3-20 um. Thesbulk density was measured based
on the deposition thickneds,

Mg

== -+ (3.4) m, =mass of body in air,A = area of sample

Pp

The true density on the other hand is the tot&d stensity. The true density is
measured via Archimedes buoyancy method. Fig. ZattgBus 1991) illustrates the
Archimedes density buoyancy methods. The densitysiflid body is defined as a product
of fluid density and fraction of solid mass oveuwidl mass [equation 3.5]. The apparent
weight of a body in a liquid — weight reduced byjancy force is measureah. The mass
of fluid is defined in [equation 3.6]. The calcudat of density is used in combination with
the weight in air as in [equation 3.7]. The densityvater at room temperature is assumed

to be unity.

Wieighing pan

Liquid in & beaker on a matal platform;
| no coniact with the weighing pan

LS .

Fig. 47: Schematic diagram of Archimedes density layancy measurement (Sartorius 1991)
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ms

= _s .- (35
Ps Pﬂmﬂ (3.5)

where ps = density of fluid,

mg = mass of solid = weight of a body in air = m,

mg; = Mass of fluid =mg, —m; - (3.6)
where m; = weight of a body in liquid

Substituting [equation 3.6] in [equation 3.5], thensity of a solid is defined as

Mg

Ps = Pri -+ (3.7)

mag—my

The electrolyte material for SOFC (YSZ) is soliddatense - contain no pores. The
alumina tile substituting the YSZ in this reseaishassumed to be fully dense thus the

calculation of pores of deposition will not be atled by the substrate.

3.8.6 Electrical Performance

3.8.6.1 Anode eectrical performance test

The anode fabricated via EN co-deposition was desteterm of its electrical
resistivity and conductivity performance. Usuallpr f general purpose resistance
measurement, 2-point electrical probe is used. draerback of this system is the voltage
drop measured over the total resistance of the lgartgad and contact. Therefore for
relatively low measure resistance where the resistaf contact and lead are relatively
high, the 4-point electrical probe is used to yigldre accurate results. The resistance of

Ni-YSZ anode was measured using 4-point electpoalbe as illustrate in Fig. 48.

dc power
s1pnhy

Annnelen

Digital
Jolkmeter

Voltage
Probes

SN

Curront” 1 2 3 4'(\ Current
Prohe Frahe

Fig. 48: Schematic set-up of the four point electcial probe
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Theory of 4-point measurement is described basedrign48. A power supply
provides a constant current flow between probedl4amhe current output can be obtained
by an ammeter. The second set of probe (probe 23ansl used for sensing and since
negligible current flows in these probes — onlytagé drop — thus accurate resistance is
measured. A resistance of the sample between pdlaesl 3 is the ratio of the voltage

registering on the digital voltmeter to the valdeh® output current of the power supply.

The resistivity or sheet resistivity, (Qcm) can be expressed as in equation 3.9
(Chan and Freidberg 2002) below.

r=iar) =)l =re 69

WhereV is the voltage drop in mV, is the current flow in mAt is thickness of the
deposition in cm an; is the sheet resistancetn The conductivity (Scif) of the sample

is just an inverse of resistivity and can be sifigdiin equation 3.10.
o=1/ -+ (3.10)
p .

A simple 4-point measurement at room temperature deme at 1 mA, 50 mA and

90 mA at two different points as a trial test.

3.8.6.2 Anode performance in simulated SOFC condition

The electrical performance of the Ni-YSZ anode ifaied by EN co-deposition
was tested in simulated SOFC condition. In reattra SOFC is operated at 8@0where
it is heated up slowly to avoid drastic temperatthrange to the ceramic electrolyte. SOFC
used hydrogen gas as a fuel and nitrogen is used Wwis not operating or during heating
or cooling. The simulated SOFC condition was cratea furnace, heating the anode in
air environment up to 42G and another set of test up to 800Then another set of test
where the nitrogen gas was purged into the furndbe. anode sample was heated at
20°C/min up to 608C. A 4-point electrical probe was used to measueesheet resistance
and thus the resistivity and conductivity of thevda at every 5-P& increment under 50

mA current.
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4. RESULTS & DISCUSSION

This section is divided into three sub-sectiong thpresent the three phases of the
work. The first phase is the experiments carriedtowdetermine the variables and factors
for the work in Phase 2. These experiments aredalhe-factor-at-a-time (OFAAT) where
a factor was varied at one time and the others Wwep¢ constant. In Phase 2, the factors
and variables determined in Phase 1 are used ignitleg a 2 full factorial Design of
Experiments (DoE). This then allows the determoranf the optimum conditions for EN
co-deposition in producing low Ni to YSZ ratio ahidjh porosity content. The final phase
is to predict the optimum combination of DoE resges and determination of anode
performance under SOFC simulated operating comditio

4.1 One-Factor-At-A-Time

Several single factor experiments were carriedtoutvestigate the effect of EN
process parameters on the Ni to YSZ ratio and grosntent. According to the literature,
conventional (metallic) EN deposition is very mudffected by bath temperature
(Parkinson 1997), bath pH (Jappes et al. 2005; i{ept al. 1996; Liu et al. 2006), bath
agitation (Sevugan et al. 1993), bath loading (Blel®97) and substrate surface condition
(Teixeira and Santini 2005). Composite EN deposittinfluenced by the particle stability
(Necula et al. 2007; Vaghefi et al. 2003), partiskape and size (Apachitei et al. 1998;
Balaraju et al. 2006b), particle loading (Kalantatyal. 1993; Sheela and Pushpavanam
2002; Shibli et al. 2006; Vaghefi et al. 2003), tbabndition (Kalantary et al. 1993; Li
1997) and substrate orientation (Kalantary et2931 Sheela and Pushpavanam 2002).

The studies above were carried out using diffevantbles, settings and materials.
Phase 1 allowed the determination of several ENMrpaters based on available resources
and constraints. The uniform and dense EN depasiigoideal in most engineering
applications (Baudrand 1978).
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4.1.1 Initial Co-depositions

The EN co-deposition was carried out on an alunsmbstrate that was initially
subjected to a sensitising pre-treatment proceiss for deposition. EN co-deposition can
be carried out on almost all types of material atgt as long as the suitable sensitising
process is applied. At this stage, the most ctitsemsitising step is the catalysing stage
where the palladium activates the surface afteanitgy. The EN Ni-YSZ co-deposition
was then examined to ensure that both materials besh co-deposited. This was
confirmed using energy dispersive x-ray analysiDXB) where a typical spectrum is

shown in Fig. 49.

Spectrum 1

Fig. 49: EDXA spectrum of EN Ni-YSZ co-deposition

The spectrum shows the expected peaks of Ni, Zmd' O but also the presence of
phosphorus (P) in the deposition. This can be axgihas P is one of the major elements in
the EN hypophosphite-base bath solution. The mesimaaf the Ni-P deposition reaction
in hypophosphite-based bath is not yet completalyeustood but it can be illustrated in a
schematic diagram of the chemical reaction involasdshown Fig. 50 below. At the first
stage, water reacts with hypophosphite ions taaseldrydrogen ions and adsorb hydrogen
atom [Hypd on the ceramic substrate. These activg,JHhen reduce the Ni ions near the
surface and release hydrogen ions. In step 3 tietioa between the hypophosphite ions
and adsorbed H atom at the substrate surface sesudt reduced P atom, water molecule
and hydroxide ion. Thus phosphorus is expectecetprbsent in the EN deposition. Some

of the hypophosphite ions react with water to givgdrogen gases.
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Fig. 50 Schematic diagram of EN deposition mechanis

The mechanism iFig. 50 is solely on the N#- depositiorand is not involved in Ni-
P-YSZ codepositiol. In step 2, all Ni ions near activated/ sensitisknéna substrate al

reduced autocatalytica. Entrapped YSZ particles near therface are «-deposited with
the Ni as illustrate¢h Fig. 51.

YSZ particle N
Fig. 51: Schematic diagram illustrating EN codepositior

Ni ions nar the surfacare reduced to Ni atona a very fast rate continuously a
trapped nearby YSgarticle:. Although, in term of size, YSZ particles are mualgker thar
the ions which are ia few nanometres scaléis postulated that, like a fishing net, thas
drag the ceramic particlemnto the surface and co-depodihis wes proven by the EDXA

spectrum in Fig. 49vhere all major elements of Ni, Zr, Y with primaka and Lo peaks
were present.
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A theoretical study on the EN co-deposition of spital diamond particles and Ni-
P showed independence of phase composition onejhesdion rate. This indicates that the
particle embedding mechanism was merely a mecHaeitdoedding model and the
reducible ions adsorbed by the ceramic surface qidgigal roles (Bozzini et al. 1997). In
addition, the ceramic particle size and shape flnance the amount of ceramic powders

co-deposited in the matrix (Apachitei et al. 1988Jaraju et al. 2006a).

An optical micrograph cross-section of the depadsigger approximately 1@m in
thickness is shown in Fig. 52. The deposition theds is consistently uniform with the
bright yellow area being the metallic Ni while tdark parts are ceramic YSZ particles
embedded in the Ni matrix phase. This porosityvedléuel and reactant gas to flow in and
out of the anode. The thickness of the depositsoproportional to the deposition time -

longer time develops thicker deposition.

Fig. 52: Brightfield optical micrograph under 1000x 2.0 oblique function — each division represent im.

Single-side deposition is achieved by masking dde sith an aluminium tape.
Taping the substrate before the sensitising procassed contamination to the surface to
be coated. This is because the aluminium tape e@awith the sensitising chemical and
resulted in uncoated surface area especially asubstrate edges (Fig. 53). Thus surface

masking was only carried out after substrate ssigitprocess but before EN deposition.
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Fig. 53: Non-uniform deposition of Ni due to surfae contamination

4.1.2 Particle Size

The particle size and shape were found to be anemfial factor in EN co-
deposition. This is because they influence the siéipa surface area. Smaller particles
provide greater surface area. Higher surface aréiaates hydrophilic particles and thus
provide complete wetting. Some studies have besatedaout on various types of ceramic
particles but none on YSZ.

The YSZ particles used in this research were comialetJCM 8%YSZ with
varying nominal particle size of 2 um and 10 pm arm@bmbination of the two sizes. The
co-deposition of varying particle sizes were susfidly coated by EN co-deposition where
all other the parameters were kept constant. Tleenamtal composition of EN co-
deposition for 2, 10 and mixture of the two in wsigwt.%) and volume percent (vol.%)
are given in Table 17.

Table 17. Elemental composition in EN co-deposition varyingarticle sizes

Elements 2 um 10 um Mixed
Wt.% Vol.% Wt.% Vol.% Wt.% Vol.%
Ni 73.08 48.32 71.99 49.23 836.22 67.96
Zr 16.63 15.05 18.87 17.66 7.95 8.58
Y 0.98 1.29 1.17 1.59 0.63 0.99
5.90 2431 5.26 22.41 2.29 11.25
P 3.41 11.04 272 9.11 291 11.23
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The results were obtained using EDXA by INCA seiter in wt.%. As most
literatures refer to Ni content in vol.% ratheathin wt.%, both wt.% and vol.% are given
as reference. Knowing the density of each elenthatwt.% was converted to vol.%. The

physical data for the respective elements is gimekppendix N.

As mentioned in the literature, Ni content in aroda should be between 20-30
vol.% (Zhu and Deevi 2003). The results obtainemlashg Ni content ranging from 48-68
vol.%. Comparing all the three particle size vaoiad, it can be concluded that changing
the particle size from 2 to 10 pum slightly incredfecontent in vol.%. The mixed patrticle
size showed the highest Ni content as illustratBign 54 below. The deposition thickness

decreases with increasing particle size and thednparticle size was the lowest.

80
70 /_67’%'
60
>0 48732 4923 —&—Ni/ vol.%
- —f—Thickness
30 /o
20
10 4‘““.-&0\_. 4.8

0 : . 8

2 pm 10 um Mixed
Particle size

Fig. 54: Ni content and deposition thickness vary ith particle size

Fig. 55 shows an SEM micrograph of 2 um 8YSZ plesialong with the EDX
spectrum for the white and grey area. The whita a®in spectrum 1 shows a higher Zr
peak than Ni confirming that those white areas W82 particles. On the other hand,
spectrum 3 for the grey area shows higher Ni peék®th Ko (7.460 and 7.477 keV) and
La (0.849 keV) energy levels confirming that the gaega is the Ni matrix. Comparing the
white areas to the scale, it represents the 2 rtitlea
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Fig. 55 SEM micrograph of 2 pm 8YSnd EDXA spectrum on white and dararea
Higher resolution SEM micrographs of 2 and 10 pmiglas size ENco-deposition
were captured bffEC SEM machine as shown in Fig. 56hel morphology of the tw
show morehighly populated white YSZ patrticles the 10 pum ENco-deposition (Fig. 56b)
compared with th@um (Fig. 56a). This is confined by the EDXA data in Table where
the 10 um was slightly higher in vol.
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2_micron 10.0kV 11.8mm x2.00k SE(L)

Fig. 56: Comparison of surface morphology of 8%YSZa) 2 um and (b) 10 um

The study done by Balaraju et al. (2006) showetltttelarger particle size (among
50 nm, 0.3 um and 1.0 um) gave the highest paiticlerporation in the matrix. Based on
this study, it can be concluded that the largettigdar size resulted in higher particle
concentration in the EN composite. In terms of atefarea, larger particle size provides

less surface area and thus less contact requirexfdeposition.

The particle size diameters were measured in bh&lB%YSZ 2 um and 1@m EN
co-depositions to confirm the particle size depasénd are shown in Fig. 57. Comparing
the two micrographs in general, Fig. 57b confirnagldrger particle size compared to Fig.
57a. The SEM micrograph at the higher magnificafitt®kx) shows a diameter of 1.41 pum
in the 2um EN co-deposition was measured (Fig. .58e) the other hand, Fig. 57b
represents the 10 um EN co-deposition showed amemiparticle size of 2.66 pm was
measured. These low sizes are probably due todbleerg’ effect.
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10_mic_b 10.0kV 11.8mm x10.0k SE(L)
Fig. 57: Particle size measurement in SEM micrograpof 8%YSZ (a) 2 um and (b) 10 um

The SEM micrograph in Fig. 58 shows the mixed srmaalll large particle sizes
together by a ratio of 50:50. It is obvious that tinorphology of the mixed particles is
rougher than the 2 um particle size micrographhesva in Fig. 55. There are obvious
surface pores in the micrograph that are repreddntehe dark area. This might be due to
the deposition of smaller and larger particles whigre smaller particles tend to cluster
around larger particles and caused uneven surfapesition which created more pores
(Berkel et al. 1994). This is encouraging in temhgorosity content but in terms of Ni
content as listed in Table 17, the mixed partites show a higher Ni content deposition

than either of the single-size deposits.

