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I Support Structures and Sintered Thin Film Electrolytes for Solid

Oxide Fuel Cells

Summary

Today's solid oxide fuel cell (SOFC) technology employs almost exclusively
stabilized zirconia as solid electrolyte with a typical thickness of 50 - 300 um.

Due to the high specific resistivity of zirconia the cell has to be operated at

temperatures of 900-1000 "C. Thinning down the electrolyte to several um low¬

ers the internal resistivity of the cell and allows therefore lower operating tem¬

peratures. These thin electrolytes, however, can not be the load bearing parts of

the single cell any more and the anode or the cathode have to take over this

function.

The approach in this work was the use of ceramic foams as support structures.

The single components of the cell were built up layer by layer: first the ceramic

foam is formed, followed by the tape cast active anode and a thin zirconia elec¬

trolyte.
The processing of ceramic La-Sr-Mn-Oxide (LSM) and Ni-(Ce-Gd)-Oxide (Ni-

CGO) foams using the polymer sponge method was demonstrated. Foams of

different pore sizes and thicknesses were produced. Properties of the sintered

foams, such as density, compressive strength, and electrical conductivity as a

function of the pore size and thickness were measured and compared with the

requirements needed in the application of SOFCs. The joining of the separately

processed tape cast active anode with the ceramic foam was achieved via dip-

coating the ceramic foam and co-sintering it on the anode tape.

For the application of the electrolyte onto this porous anode the electrophoretic

deposition (EPD) method was chosen. The Ni-CGO substrates used were re¬

duced to metallic nickel at 700 C under an H2-atmosphere. The electrochemical

conditions in the EPD-cell were investigated in more detail. Deposition of the

positively charged zirconia particles was possible only on electrically conduct¬

ing substrates. The layer thickness correlates linearly with the total charge
transfer. A model was proposed based on a combined charge transfer and dif¬

fusion process under stationery conditions.

The colloidal preparation techniques in this work were successful applied to

produce SOFC cells. The techniques were discussed and assessed. Suggestions
for further improvements on cell preparations were made.

The feasibility of ceramic foams as load bearing support structures for SOFC

and EPD as method for preparing thin electrolytes was demonstrated.
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Zusammenfassung
In der heutigen Technologie der Festelektrolyt-Brennstoffzellen (SOFC) wird

fast ausschlieBlich stabilisiertes Zirkonoxid mit einer typischen Dicke von 50 -

300 urn als Elektrolyt verwendet. Der hohe spezifische elektrische Widerstand

dieser Materials bedingt hohe Betriebstemperaturen von 900-1000 'C. Eine Ver-

ringerung der Dicke des Elektrolyten auf einige nm erniedrigt den inneren Wi¬

derstand der Zelle, die somit bei niedrigeren Temperaturen betrieben werden

kann. Ein solch dunner Elektrolyt verliert jedoch seine selbsttragende Funktion

und muB mit einem Substrat unterstutzt werden.

Das Trager-Substrat ist in dieser Studie ein keramischer Schaum. Die Brenn-

stoffzelle wird nun auf diesem Schaum Schicht fur Schicht aufgebaute: als er-

stes der keramische Schaum, gefolgt von der foliengegossenen Anode und dem

dunnen Elektrolyten.
Es wurden Schaumkeramiken aus La-Sr-Mn-Oxid (LSM) and Ni-(Ce-Gd)-Oxid

(Ni-CGO) mittels Abformung von Polymerschaumen hergestellt. Eigenschaften
der gesinterten Schaume wie Dichte, Festigkeit bei Raum- und bei Anwen-

dungstemperatur und elektrische Leitfahigkeit wurden als Funktion der Po-

rengrosse und der Dicke der Schaume untersucht. Diese Eigenschaften wurden

mit den Anforderungen in einer Brennstoffzelle verglichen und bewertet. Die

Verbindung der getrennt hergestellten aktiven Anode und des keramischen

Schaumes wurde mittels Dip Coating des keramischen Schaumes erreicht.

Als Herstellmethode fur den Elektrolyten wurde die Abscheidung mittels

Elektrophorese gewahlt. Eine kurze Anreduktion der Substrate bei 700 C unter

H2-Atmosphare fuhrte zur Bildung von metallischem Nickel und somit zu gut

leitfahigen Substraten, auf denen elektrophoretisch dunne Schichten abge-
schieden werden konnte. Die Schichtdicke kann im stationaren Fall uber die

transportierte Gesamtladungsmenge ermittelt werden. Die dabei ablaufenden

elektrochemischen Bedingungen wurden genauer untersucht. Fur die Abschei¬

dung wurde ein Modell vorgeschlagen, dem eine Kombination eines Ladungs-
Transfers und eines Diffusionsprozesses zugrunde liegt.
Die in dieser Arbeit erprobten kolloidchemischen Herstell-Technologien fuhr-

ten zu funktionierenden SOFC-Elementen. Die verwendeten Methoden wurden

bewertet.

Die Eignung von Schaumkeramiken als Trager-Substrate und die Abscheidung
mittels Elektrophorese als Herstellmethode fur dunne Elektrolyte wurde de-

monstriert.
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II Introduction to Solid Oxide Fuel Cells

In this chapter a short overview of the principle of solid oxide fuel cells (SOFC) is given.

The functions of the single components ofSOFCs are explained and their processing is de¬

scribed. Finally, different possible designs of the basic systems are presented.

A fuel cell is an energy conversion device which directly converts the chemically

stored energy of fuel gases into electrical energy via an electrochemical process.

Compared with conventional methods of power generation, fuel cells offer several

advantages: substantially higher conversion efficiency, easy modular construction,

high efficiency under partial loads, and a much lower generation of pollutants.

Compared with other types of fuel cells, the energy conversion efficiency of solid

oxide fuel cells is particularly high (50-60%) due to the lack of any mechanical

moving parts [1].

The main components of a SOFC single cell are the electrolyte, the anode, the cath¬

ode, and the interconnector. The set-up of positive electrode (anode), electrolyte,
and negative electrode (cathode) is called PEN which is shown in Fig. III. The in¬

terconnector provides the electronic connection between the single PEN elements

and separates the gas compartments with the fuel gas from the one with the oxi¬

dant (air).

C> 2H20

Interconnect

Anode ["})

Electrolyte

Cathode ||?3i

Fig. II-1: Schematic of a solid oxide fuel cell with oxygen conducting electrolyte

Fuel is supplied continuously to the anode and oxidant (air) is fed to the cathode.

The solid electrolyte is an oxygen-ion-conductor. The working principle of a SOFC

can be described as follows:
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Oxygen is absorbed at the cathode, dissociates to 2 O which become charged to O

02+4e~>20~ Eq.II-1

These oxygen ions pass through the solid electrolyte and react at the anode with

the fuel gas, e.g. the hydrogen

2H2 + 20'^2H20 + 4e Eq.II-2

The overall cell reaction can be written as

2H2 + 02-*2H20 Eq.II-3

The driving force for the oxygen ions traveling through the electrolyte is the differ¬

ence between the low oxygen chemical potential at the anode and the high oxygen

chemical potential at the cathode. Under no load conditions, a cell produces ~1 V

electrical potential [2].

Several PEN elements are combined to form a stack. Stacking of cells is performed

to obtain higher voltages needed for technical applications. Each component of the

stack has several functions and must meet certain criteria. In the following sections

these requirements will be discussed.