10nm

Fig. 58: Mixed particle size powder
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An SEM elemental mapping was carried out on th&sarof both 2 and 10 pum EN
co-depositions. The Ni elemental mapping of 2 a@duin are shown in Fig. 59a and 59b
respectively. The distribution of Ni elemental meggpin both EN co-depositions is
uniform with no sign of particle agglomeration iither co-deposition. This is very

promising for the application of SOFC anodes gwavides good network for electronic

conduction and thus lowers the percolation thretsludlthe anode (Pratihar et al. 2006;
Simwonis et al. 1999).

10um
Fig. 59: Elemental mapping of Ni distribution in (8 2 um (b) 10 um EN co-deposition

20um

4.1.3 Bath Agitation

Agitation helps improve the deposition of suspengedticles in an EN co-
deposition process (Sevugan et al. 1993). Theravayetype of agitation investigated in
this research; mechanical stirring and air bubblifipe purpose of varying the bath
agitation is to increase the amount of YSZ in tbating. Theoretically, agitation keeps the
particles in suspension and the suspended partidas the substrate will have a greater
chance to be co-deposited in the EN composite ropaflable 18 lists all the major
elemental compositions for EN composite coatingtfe two bath agitations at 250 and

500 ml bath volumes and similar particle loadin§5®g/l.
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Table 18 Major elements composition in wt.% and vol.% for stirrer and bubbler agitation

Agitation Mechanical Stirrer Air bubbler

Bath Volume 250 ml 500 ml 250 ml 500 ml
Elements Wt%  Vol% Wt% Vol% Wt% Vol% Wt%  Vol%
Ni 7995 6579 73.08 4832 7691 o©6le62 7532 5103
Zr 11.55 13.01 16.63 1505 1378 15.11 1469 13.62
Y 1.08 1.77 0.98 1.29 0.60 0.96 1.01 1.36
(¢) 3.79 1943 590 2431 447 22.31 465 19.63
P 3.64 1466 341 11.04 4.23 16.59 4.33 14.36

The lowest Ni content was obtained in the higheh balume for both methods of
agitation as illustrated in Fig. 60. In the curramrk, the minimum amounts of Ni in the
deposition is 48 vol.% by mechanical stirring aridv®!.% by air bubbling. Though this
value is still higher than the commercial SOFC anedlue, 50 vol.% is considered an
acceptable Ni content in SOFC anodes (Fergus 20@B). In the 250 ml bath volume, the
opposite behaviour was observed with air bubblimgng a lower Ni content than
mechanical stirring.

70
65 65.79

60
55 —&—Stirrer

50 51.03 —@—Bubbler
48.32

Ni Content/ vol.%

45

40
250ml 500ml

Fig. 60: Ni content at 250 and 500 ml bath volumeof stirrer and bubbler agitation

EDXA smart mapping of samples from both agitatiogtimods are shown in Fig. 61.
Ni elemental mapping revealed uniform distributiorboth mechanical stirring (Fig. 61a)
as well as in air bubbling (Fig. 61b). Uniform distition of Ni and YSZ is important in
SOFC anodes as it gives good electronic condugtand uniform CTE within the anode
reducing the possibility of anode cracking. Thiswh that both mechanical stirring and air

bubbling agitation methods are suitable in EN cped#ion for SOFC anode fabrication.
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BOum
Fig. 61: Smart mapping of Ni distribution of (a) mechanical stirrer (b) air bubbler

20um

The SEM micrographs in Fig. 62a and 62b show tivéase morphologies of EN
co-depositions using mechanical stirring and aibddng. Basically there is not much
difference between the two but as the scale ofttvee SEM micrographs are slightly
different, the air bubbling looks finer and morepptated with ceramic particles. What is

important is that there is no particle agglomerabo cracking within the deposition.

20um

30um

Fig. 62: SEM micrograph of EN co-deposition by (ajnechanical stirring (b) air bubbling

4.1.4 Bath pH

Altering the pH of the EN solution has been disedss the literature review — for
example where it influences the deposition rate #wedP content (Baudrand 1994). The
common pH range for an EN hypophosphite-based isdibtween 4 and 6 (Appendix A).
In this research, a pH range of between 3.4 andh&sdbeen selected to observe its effect

on deposition performance. The pH values of 34, 4.9 and 5.4 represent the pH values
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for well-below normal, just-below normal, normak (&andard) and above normal values

respectively.

The bath agitation method used was mechanicainstinn a volume of 250 ml and
using vertical substrate placement. Levels of déposthickness varied between 4 and 13
pm with the thinnest deposition, 4.38 um belongiogthe sample of pH 5.4 and the
thickest deposition, 12.6 um was for the sampleHrof 4.9 i.e. the standard pH bath. Note
that this latter result might have been due totiptaout’ during deposition as a result of
the chemical reaction becoming too vigorous anaifig out of the beaker. When this
happened, the heat was turned off to reduce tletioaaand therefore the temperature was
not at its optimum throughout the experiment.

Overall, the Ni content varied between 48 and 5B%o0AIl the major elemental

composition in both wt.% and vol.% for the fouressed bath pH are tabulated in Table 19
below.

Table 19 Major elemental composition at pH range 3.4-5.4

pH 3.4 pH 4.4 pH 4.9 pH 5.4
Element Wt.% Vol.% Wt.% Vol.% Wt.% Vol.% Wt.% Vol.%
Ni 75.26 48.14 78.97 56.78 79.95 57.38 78.31 56.71
Zr 12.98 11.36 10.64 10.47 11.55 11.34 12.70 12.59
Y 0.57 0.73 3.48 4.98 1.08 1.54 2.51 3.61
(©) 495 19.73 3.60 16.13 3.79 16.95 4.26 19.22
P 6.40 20.04 3.31 11.65 3.04 12.79 2.22 7.87

The trend of Ni content against bath pH is givelffig 63. From this figure, the Ni
content was increasing rapidly as the pH incre&ees pH3.4 to pH4.4 but then remains
almost constant. Even though the pH of 3.4 is éebcamon EN bath range, it showed the
lowest Ni content but bath pH values of between ahd 5.4 showed a consistency of

elemental analysis results.
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Fig. 63: Relationship of Ni content against bath pH

The relationship between plating thickness andrte of deposition equation is
discussed in the literature (Sevugan et al. 199Q\ation 4.1 simplifies the relationship to
give the deposition rate being directly proporticimathe co-deposition thickness. Thus the

rate of deposition can be calculated from the déposhickness.

e wx10* vV
Rate of deposition,r = = -

— =t - (41

LTt -« where w = weight ofdepositing
a = area in cm?
d = density in g.cc

t = thickness in cm

The literature discusses how the deposition ratd Bncontent are inversely
proportional to each other upon increasing the EthlpH (Baudrand 1994). This is
illustrated in Fig. 64. The P content decreasemfg® to 7.9 vol.% with increasing bath
pH. This trend is similar to the work carried oyt tther researchers previously (Henry
1984; Honma and Kanemitsu 1987).
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Fig. 64: Effect of bath pH on deposition rate and Rontent

The deposition rate found in this current rese@alot as described in the literature.
The deposition rate increased with bath pH up @bt then fell sharply to 8.8 pum/h at pH
of 5.4. The discrepancy between these results lavgktof Baudrand (1994) might be due
to a ‘plating out’ incident at a pH of 5.4 in whiehvery vigorous reaction caused solution
overflow and with the heat supply being removed,rsulting low temperature might have

caused the low deposition rate.

EN deposition is very well-known for its uniform cudense deposition. The main
benefit to fuel cell electrodes of changing the ipHo increase the amount of pores in the
deposition. Baudrand (1994) mentioned that byrialgethe pH, the rate of deposition is
increased. Theoretically, increasing the rate piogéion causes the particles to deposit in a
rapid random order where the particles do not fen@ugh time to settle uniformly thus
creating more pores or holes. Table 20 lists thehitwmedes porosity measurement for each

sample at different bath pH levels.

Table 20: Archimedes porosity fraction at varying 1

Bath pH t/ um m, m Pb Pt Porosity/ %
pH3.4 8.6 0.1720 0.1548 3.20 10.00 68.0
pH4.4 7.0 0.1168 0.1000 2.67 6.95 61.6
pH4.9 12.6 0.2612 0.2196 3.32 6.28 47.2
pHb5.4 4.4 0.0392 0.0276 143 3.38 57.8

The measured porosity ranges between 47-68% wathitghest value obtained at a
pH of 3.4. The value of porosity measured usinghinedes density was found to be too
high. Therefore, further investigation on the p Sample was run using a FEG SEM and
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the images are shown in Fig. 65. The images sh@wsthiface morphology at various
magnifications (a) 6k, (b) 10k and (c) 20k. Cleatg images confirmed the existence of
various pore spots in Fig. 65a and at higher magion (Fig. 65¢) the pores seemed to be

open or connected.

( j\
e J‘:"‘.

DB 10.0kV 7.8mm x10.0k SE(U)

DB 10.0kV 7.8mm x20.0k SE(U)
Fig. 65: EN Ni- 8YSZ (2um) and bath pH5.4 at varying magnification (a) 6k f) 10k and (c) 20k
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The porosity percentage gained by Archimedes methodisappointingly high
when compared to the FEG SEM — it seems not priogp@ait One possible cause might be
due to the very thin layer of deposition up to fewcrons to tens microns. Porosity
measurement using Image Pro-Plus software was ctedluAn SEM image of an EN co-
deposition (8YSZ, 2 um in bath pH5.4) is shown iig. B6a. This image was then analysed
using colour contrast for porosity measurement. fdtecoloured area was the amount of
porosity in the deposition (Fig. 66b). It can béreated that the coloured porosity area is
approximately 20%.

20urm

Fig. 66: Image Pro-Plus porosity measurement; (2)EBM image (b) porosity area mapping

4.1.5 Substrate Surface Treatment

A study of the condition of the substrate surfa@es warried out on an acrylonitrile-
butadiene-styrene (ABS) substrate by etching treatmThe ABS substrate surface was
etched by sulphuric acid in order to improve thdasie bonding between the polymer and
metallic coating (Teixeira and Santini 2005). Instihesearch, the surface of a ceramic

alumina substrate has been altered by two meanspeéchanical and chemical treatment.

Mechanical treatment was carried out by blastintp \&i strong air flow containing
brown alumina particulates for 1-2 minutes while themical treatment involved etching
the alumina tiles in a 5% hydrofluoric acid (HF) f& minutes. Both these treatments
promote variations in surface roughness and wemgpaced with each other and with an
untreated sample. Fig. 67 shows the optical imafedumina tiles of (a) as-received, (b)

after mechanical blasting and (c) after chemiocetieg respectively.
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Fig. 67: Alumina surface under optical microscope &1000x Brightfield Oblique function 3.0 (a) as-reeived
(untreated) (b) mechanical blasting (c) chemical ehing

The surface of as-received alumina shows a relgteeen surface as there were
only a few unfocused spots in the image (Fig. 6Fmwever, after being subjected to
mechanical blasting, the surface was rougher walleys of unfocused areas. In addition,

there was no evidence of alumina grain as seeiginéi#a and 67c. In addition, the image
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was darker than the other two which might be duditbcontamination from the brown

alumina blasting.

On the other hand, chemical etching of the alunshawed enhancement of the
alumina grain boundaries with an even surface. HReattacked the grain boundaries and
resulted in the image as in Fig. 67c. These thueface profiles were confirmed by talysurf

profilometer results of surface roughnesgirRum as tabulated in Table 21.

Table 21: Summarise surface roughness of treated alumina

Samples As-received Mechanical Blasting Chemical Efching

R,/ pm 0.71 0.69 1.04 1.02 0.04 0.56

The data from Table 21 confirms that mechanicaltinent by abrasive blasting
gives significantly higher surface roughness comgdo untreated and chemically etched
alumina. Even though the surface roughness for amtching seemed to be less than as-
received, the enhancement of the grain boundareg pnovides good ceramic - metal
surface bonding in terms of micro scales. The aptiicrographs in Fig. 68 show the
difference in deposition surface microstructure ronachanically and chemically treated
alumina. The obvious difference is that the amaintblack dots’ in the mechanically

treated substrate deposition is higher than ircHemically treated sample.

Fig. 68: EN co-deposited on (a) mechanical treatedumina (b) chemical treated alumina under opticaimicroscope
at 1000x Brightfield - oblique 2.5
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The elemental composition in both wt.% and vol.%aisulated in Table 22 for all
substrate surface conditions. Generally, the nrachby blasted substrate showed a higher
Ni content but this is not borne out by the numloér‘black dots’ in the optical
micrographs. Therefore the initial assumption tiat ‘black dots’ were representing the
YSZ particles is not valid.

Table 22 Element composition in weight and volume percent

Element As-received Mechanical Blasting Chemical Etching
Wt./ % Vol.% Wt./ % Vol.% Wt./ % Vol.%
Ni 73.08 48.32 89.97 72.54 86.43 67.10
Zr 16.63 15.05 4.87 5.36 7.28 7.74
Y 0.98 1.29 0.10 0.16 0.83 1.28
(©) 5.90 24.31 1.82 9.14 3.02 14.61
P 3.41 11.04 3.24 12.79 2.44 9.27

The Ni content composition in vol.%, depositioncktmess in um and surface
roughness in pin is summarised in the graphs showviag. 69. It reveals the as-received
having the lowest Ni content and the highest theslsndeposition. Comparing blasting and
etching, both Ni content and deposition thickneik ribt vary significantly. The trend
between Ni content and the surface roughness iedicthat the surface condition
influences the amount of particles embedded irctimeposites.

80
[ 7 % 67.10
60 ——Ni Content/
20 ¥ 41832 vol.%
40 4058 =@—Thickness/
um
30
27.45 .
20 23.62 Ra/ pin
10 B-13.0
\.—Gh. 5.0
0 T T 1
As-received Blasting Etching

Fig. 69: Relationship of Ni content, deposition tlikness and surface roughness against substrate sacé condition
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SEM micrographs of both surface treated depositayescompared in Fig. 70. The
mechanically-treated surface is found to contaimengurface porosity represented by the
black spots or areas. In Fig. 70b, the etchingaserimorphology was shown smoother and
denser with no black spots or area. Based on ttveseéSEM micrographs, the rougher
surface area has more porosity as expected. Im twadarify this, further examination was
carried out on the samples under FEG SEM in ormerapture better quality and higher

magnification images.

Fig. 70: sénl\uﬂmmicrographlat 2000x magnification of &) mechanzi::Uz:I blasting and (b) chemical etching deysition
The images of FEG SEM at various magnificationsnfrb-20k are shown in Fig.
71. The images compare mechanical blasting (alj@san the left represented by a, ¢ and
e) and chemical etching (all images vertically loa tight represented by b, d and f). At the
1000x magnification, Fig. 71a (mechanical) indidateore highly populated black areas
compared to Fig. 71b (etched). The chemically etcheface morphology is flatter.

At 5000x magnification, the difference is more @us and it is confirmed that the
black areas or spots were the pores. At even highagnification (20,000x), the
mechanically blasted deposition (Fig. 71e) exhibisny open or connected pores which

are highlighted with white circles compared to themically etched deposition (Fig. 71f).
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Fig. 71: SEM micrographs at 1k, 5k and 20k magnifiation. Mechanical treated surface deposition (lefta, c, €) and
chemical treated surface deposition (right: b, d,)t

4.1.6 Substrate Orientation

A study by Kalantary et al. (1993) highlighted thgportance of the orientation of
substrate angle during deposition in influencingipkes deposition. The target of varying

the substrate orientation in this research is totlge highest amount of particle deposited
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within thedepositiol. All previous experiments were basedtbaalumina substrate being
held vertically in theEN bath. Now, the position of the substrizt&N bath wa made to be

either horizontabr vertical.The Ni coated side was faced downwaThe major elemental
compositions of ENa-depositions at these two substrate oggats are tabulated in Table
23 below.

Table 23: Hemental composition in vo.% for varying substrate orientations and bath agitation

Orientation Vertical Horizontal

Element Stirring Bubbling Stirring Bubbling
Ni 48.32 51.03 55.35 50.31
Zr 15.05 13.62 1241 14.03
Y 1.29 1.36 2.21 0.56
(@) 24.31 19.63 20.55 20.45
P 11.04 14.36 9.49 14.65

One ofthe mainSOFC anode requirements is that thecbitent should be as low
as 30-40 vol.%Variation of Ni content in vol.% against substrateentation and agitatio
method is illustratedh Fig. 72, which shows that the lowedit conten was obtained with
48 vol.%. Thiswas due to a combination of vertical orientatiod mechanical stirring. For
horizontal orientation, air bubbling gave the lowids content (highest ceramic depositic

— perhaps due to the upward rising obbles on to the horizontal substr

Vertical
H 54-56
52-54
m50-52
m 48-50
Horizontal
Stirring Bubbling

Fig. 72:Ni content in vol.% for varying substrate orientations and bath agitation
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The relationship of deposition thickness againbstate orientation at varying bath
agitation is given in Fig. 73. Again, the verticalbstrate orientation has more significant
effect on deposition thickness compared to thezbatal. Varying bath agitation methods
showed an opposite trend as the substrate orientatiried from vertical to horizontal. In
conclusion, stirring has greater effect than thbhting. Typical anode thickness for flat-
plate electrolyte supported SOFC ranges betweehOR5am (Minh and Takashi 1995).
The maximum thickness (13 pum) obtained in 30 mmukeposition was half of the typical
commercial anode and this can be optimised by asong the deposition time or carrying
out a multi-layer deposition.
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Fig. 73: Deposition thickness against substrate @ntation
4.1.7 Ceramic Materials

As stated in the literature section, ceria is aaraitive ceramic phase in the anode
material since it has mixed conducting (electramd ionic) property but it is not stable at
higher temperatures (above 80D and low partial pressures £R10%°) (Orera et al.
1994). The most common and promising ceria-basedleams nickel-gadolinium doped
ceria (Ni-GDC) but ceria stabilised zirconia (CeSZ)a new material in this application
and worth investigating. Therefore a comparisoNie8YSZ and Ni-13CeSZ was analysed
and compared in this work. As Ni-YSZ was succe$sfohanufactured via EN co-

deposition, the same applies to Ni-CeSZ and waseecgby EDXA spectrum in Fig. 74.
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Spectrum 1

XA spectrum for Ni-CeSZ EN cepositior

All major elements, Ni, Zr and Ce peaks were inghectrum. All major element
composition in wt.% and vol.% are tabulated in €a#4. The difference of Ni content
wt.% was not significant to be considered as amague

Table 24: Elemental composition of Ni-CeSZ ENlepositior in vol.%

Mechanical Stirring Air Bubbling
Element Wit.% Vol.% Wt.% Vol.%
Ni 75.64 54.14 76.11 50.86
Zr 14.49 14.20 11.75 10.75
Ce 2.46 2.32 2.35 2.07
(©) 3.53 15.74 4.81 20.03
P 3.88 13.60 4.98 16.29

An elemental mapping (Ni and Ce is given in Fig. #band75b respectively. The
distribution of Niis found to be uniformwith no sign of agglomeration. As (
composition is less than Ni, the distribution wast @as populou: but generally it is
populated evenly across the area. Even though pridepositioi Ce powders tend to
agglomerate and required soft crushing before pguimto the EN bai, the mapping
showsno sign of agglomeration of Ce powc.
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a0um
Fig. 75: Smart mapping of (a) Ni (b) @ distribution

EN co-depositiol of both Ni-CeSZ and Ni-YSZ havli contentin the range of
between 48 t®62 vol.% which were obtained bgnechanical stirrin and air bubbling
agitation. Fig. 7&ummariss the 3D relationship of Ni content against Eco-depositions
and bath agitation methodit is concluded that for Ni-CeSZhe lowest Ni content was
obtained with air bubbling wherefor Ni-YSZ, thelowest Ni content was obtained w
mechanial stirring. Comparing the two Eco-depositions, N¥SZ gav¢ the better anode
compositan terms of having tr lowest Ni content.

60

H60-62
56
; 56-60
52 Bubbling
48 W 52-56
Ni-YSZ Stirring H48-52

Ni-CeSZ

Fig. 76. Ni content against EN composites and bath agitain

4.1.8 Deposition Time

In theory, depositiol thicknessshould be directly proportional to ttdeposition
time. There is als@ stud' that showing that porositgecrease as deposition thickness
increasegDas and Chin 195. As one of the objectivesf this research ito increase the
amount of porosity in the composite, this theorynigestigated irthe EN Ni-YSZ system.
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Previously all thedepositiols werecarried out over a period 30 minutes. Now the
deposition timesvere varied between and120 minutes to observe Icontent as well as
porosity fraction.The alumina substrates used w@® by 25 by 1 mm dimensi for this

work.

The trend showe a rapid decreasan Ni content between 3land 60 minutes
depositiontime then gradually increasi between 60 and20 mnutes. The results are
summarised in Figl7. The lowest Ni content was obtained &0aminutesdeposition time
with 54.74 vol.%.The highest Ni valuwas 61 vol.% obtained in 30 minutdeposition
time. Even though there are many other factorsrtiight influence the performance of E
deposition based on this observation, it can be concludatittie optimundeposition time

for low Ni content is 60 minute

65

60

T ———

Ni Content/ vol.%

55 %
50 58
30
60

90
Coating time/ min 120

Fig. 77: Ni content against depositiotime relationship

Porosity leves at different deposition times weneeasured usit the Archimedes
buoyancy methodndis illustrated in Fig. 78In general, the trend is linewith a negative
slopeindicating that porosity was inversely proportionaldepositiol time. There is an
outlier at 90 minutedeposition time that gives the highgstrosity fraction with 61.4%.
Overall, the invers proportiol of porosity fraction againstepositiol time is encouraging
as it follows the theory. Increasiidepositiontime should increasdeposition thickness and

reduce amount gjorosity in thedeposition (Das and Chin 1959).
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Fig. 78: Porosity fraction against deposition time
4.1.9 Particle Loading

Increasing the amount of particles in the EN batipefully will increase the
possibility of particles being embedded in the EiNdeposition. The amount of particle
added in a specific bath volume is termed as ‘Elartoading’. Previous studies carried out
on any other inert particles showed that depositbrparticles in the composite was
directly proportional to the particle loading (Shit al. 2006; Vaghefi et al. 2003).

This work consists of varying the particle loadimegfween 12.5 and 100 g/I. The Ni
content was again obtained via EDXA and the refstigp between Ni content and particle
loading is given in Fig. 79. The Ni content decezhsapidly from 57 vol.% to 34 vol.% for
particle loadings of 12.5 g/l and 25 g/l respedsiv&his indicated that in the co-deposition,
increasing particle loading increases patrticle ipocation in the deposition from 43 vol.%
to 66 vol.% as Ni content is inversely proportibtwathe particles content. It then appeared

that increasing particle loading to greater thamg2%lid not give any significant increase in
particle deposition in the composite.
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Fig. 79: Ni content against particle loading

The study byKalantary et al. (1993) reported thaibadingof more than 15 g/l in a
Ni-SiC system caused extensive foam that red the plating rate Another study by
Vaghefi, Saatchi et ¢ (2003) reported that maximum of 10 g/gives a maximum of 33
vol.% particles contenFrom this current workif can be concluded that particle loading
directly proportional to particle content up to @b The particleloading over 25 g/l gives
a plateau irfNi conten. The particle content obtained at @5 particle loadings 66 vol.%
and isequivalent to 3 time¢ more than reported in the previous studies at 8 g/l part
loading(Vaghefi et al. 200x.

4.1.10 Bath Loading

The bath loading is the ratio depositionsurface to the ath volume. According to
the Schloetter (2006hanual sheet, thminimum bath loading is 0.25 ¢/I and the ideal is
1.2 dnf/l. As thedepositiol surface was 25 by 25 mm, the batiiume should be at least
50 ml which givesa 1.25 dnd/l bath loading whicHust exceec the ideal recommended
bath loading.The bath volume wachangedfrom 50 ml to 300ml.Therefore the bath
loading varied between 1.2dm?/I and 0.21 drfil i.e. it fell betweenjust above the ideal
and just below the minimum bath load.

A scatter plot of Ni content obtained by EDXA agaibath loadings given in Fig.

80. It shows a polynomial trendline with the high&Btcontent observed at bath loadi

lower than minimum recommended bath loading. Theeki Ni content was obtained a

bath loading of 0.63 d%/I where the bath volume was 100 ml. Exponentietéasesn Ni
content were observed above and below the batlnigadf 0.63 dr?/.
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Fig. 80: Ni content against bath loading

Similar to the Ni content trend, the depositiorckiniess of the composite also shows
a polynomial trend. Fig. 81 shows the relationstfigleposition thickness to bath loading.
In general, the deposition thickness reduces wittreasing bath loading. The lowest
thickness was obtained at bath loading of 0.63/Idive. where the lowest Ni content was

obtained as discussed previously.
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Fig. 81: Relationship between deposition thicknesand bath loading

4.1.11 OFAAT Conclusions

EN co-deposition has been successfully achieved witceptable deposition
thickness and promising YSZ to Ni ratio content 8DFC anode application. The 9 EN
factors are: ceramic particle sizes, bath agitatioethods, bath pH, substrate surface
treatment, substrate orientation, ceramic mater@position time, particle loading and
bath loading were investigated independently.
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The measured elemental composition of EDXA reprssire Ni content in the EN
co-deposition or the Ni to YSZ ratio. Ni contentadf the samples in 9 OFAATSs obtained
ranged between 33 and 73 vol.%. The depositiokkrless varied from as low as 4.4 um to
20.8 um in a standard of 30 minutes deposition.tifimes is comparable to the average EN
deposition thickness by other studies which wagl20in an hour. The measured porosity
fraction in 2 out of 9 OFAATSs and porosity fractgoabtained ranged between 57 and 68%.
The summary of all OFAAT experiments are tabulate@able 25.

Table 25: Summary of all 9 OFAAT experiments

Parameters Variables Observations
Ni/vol%  Thickness/ um Porosity |/ %
1  Particle size 2 um 48.32 13.0
10 um 49.23 8.0
Mixed 67.96 4.8
2 Bath agitation Stirring 250ml 65.79 12.6
Stirring 500 ml 48.32 13.0
Bubbling 250 ml 61.62 7.3
Bubbling 500 ml 51.03 13.8
3 Bath pH pH3.4 48.14 8.6 68.0
pH4.4 56.78 7.0 61.6
pH4.9 57.38 12.6 47.2
pHB5.4 56.71 4.4 57.8
4 Substrate surface As-received 48.32 13.0
treatment Mechanical blasting 72.54 6.3
Chemical etching 67.10 5.0
5 Substrate orientation Vertical bubbling 48.32 12.6
Vertical stirring 51.03 7.3
Horizontal stirring 55.35 8.3
Horizontal bubbling 50.31 8.8
6 Ceramic materials YSZ stirring 48.32 13.0
YSZ bubbling 61.62 7.3
CeSZ stirring 54.14 6.9
CeSZ bubbling 50.86 10.1
7 Deposition time 30 min 60.64 12.2 47.5
60 min 54.74 6.2 36.8
90 min 56.20 14.2 614
120 min 57.58 11.2 12.0
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8  *Particle loading 12.5 g/l 57.01 20.8

25 g/l 33.57 16.0
50 g/l 38.50 7.0
100 g/1 36.36 20.0
9 Bath loading 1.25 dm?/l 58.17 16.6
0.63 dm?*/1 53.26 4.4
0.42 dm?/1 57.12 7.8
0.31 dm*1 60.59 12.8
0.25 dm?/1 57.38 12.6
0.21 dm*/1 62.94 5.6

*These values were determined using the HITACHI FEG SEM

The 9 OFAAT parameters were found to have an efbecthe YSZ to Ni ratio,
coating thickness and also porosity. A successi $¥ composite coating of 13 pm thick
was confirmed by the existence of major elemergakp of Ni, Zr, Y and P. The lowest Ni
content was obtained for the samples tested féerdifit particle loadings. However, due to
the Cambridge SEM being under repair, the Ni cdntenthe anodes of samples for
‘particle loading’ in point 8 (Table 25) above wemeasured using a FEG SEM with fully
guantitative EDXA software. In order to determinee tdifference between the two
analysers, five other samples were analysed latebath machines and the results are

presented in Table 26.