1 Components of a SOFC

1.1 Solid Electrolyte

High efficiency fuel cells require electrolytes which must exhibit sufficient oxygen-

ion conductivity (>5 S/m) and must be impermeable to the reacting gases. The elec¬

trolyte has to be stable under the prevailing oxidizing atmosphere at the cath

ode(p0 = 0.2atm) and the reducing atmosphere at the anode (p0 = 10"" atm). In

the past most of the research work has focused on oxygen-ion-conducting stabi¬

lized ZrOz-electrolytes [3]. The necessary dopants are selected from a large number

of bivalent and trivalent metal oxides (Y203, Yb2Ov Sc202, CaO, MgO etc.), which

stabilize the high temperature tetragonal phase or cubic zirconia phase. In the

Zr02-Y203 system 2.5 mol% Y203 stabilizes the tetragonal and 8.5 mol% stabilizes

the cubic phase [4J. The tetragonal phase is a fine grained material (grain size ~

0.3 (xm) with high mechanical strength, high toughness, and thermal shock resis¬

tance, and an ionic conductivity of 5.5 S/m at 1000° [5]. The coarse grained cubic

phase has lower strength at room temperature, but a higher conductivity of around

10 S/m at 1000°C [5]. Doped ceria (CaO, Y203, Sm203, Gd203 and other rare earth

oxides as dopant materials), and stabilized Bi203 develop rather high ionic conduc-



5 Introduction

tivity. They also have been proposed as electrolyte materials for SOFCs, especially

for reduced temperature operation (600- 800°C) [6, 7].

Methods for preparing the dense electrolyte include colloidal techniques such as

tape-casting [8] and various deposition methods from the gas phase [9-12].

1.2 Anode

Anodes should exhibit a good electronic conductivity and a high catalytic activity

for the oxidation of the fuel. Due to the reducing atmosphere at the anode metals

are being used as electrodes. Ni is the preferred choice due to its low cost, but

shows coarsening during manufacturing and at operational temperatures [13]. For

retention of the porous anode structure and in order to reduce thermal expansion

coefficient mismatches between anodes and electrolytes, the anode is a cermet

composed of metal and stabilized zirconia with volume fractions of Ni/Zr02 from

30to55vol.%Ni[14].

Methods of preparing cermet anodes include (1) conventional forming techniques
such as tape casting [8], (2) coating techniques such as screen printing [15, 16] and

slurry coating, and (3) deposition techniques such as plasma spraying [10] and

chemical vapor deposition [17].

1.3 Cathode

The main function of the cathode is to provide reaction sites for the electrochemical

reduction of the oxidant. The material used must be stable in the oxidizing envi¬

ronment and have sufficient electronic conductivity and catalytic activity for the

oxidant gas reaction. The most common cathode material is doped La-manganite, a

p-type semi-conducting perovskite [18, 19]. Doping LaMn03 with lower valent

cations enhances the electronic conductivity. Sr doped La-manganite (LSM) is cur¬

rently the preferred cathode material. However, interfacial reactions between cath¬

ode and electrolyte during operation limits the life of SOFCs and need to be mini¬

mized [20].

1.4 Interconnector

The interconnector (also called bi-polar plate) provides the electronic connection

between the single PENs, and has to separate the fuel gas on the anode side

(hydrogen, coal gas, or natural gas) from the oxidizing gas on the cathode side (air

or oxygen). The interconnector is therefore directly in contact with two different

reactive gas atmospheres. It must resist high temperatures of up to 1000 "C, corre¬

sponding to the operating temperature of SOFCs. The interconnector is at the same

time used for current collection and as mechanically stable support for the ceramic
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components of the SOFC stack Due to these multiple functions the mterconnector

requires several characteristics, such as high mechanical strength, high temperature

stability, compatibility of thermal expansion coefficients, high corrosion resistance,

long-term chemical stability, chemical compatibility with the adjacent components,

and high electrical conductivity

Fig II 2 Interconnector for a planar SOFC (Sulzer design), made

ofX20CrN26 1 and coated with a perovskite to suppress the Cr2Os
evaporation [21]

Today's SOFCs utilize ceramic interconnectors made from La, xSrxCr03 [22], Cr-

(95%) based alloys [23] or oxide dispersion strengthened alloys [24 27] These ma

tenals form a stable passive layer of Cr203 inhibiting a further oxidation of the

metal However, at temperatures above 800 13, the Cr203 layer forms volatile chro¬

mium oxides or chromium hydroxides These products evaporate and are reduced

at the cathode/electrolyte interface to form new crystalhne phases giving rise to

strong cell degradation [23] The evaporation of Cr oxides can be suppressed by a

dense protective layer e g by deposition of perovskites via plasma or powder

slurry spraying Fig II 2 shows a photograph of an interconnector used in the Sul

zer design with a protective perovskite layer deposited via vacuum plasma spray

ing [21] The use of conventional ferntic chromium steel is an inexpensive alterna

tive but is restricted to temperatures below 750°C

Processing techniques of ceramic interconnectors are [22 27] hot rolling hot

pressing and sawing, isostatic pressing, electrochemical machining and tape cast

ing The expensive machining of ceramics is a major drawback in the production of

large components Fabrication of a metallic interconnector is therefore advanta

geous with the additional benefit of higher electrical and thermal conductivity
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1.5 Fuel and Oxidant

SOFCs use hydrogen or methane which is reformed at the anode where CH4 and

H20 react to Hj and CO. Otiier potential liquid fuels are naphtha, gas oil or kero¬

sene, or biogas and gases from biomass and landfill wastes [28].

Air is commonly used as oxidant due to its availability but pure oxygen would im¬

prove the performance of ceramic fuel cells.

2 SOFC and PEN Designs

Although there is a general consensus regarding the selection of the materials,

there is still a divergence of opinion about the best configuration to be adopted for

economical mass production [29]. At present, four common stack configurations

have been proposed and are fabricated for SOFCs: (i) die seal-less tubular design,

(ii) the segmented-cell in series design, (iii) the monolithic design, and (iv) the flat-

plate design.
The tubular design of Westinghouse is by far the most advanced [30]. Stacks are

built up from bundles of tubes connected with Ni felt pads. Support tubes form

structural parts onto which active components are deposited via CVD/EVD or

plasma spraying. The main disadvantages of this concept are the high cost of the

support materials and the rather low power densities (ca. 200 mW/cm).

The monolithic design currently developed by Allied Signal Aerospace uses lami¬

nated corrugated structures, combined in the green state and sintered. This design
has the potential for high power densities but co-sintering proves to be very diffi¬

cult [31].

Currently, the most widely investigated concept is the planar or flat plate design.
In this application, the components are fabricated individually and tiien stacked

together. They are based on 100-300 um thick self-supporting electrolytes coated

with thin porous electrodes which are assembled between metallic or ceramic in-

terconnector plates. The dimensions are limited by the mechanical stability: state-

of-the-art cells are in the range of 50x50 to 100x100 mm .
The planar concept offers

high power densities, cheap fabrication methods and simplified quality control.

Examples are the planar concepts of Siemens [32] and Sulzer [33]. Typical materials

used for the components of the flat-plate arrangement are listed in Table II-1.

There are many possible PEN designs described in literature which are mainly de¬

veloped on a laboratory scale only. They can be grouped into (1) self-supporting

ones, where the electrolyte (80-300 |im in thickness) forms a structural element of

die design and (2) supported concepts where the electrolyte is deposited as a thin
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layer (< 50 |im in thickness) on porous support structures. Electrolytes less than 10

um thick have reduced ohmic losses, thus allowing for efficient operation at inter¬

mediate temperatures. Supported designs can be divided into cathode supported
and anode supported designs. Each of these have their own advantages and disad¬

vantages as illustrated in Table II-2.