Table 26: Comparison of elemental analysis compogih on both SEM machines

Elements Cambridge SEM/ vol.% FEG SEM/ vol.%
#o #H7 #12 #46 #H47 #o6 H#H7 #12 #46 #H47
Ni 61.38 52.31 57.60 61.28 52.66 36.70 3834 3331 3958 37.16
7r 871 15.78 12.76 10.78 15.72 1042 14.30 1046 1046 13.23
Y 0.64 1.92 2.06 0.636 2.16 0.00 0.00 0.00 0.00 0.00
14.82 20.60 1742 15.02 19.61 29.21 25,51 3505 2585 2287
P 14.45 9.39 10.16 12.28 9.86 2367 2184 21.18 2411 206.74

The results showed that the Ni content obtainedgutiie Cambridge SEM was
higher than those obtained using the FEG SEM. Témental analysis in the FEG SEM
was carried out after analyser calibration usingabalt standard and the following

conditions: 25 keV, x2000 magnification and expestime for 50 seconds. Despite these
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differences in the elemental analysis of the twazes, it is emphasised all except four
of the samples analysed were carried out on thees8EM and so any analyser errors

would be similar for all these samples.

As mentioned earlier, the targets of the work argedt low Ni and high porosity
content in the deposition. Particle size and bajitaton parameters were shown to be
important and this finding was confirmed by mangrkture sources. In bath pH OFAAT, it
was proven that this affected the porosity cont®&ased on materials and equipment
availability together with the outcomes of the OFRAhe following 4 parameters were
selected for the Phase 2 DoE work. Particle siz&samd 10 pm, with mechanical stirring
and air bubbling agitation, bath pH 4.9 and 5.4d aubstrate surface treatment of

mechanical blasting and chemical etching were ahose

The other five parameters were kept constant. S&rtsubstrate orientation is
preferred to horizontal as it gave the lowest Nateat. 8YSZ ceramic particle is readily
available in both 2 and 10 um patrticle size. A dggoan time of 60 minutes was found to
be reasonable, to conduct the next 80 run expetsnén addition, 60 minutes deposition
time resulted in the lowest Ni content and gaveragmately 40% porosity fraction.
Particle loading was maintained at 50 g/I. Battdiog for deposition surface area of 25 by
25 mm was decided to be 0.63%m

The second phase of the work consists of DoE of farameters; particles size,
bath agitation, bath pH and substrate surfaceneatt at two levels. The levels are the
variables selected for each parameter. A flilfa2torials were constructed and the details

were discussed in the methodology section.

4.2 Design of Experiments

This part is the second phase of the overall wlirkonsists of the experimental
work based on factorials DoE approach — a full daat design of 16 runs with 4
parameters at low and high levels and was replictate times. A total of 80 samples were
collected and analysed. It is predicted that partsize and bath agitation parameters will
boost the amount of YSZ in the composite while thand surface treatment parameters

will induce more porosity in the composite. Theggadameters are combined and arranged
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in standard Yates order. Particle size of the posvdé 2 and 1Qum; bath agitation in
stirring and bubbling; bath pH of 4.9 and 5.4; anbstrate surface treatment of mechanical
blasting and chemical etching.

DoE factorial analysis does not compare resultsnaga control or standard but
evaluates all the parameters and their interactiebseen the levels. It determines if there
is a statistically significant difference amongrthelhis study evaluates four effects at high
and low levels on the Ni to YSZ ratio and porosigntent. The desired responses of the
DoE are low Ni to YSZ ratio and high porosity camttéThe experiment responses are in Ni
content and porosity fraction where the ideal respcshould have the lower-the-better and

higher- the-better characteristics respectively.

The effects of the parameters were analysed usimga¥d 15 through analysis of
variance (ANOVA). There are a number of availaligistical software widely used in
industry as well as in academic such as Design4ExpBIP and Minitab (Montgomery
2009). Minitab is a very well known software to @stigate DoE especially in industry. It is
a tool that is very user friendly and easy to iptet. The tools provided by the software

helps simplify the understanding of the analysis.

4.2.1 Ni to YSZ Ratio

One of the DoE responses is to minimise Ni to Y&#or The design parameters
are more conveniently labelled as A for particleesiB for bath agitation; C for bath pH
and D for substrate surface treatment. The vasatldigh and low level are coded as +1
and -1 respectively. The Ni content (Ni to YSZ eatiesponse of 5 replicates of the 16 DoE
experiments arranged in Yates standard order amdnruandom are given in Table 27.
Each replication was duplicated three times anda@esl to give the replicated value. The
last two columns contain sample megn,and sample variance ®f the ‘Ni Content’

response on the five replicates in vol.%.
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Table 27: Ni content response in vol.%

Std Ni Content/ vol.%
A B C D ¥ s?
Order R1 R2 R3 R4 R5
1 1 1 1 1 5111 5521 5355 5685 5521 5439 1.94
2 1 1 1 | 5025 5455 4955 5351 54.64 5250 2.17
3 1 1 1 1 5838 5876 50.11 5802 5624 56.30 3.22
4 1 1 1 1 5444 4394 5327 4447 5333 4989 4.67
5 1 1 1 1 5835 5755 5537 57.96 6061 5797 168
6 1 1 1 | 5618 5276 4886 5278 51.19 5235 2.39
7 1 1 1 | 5692 5746 5422 5636 5850 56.69 142
8 1 1 1 1 5627 5857 5539 5307 5515 5569 1.78
9 1 1 1 .1 5636 56.16 5682 4894 57.16 55.09 3.09
10 1 1 1 .1 5319 5102 4762 5321 5603 5221 280
11 1 1 1 .1 58535 5885 5104 57.57 5608 5642 2.86
12 i1 1 1 .1 5529 5446 5050 54.16 5441 5376 1.68
13 1 1 1 .1 5815 5669 5489 57.70 57.60 5701 1.16
14 i1 1 1 .1 5327 4846 5345 5057 51.61 5147 1.85
15 1 1 1 .1 5847 4988 5875 5705 5584 56.00 3.23

16 1 +1 41 .1 5700 5281 5376 5336 5362 5411 148

The standard deviation? shows the variability or dispersion of Ni contémieach
experiment run. It indicates that all 16 runs do¢ wary very much from the mean. The
normality of the data was represented by residloas @s in Fig. 82. Residual plots are the
plots of residuals in time order of data collectimndetect the correlation between the

residuals. The plots consist of normal probabilitigtogram, versus fits and versus order.
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Residual Plots for Ni/ vol%
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Fig. 82: Residual plots of the reduce model for Niontent response

Normal probability plot of residuals with a blugasght line gives an impression
that the error distribution is approximately normethe tendency of the normal probability
plot to bend slightly downwards and upwards is ptadde and anticipated in the normal
distribution. There is no apparent outlier in thetpThis is confirmed by the histogram of
the residual where the errors were normally digted with a bell-curve shape slightly

skewed towards larger values (skewed to the right).

The residual versus fitted value plot verifying wiex or not the experimental
model and the assumption are satisfied. The resjgloa against fitted value in Fig. 82
shows balanced fixed effect models (equal sampe i all treatments) indicating the
assumption of homogeneity of variance was satisfié@ variance is constant throughout
the fitted ranges in a constant band.

The residual versus order plot is used to checldtifeof the variance during the
experimental process. The error variation fortadl 80 samples are balanced and randomly
distributed around zero with residuals leaning talsanegative as in the histogram. This
confirmed that there is no drift in the procesd. iAlall, the data is normal and normally
distributed.
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Analysing the DoE results involves separating theartant effects from the less
important ones after obtaining all the interacdfects. This can be achieved by setting the
required significant levelafvalue) usually to a 0.05 level of significance enumonly
known as P-value approach. The P-value is the f€ytrobability value of the highest level
of significance that can be accepted. The detdiésttmated effects and coefficients for all
four main parameters, six 2-way interactions, f@away interactions and one 4-way
interactions are given in Table 28. The term ‘Caethe standard coefficient, ‘'SE Coef’ is

the standard error of coefficient and ‘T’ is thé€Bt output.

Table 28: Estimated effects and coefficient for Ncontent

Term Effect Coef SE Coef T P
Constant 54.491 0.3126 174.34 0.000
A -3.483 -1.742 0.3126 -5.57 0.000
B 0.734 0.367 0.3126 1.17 0.244
C 1.341 0.671 0.3126 2.15 0.036
D 0.036 0.018 0.3126 0.06 0.954
A*B 0.494 0.247 0.3126 0.79 0.432
A*C -0.027 -0.013 0.3126 -0.04 0.966
A*D 0.246 0.123 0.3126 0.39 0.696
B*C 0.188 0.094 0.3126 0.30 0.765
B*D 0.393 0.196 0.3126 0.63 0.532
C*D -1.065 -0.533 0.3126 -1.70 0.093
A*B*C 1.571 0.785 0.3126 2.51 0.015
A*B*D 0472 0.236 0.3126 0.76 0.453
A*C*D -0.447 -0.224 0.3126 -0.72 0477
B*C*D -0.501 -0.250 0.3126 -0.80 0.426
A*C*B*D -0.714 -0.357 0.3126 -1.14 0.258
S=279557 PRESS - 781.521

R-Sq - 44.13 R-5q (pred) - 12.70% R-5q (adj) - 31.03%

The ‘P’ column represents the P-value. Any P-vdags than 0.05 indicates the
effect is significant. Referring to Table 27, maarameter A and C are significant and 3-
way interaction of ABC is significant. The ‘Effeatolumn represents the relative strength
of the effects. The value is relatively proportibteathe effect i.e. the higher the value, the
greater the effect on the response. This again astidiae highest effect is A followed by C
and then the 3-way interaction ABC.
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Filtering out the insignificant effects, ANOVA redes the full model which
includes the two main effects and one three-wagraation. The reduce model ANOVA
table (Table 29) shows P-values of both main effactd 3-way interactions less than 0.05
indicating well-fitted model. The main effects saél here are particle size, bath agitation

and bath pH as the 3-way interaction involving éh#see parameters.

Table 29: ANOVA of the reduce model for Ni content

Effect Sum of Square DF Mean Square F P
Main effects 289.381 3 96.460 13.00 0.000
3-way interactions 49.329 1 49.329 6.65 0.012
Residual error 556.468 75 7.420
Total 895.179 79

4.2.1.1 Main effects

There are four main effects that were analysechbyDoE namely particle size (A),
bath agitation (B), bath pH (C) and substrate serfaeatment (D). The Pareto chart (Fig.
83) set a reference line of 1.998 and any effdwas éxtend past this reference line are
considered potentially important. Effect A was fduo be extremely important with the
highest effect of 5.6 followed by the 3-way intdrags of ABC and effect C which barely
past the reference line. There were two effects dha closest to zero and they are D, the
substrate surface treatment effect and AC, thedoten of particle size and bath pH. This

will be further discussed with reference to theefffand the interaction plots.

Pareto Chart of the Standardized Effects
(response is Ni/ vol%, Alpha = 0.05)

1.998

A- I Factor Name

A Particle size
ABC— B Agitation
Cc- c Bath pH
D

Surface treatment

0 1 2 3 4 5 6
Standardized Effect

Fig. 83: Pareto chart of the standardized effectsof Ni content response
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The main effect plot of all the four main effecnmely particle size (A), agitation
(B), bath pH (C) and substrate surface treatmentigDllustrated in Fig. 84. The main
effect plot is a plot of the mean Ni content in.%lat each level of a design parameter.
The bigger the difference between the high and lewvels, the higher is the effect.
Referring to Fig. 84, it is clearly indicated ththe most significant factor is A with 3.483
strength effects followed by C (1.341), then B @) and lastly D (0.036). The effect of
parameter D is almost zero, since there is almodifierence between the high and low

level.

Main Effects Plot for Ni/ vol%
Data Means

Particle size Agitation
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Fig. 84: The main effect plots for Ni content respose

Generally, by referring to the main effect plot ebpparticle size at high level, bath
agitation at low level and bath pH at low level githe lower Ni content. This concluded
that the main effects that influence the EN co-dépmm process for lower Ni to YSZ
deposition are particle size and bath pH. Generpéiyticle size (A) effect at high level (10
pm) and bath pH (C) at low level (pH 4.9) gives éowWNi to YSZ ratio. The interaction

between factors will be discussed in the next sdbi@n.

4.2.1.2 Interaction effects

The interaction effects consist of all possiblefiattions in 2-way, 3-way or 4-way.
The particle size (A) and bath pH (C) are the g$igant main effects. The interaction
between these two main parameters was importaandtyse. The interaction plot in Fig.
85 illustrates the interaction between these twatofa. The parallel lines indicated that

there is no interaction between parameter A an&ven though they both have a high

135|Page



variance between the two levels, they are bothpeddent from each other. This means
varying the bath from pH 4.9 to pH 5.4 does natetfthe amount of Ni deposition both for

low and level particle size.

Interaction Plot for Ni/ vol%
Data Means

571 Particle
size
/ -1
—m— 1
56

554

Mean

54-

53 -

52 -

Bath pH

Fig. 85: Interaction plot for Ni content response ltween particle size and bath pH

Based on the Minitab analysis on Table 26 and Bareart, the most significant
interaction is the 3-way interactions between fexctd, B and C. A contour plot shows
variation of A with C where B is kept constant fair bubbling (-1) (Fig. 86a) and
mechanical stirring (+1) (Fig. 86b). Under air bliby, the high level particle size (+1)
shows lower Ni content with no effect in varyinglbaH from pH4.9 to pH5.4 as shown in
Fig. 86a.

The amount of Ni content increases as pH incre@asesrds pH5.4 and patrticle size
reduces to 2 um. This indicates greater influeqtHnchange as the particle size decreasing
to the low level of 2 um (-1). The opposite trendswbserved under mechanical stirring
agitation as shown in Fig. 86b. At the low leveltjmde size (-1), changing the bath pH has
insignificant affect on Ni to YSZ ratio. Ni contegtadually decreases as the particle size

increases towards the high level (+1) and the pEtklecreases to the low level (-1).
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a Contour Plot of Ni/ vol% vs Bath pH, Particle size
1.0

Ni/ vol%
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b Contour Plot of Ni/ vol% vs Bath pH, Particle size
1.0
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Fig. 86: Contour plots for Ni content, pH and particle size at (a) low level — air bubbling and (b) lgh level —
mechanical stirring agitation

Therefore, the best deposition parameter combimafto the 3-way interaction
based on this observation are high level partice sf 10 um, low level bath pH of 4.9 and

high level agitation of mechanical stirring (A+1B3-1).

4.2.1.3 Optimum condition for Ni to Y& ratio

The significant main effects are the particle sf2¢ and bath pH (C) and the
significant interaction effect is the 3-way ABCeanaction. The best optimum condition to
achieve low Ni to YSZ ratio can be justified by eaering all significant factors
combination of A, B and C as in Table 30. The lowkl$é content was obtained at
combination of A+1B+1C-1 with 51.83 vol.%. This meahe optimum condition for low

Ni to YSZ ratio can be achieved with particle sidel0 pm under mechanical stirring bath
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agitation at bath pH of pH4.9. The substrate serfagatment either by chemical etching or

mechanical blasting has little influence to thegess parameter.

Table 30: Ni content values of all low and high cobination for ABC

DoE Parameters Mean Ni Content in
A B C vol.% of ABC
+ + + 55.40
+ + - 51.83
+ - + 51.91
. _ - 52.36
- + + 56.35
- + - 56.36
- - + 57.46
- - - 54.74

Thus to achieve low Ni to ceramic ratio, the coiodis are (1) large particle size of
10 pm, (2) mechanical stirring agitation and (3)hbpaH of 4.9. Larger particle size was
found easier to be co-deposited in EN deposititierathan smaller particle size. This was
supported by Balaraju et al (2006) on alumina povsiees of 50 nm, 0.3 um and 1.0 um
that resulted in the highest particle incorporatri.0 pm particle size. A study done by
Vaghefi et al. (2003) showed 33 vol.% ofBparticle with particle size ranges 5-11 pm
which indicates that larger particle sizes givehkigparticle incorporation in the EN

composite.

In terms of bath agitation, it is crucial to ke@p particles in suspension throughout
the deposition (Sevugan et al 1993). Mechanicalirsgi showed higher incorporation of
particles in this research compared to air bubblibhgshould be noted that this is in
contradiction to the finding by Vaghefi (1997) inleeroless nickel-phosphorus-
molybdenum disulfide which showed that air purgimgs better than magnetic stirring.
However, the particles used in this research wenamngic YSZ which, in terms of
inertness, wettability and particle stability te thubstrate (Necula et al. 2007, Apachitei et
al. 1998) are different to the study by Vaghefi.fBsthe bath pH, it is shown that a higher

bath pH caused a higher deposition rate in coneeatiEN deposition (Baudrand 1994).
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Thus at a higher deposition rate, it is possibbg thss ceramic particles were able to be
dragged along in the EN co-deposition. This resdulte the observation that the

incorporation of ceramic particle is higher at loyél of 4.9 than at 5.4.

The typical SEM micrograph for most DoE samplesssshown in Fig. 87. The
ceramic YSZ phase was uniformly distributed. Thewese some SEM micrographs that
show agglomerations or unevenly distributed cerav®2 phase. The sample of Expt.6,
Rep.1 (2 um particle size, air bubbling, pH4.9, éi€hing) has SEM micrograph as shown
in Fig. 88. The SEM micrograph pictures two sepamateas of highly populated white
(ceramic) particles on the left and mostly greyaa(®li matrix) on the right. It was
confirmed that spectrum 1 (Fig. 88a) had lower hintent indicating high ceramic co-
deposition compared to spectrum 2 (Fig. 88b). Ahhinagnification, the high populated

ceramic area (agglomeration) is shown in Fig. 89.

alum

Fig. 87: Typical SEM micrograph for DoE sample of §.21wt.%Ni

f 100pm 1 Electron Image 1 100pm Electron Image 1

Fig. 88: SEM micrograph (a) spectrum 1 of 62.69 wib Ni (b) spectrum 2 of 70.45 wt.% Ni
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S0um .
Fig. 89: High magnification of agglomeration area

4.2.2 Porosity Content

Porosity content up to 40% in SOFC anode is onehef requirements to be

fulfilled. The porosity content requirement for SOBnode is 30-40% (Koide et al. 2000).
Average porosity contents for the 16 runs werderanges of 17-67%. The DoE approach
was conducted to evaluate 4 parameters at highoantevels in order to get the optimum

condition for highest porosity content. Theoretfigait is predicted parameters C and D
will have greater influence in increasing the pdgosontent. The porosity response of all

the 80 samples is listed in Table 31. The meansstardtiard deviation for the 16 runs are

given in the last two columns.

Table 31: Porosity response of the 80 samples

Std Porosity Content/ % _ )
A B C D v S
Order R1 R2 R3 R4 R5

1 -1 -1 -1 -1 3096 1636 11.11 11.58 1644 17.29 7.20
2 +1 -1 -1 -1 36.62 4357 1333 2848 14.03 2721 1203
3 -1 +1 -1 -1 824 5163 5259 6500 2941 4137 20.15
4 +1 +1 -1 -1 2258 2842 1529 50.16 3961 3121 12.37
5 -1 -1 +1 -1 2000 30.57 1862 2250 3091 2452 523
6 +1 -1 +1 -1 6.67 1398 29.60 16.28 2702 1871 850
7 -1 +1 +1 -1 4987 2000 5692 5000 3538 4243 13.23
8 +1 +1 +1 -1 4725 2222 4462 2000 5048 3691 13.06
9 -1 -1 -1 +1 4824 20.00 3231 4128 3143 3465 9.58
10 +1 -1 -1 +1 6779 5273 2000 2542 3185 39.56 17.96
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11 -1 +1 -1 +1 62.03 5443 6000 7739 79.13 6660 986

12 +1 +1 -1 +1 3556 75.17 26.67 46.09 3800 4430 16.63
13 -1 -1 +1 +1 4750 4492 7846 54.78 3739 5261 14.07
14 +1 -1 +1 +1 5700 2645 1368 491 2693 2579 17.65
15 -1 +1 +1 +1 71.00 4333 5538 7636 5048 5931 1246

16 +1 +1 +1 +1 6.67 2500 6333 933 2200 2527 20.29

The porosity response has high variation amondial replicates and thus the
standard deviation is expected to have high vallles.standard deviation values of the 16
runs vary between 5 and 20. The distribution ofada@ppears normal as shown in the
residual plots (Fig. 90). The normal probabilitppshows most residuals are close to the
blue straight line, which represents a normal histron data. The histogram also shows
the residuals are distributed in a normal mannér wibalanced bell-curve shape.

Residual Plots for Porosity %
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Fig. 90: Residual plots of the reduce model for pasity response

In both versus fits and versus order, the datdal@nced within the constant band.
Versus fits in general is normal as it does notxsho outward-opening funnel shape — it
does satisfy the constant variance assumption.ugersier indicates no drift in the process
as the observation orders were balanced and ragdtistfibuted around zero. Overall, the
data is normal and show no cause for concern.
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The details of estimated effects and coefficientsdll main parameters and their
interactions are given in Table 32. The main patarseA, B and D are having P-values
less than 0.05 and indicate that they are sigmifitagether with the 2-way interactions of
AD. Out of these four significant effects, the effeanking is the main parameter D
followed by B, then A and lastly 2-way interactidid. The high level of both parameters

D and B; and low level parameter A resulted in hpglrosity % response based on the

effect sign.
Table 32: Estimated effects and coefficients for posity

Term Effect Coef SE Coef T P
Constant 36.734 1.730 21.23 0.000
A -11.228 -5.614 1.730 -3.24 0.002
B 13.383 6.692 1.730 3.87 0.000
C -2.079 -1.039 1.730 -0.60 0.550
D 13.553 6.776 1.730 3.92 0.000
A*B -6.778 -3.389 1.730 -1.96 0.055
A*C -6.819 -3.409 1.730 -1.97 0.053
A*D -8.334 -4.167 1.730 -241 0.019
B*C -2.811 -1.405 1.730 -0.81 0.420
B*D -2.669 -1.334 1.730 -0.77 0.443
Cc*D -3.452 -1.726 1.730 -1.00 0.322
A*B*C 5.043 2.522 1.730 1.46 0.150
A*B*D -1.830 -0.915 1.730 -0.53 0.599
A*C*D -4.048 -2.024 1.730 -1.17 0.246
B*C*D -4.818 -2.409 1.730 -1.39 0.169
A*C*B*D -0.049 -0.024 1.730 -0.01 0.989
S-154761 PRESS - 23950.9
R-Sq = 49.47% R-8q (pred) - 21.05% R-5q (adj) - 37.63%

Filtering out the insignificant effects, ANOVA redes the full model which
includes three main effects of A, B and D and aa~interaction of AD. The ANOVA
table of the reduced model is shown in Table 3®welThe main effects reduce model
with P-values of 0.000 showed a perfect fit. Thidicates the main effects of parameter A,
B and D are 95% confidence to influent the procgissng to high porosity content.
Similarly to the 2-way interactions, the P-valuenmwv reduced to 0.022 implying it is a

significant effect. The interaction is analysecdhgsihe interaction plot tool.
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Table 33: ANOVA table of the reduce model for poroisy

Effect Sum of Square DF Mean Square F P
Main effect 9777 3 3259.1 1275  0.000
2-way interactions 1389 1 1389.3 5.44 0.022
Residual error 19170 75 255.6
Total 30337 79

4.2.2.1 Main effects

The significant main effects that influent the Ebtdeposition process on percent
porosity are justified by a Pareto chart in Fig. $he Pareto chart indicated clearly that
main effects factor particle size (A), bath agdat(B) and substrate surface treatment (D)
extending pass the reference line of 1.998. Thd sigsificant main effect shown is factor
D with effect strength of 13.553 followed closely factor B (13.383) and then factor A
(11.228). This showed that the substrate surfazstrtrent (D) is the main contributor to
increase porosity content in the EN co-depositidmis is supported theoretically where the
rougher surface caused rougher deposition and thaseases porosity within the

deposition.

Pareto Chart of the Standardized Effects
(response is Porosity %, Alpha = 0.05)

1.998

| Factor Name
Particle size

A

B Agitation

C Bath pH

D Surface treatment

T T
2 3 4
Standardized Effect

Fig. 91: Pareto chart for the porosity response

The main effect plot indicates the variation of tteda mean between low and high
levels for each main parameter. The main effedt @l@ll four parameters is given in Fig.
92. The most dominant parameter as already verifiethe Pareto is the substrate surface

treatment (D) with bath agitation (B) closely behiThe difference between low and high
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levels for both parameters D and B are the largedtdifficult to differentiate. Descending
rank order for the strength effect is surface trestt, bath agitation, particle size and then
bath pH.

Main Effects Plot for Porosity %
Data Means
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Fig. 92: Main effects plot for the porosity respons

T
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The ‘higher-the-better’ characteristic for porositgsponse described that high
porosity content can be achieved at low level plrtsize (2 um), high level bath agitation
(mechanical stirring) and high level substrate aef treatment (mechanical blasting).
Based on the main effect plots of these three mpamameters, the optimum combination
for high porosity % is A-1B+1D+1. The interactioretiveen particle size and surface

treatment parameters were also found to be sigmifiand should be discussed further.

4.2.2.2 Interaction effects

The interaction plot is a powerful graphic tool ainiplots the mean of response of
two factors. The AD interaction plot in Fig. 93 sisunparallel lines of high and low level
particle size under surface treatment variationis Tihdicates the present of interaction
between the particle size and the substrate surfeatment. The porosity content was very
much affected by the substrate surface treatmeantyig substrate surface treatment from
low (-1) to high (+1) level increases porosity % both particle size at low (-1) and high
(+1) levels. The effect of particle size on porp$i at low level (-1) is more pronounce
than at high level (+1) as the substrate surfazsriient changes from low (-1) to high (+1)

level. At both particle size levels, mechanicakhlag gave greater effect on porosity.

l44|Page



Interaction Plot for Porosity %
Data Means
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Fig. 93: Interaction (A-D) plot for porosity

Therefore, the best deposition parameter combimdtinthe 2-way AD interaction
based on this observation are low level particte §2 um) and high level substrate surface
treatment of mechanical blasting (A-1D+1).

4.2.2.3 Optimum condition for percent porosity

The significant main effects that influence EN @pdsition process for highest
porosity content are surface substrate treatmeath lagitation and particle size in
descending order. The best deposition parametebioation for the desired maximum
porosity content should consider both particle sind substrate surface treatment factors.
These two factors were found to be related to etuér.

The optimum condition can be calculated by aveagiut the high and low levels
combination of A, B and D as listed in Table 34eThghest porosity content was obtained
at 62.96% with optimum condition of low level paté size (2 um), high level bath
agitation (mechanical stirring), low level bath §#9) and high level surface treatment
(mechanical blasting); A-1B+1C-1D+1.
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Table 34: Porosity response values of all low anddgh combination for ABD

Dok Parameters Mean Porosity Content
A B D in % for ABD
. B . 34.79
N . _ 34.06
. _ . 32.68
N _ _ 10.27
- + + 62.96
- + - 41.90
- - + 43.63
- - - 2091

Thus to achieve high porosity content, the condgiare (1) small particle size of 2
pum, (2) mechanical stirring agitation and (3) stdist surface treatment of mechanical
blasting. A study by Wang et al. (2006c) has shdlwat fine particles introduced smaller
size porosity. This indirectly indicates high patpvolume, i.e. like smaller pebbles in a
jar have more quantity than the larger onHsis supported the outcome where smaller

particle size gives higher porosity content thanltrger particles.

The mechanical stirring bath agitation gives higherosity as the agitation is not
very aggressive compared to air bubbling thus mbshe absorbed hydrogen or oxygen
was not removed (Sevugan et al. 1993) and trappsede the EN deposition introducing
more porosity. Mechanical blasting resulted in agteer substrate surface. EN deposition
is very well-known to follow the substrate profil@ther than filling the spaces (Taheri et
al. 2001). Therefore, rougher surface caused aheugleposition surface and thus

introduced more porosity.

The porosity measurements carried out by the Aretes buoyancy method were
not very convincing. Other porosity measurementshsas porosimeter or impedance
spectra should be used in future research. The Skkbgraph of one of the DoE samples
— sample 60 — Expt.13, Rep.3 (10 um, bubbling, pHdlasting) showing the possibility of
open porosity is given in Fig. 94. Generally, thack areas are recognised to be porosity.

This could be further investigated using a porosemm future work.
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Fig. 94: SEM micrograph of DoE Sample 60

4.2.3 Model Building

A model to predict the response function can bé bsing a regression model. The
build model can be used to illustrate the relatigmsbetween the actual data from
experiment and the predicted data. Additionallye thodel can be used to describe the
relationship between a response and a set of mqmEsmeters that affect the response.
The model can also be used to predict a responsdifferent combinations of process
parameters at their best levels. The regressioffideats of each parameter are obtained
from Minitab as listed in the column labelled ‘Coef Table 27 for Ni content and Table

31 for porosity %.