COMPONENT MATERIAL THICKNESS

Electrolyte Stabilized Zirconia 10 - 250 um

Anode Ni-cermet 25 -100 um

Cathode Doped LaMnO, 25 -100 um

Interconnector Doped LaCr03
Cr-based alloys or oxide dis¬

persion strength, alloys

2 -6 mm

Table II-1: PEN-Properties of the components offlat-plate SOFC-designs
[341

ADVANTAGE DISADVANTAGE

Anode

supported

• processing sequence starts

with the element with the

highest sintering tempera¬

ture

• adjustable cathode

• low fuel utilization due to hindered

gas transport through the thick an¬

ode.

Cathode

supported

• high fuel utilization due to

an adjustable anode

• processing sequence starts with an

already rather low sintering tem¬

perature

Tabie II-2: Characteristics ofanode and cathode supported PEN designs.

For certain cell designs, the components for a ceramic fuel cell must be amenable to

special fabrication conditions, since the process can not be selected independendy
for each component. If the components are built-up one by one, the sintering tem¬

perature for each successive component should be lower or at least not much

higher than that of the preceding one in order to avoid changes in the microstruc-

ture of the preceding component. Each arrangement has to be designed widi re¬

spect to the chemical compatibility, thermal expansion matches, and processing se¬

quence.
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3 Fuel Cell Operation

A fuel cell may be considered as an oxygen concentration cell of the following type

oxygen partial pressure'/oxide solid electrolyte/ oxygen partial pressure"

where the oxygen partial pressures are at the cathode and at the anode.

Current (A)

Fig. II-3: Schematic diagram of the current-voltage characteristics of a fuel cell.

The thermodynamic voltage £a of this cell is given by the Nernst law

RT p(0')
*• =«*«&) Eqn'4

where R, T and F are the gas constant, absolute temperature, and the Faraday con¬

stant, respectively. When an electric current I is drawn by the fuel cell, the actual

operating voltage V(I) is lower:

V(/) = Em -(Rt + Rc+Ra)I-r\c-n. Eq. II-5

R^ Rc and Ra are electrolyte, cathode, and anode ohmic resistances, respectively,
whereas T)c and r\a are the cathodic and anodic polarizations. The typical current-

voltage characteristic is shown in Fig. II-3.
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4 The System

Compared with other fuel cell systems such as molten carbonate, alkaline,

phosporic acid and polymer electrolyte fuel cells, the supporting system is very

simple [35], An overview about the peripheral units around the PEN was given by
Bossel [35] and is illustrated in Fig. II-4. Conventional fuels, e.g. natural gas biogas,
and propane are directly used or are cracked in the hot area of the stack. Usually,

the fuel is upgraded before it is supplied to the anode. The excess heat of this high

temperature fuel cell can be used to heat the air and the fuel before supplying it to

the cathode or anode. The combination of high conversion efficiency and high tem¬

perature of the waste gas makes this system very attractive for industrial combined

heat and power systems in the range of 100 KW-10 MW.

air

gas

waste gas

Fig. 11-4: Basic system ofa SOFC [35].

The Sulzer HEXIS system (as shown in Fig. II-5) has an integrated start-up burner.

In normal operation mode this burner is shut-off and the SOFC module runs ther¬

mally self sustaining. This means that the stack is held on temperature only with

the heat from the cells (which heated up the air) and from the afterburner, which is

located directly on the outer rim of the stack. A steam reformer is thermally inte¬

grated into the SOFC module and heated with the exhaust gas from the stack. This

system is operated with natural gas [33].
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air

gas

fuel cell

stack

£in
pre-reformer
start-up burner

jr

exhaust

heat

exchanger

waste gas

heating unit

T
warm

water to

user

Fig. II-5: The Sulzer SOFC-design (after [33]).
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III Aim of the Study

The aim of this study is to evaluate different preparation techniques for the

components of a solid oxide fuel cell (SOFC) and their sequence.

Special emphasis should be given to an anode supported cell using ceramic

foam as current collector and gas distributor. Foam preparation parameters and

resulting properties should be assessed. In addition, colloidal techniques
should be investigated and developed for the fabrication of thin electrolytes.
The electrophoretic deposition should be studied in detail using stabilized zir-

conia suspensions.



15 Porous Structures

IV Porous Load-Bearing Structures

In this chapter an overview is given of the preparation ofhighly porous ceramic structures

and their potential use as load-bearing electrodes and current collectors in SOFC. Proper¬

ties such as compressive strength, reliability, creep, and electrical conductivity are exam¬

ined.

1 Introduction

In SOFCs, the electrical resistivity can be minimized by thinning the electrolyte
from several 100 nm to several p.m thickness. By doing so, the ohmic losses can be

reduced and the operating temperature can be lowered to achieve the same power

output density. However, electrolytes can then no longer be the load-bearing parts

of a single cell and the anode or cathode has taken over this function. Porous load-

bearing substrates wkh one surface sealed may also function as interconnect in a

flat plane design and are then responsible for gas distribution and current collec¬

tion.

These supports have to fulfill several requirements, such as high mechanical

strength, high temperature operation, thermal expansion coefficient compatibility
with other SOFC elements, high corrosion resistance, long-term chemical stability,

chemical compatibility with other SOFC components, and high electrical conduc¬

tivity. Metals and ceramics are considered as potential support structures; ceramics

are superior to metals due to their excellent strength at high temperatures. How¬

ever, metal forming methods cannot be applied to ceramics [1, 2]. Another disad¬

vantage of the metallic current collectors are tiieir relatively small current carrying

contact areas with the electrodes due to the difficulties in machining high Cr-

containing metal alloys which might lead to current constrictions [3].

In the development of porous ceramic structures that are bearing the load of a cell

we want to enlarge the current carrying cross section of the current collector that is

in contact with the working electrodes. Our approach is to use ceramic foams. This

would significantly the area and provide a large density of contact points.

2 Ceramic Foam as Load Bearing Structure in SOFC Application

Today, highly porous ceramics can be found in numerous technical fields due to

their chemical inertness. Most chemical applications for ceramic foams involve ei¬

ther filtration or separation. Other applications of porous ceramics are known in
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thermal protection, gas combustion burners, catalysis [4] and in the biomedical

field as implants [5, 6]. Filtration of high temperature, high-pressure gas streams is

performed by using porous ceramics [7-9]. Ceramic foam filters are used for con¬

trolling gas and diesel engine emissions [10, 11]. The most important use of open-

pore ceramic foams is in filtering molten metals such as cast iron, steel, aluminum,

zinc and otfiers [12-14]. They remove nonmetallic inclusions without large pressure

drop. These filters must withstand high temperatures and the corrosive attack of

reactive elements. Ceramic foam must exhibit resistance to thermal cycling, high

trapping efficiencies, and a low gas pressure drop Other important applications

include use in manufacturing of low-mass kiln furniture for thermal protection,

gas combustion burners, catalysis [6,15], and implants in the biomedical field [15].

Porous ceramic foams are commonly classified into two types: closed-cell foams

and open-cell (or reticulated) foams. The closed-cell foams have structures resem¬

bling a network of soap bubbles. The open-cell foams are identical to the closed cell

ones except the membranes have been removed which produces large channels of

interconnected cells, the main advantage of which is its "flow-through" capability:

liquids and gases can flow through the structure with minimal resistance. Ceramic

foams can be produced in many configurations and pore sizes by using a variety of

different processes:

• Replication of polymeric porous structures [16], also called the polymer sponge

method

• Incorporation of volatile or combustible burn-outs in a ceramic powder mix [4,

17, 18]

• Solid state sintering [17,19]

• Sol-gel systems that develop porosity during phase transformations or chemical

reactions [20-22]

• Subcritical drying of highly cross-linked inorganic gels [23]

• Sintering of materials having inclusions of hollow spheres [24-26]

• Foaming of ceramic slurries [27-30]

• Chemical leaching of glasses and glass ceramics [8, 27]

• Infiltration of a pyrolyzed polyurethane foam witii various ceramics by e

chemical deposition/infiltration [7].

In tiiis work, the polymer sponge method was chosen as the method to prepare the

highly porous (> 80 vol. %) support structure.
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3 Preparation of Ceramic Foams

For porous structures, on the anode and on the cathode side, die same require¬

ments are important:

1. upscalability to system required dimensions (> 100 cm2)
2. high compressive strength at room and operating temperature (up to 950 X2)

3. low creep at operating temperatures

4. high electrical conductivity

5. chemical compatibility with adjacent PEN components in contact

6. 3-3-3 connectivity in case of porous anodes (gas, metal, ceramic)

7. high gas permeability, equivalent to a low pressure drop at a given gas flow.

The following sections describe the preparation of the porous structures, including the

polymer sponge method, the ceramic suspensions, and the processing of the porous struc¬

ture, as well as a list ofraw materials used. The last section outlines the characteristics of

the ceramic foam.

3.1 Polymer Sponge Method

Reticulated open-celled ceramics are produced via the replication of a polymeric

porous structure. The patent on this technique called die "replication" or "polymer-

sponge" method was first filed by Schwartzwalder and Somers in 1963 [16]. It is the

standard method for producing alumina, zirconia, silicon carbide and odier ce¬

ramic foams [4, 7,11, 14, 29, 31-37]. The world production of ceramic foams is about

100 billions parts with prices of 15 to 20 cents/inch3, depending on material costs

[38].

The foams are manufactured by coating a polyurethane foam widi a ceramic slurry.
The polymer, having already the desired macrostructure, simply serves as a sacrifi¬

cial substrate for the ceramic coating. The slurry infiltrates die structure and ad¬

heres to the surface of the polymer. Excess slurry is squeezed out leaving a ceramic

coating on the foam struts. After drying, the polymer is slowly burned away in or¬

der to minimize damage to die porous coating. Once the polymer has been re¬

moved, the ceramic is sintered to the desired density. The process replicates the

macrostructure of the polymer, and results in a rather distinctive microstructure

within the struts. A flowchart of the process is given in Fig. IV-1. The struts retain a

triangular void (on die 10-50 |xm scale) from which the polymer substrate has

been removed by pyrolysis, as well as the fine porosity between die ceramic grains

(on die 0.1 - 5 urn scale) within the strut walls. The large-scale cellular structure

consisting of a three-dimensional arrangement of solid walls will be referred to as
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the macrostructure, whereas the morphology of pores and grains within the indi¬

vidual struts will be called microstructure.

Polymer Foam

/^Infiltration with

\. Ceramic Slurry

Ceramic Coated

Polymer Foam

/^ Burnout of

\. Polymer

/^ Sintering of

1 r

\. Ceramic

Ceramic Foam

Fig. IV-1: Flowchart of the Polymer Sponge Method [16].

3.2 Raw Materials

3.2.1 Polymer Foams

There are two critical considerations for the selection of polymer sponges: one is

the macroscopic pore size which determines the final pore size of the ceramic and

second is the type of polymer. The pore size of the polymer foams is classified in

terms of pores per linear inch: ppi. Of the polymers available for coating, polyure-
thane is the most attractive because of its low softening temperature and ease of

burn off with low resilience [39]. Polyurethane foams are sufficiently elastic to re¬

gain their shape after compression. They are most almost manufactured from poly¬
ethers and polyesters [40]. These foams are made by the controlled entrapment of

an expanding gas during the polymerization that forms urethane linkages be¬

tween, polyethers or polyesters. The physical characteristics are largely determined

by the selection of the polyether or polyester. Foams are produced that can be de¬

scribed as relatively firm to rather soft [41]. However in our application the wetting
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behavior of the foam by the ceramic particle suspension is the most important

property. It turned out that the polyester based polyurethane foams had the better

wetting behavior compared to polyether based foams. This was evaluated experi¬

mentally.

&> »W J0&& *w '&*

Fig. IV-2: Polyester based polyurethane foams,

(a) 45-ppi. (b) 60-ppi, (c) 80-ppi, (d): single strut.

Examples of the used polymer precursors are illustrated in Fig. IV-2. Fully reticu¬

lated polyester based polyurethane foams with ppi-numbers of 30, 45, 60 and 80-

ppi were used in this study. The foams were supplied in large plates 3, 5, and 8 mm

Koepp AG, Oestrich Winkel, Germany
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in thickness and were cut to size by punching them out with a metal stamp to cyl¬
inders of 40, 45 or 50 mm diameter, respectively. Fig. IV-2d shows some "dirt" on

the polymer struts. This remnant stems from the reticulation process in which the

closed cells were opened by an oxy-hydrogen gas explosion or by the explosion of

acetylene or propane [42].

Fig. IV-3: Micrograph ofpolymer foam demonstrating pore size D,

strut thickness t, and length 1.

Due to the fact that the pores shown in the micrographs are two-dimensional pro¬

jections of three-dimensional objects, their maximum diameter may not be repre¬

sented in the image. The following equation was used to determine the maximum

spherical diameter from an average number of circular segments of the cells [43]

r^
measured

^ n. .

D,rue =
Eq. IV-1frue

0.616
H

The measurements of the strut lengths was also corrected by [44]

4
L -L Eq. IV-2

The strut thickness was measured at the midpoints of the struts which were taken

from a random selection and required no stereographic corrections. These meas¬

urements were made for each ppi-number and the results are given in Table IV-1.

The pore size, the thickness of the struts, and the strut length decreased with in¬

creasing ppi-numbers.
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ppi PORE SIZE, D

[mm]

STRUT THICKNESS, t

[mm]

STRUT LENGTH, /

[mm]

30 2.5 0.18 0.81

45 1.7 0.17 0.72

60 1.10 0.07 0.34

80 0.50 0.06 0.19

Table IV-1: Geometries of the polymer foams (numbers are averaged).

3.2.2 Ceramic Powders

A mixture of NiO and stabilized ceria was chosen for the anode and Lanthan-

Strontium-Manganate (LSN4) was used for the cathode.

POWDER 70 wt.% NiO/30wt%Ce08Gd02O3
(Ni-CGO)

La084Sr016CO002MnO3x
(LSM)

Supplier Praxair, USA RhdnePoulenc, USA

Lot# 03P2249FA MBK M7-A*-95

Grain Size, dm 0.75 pm 0.79

BET surface 9.3 m7g 5.2

Theor. Density 6.8 g/cm3 6.5

Table IV-2: Ceramic Powders (Ni-CGO and LSM).