Based on the 80 sets of experimental data, thehieat and Porosity % regression
model were developed. Based on the analysis dorMitoyab in the previous section, the
reduce model which represent the optimum conditibthe process was used to develop
the reduce model equation. The reduce model equatith main parameters A and C and

3-way interactions of ABC is shown in [equation]4.1
y = 54.491 — 1.742A + 0.671C + 0.7854ABC -+ (4.1)

wherey is the response Ni content, A is particle size YBnis bath agitation and C is bath
pH. The coefficient of determinations JRwas 0.72 indicating there is reasonable
correlation between the actual and predicted vafi® content as shown in Fig. 95. This
means the model is reliable in predicting the respowith 28% variation. Referring to the
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coefficient of the developed models, it was conéidnthat particle size was the most

prominent parameter in minimising the Ni to YSZaoat
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Fig. 95: Comparison of experimental and predicted &lues for Ni content

In Minitab analysis the optimum condition for Ni ¥§Z ratio was A and B at high
level and C at low level. The minimum Ni contenttasbed experimentally is 51.827
whereas the predicted is 51.293 as shown in tloelledilon below. The difference between
the actual value and predicted value is 0.534. difference between the actual and the
predicted value is minimal. This shows that thedaetas reliable in predicting the response

value at a desired parameter level.

$ = 54.491 — 1.742(+1) + 0.671(—=1) + 0.785(+1)(+1)(~1)
=51.293

Similarly for the Porosity %, the analysis doneMinitab in the previous section
led to a reduced model that represents the optimomaition of the process in obtaining
high porosity %. The reduced model equation costaiain parameters A, B and D and 2-

way interactions of AD and is shown in [equatiog]4.
y =36.734 — 5.614A + 6.692B + 6.776D — 4.167AD -+ (4.2)

wherey is the response Porosity %, A is particle size )uBnis bath agitation and D is
substrate surface treatment. The coefficient oémieinations (B) as shown in Fig. 96 is
0.47 indicating that the correlation between thei@cand predicted values of Porosity %

was not very good. Referring to the coefficientlod developed model, it is confirmed that
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the substrate surface treatment is the most pramhperameter followed by the bath pH in

increasing the Porosity %.
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Fig. 96: Comparison of experimental and predicted alues for porosity content

In the Minitab analysis, the optimum condition féorosity % is A at low level, B
and D at high level. The maximum Porosity % obtdiegperimentally is 62.953 whereas
the predicted is 59.983 as shown in the calculabelow. The difference between the
actual value and predicted value is 2.970. Theedifice between actual and the predicted
value is approximately 4.7%. This showed that tloel@his not very accurate in predicting

the response value at a desired parameter level.

$ =36.734 — 5.614(=1) + 6.692(+1) + 6.776(+1) — 4.167(—=1)(+1)
=59.983

The regression coefficients for numerical analyggpproach model using raw data
and numerical values for all four factors were dateed using Minitab 15 multiple linear
regression for both Ni content and percent poroagyillustrates in [equation 4.3] and
[equation 4.4] respectively. The non-numerical &rbath agitation and substrate treatment

are represented by deposition rate and surfacédnasg respectively.
Yn = 39.7 — 0.434A + 2.82B + 3.06C + 0.072D --- (4.3)
Yp =217 — 1.40A + 74.3B — 4.16C + 19.4D --- (4.4)

wherey, andy, are Ni content and Percent porosity responsescasply; A is particle
size factor (um)B is bath agitation factor (um/ming; is bath pH factor anD is substrate

surface treatment factor (um).
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The coefficient of determinations {Rfor both (a) Ni content and (b) percent
porosity responses are as shown in Fig. 97. BahNhand porosity content regression
models showed low correlation between the actudlpmadicted data with 0.321 and 0.325
coefficient of determination. This indicates thag tmodels are not sophisticated enough to

be applied in the general application terms.
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Fig. 97: Comparison of actual and predicted valuesf (a) Ni (Vol.%) and (b) Porosity (%) for numerical approach

As the optimum condition for Ni content is A+1B+1M-1 and for porosity is A-
1B+1C-1D+1, the predicted values of the optimumditbon for both responses can be
calculated as below. These optimum conditions weserted into the equation to give the
predicted values for Ni content and porosity %hairt optimum conditions. The predicted
values are 51.589 and 56.882 for Ni and porositytertt respectively. Generally, both
regression models by numerical approach showedctovelation between the actual and
predicted data which might be due to the inaccusabsstitution of numerical values for the

non-numerical factors as well as unfitted models.
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7 = 39.7 — 0.434(10) + 2.82(0.42) + 3.06(4.9) + 0.072(0.7)
= 51.589
V5 = 21.7 — 1.40(2) + 74.3(0.42) — 4.16(4.9) + 19.4(1.4)

= 56.882

A study by Azmir and co-authors (2009) developed ftinst and second order
polynomial models of their four factors Taguchiigly to a reasonably high correlation
between the actual and predicted values. The coaifs of regression were determined
using the same software, Minitab 15. This means dpproach could be applicable in this
research in order to improve the correlation cogffit of these two models. Since the
polynomial models are beyond the scope of thisarebe they could be further investigated

in future work.

In summary, two methods of analysis employing rplétilinear regression were
investigated. The first procedure used by assignaiges +1 and -1 for all process variable
coefficients (the coded approach); whilst the sdcprocedure utilised real experiment
data, so that the model could be more generallyiexpithe numerical approach). The
model for the coded approach achieved a reasowcahielation of 0.72 for the Ni content
in vol.%, whereas a lower correlation of 0.47 wasrfd for the anode coating porosity in
%. However, the numerical approach for both Ni eahtand Porosity % responses were
less successful with coefficients of determinatmn0.32 and 0.33 respectively. These
differences in correlation coefficients generatgdthe two regression models may result
from a lack of a direct relationship between (8 tbrm of bath agitation and the deposition
rate of bath agitation and the deposition rate @ndthe method of substrate surface
treatment and the measured surface roughnesscéssaquence of these limitation in the
linear regression approach, non-linear regressiethoas involving first and second order

polynomials should be considered.
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4.2.4 DoE Conclusions

The effect of EN composite parameters, on Ni-Y Seposites was analysed using
DoE 2 full factorials with respect to two responses -tdliYSZ ratio and Porosity %. The
16 run full factorial was replicated five times @stigating four parameters i.e. particle size,
bath agitation, bath pH and substrate surfacenreat The DoE was analysed by ANOVA

statistical tool in the Minitab software. Each respe was analysed independently.

Out of four main parameters, particle size (A) ighHevel and bath pH (C) at low
level were found to be the most significant mairapaeters affecting the Ni to YSZ ratio.
Both of these parameters were independent from e#utr. The interaction between
particle size-bath agitation-bath pH was found ¢oifaportant as well. Particle size has
highest effect followed by the 3-way interactiomsddastly the bath pH. For the 3-way
interaction under low level bath agitation (air blibg), the lowest Ni to YSZ ratio was
obtained at high level particle size but the hgthchanges from low to high level have no
effect. On the other hand, under high level baiktatgn (mechanical stirring), lowest Ni
to YSZ ratio was obtained at high level particleesand low level bath pH. The optimum
deposition parameter combination for minimum NIM8Z ratio is obtained using a larger
particle size (10 pm) with mechanical stirring@tér bath pH (pH4.9). The optimum EN
composite parameters combination for minimum NY&Y ratio is A+1B+1C-1.

The Porosity % response shows a high influence frarticle size (A) at low level,
bath agitation (B) at high level and substratea@ftreatment (D) at high level. The bath
agitation is independent whereas particle size aunbstrate surface treatment has
significant 2-way interactions. The substrate sigfdreatment has the highest effect
followed closely by bath agitation then particleesand lastly 2-way interactions between
particle size and bath agitation. As substrateasertreatment changes from low to high
level, particle size at low level has a greatee@fbn porosity content. The best deposition
parameter combination for maximum porosity conteas obtained at low level particle
size (2um) under high level bath agitation (mectenstirring) with high level substrate
surface treatment (mechanical blasting). The optingdeposition parameters combination

for maximum porosity content is A-1B+1D+1.
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Based on the 80 sets of experimental data, thearlinegression models were
successfully developed for both Ni to YSZ ratio &watosity % responses. The coefficients
of regression were determined using Minitab 15 vemfe. The coefficients of
determinations (B were found to be 0.72 and 0.47 for Ni to YSZaand Porosity %
responses respectively. There is a reasonablelattore between the actual values and
predicted value for Ni to YSZ ratio but the cortela for Porosity % was not very good.
The numerical approach models show low correlabetween the actual and predicted

data. The overall outcomes are summarised in TZhle

Table 35: Overall summary on DoE analysis and regssion model

R? Predicted
Response A B C D Actual
Coded Numerical Coded Numerical
Ni: YSZ +1 +1 -1 0.72 0.32 51.827 51.293 51.589
Porosity % -1 +1 +1 047 0.33 62.953 59.983 56.882

4.3 Performance Tests

4.3.1 EN Optimum condition

The DoE analysis in the previous section analy$edresponses of the critical
SOFC anode criteria: low Ni to YSZ ratio and adequzorosity individually. The low Ni
to YSZ ratio compromises both anode electrical catidity as well as the CTE difference
between anode and electrolyte. Acceptable Ni congewithin 30-50 vol.% Ni. Adequate
porosity is important to ensure fuel inlet and waghses outlet but too high porosity will
weaker the anode mechanical strength. The ideaspgrcontent is 40%. This section
analyses the combination of both responses to thigecombination optimum condition

using the ‘response optimiser’ in Minitab 15.

The response optimiser is able to analyse multggponses of DoE. It suggests the
most optimum condition by evaluating them concufyeand preventing sub-optimisation
of one alone. The goal of each response, theit liamge, weight and importance are given
in Table 36. The Ni content response is aimed tainkas close to minimum as possible as

the current values ranges between 43-61 vol.% Ne forosity % goal is set as target at
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40% porosity. Both responses are equally impottaud based on these criteria, the default

setting is chosen and the weight setting also nesnati default.

Table 36: The response goal, limit, weight and imptance

Response Goal Lower Target Upper Weight Importance
Ni.YSZ Minimum - 50 60 1 1
Porosity % Target 5 40 80 1 1

The multiple response optimiser displays the tesul the optimisation plot as
shown in Fig. 98. The overall optimum compositeirddslity, D is 0.91318 which is close
to unity indicating the ideal value. The individwakesirability of each response is 0.83393
for Ni to YSZ ratio and 0.99997 for Porosity %. €Be values are high which indicate less

constraint on both responses.

; Particle Bath agi Bath pH Surface
S I 38 L iR
ur . . -1, .
0.91318 | o -1.0] -1.0] -1.0 -1.0
K [
Composite
Desirability
0.91318
Ni:YSZ
Minimum
y = 51.6608
d =0.83393
Porosity
Targ: 40.0
y = 39.9988 7"—
d = 0.99997

Fig. 98: Optimisation plot for both Ni to YSZ ratio and Porosity % responses

The optimum minimum Ni content is 51.6608 with tteongest effect shown by
the particle size and bath pH, and the least wéth lagitation. This predicted optimum
minimum Ni content is close to the cube plot analy§1.827 vol.%) and regression model
(51.293 vol.%). The targeted optimum porosity %3%9988% with particle size, bath
agitation and substrate surface treatment as th@rnmantributing parameters. This
optimum porosity content when compared to actutd 0862.953% and regression model
data of 59.983% is incomparable. This observatiaghtrbe due to different setting: the
previous analysis was set to maximise the respbuasthe current analysis is set to target.
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The combination optimum response settings are AH1B1D[+0.8384]. This means
particle size is set at high level (10 um), bathatign at high level (mechanical stirring),

bath pH at low level (pH4.9) and substrate surfaeatment at high level (mechanical
blasting).

Based on the optimisation plot in Fig. 98, the important factors are the particle
size and bath agitation. This was because bath mHsabstrate surface treatment were
found not significant in either one of the respansEhese two unimportant factors were
kept on hold at its optimum setting — bath pH at level and substrate surface treatment at
high level. The Ni to YSZ ratio is limited to 30 &2.5 and porosity % is limited to 35 to
40. The overlaid contour plot in Fig. 99 shows Wiete area and grey area. The white area
represents the feasible region of the settingshathwNi content and porosity % were both
acceptable. Thus it can be concluded that the ojptirsetting is when particle size is at
high level and the bath agitation within the meditorhigh level setting. The other two

parameters are on hold at low level bath pH ant l@gel substrate surface treatment.
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Fig. 99: Overlaid contour plot for Ni to YSZ ratio and porosity % responses

The verification of this combination of optimum abitions can be done by another

set of EN co-deposition. Later, it can be furtheveistigated by another set of fractional
factorial DoE.

4.3.2 Anode performance

The Ni-YSZ co-deposition was deposited onto aro@raubstrate representing the

SOFC anode. The initial sample with the thickne$sl® pm Ni-YSZ co-deposition
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contains 48.32 vol.% Ni. This was co-deposited vidthm YSZ particle size. The initial
electrical conductivity tests were carried out abm temperature (26) and involved
measurements at two different points on the surtdahe anode sample. The tests were
carried out at three different currents- 1mA, 50@m#d 100mA. The resistance, resistivity

and conductivity of the sample at the three difiéi@irrents are given in Table 37.

Table 37: Initial 4-point electrical test at various current

Current 1 mA 50 mA 100 mA

1" Point 2™ Point 1" Point 2™ Point 1% Point 2™ Point

Resistance/ Q 0.117 0.210 0.353 0.425 0.317 0.261
Resistivity/ 10*Qcm 1.52 2.73 4.59 5.52 4.12 3.4
Conductivity/10*Scm™ 0.66 0.36 0.22 0.18 0.24 0.29

The observed values were very encouraging. Thialibéist was carried out at room
temperature using 4-point electrical measuremeiniceSYSZ is non-metallic and Ni is
metallic, the Ni-YSZ cermet behaves as biphasicpmsite system — having a conductivity
percolation threshold at an adequate amount of h&. conductivity values of 50 vol.% Ni-
YSZ is a factor of ten less than half the valupafe metallic Ni at room temperature (11.8
x10* (Qcm)?Y) - Appendix C. Thus the obtained values for thigtidl test are still
comparable.