3.3 Ceramic Suspensions

Requirements for the suspension used in the polymer sponge method are as fol¬

lows:

1. Ceramic powders have to be mixed with appropriate additives to make a slurry
with a shear-thinning characteristic. The slurry must be fluid enough to enter,

fill, and uniformly coat the sponge and subsequentiy regain enough viscosity

under static conditions to remain in the sponge (thixotropy).
2. The suspension must wet the polymer sponge which requires a hydrophilic sur¬

face of the polymer in case of water based suspensions.

3.3.1 Anodic Porous Foams

The anodic foam will be the load-bearing structure, whereas a ceramic tape on this

foam represents the active anode of the SOFC. These two components are proc¬

essed separately andjoined together after preparation but before sintering (chapter

IV-5). For compatibility reasons and sinter adjustments of these two components

the suspension of the anodic foam was prepared using almost the same recipe as

that of the tape. Tapes produced from Ni-CGO powder based on the organic for¬

mula shown in Table IV-3, were brittle and cracked during drying. Several at-
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tempts were made to solve this problem by varying the constituent of the organics.

Different dispersants and other changes of the recipe in regards disper-

sant/plasticizer ratios did not improve the situation. A successful tape production
was only possible with the addition of 16 wt.% of stabilized cubic zirconia (refer to

the amount of Ni-CGO). The properties of the zirconia, such as median grain size

and BET surface, are given in Table IV-4.

MATERIAL wt.% FUNCTION SUPPLIER

60 g Ni-CGO 62.7 Powder Praxair Speciality Ceramics,

USA

23 ml Toluene 19.2 Solvent F.E.R.O.S.A. E-Barcelona

1.8gBeycostat 1.9 Dispersant CeCaSA.,F-Paris

5.2 g Polyethylenglycol 600 5.4 Plasticizer Fluka Chemie, CH-Buchs

4.5 g Bis(2-ethylhexyl)phtalate 4.7 Plasticizer Fluka Chemie, CH-Buchs

5.8 g Polyvinylbutyral (PVB) 6.06 Binder Hoechst-Chemie, D-Frankfurt,

Table IV-3: Slurry composition of the anode ceramic foams.

POWDER ZrO, (ss) 8 mole%

Supplier Tosoh, Japan

Median Grain Size, d50 0.23 urn

BET surface 16m7g

Table IV-4: Zirconia Powder.

Ni-cermet precursor

21 vol % .8"

• increasing spindle
° decreasing spindle

1000400 600 800

Shear Rate [s-1]

Fig. IV-4: Viscosity ofa Ni-cermetprecursor slurry.
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Possible explanations for the favorable effect of die zirconia particles can be found

in Appendix 1. Materials produced from the mixture of Ni-CGO/ZrOz will from

now on be referred as ni-cermet precursors2. A typical way of slurry preparation is

to mix of the two ceramic powders with toluene and dispersant, ball-milling with

zirconia balls in a polyethylene bottie, and adding plasticizers and binder. The

slurry was measured in a viscometer3 to ensure the desired thixotropic behavior.

Fig. IV-4 shows that data which illustrate die shear-dunning behavior of the slurry.
Almost no thixotropic behavior could be measured.

3.3.2 Cathodic Porous Structures

These slurries are based on water as dispersant medium and stabilized using die

anodic dispersant Sokolan CP 10. The pH is adjusted to between 9 and 11 according

to die ESA measurements shown in Fig. IV-5.

LSM

+ Sokolan CP 1C

>
V

""^^B

2 vol. %
D°anD n D Q

_l 1 I 1 I I I 1

2 4 6 8 10 12

PH

Fig. IV-5: ESA plot ofa LSMslurry. The surface charge is increased

with the addition of the dispersant. The IEP shifts from 9 to 5.5.

At these high pH values the surface charge of the LSM particles were highest. The

slurry was prepared by adjusting the pH with KOH, adding the dispersant agent

and the powder witii subsequent ball milling. The slurry contained 42 vol. % LSM

(Table IV-5). Fig. IV-6 shows the viscosity data which illustrates the shear-diinning
behavior of the slurry witii a slight diixotropic behavior. Fig. IV-7 demonstrates the

viscosity of a slurry witii 42.2 vol. % solids LSM in comparison to a suspension
with 42.6 vol. % solids. Although the solid content is only slightiy higher the shear

thickening started at a shear rate of about 700 s .

Ni cermet precursor: mixture of Ni-oxide and oxide ceramics before reduction to the true Ni-

cermet

Contravers, Zurich, Switzerland
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MATERIAL FUNCTION SUPPLIER

70s LSM(9 3m7g) Ceramic Powder Rhone Poulence, USA

14 6 g Water Dispersion Medium

0 05g KOH10mol/l Adjustment of pH

lOg SokolanCPIO Anionic Dispersant BASF, D Ludwigshafen,

0 lg Octanol Lowering the surface tension FlukaChemie CH Buchs,

0 55g Dispex Binder Wacker Chemie CH Liestal

TaMe IV 5 Slurry composition of the porous cathode structures
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Fig IV 6 Viscosity of the LSMslurry showing slight thixotropy
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Fig IV-7 Viscosity ofa LSM slurry with two solids loading, showing
shear thickening for higher solids loading at high shear rates
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800

Solids Loading [vol. %]

Fig. JV-8: Critical shear rate for the onset ofshear

thickening versus phase volume ofdispersed LSM.

As illustrated in Fig. IV-8 the critical shear rate, above which the viscosity starts to

increase, decreases rapidly with increasing solids content. One explanation of tills

behavior is given by Shaw [45]: Shear thickening occurs particularly in suspensions

of densely packed particles in which there is only sufficient liquid to fill the voids.

As the shear rate is increasing, this dense packing brokes down to permit the parti¬

cles to flow past one another. The resulting expansion leaves insufficient liquid to

fill the voids and is opposed by surface tension forces. Barnes [46] postulated that

the increase in viscosity is due to the transition from a two-dimensional layered ar¬

rangement of particles to a random three-dimensional form. The severity of the

shear thickening depends on the solids loading, in proportion to some maximum

packing fraction which is itself partly controlled by the particle size and the form of

the particle size distribution.

3.4 Shaping Process

3.4.1 General Procedure

As described in chapter IV-3.1 the polymer foams are dipped into the ceramic sus¬

pensions. Due to the swelling of the polymer caused by the reaction with the tolu¬

ene based suspensions the polymer foams were moistened with toluene before in¬

filtrating with the suspension. The foams swelled up to 15% of their original siz but

regained their original size after drying. Due to these large dimensional changes

drying was performed very slowly. In order to improve homogeneity and cababil-
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ity to reproduce the experiment the infiltrated foams were passed through a set of

rotating rollers in order to remove the excess slurry. The roller unit featured ad¬

justable separation between the rolls. The optimum roller separation was deter¬

mined by experiment and corresponds to about 15-20% of the thickness of the

sample, or to 80-85 % compression. Care had to be taken to prevent individual cells

from retaining any slurry. This was most difficult to achieve for the polymer sub¬

strates with the highest ppi-number. After passing through the rollers, the samples

were placed onto a porous ceramic plate, covered with a glass-beaker, and dried at

room temperature for at least 18 hrs.

Thermal analysis (Fig. IV-9) was performed in flowing air on finely cut particles of

the polyurethane foam and coated material. The polymer foam material exhibits

both thermoplastic and thermoset characteristics. Upon heating partial decomposi¬

tion occured resulting in vaporization as well as formation of a thick, tar-like melt.

The "melting point" was found to be approximately 260 C (Fig. IV-9). Only some

permeation permeation of the liquid decomposition products into the porous ce¬

ramic coating was expected. In the Poiseuille equation, the flow rate is inversely

proportional to the liquid viscosity, and since the melt has a high viscosity, the flow

rate should be low. The liquid is therefore expected to remain inside the strut until

further decomposition occurs. This effect can be clearly demonstrated by thermal

analysis of the ceramic coated polymer. As illustrated in Fig. IV-9 the decomposi¬

tion starts at a temperature of 260 C for the uncoated sample. Although it is su¬

perimposed by the peak of the binder/plasticizer decomposition, the decomposi¬
tion of the polymer is clearly delayed for the coated polymer.

10
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Fig. IV-9: DTA measurement of a polymer and a green Ni-cermet precursor

foam. The decomposition of the pure polymer mainly takes place at 260 C

whereas it is shifted to 330 XZ when covered with ceramic. The first peak at about

150X2 is due to the decomposition of toluene.
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Based on the results of the thermal analysis, the heating schedule for the burnout of

the polymer was chosen as follows:

• slowly heating to 450 C with 0.5 K/min

• one hour holding time at 450 "C

• heating to 1110 C with 3 K/min

• cooling to room temperature with 5 K/min.

During the first heat treatment, the polymer foam and other organics were re¬

moved from the coated foam samples by pyrolysis in air.

3.4.2 Strut Thickness

The thickness of the single struts is a crucial characteristic determining to a large
extent the final strength of the ceramic foam. There are several possibilities to in¬

crease the strut thickness using the polymer sponge technique:

1. increase of the solid content of the suspension

2. increase of the thixotropy of the suspension

3. multiple coating of the green or the sintered foam

4. impregnation of the sintered foam with a salt solution and transformation to

ceramic

5. etching of the polymer foam with chemicals to remove the thin edges of the

struts thereby avoiding concentration of stress center in the ceramic

6. heating the polymer foam to soften its contours.

• Solids Content of the Suspension
The easiest way to increase the thickness of the struts is to coat the polymer with a

suspension with a higher solids content. By doing so the density of the green stage

will be decreased, the drying time shortened, and the shrinkage minimized. Unfor¬

tunately, the viscosity of both our suspensions changed with increasing solid con¬

tents to a shear thickening behavior (see Fig. IV-7) which is very undesirable as it

hinders a successful coating of the polymer.

• Thixotropic Behavior ofthe Suspension
The addition of montmorillonite, bentonite or graphite is often described in the lit¬

erature to achieve the desired thixotropic behavior [47]. A „house-of-card"-

structure of e.g. bentonite is responsible for the thixotropic behavior. However, the

addition of these substances to our suspension only shifted the viscosity to higher

values, but did not change the time dependent behavior of the slurry. It was as¬

sumed, that the dispersant also reacts with die Na which sits on the surface of

these substances tiius preventing the house-of-card-structure.

Another common approach is the use of organic molecules with high molecular

weight. Although, the addition of glycerin and/or etiiylene [48] did change the vis-
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cosity of the LSM-slurry, the resulting green body was very brittle The combina¬

tion of polyvinylalcohol as binder with glycerin as plasticizer showed the best re¬

sults concerning the slurry viscosity. The addidon of colloidal silica is widely
known in food industry Ice-cream and tomato-ketchup are examples of that prac¬

tice However, upon firing, silica can melt to a glassy phase which alters the prop¬

erties of the structure. Due to the application of the foams as current collectors such

additive have not been used

• Second Coating
The second coating is more difficult to apply since the foam cannot be compressed

after drying. Therefore, the slurry must be sufficiently thm to allow drainage by

gravity. If the slurry is too thin, however, dissolution of the previously deposited

green ceramic coating may occur Hence, re-coating of sintered LSM foams were

performed The foams were dipped into a diluted LSM-suspension (10 vol. %), air

was blown through it to open the closed cell faces and the coated foams were then

placed onto a metal net and dried for 12 hrs Sintering was performed at 1350 C

with a heating rate of 3 K/min Fig IV 10 demonstrates the resulting microstruc-

ture with a large number of closed pores However, the thickness of the struts has

not increased considerably

Fig IV-10 Micrograph ofre coaled sintered LSM foam, the foam

is characterized by a large amount of closed pores

• Impregnation with Salt Solution

A solution containing the required salt-ions e g nitrates could be used to impreg¬

nate the sintered foam. During heating the nitrates change to oxides and form the

appropriate ceramic Therefore, the salt solution could "heal" some defects by fill¬

ing up microcracks and strut voids
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Fig IV 11 Micrograph of a sintered LSM foam, impregnated with nitrates

solution of the elements after heating tot 1000 V The precipitated LSM form

large agglomerates with sizes up to 500 u.m m certain regions.

For the LSM foams, stoichiometric amounts of the nitrates" were desolved in 50 ml

water, the sintered foams impregnated with this solution, and dried at room tem¬

perature The foams were then heated up to 1000 C and XRD measurements econ-

firmed the total transformation of the nitrates to LSM. However, the LSM precipi¬

tated from the nitrate solution was not uniformly distributed over the structure of

the foam as shown Fig IV-11 Agglomerates were found in certain regions forming

very fissured structures Microcracks and other defects were not filled because the

'

(52 1 g LaN03*6 H20. 4 87 g Sr(NCy.,, 35 27 g MnfNCg 2*4 H.,0 and 0 83 g CofNCg
* 6 H20)
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agglomerates with sizes up to 500 |xm were deposited on top of the substrate.

Therefore, this method was not pursued any further.

• Etching of the Polymer

Etching was performed by dipping the polymer foams in different chemical solu¬

tions. The foams were examined before and after the etching process under the mi¬

croscope. Acetone caused the struts to swell. Submersion in concentrated sodium

hydroxide or hydrochloric acid degraded the struts to threadlike filaments. Shorter

submersion times showed that the shape of the cross section did not change al¬

though significant removal of material occurred.

• Heating of the Polymer
The polymer foams were carefully heated to 150-250 "C. Unfortunately, this re¬

sulted in permanent bending of the struts and densification of the foam structure

ratiier than changing the strut cross section. Also, the softening did not occur uni¬

formly across all the regions of the sponge.

The methods used so far, did not show the desired effect. The most promising way
to increase the strut thickness is probably adjusting the ceramic suspension to

achieve a thixotropic behavior. However, in such cases, many experiments with

different kinds and amounts of ceramic powders, plasticizer, and binders have to

be performed. In this study, however, only a few of such experiments were under¬

taken due to the high price and lack of availability of the powder (one gram of each

powder costs 1$ .
For each experiment at least 30 g powder is necessary).