Since the anode will be exposed to high operatmgperatures (up to 100D), a
test on the Ni-YSZ fabricated via EN deposition wasied out at temperatures increasing
from 25°C to 420°C in air. The scatter plot of tlesistivity and conductivity are given in
Fig. 100. The trend of resistivity showed a lineafationship with the temperature.
Resistivity increases as temperature increasescaimguctivity is inversely proportional to
resistivity thus it is expected to show oppositeedir relationship to the resistivity. The

linear decrease in conductivity with temperaturmdcative of metallic conduction.
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Fig. 100: Scatter plot of (a) resistivity and (b) onductivity against temperature in air

This conductivity trend was similar to the studyndoby Pratihar and co-author
(2005) as shown in Fig. 11. The conductivity valodésained from the study at variable
fabrication techniques for 40 vol.% Ni at #Q0are tabulated in Table 38. Based on the best
fitted linear line, at 40, the conductivity value of 50 vol.% Ni is appnmetely 1500
Scni! (referring to the red dotted line in Fig. 100bhigTis comparable to the conductivity
obtained by the anode fabricated via EN powdericgaat 40 vol.% Ni (Pratihar et al.
2005).

Table 38: Conductivity values of Ni-YSZ fabricatedby various techniques at 408C

Fabrication Technique o/ Sem™!
Solid state 450
Liquid dispersion 250
EN powder coating 1100

A study on a 50 vol.% Ni gave a conductivity of $6ni* and resistivity of 0.1
Qcm (Koide et al. 2000). Comparing these values #ithone obtained for Ni-YSZ anode
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fabricated via EN coating, the resistivity is gealgr lowered by one hundredth. This
observation made the conductivity values for ENdeposition higher by a factor of
hundred. Another study for 50 vol.% Ni-YSZ by Aruaad co-authors (1998) stated a
value of 2.5 x 1d Scm' at 406C which is comparable to the value obtained in this
research.

Two series of electrical performance tests weralooted on another Ni-YSZ anode
fabricated via EN co-deposition. These were caroedin two different environments — in
air varying temperatures from Z5to 806C and in nitrogen varying temperatures from
25°C to 600°C. Both anode samples in air and nitrdggh coating deposition thickness of
10 microns. The resistivity and conductivity pldts both series are given in Fig. 101.
Again, the conductivity trend decreases with terapge, an indication that it has a
metallic conductivity.
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Fig. 101: Scatter plot of (a) resistivity and (b) enductivity against temperature in both nitrogen ard air
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The conductivity values are similar in air and oggen environment although the
former is slightly higher. This observation miglg due to the high moisture content in air
compared to nitrogen. A review by Zhu and DeeviO@Page 231) found that the Ni-YSZ
anode overpotential is significantly reduced in phesence of moisture or steam. Lowering

anodic overpotential enhanced the electronic caindtyc

In general, the conductivity at 600-8@0of Ni-YSZ fabricated via EN deposition
ranged between 700-1000 Strm both environments. These values are comparaitte
the published data from several studies as tallli@terable 39. The role of P may be
important. Parkinson stated that the electricabtegty of EN deposited Ni increases with
P content (Parkinson 1997). The Ni-P phase diagFfag 30) shows the existence of;Ri
at temperatures greater than 4D@Duncan 1996). The effect of thesesMicrystals for
porosity as it could evaporate at higher tempeeatarSOFC anode application should be
the subject of future work. For example, this cosipon might be evaporated at
temperature between 1107-18C7qViksman and Gordienko 1992).

Table 39: Published electrical conductivity of Ni-YSZ anode

Anode T/°C Fabrication Environment o/ Sem™ Ref.
40vol.% Ni- 600 Solid state coating H, 1500 Kim et al.
YSZ Solid state mixing 900 (2006a)
800 Solid state coating H, 1400
Solid state mixing 800
45wt.% Ni- 600-800 Solid state with 2- H,/Ar 500 Han et al.
YSZ step calcinations (2006)
Conventional  solid 430

state mixing

The anode fabricated via EN co-deposition is asipd#y for in-situ fabrication of
SOFC anode onto electrolyte. It is proven the anofl&0 vol.% Ni has a metallic
conductivity with highest conductivity of 1500 Scrat 400C in air (first attempt) and 700
Scnitin Nz; 1000 Scrit in air at 606C and 750 Scihat 800C in air (second attempt).
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4.4 Experimental Limitations

The majority of the experimental work involving aseiring the Ni content in the
anodes was carried out using a Cambridge S90 SE&H fivith only semi-quantitative
EDXA software. While it was under repair, four betsamples were analysed using a FEG
SEM with a fully quantitative EDX analyser. In orde determine the difference between
the two analysers, five other samples were subsdiguenalysed on both machines and the
results showed that the FEG SEM reduce Ni contgrapproximately 20 vol.% compared
to the Cambridge SEM. Although the most importdrarsl of the work was comparing the
effects of different processing variables, the kity of a fully quantitative analyser
during the research period would have been beakfioi the research but this was not

possible.

The measurement of the porosity values in the emodas carried out using
Archimedes buoyancy techniques and a commercialvad package — Image Pro-Plus.
These techniques were not as accurate as othdrsvéina not available at the time of
testing — such as mercury intrusion, IES impedasmo@ BET analysis. Samples of the
OFAAT tests were sent to a commercial company igl&rd for more accurate porosity
measurement by mercury intrusion porosimetry beseéhwere unsuccessful due to the
company being ‘unable to test two layers’ — the posite anode and the ceramic alumina

substrate.

However, these experimental limitations do notamphe validity of the statistical
DoE analysis regarding the significant co-deposifioocess parameters since the analysis
interpreted the data based on the variability sfriiuted data from the normal.
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5. CONCLUSIONS & SUMMARY

This research investigates a novel method of matwiag solid oxide fuel cell
anodes, based on the electroless co-depositiorrafic and metal materials. Previously,
these have been manufactured using processes suepe casting and screen printing

followed by high temperature sintering.

The novel part of this work involved (i) showingathelectroless co-deposition of
Ni—YSZ anodes could be carried out using combimatiof nine different variables and (ii)

the systematic testing of anodes produced by setedmbinations of these variables.

The main objectives of the research were to ingasti the processing parameters
that would lead to favourable ceramic to metalosaths well as sufficient porosity in the
coating. The research has covered three phasedyn@me-Factor-At-A-Time (OFAAT),
construction and implementation of Design of Expemt (DoE) and finally validating the

performance of the processed anode.

The first phase consisted of nine independent OF&&periments to estimate the
best selection of parameters in Phase 2. Out &f independent parameters, the four most
important were selected; these were particle $iz¢h agitation method, bath pH and
substrate surface treatment. These four parametses the basis of the DoE construction
employed in Phase 2. The other parameters that imethaconstant were vertical
orientation, YSZ as the ceramic material, 60 misutieposition time, 50 g/l particle
loading and 0.63 dffi at 100 ml bath volume.

The 2 full factorials of 16 runs used particle sizes2ofind 10 pm, bath agitation
methods of air bubbling and mechanical stirringthbpH of 4.9 and 5.4 and substrate
surface treatment of HF etching and mechanicaltibiasThe DoE responses were Ni
content and porosity content. The DoEs were thatyaaed by Minitab 15 software and it
was found that the optimum condition for low NiX&Z ratio involved a particle size of 10
pum, bath agitation of mechanical stirring, a bathgh 4.9 and a substrate condition of HF
etching. On the other hand, the porosity respoqdenam condition involved a particle
size of 2 um, a bath agitation method of mechanstiating, a bath pH of 4.9 and a

substrate surface treatment of mechanical blasting.
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The linear regression model was built where theresion coefficients were
obtained from Minitab 15. There were two types aidel built for both responses which is
the coded and numerical approach models. The coumtkls were found to be more
accurate. The experimental values were plottednagahe predicted values and the
coefficient of determination, %of both responses were constructetlv&ue for Ni to YSZ
ratio response is 0.72 indicating a reasonableetation between the experimental and
predicted values. Porosity response model was omd gnough and gave’ Rf 0.47. The
numerical approach models were unrealistic as tbeofactors are non-numerical and the

estimated numerical values of the two agitationhoés were not similar in nature.

The final phase was about verifying the optimumditon for both DoE responses
that are Ni to YSZ ratio and porosity content. Thiaitab 15 Response Optimiser tool was
used for this purpose where the hypothesis forébponses is to minimise Ni to YSZ ratio
and increase porosity content. It was found tha& dptimum combination condition
involved a particle size of 10 um, bath agitatidnmechanical stirring, bath pH of 4.9 and
substrate surface treatment of mechanical blastihg.two main parameters affecting the

combination response were particle size and bathteg.

In terms of the electrical conductivity performanttee initial electrical conductivity
test carried out at room temperature showed anueagimg outcome in that the value for a
50 vol.% Ni-YSZ anode was only a factor of ten léssn the equivalent loading of pure
Ni. The electrical conductivity of this anode at02D in air was comparable to published
data in other studies and was superior to thoserded for anodes manufactured by
traditional techniques. At temperatures up to°80Ghe electrical conductivity tests were
carried out in two different environments - air amttogen — and results were comparable

to those in the public domain.
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6. CONTRIBUTION TO KNOWLEDGE

The research undertaken investigates and developsed SOFC anode fabrication
process via electroless nickel co-deposition. Timoriporation of diamond (Hung at al.
2008), silicon carbide (Kalantary et al. 2006)icsih nitride (Balaraju and Rajam 2008),
silicon oxide (Dong et al. 2009), boron carbide ¢Wefi et al 2003), alumina (Hazan et al.
2008a), ceria (Necula et al. 2007), yttria (McComknat al. 2003), zirconia (Shibli et al.
2006) and iron oxide (Zeluta 2009) particles incel@ess co-deposition has been
investigated but none in fuel cells and none ud8g. The application of this process in
manufacturing SOFC anodes — involving the systematiestigation of selected variables
on anode properties - has never been reported ldsewThe work is a major contribution

in the SOFC anode fabrication area.

The major challenges in electroless co-depositien(g to lower the Ni to YSZ
ratio and (ii) to increase the porosity contente TPoE full factorial approach adopted in

this research has led to process optimum condifmmthese requirements.

The multiple linear regression models showed reasiencorrelation for nickel
content prediction in coded mode. Attempts havenbemde to improve the general
applicability of the linear regression model wiimited success. However, it has been
identified that the use of first and second ordelymomials may prove to be a better

approach for predicting nickel and porosity content

The electrical conductivity of these anodes areoeraging and worth further

investigation.
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7. FUTURE WORK

Future work is necessary for the continuation efebrrent research work. Based on
the scope of the work, future work can generallyu® on improving the co-deposition
process to reduce the Ni to YSZ ratio as well aseasing the porosity. These can be

further illustrated in the points below.

1. The YSZ deposition rate could be enhanced by imdueiectrical polarity or potential
in the bath (similar to electroplating after elettss deposition). The increased
deposition rate might drag more ceramic partiaks the coatings.

2. Consideration should be given to possible methodseducing Ni concentration in the
anode by investigating the electroless co-depwoshisth chemistry.

3. One necessary improvement in the research is tsur@gorosity more accurately, for
example by using mercury intrusion porosimetry, liapedance, BET measurement
and/or Image Pro-Plus software.

4. SOFC anodes do not only require adequate porosityhave to have open pores to
allow fuel in and reactant gases out. Porosity podaent can be achieved by several
techniques as described in the literature — addidopore former (Fergus et al. 2009)
such as graphite particles, polystyrene or usinfioeculant. Also, by preparing a
honeycomb or 3-D pore channel network (Koh et &06) to ensure open pores
obtained in the fabricated anode.

5. Itis clear that phosphorus exists in the EN solutised in this co-deposition. The effect
of this impurity (if not burnt out for porosity) isndesirable in SOFC anodes — so using
zero phosphorus solutions should be investigated.

6. The optimum combination condition for both Ni to XSatio and porosity content
reveals the two main parameters to be particle sk bath agitation. Regarding the
other two variables investigated, bath pH is im@otrtfor Ni to YSZ ratio while
substrate surface treatment is important for porosh fractional factorial DoE is
required to further investigate this effect.

7. Anode performance including its stability, durdlyilicomposition, structure, coefficient
of thermal expansion and long term performanceocdishbe investigated.

8. The non-linear regression model, possibly usingt fand second order polynomials

should be investigated.
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PUBLICATIONS

. YSZ-reinforced Ni-P deposit: An effective conditifor high particle incorporation and
porosity level. Nor Bahiyah Baba, Alan Davidson amdrig Muneer. Advanced
Materials Research, Vol. 214, 2011, 412-417 (Scppus

. Effect of Electroless Coating Parameters on Ni-Y&xnposite Coating. Nor B. Baba,
W. Waugh and A. Davidson. Proceedings of 2010 matiéonal Conference on Chemical
Engineering and Applications (CCEA2010). ISBN 9784626-023-0. Singapore. 26-
28 Feb 2010 (Compendex)

. Effect of Agitation on Ni-YSZ/CeSZ Electroless Coosjte Coating. Nor Bahiyah
Baba, W. Waugh and A. Davidson. Proceedings of 26@&national Conference for
Technical Postgraduates (TECHPOS2009). ISBN 97842835-9-7. Kuala Lumpur,
Malaysia. 14-15 Dec 2009

. Ni-YSZ and Ni-CeSZ Electroless Nickel Composite lua Nor Bahiyah Baba,
William Waugh and Alan Davidson. Proceedings oétnational Conference on Recent
and Emerging Advanced Technologies in Engineeri@@92(iCREATE’09). Sepang,
Malaysia. 23-24 Nov 2009

. Effects of Ceramic Particle Size and Bath Condgion Deposition Rate in Electroless
Nickel/YSZ Composite Coatings. Nor Bahiyah Baba, Waugh and A. Davidson.

Proceedings of International Conference on Advanoedaterials and Processing
Technologies (AMPT2009). Kuala Lumpur, Malaysia-Z860ct 2009

. Manufacture of Electroless Nickel/'YSZ Composite ttwp N. Bahiyah Baba, W.
Waugh and A.M. Davidson. Proceedings of WASET 20@08lume 37. ISSN 2070-
3740. Dubai UAE, 28-30 Jan 2009 (Compendex)

. Novel Low Cost Solid Oxide Fuel Cell Anode (Posteé¥) Baba and A. Davidson.
Napier University FECCI Research Conference 2008.
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In addition, the following events took place:

1. Attending ‘A 3-Day Course on DoE/ Taguchi Method Rrocess and Optimisation in
Microelectronics and Packaging’ organised by logtit of Microengineering and

Nanoelectronics, Universiti Kebangsaan Malaysia iJkn 16-18 November 2009.

2. Participation in SEBE Research Presentations tkaota ‘Novel Low Cost Anodes for
Solid Oxide Fuel Cells’ on 13 March 2008 and ‘Nopsbcessing and modelling of solid
oxide fuel cell anodes’ on Jan 2009.