3.5 Pyrolysis Process

Fig. TV-12: Thermally etched niaikings ofcracks.
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After drying the impregnated foams were heated to pyrolyze the polymer and to

sinter the ceramic After the pyrolysis and after sintering cracks could be observed

in the microstructure Some fracture surfaces of the strut cracks in the sintered

foam showed a thermally etched appearance (Fig. IV-12), suggesting that they had

been formed already before sintering took place It was assumed that the crack

formation started ruing the pyrolysis process, when the plastic foam substrate is

converted to gaseous products. If the gas cannot escape fast enough, pressure will

build up inside the hollow strut causing fracture. The effect of the heating rate was

demonstrated by varying it from 1 K/min, 0.7/min to 0.5 K/min. In Fig IV-13

samples are shown after the sintering procedure. Quick burnout-times resulted in

many longitudinal cracks of the struts (Fig IV-13a,b), whereas with a slow heating

ramp (Fig. IV-13c) the foams demonstrated an unbroken microstructure

Fig IV-13 Micrographs of Ni cermet precursor foams fabricated with different

burnout-time,

(a) 1 K/min, (b) 0 7 K/min, (c) 0 5 K/mm After the burnout procedure the sam¬

ples were sintered to 1400 C. Cracks are visible in samples processed at high
heating rates
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In the Following section it will be shown, that these cracks may also be due to the expansion
of the polymer foam. Some calculations to find an explanation why and when these cracks

occur. First, it will be calculated which pressure is necessary to break the green ceramic

coating. Then, this pressure is compared to the pressure caused by the escape of the pyroly
sis gases. The drying stress and the stress caused by the thermal expansion of the polymer
can also be estimated and compared to the stress necessary to fracture.

3.5.1 Pressure Required to Damage Struts

The flaws that lead to strut cracks are probable regions where the ceramic coating
at the protruding triangular edges of the struts is very thin

ceramic

coating

polymei

b

Fig. IV-14: Simple model ofa single strut.

By a simple calculation the critical pressure inside the strut that would be required
to break the ceramic coating was estimated. The strut was considered to be a thick

wall pressure vessel as shown in Fig. IV-14. For this vessel, the critical internal

pressure Pcnt to cause fracture is [49]

(b2 2

Jf b2+a'j
Eq IV 3

where a and b are the inner and outer radii and oy is the fracture strength of the

ceramic coating (A synopsis of the constants and numbers used in the following
equations is given in Table IV 6). The polymer strut diameter was estimated from

the diameter of a cylindrical strut with a cross-sectional area equal to that of the

actual triangular strut. This equivalent diameter is about 70 urn (a = 35 p.m) A

minimum coating thickness of 10 urn was assumed, since fracture will occur at the

thinnest coated areas; hence fa = 45 um The green strength a/was estimated to be in

the range of 1 to 10 MPa [50]. By using Eq IV-3 the internal pressure to produce

these stresses was calculated to be Pcnl = 0.24 2.4 MPa.

3.5.2 Gas Flow Rate

The radial gas flow rate (Q) out of a cylinder was used [51]
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jcKlp„AP

Q=
,

°

Eq.IV-4
tiln(b/a)

K is the permeability, / is the length, po is the gas density, AP the internal pressure

above atmospheric pressure, u. the gas viscosity, and a, b as explained above.

The length of a strut was estimated to be 0.001 m. The viscosity u and the density p0

of the gas can be estimated5 to have values of u = 4.7-10 Pa-s and p0 = 9.47 •

g/cm .
Reed [53] and Brown [36] estimated K = 1.1 • 10 m for green porous ce¬

ramics. An average coating thickness of 40 um was chosen; therefore b = 75 um.

Using the above calculated minimum value Pcnt for AP = 0.24 MPa and a = 35 um,

the minimum Q value obtained is 6.65-10" kg/s or 1100 mg/min. A comparison

with thermogravimetric data of Fig. IV-15 shows that the weight loss rate was

much lower.

o
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Fig IV-15- Thermogravimetric analysis ofa Ni-cermet precursor foam.

Thus, the pyrolysis gases should escape at pressures less than those that lead to

strut damage. Therefore, some other damage mechanisms must also be producing

high stress levels in the coating.

3.5.3 Pressure Caused by Drying Stress

When the coated foam sample dries, the green ceramic coating shrinks linearly

about 0.6%. This is an estimated value resulting from measurements on slip cast

samples using the same suspension. Since the polymer foam substrate does not

shrink, stresses will be generated in the ceramic coating. However, because the

b

The polymer foam oxidized to form carbon dioxide, nitrogen, and water. The viscosity was

calculated for this gas mix [52] The density was calculated using the general gas equation and

an assumed molecular weight of 34.46 g/mole for the gas mixture.
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Young's modulus of the polyurethane is very low, about 0.0045 GPa, it should offer

little resistance to the shrinkage of the coating, preventing the generation of high

stresses. To calculate these stresses the following approach was used [36]:

The ceramic coating can be considered as a hollow ceramic cylinder that experi¬

ences a shrinkage of 0.6% upon drying. There would be no stresses if the polymer

will not be present. Now consider inserting the polymer cylinder into the already
shrunk ceramic cylinder. The compressed polymer cylinder causes a

„
contact pres¬

sure" which can be calculated. The displacement at the inner surface of the ceramic

cylinder, Ac, is given by [49]

p

v, +-

b2+a2

-a

Eq. IV-5

where Pcont is the contact pressure, Ec the Young's modulus, and vc the Poisson's

ratio of die ceramic.

For the polymer cylinder, which experiences an external pressure, the displace¬

ment, A, is given by

-(1-v,) Eq. IV-6

where Ep is the Young's modulus and \>p the Poisson's ratio of the polymer.
The total displacement A is given as

A = A + A„
+ a

2^

v, +
b2-a2 f('-»J

Hence, the contact pressure PCOnt can be written as

v„ +
b +a

b —a
7-('-'J

Eq. IV-7

Eq. IV-8

By substitution of the appropriate values a = 35 (xm, b = 75 Jim, Ec = 11.6 GPa [54],

Ep= 0.045 GPa [55], vc = 0.14 [54], vp= 0.2 [55] and the total displacement A = 0.006 •

75 |xm, a contact pressure Pclm, = 0.35 MPa can be calculated.

The internal stress within the ceramics was calculated using Eq. IV-4 with

Pcom = 0.35 MPa, a = 75 p,m and b = 75 um. A stress of 0.54 MPa was the result. As

mentioned above the green strength of the coating is expected to be at least 1 MPa,

but not higher than 10 MPa [56]. Therefore, the calculated stress is not sufficient to

cause cracking. However, diis calculation does not consider that the outside of the

coating dries faster than the inside. The outside of the coating could shrink but will

be constrained by the still undried inner region of the coating, raising the stress
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levels. This effect which could be for the stress fractures should be minimized by

careful slow drying of the foams.

3.5.4 Pressure Caused by Substrate Thermal Expansion

Cracking may also occur due to thermal expansion differences between the poly¬

mer and ceramic coating at relatively low temperatures. Since the polymer has a

higher expansion than the ceramic coating, this could lead to crack formation be¬

low the pyrolysis temperature range. This assumption was tested by thermal stress

calculations. Thermal strains can be estimated for the temperature ranges discussed

above. The expansion coefficient a is 13.5-10 /K for the LSM-foams and 100-10 /K

for poly-urethane. The thermal strain between 25-330 C is Ae = Aa-AT = 86.5 106 K

•305 K = 0.026. The thermal expansion stress was calculated using the same

method as for the drying stress (Eq. IV-8). This gives a tangential stress of 8.1 MPa,

which is sufficient to cause cracking. Moreover, as the thermal expansion coeffi¬

cient of polyurethane is expected to increase as the temperature approaches the

melting point, the stress should be even higher than estimated.

Pcri, internal critical [Pa]

= 0.24-2.4 • 106 Pa (calcul. in Eq. IV-2)

AP: internal pressure above atmospheric

pressure [Pa] = P„.= 0.24-106 Pa

op fracture strength of ceramic coating

= l-10-106Pa[56]
(i: gas viscosity [Pa-s]

= 4.7-10
?