3. Attending ‘Excel Advanced’ on #6June 2008 and ‘Excel Intermediate’ on 15 May
2008 at Napier University.

4. Attending ‘Writing a literature’ on 1 May 2008, ‘€ating effective posters’ on 23 April
2008, ‘The transfer report and project planning’@March 2008, ‘Developing critical
reading skills’ on 23 January 2008 and ‘Data analiechniques’ on 13 December 2007
at Napier University.

5. Attending ‘A Hydrogen & Fuel Cell Conference’ aketlames Watt Conference Centre,
East Kilbride on 19 February 2008.

6. Attending ‘Risk Assessment workshop’ on 7 Febru2f08 at Napier University,
Craighlockhart Campus.

7. Attending ‘Reference Management with Endnote’ orDécember 2007 at Napier

University.
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APPENDICES
Appendix A (Baudrand 1994)

Table 1 Hypophosphite-reduced electroless nickel plating solutions

Constituent or Alkaline Acid

condition - Bath 1 Bath2 Bath3 Bath 4 Bath§ Bath 6

Composition

Nickel chloride, g/L (0z/gal) 45 (6) 30(4) 30(4) A 55 i

Nickel sulfate, g/L (0z/gal) o o = 21(2.8) 34 (4.5) 45(6)

Sodium hypophosphite, g/L (oz/gal) 11 (1.5) 10(1.3) 10(1.3) 24(3.2) 35@.7) 10(1.3)

Ammonium chloride, g/L (0z/gal) 50(6.7) 50(6.7) e

Sodium citrate, g/L (0z/gal) 100(13.3) s

Ammonium citrate, g/L (0z/gal) o 65 (8.6)

Ammonium hydroxide TopH TopH vos

Lactic acid, g/L (oz/gal) o s 28(3.7) s

Malic acid, g/L (oz/gal) 354.7)

Amino-acetic acid, g/L (0z/gal) - -y ... v 40(5.3)

Sodium hydroxyacetate, g/I_(0z/gal) 10(1.3)

Propionic acid, g/L. (0z/gal) . 2.2(0.3) e

Acetic acid, g/L (0z/gal) 10(1.3)

Succinic acid, g/L (oz/gal) 10(1.3)

Lead, ppm 1

Thiourea, ppm 1

Operating conditions

pH 8.5-10 8-10 4-6 4346 45-55 4.5-5.5

Temperature, °C (°F) 90-95 90-95 88-95 88-95 88-95 88-95
(195-205) (195-205) (190-205) (190-205) (190-205) (190-205)

Elating rate, Lm/h (mil/h) 10(0.4) 8(0.3) 10(0.9) 25(1) 25(1) 25(1)
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Appendix B (Baudrand 1994)

Table 2 Aminoborane- and borohydride-reduced electroless nickel plating solutions

Constituent or Aminoborane Borohydride
condition Bath 7 Bath 8 Bath9 Bath 10
Composition

Nickel chloride, g/L (0z/gal) 30(4) 24-48 (3.2-6.4) s 20(2.7)
Nickel sulfate, g/I. (0z/gal) s o 50(6.7)

DMARB, g/L (0z/gal) o 3-4.8 (0.4-0.64) 3(0.4)

DEAB, g/I(oz/gal) 3(04)

Isopropanol, mL (fluid 0z) 50(1.7)

Sodium citrate, g/L (0z/gal) 10(1.3)

Sodium succinate, g/L (0z/gal) 202.7) ..

Potassium acetate, g/ (0z/gal) A 18-37(2.4-4.9) -

Sodium pyrophosphate, g/L (0z/gal) o 100(13.3) -
Sodium borohydride, g/1. (0z/gal) 0.4 (0.05)
Sodium hydroxide, g/L (oz/gal) 90(12)
Ethylene diamine, 98%, g/L (0z/gal) 90(12)
Thallium sulfate, g/I.(0z/gal) 0.4 (0.05)
Operating conditions

pH 57 5.5 10 14
Temperature, °C (°F) 65 (150) 70 (160) - 25(77) 95 (205)
Plating rate, um/h (mil/h) 7-12(0.5) 7-12(0:5) 15-20(0.6-0.8)
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Appendix C (Callister 2006)
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Appendix D (Bisgaard 1998)

DESIGN DIRECTORY
Number of Factors k .

#Runs | Blocks 3 4 5 6 2 8 9 10 11 12 I3 14 15
8 1 22 S12n om Lo | 2

©f8) | p2|p5 | p8 |plo]pi2
8 2 2% | 2t [ 2% | 257

(ofd) | p3 | pb p9 p.11
8 4 2?” 2?[7'

©f2) | p4 | p7
16 |1 N A A AL AL A R eI A AR R

(of 16) p13 | p17 } p21 | p25 | p29 | p33 | p36 | p39 | pd2 | pd5 pd47 | p49
16 2 2 [T [2RZ 257 |2 [ 217 | 20 | 207 | 205° | 270 | 25

(of 8) p-14 | p.18 | p.22 | p.26 | p30 | p.34 | p.37 p.40 p.43 p46 | p4s
16 | 4 2w | 2w {20 | 20 | 20 | 2 | 2me | 20 | 2T

{of 4) pl15 | p18 | p23 | p27 | p31 | p35 { p.38 p4l p.44
16 8 Py B T B S Y )

(of 2) p-16 | p20 | p24 | p28 | p.32

Copyright © 1988 by Sgren Bisgaard. All rights reserved.
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Appendix E

30/01/2001 REV. 2

3t AR S

ALFACHIMICE

CUPROLITE X-96 DP is an alkaline cleaner conditioner designed for Direct-Plating Processes
(DPP System and Graphole). :

CUPROLITE X-98 DPis a strong conditioner able to assure a total coverage of the hole wall both
on the glass-fibres and on the dielectric material. ;

CUPROLITE X-96 DP can be used both in basket and in conveyorized processes where it is
requested a conditioner showing a high and constant activity even with short contact time.

CUPROLITE X-96 DP works at low temperature and can be analytically checked.

BATH’S MAKE-UP

CUPROLITE X 96 DP A: 50 mlft.
CUPROLITEX96DPB: 5 mlit

D.l. water: up to volume.

Mix carefully before use.

WORKING CONDITIONS

BASKET PROCESS CONVEYOR PROCESS |

N80 C 35-40°C
' : .25-35 seconds
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Appendix F

ALFACHIMICI

PRE- CATALYST

The main aim of the pre-catalyst bath is to prevent drag-in of water and pollution of the subsequent

catalyst bath so to avoid stability problems of the catalytic colloidal system.
i

The pre-catalyst bath is made by using only UNIPHASE PHP A which is supphed both as Salt and
ready-to-use Solution. e

BATH’S MAKE-UP

UNIPHASE PHP A-Salt: 200 gr/it.
37% Hydrochioric Acid RP: 20 ml/it.
D.l. water: to volume

Fill the working tank up to 3/4 of the final volume with D.I. water. Dissolve the UNIPHASE PHP A
(Salt), add the HCI, bring to final volume with D.l. water and carefully mix.
Filter the bath to eliminate eventual suspending particles.

As an alternative the ready-to-use UNIPHASE PHP A Solution can be employed.

WORKING CONDITIONS

Temperature: room

Time: 1-2 minutes

EQUIPMENT

Tanks: PVC, Polypropylene, Polyethylene. Do not use Stamless Steel.

Agitation: a mechanical agitation is required.

Filtration: periodical. Use only filter-pumps with plastic inner parts. Use 5-10p polypropylene
cartridges.

CONTROLS AND REPLENISHMENTS

The pre-catalyst bath needs a control of the specific gravity to check the Salt concentration and a pH
measure to ensure the reqwred acadlty of the solution.
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Appendix G

ALFACHIMICI

CATALYST

The catalyst bath is made-up by using both the Component A and B of UNIPHASE PHP.

BATH’S MAKE-UP

UNIPHASE PHP A Salt: 200 gr/it.
37% Hydrochloric acid RP: 20 mi/it.
UNIPHASE PHP B: 20 mi/it.
D.l. water: to volume.

Fill the working tank up to 3/4 of the final volume with D.1. water and dissolve UNIPHASE PHP A Salt
Should the bath present a slight turbidity when completely dissolved, filter it to eliminate the suspending
particles. Add the Hydrochloric Acid, then the UNIPHASE PHP B and bring to final volume with D.I.

water containing 20 ml/lt. of 37% HCI.

Never add the UNIPHASE PHP B before the Hydrochloric Acid.

If UNIPHASE PHP A Solution is available, prepare the bath as follow:

UNIPHASE PHP A Solution: 980 ml/it.
UNIPHASE PHP B: 20 mi/it.

Mix thoroughly before using.

Note: working with the conditioner CUPROLITE X-84/C it is suggested to prepare the bath
with 30 mi/lt. of UNIPHASE PHP B in order to get better coverage of the glass fibres.

WORKING CONDITIONS

Temperature: 30-35 °C
Immersion time: 4 - 6 minutes

Tanks: PVC’* Polypropylene Polyethylene Do not use Stainless Steel.
Heaters:; , Porce in, Qua%o; Teflon. . St
Agitation: ..~
o = systems‘ :
Filtration: * ... " pétiodical.:UsE ,fllter-pumps with plastlc inner parts only. Use 5- 10ll
polypropylene cartrldges )
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Appendix H
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NIPLAST AT 78 is a fundamental step of the electroless metallization process. -

As an interraediate between the catalyst and the electroless nickel steps, it prevents loose’
catalytic particles’ :drag-in so as to preserve electroless nicke] stability. Thanks to the
removal of: catalyst excess from pieces’ surface, the electroless nickel deposit results
particularly: umform

NIPLAST AT 78 is:an excellent “activator” for assisting instantaneous, uniform starting of
electroless deposition also on poorly catalyzed surfaces.

NIPLAST AT 78 does not contain fluorides’ compounds.

NIPLAST AT 78 is stable over time and easy to be used, it is odourless and supphed in
concentrated Jorm. ‘

BATH’S NIA'.KE~UP

= NIPLAS'I .A.T T “‘hoo mllt,
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Appendix J

RN
ucm)

N4

UNITEC
CERAMICS

TYPE:

8% Yttria Stabilised Zirconia

High Purity
Nominal Size -2 um

UnNiTec CERAMICS
LiMITED

Doxey Road
Stafford
England ST16 1DZ

Telephone: 01785 223122

Facsimile: 01785 212259
01785 250990

CERTIFICATE OF ANALYSIS

[PRODUCT CODE: PYT08.0-002H ]
[BATCHNO ] [UCZ 2170 |
CHEMISTRY - XRF
Oxide |Specification |Measured
| wt% wt%
Y203 7585 7.89
Si02 0.08 Max 0.05
AI203 0.1-0.45 0.21
Fe203 0.05 Max 0.00
TiO2 0.20 Max 0.10
ZrO2+Hf02 | 90.15 Min 91.45
Ca0 0.05 Max 0.00
MgO 0.10 Max 0.00
LOI(1000C) | 0.50 Max 0.31

[DATE

| 19-Nov-03

PARTICLE SIZE DISTRIBUTION

MALVERN MASTERSIZER

| Specification |Measured
‘ um I um
D80 0.90-1.20 1.03
D50 0.55-0.75 0.66
D20 0.35-0.50 0.42
FIRED DENSITY (g/cc)
Measured | 6.00
Specification | =
SURFACE AREA m2/g
Measured | 6.76
Specification 1 =
S P A Duffy i i

Quality Technician
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Appendix K

mﬁ UNITEC UniTec CERAMICS
Svere CERAMICS Lib1ED
Doxey Road
Stafford
e — - - England ST16 1DZ
| TYPE: | 8% Yttria Stabilised Zirconia ‘\
1 & ! 5 * Telephone: 01785 223122
g l High Purity l
|i 1 5 % 1 Facsimile: 01785 212259 QC/Prod
| | Nominal Size -10 um | 01785 250990 Admin
3 5 Powder ;
: ; r 1
'PRODUCT CODE: PYT08.0-010H [ DATE | 27-Apr-06 |
[BATCH NO.| 6
CHEMISTRY - XRF PARTICLE SIZE DISTRIBUTION
MALVERN MASTERSIZER
[ Oxide fSpeciﬁcation‘MeasurE 77 Specification| Measured ?
L owit% wi% ‘ um um
[~ y208 | 7585 8.09 [ D8O 4.5 Max 3.07
| Si02 | 0.06Max | 0.00 | D50 140-2.00 | 160 |
| _A203 | 035Max | 0.1 [ D20 - 09
Fe203 0.05Max | 0.03
TiO2 020 Max | 0.11
ZrO2+Hf02| 90.5Min | 91.61
Ca0 0.05Max | 0.01
| MgO 0.10Max | 0.05
'LOI(1025C)| 0.50 Max | 0.23
e AN
J B Butters

Director Of Operations
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Appendix L

Bem) UNITEC LIMITED

) CERAMICS

W Doxey Road
Stafford

England ST16 1DZ

Z‘ﬁ } UNITEC CERAMICS

1 : 5 ” = 7 :
| TYPE: 14% Ceria Stabilised Zirconia Telephone: 01785 223122
| .Standard Purity
| . . Facsimile: 01785 212259
i Nominal Size -2 um 01785 250990
§ Powder

CERTIFICATE OF ANALYSIS
[PRODUCT CODE: PCE14.0-002S ] | DATE | 20-Nov-03 |

BATCH NO. 10 |
CHEMISTRY - XRF PARTICLE SIZE DISTRIBUTION
MALVERN MASTERSIZER

Oxide  |Specification| Measured Specification| Measured |

T

i Lowt% | wi% { um | um |

. CeO2 | 133-13.9 | 1341 | | D80 | 1.05-145 | 105
Si02 | 0.30Max _ 0.07 | D50 ' 0.58-0.85 @ 061
Al203 | 0.50Max _ 0.10 D20 034054 @ 036
Fe203 | 0.15Max | 0.02 ST
TiO2 | 025Max | 0.08

I |

'Zr02+HfO2| 83.7Min  86.30
‘ !

e

o &€ <

J B Butters
Director Of Operations
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Appendix M (Bisgaard 1998)

Yates Algorithm For 16 Run Experiments
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Appendix N (Shackelford and Alexander 1992)

Element Symbol Atomic | Solid/ Gas Density Crystal MeltingPoint
Mass (Mg/m®) Structure (°C)
Oxygen 0 16.00 1.43 - 2184
Phosphorus P 30.97 1.82 ortho. 44.1
Nickel Ni 58.71 8.91 fcc 1453
Yttrium Y 8891 4.48 hep 1523
Zirconium Zr 91.22 6.51 hep 1852
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