[Pa-s] (estimated)

a: inner radius of strut [m] (Fig. IV-14)

= 35-10 9m (estimated)

A: displacement [m]

= 0.45-10"* m (calculated)

ft: outer radius of strut [m] (Fig. IV-14)

= 45-10 m (estimated)

Pcont contact pressure [Pa]

= 0.35 • 106 Pa (calcul. in Eq. IV-8)

Q: radial gas flow rate [kg/s]
= 6.65 10"^ kg/s (calcul. in Eq. IV-8)

Ec, Young's modulus of the ceramic [Pa]

= 11.6-109Pa[57]
/: strut length [m]

= 0.001 m (estimated)

Ep. Young's modulus of the polymer
= 4.5-106Pa[55]

K: gas permeability [m!]

= l.M09m2[36,53]
x>c: Poisson's ratio of the ceramic

= 0.12 [57]

po: gas density [kg/m3]
= 9.47-10~3 kg/m3[52]

i)p: Poisson's ratio of the polymer
= 0.35 [58]

Table IV-6: Synopsis ofthe used numbers in Eq. 3-8.

To summarize this section: the cracks which appeared after the pryolysis step are

not only due to the pressure caused by the escaping gases but moreover caused by
the thermal expansion mismatch of the polymer and the ceramic. An approach to

overcome the cracking problem would be to increase the coating thickness relative
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to the polymer strut radius or to reduce the strut edges, where the coating is most

susceptible to cracking It is apparent that the pronounced triangular cross section

of the polymer foam struts is responsible for the strength limiting flaws in the ce¬

ramic struts of the foam. Therefore any process that could make the strut cross sec¬

tion less angular would help to overcome this problem.

3.6 Sintering Process

Expansion measurements using a differential dilatometer6 were performed in order

to establish die optimum sintering program. Foam samples in the green state were

pre-sintered at 700 C This was necessary to give the foam some mechanical

strength before the measurement. The length change during heating in air was

measured in reference to a sapphire single crystal.

1200 1600600 800 1000

Temperature °C

Fig. IV-16: Sintering behavior of the two foams The foams were pre-sintered at

700 V. The linear shrinkage was about 30%

The relative length change for both samples is given in Fig. IV-16. For both struc¬

tures sintering started at 1000 C The Ni-cermet precursor foam was sintered at

lower temperatures than the LSM sample. The following sinter program was cho¬

sen according to these measurements:

• burnout with Vt K/min to 400 V. (chapter IV-3 4.1)
• further heating with 1 K/min up to 1100 XL

• holding time 1 hour

• transfer to the sinter furnace

Baehr Thermoanalysis, Dil 802 S, Germany
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• rapid heating with a heating ramp of 5 K/min to 1050 %!

• further heating with 2 K/min to 1400 C and 1450 C for Ni-cermet precursor

and LSM, respectively
• 1 hour holding-time
• cooling with 4 K/min to room temperature.

4 Properties of Sintered Ceramic Foams

In this chapter, the density, micro- and macrostructure, compressive strength, electrical

conductivity and gas permeability ofceramic foams are reported.
The aim of this work was to study the compressive behavior of Ni-cermet precursor and

LSM foams with regard to their application as load-bearing structures in solid oxide fuel

cells. The foams must have sufficient strength to allow handling and bearing the load ap¬

plied to them. The "handling" property cannot be speciBed by a single measurable number

but must bejudged subjectively. In the Siemens cell design they must bear a weight ofup to

400 glcm [59] whereas the Sulzer design requires a loading capacity up to 120 glad [60].

With regard to the use as current collectors and air distributors, the electrical conductivity
and the gas permeability of the foams should be as high as possible.

4.1 Density, Micro- and Macrostructure

Density
The most important property governing the behavior of ceramic foams is the rela¬

tive density prel [55]i.e. the density of the bulk foam normalized by the theoretical

density of the solid that forms the cell edges and faces.

The relative densities of ceramic foams usually range from 0.003 to 0.30. In this

project foams were processed with relative densities from 0.05 to 0.30. The loss of

the cellular makes it difficult to identify a repeating unit cell structure For relative

densities over 0.30. For these densities, the material is better considered as a solid

containing isolated pores or fine interconnected porosity.
It is intuitively evident that increasing porosity will reduce elastic moduli and

strength. Theoretical models describing the mechanical behavior of foams usually
relate the elastic modulus and fracture strength to the relative density [57, 61, 62],

Properties other than mechanical are also influenced by density or porosity. Ther¬

mal conductivity increases with relative density whereas the creep rate decreases

substantially with increasing relative density. The electrical conductivity is espe¬

cially sensitive to the degree to which phases are connected. Ceramic foams proc¬

essed via the polymer sponge method possess a percolative network. Therefore the

electrical conductivity is almost constant for all densities beyond the percolation
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threshold density. The relative density was measured for all specimens prior to

any mechanical or electrical tests. The theoretical density of the Ni-cermet precur¬

sor foams was derived by applying the rule of mixtures to the weight fractions of

the major phases in the material and was calculated to 6.7 g/cm (NiO : Ce0gGd02O3
: Zr02= 60 : 25.7 : 14.3 wt.%)7. The theoretical density of the LSM material was

6.5 g/cm .
The density of the foams was calculated from their mass and volume.

Microstructure

The average grain size of the Ni-cermet precursor material was 0.3 urn whereas the

LSM material exhibit a grain size of 1 um (Fig. IV-17)

(a) (b)

Fig. IV-17: Microstructure ofsintered foams

(a) Ni-cermet precursor (with additional cracks) scale 11 |im,

(b) ) LSM, scale 11 um.

In ceramic foams two types of porosity are found: a large triangular pore in the

center of the struts and a fine-scale porosity within the solid portion. The volume of

the fine porosity within the strut wall was determined using mercury porosimetry8.
The sintered foam samples were broken up into individual struts in order to expose

the large central holes allowing them to fill easily with mercury. The tests were run

to a maximum pressure of 2 kbar Knowing the dimensions of the single struts

(Table IV-7) and their weight, the volume of the strut voids could be calculated

This volume was subtracted from the total amount of mercury giving the volume

Theoretical Density NiO: 6 67 g/cm , CeOz: 7.41 g/cm , ZrOz' 5.98 g/cm [52]

Porosimeter 2000 Series, Carlo Erba Instruments, USA
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of strut wall porosity. The Ni-cermet precursor foams had a strut wall porosity of

10 vol. %, while the LSM foams had 2 vol. %. The average pore size was 250 nm for

the Ni-cermet precursor foams and 95 nm for the LSM foams. As shown in the mi-

crostructure (Fig. IV-17) the major porosity within the strut wall was located be¬

tween the ceramic grains.

Macrostructure

The macrostructure of the sintered LSM foam is shown in Fig. IV-18.

(c) (d)

Fig. IV-18: Micrographs ofsintered LSM foams, (a) 45-, (b) 60-, (c)80 ppi, scale 1

mm, (d) single strut, triangular void results from polymer removal, scale 10 \tm

The foams are characterized by a fully open structure for all ppi numbers, al¬

though a certain number of closed cells is always present. These closed cells are
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mainly broken ones in the 45-ppi foams whereas they are intact in the 80-ppi

foams.

The ppi-number of the sintered foam is slightly higher than that of the original

polymer substrate due to the shrinkage during sintering. However, the ppi-

numbers given in Table IV-7 refer to the ppi value of the polymer substrates (this

study will adhere to this value).

PPI REL. DENSITY STRUT THICKNESS

[mm]

STRUT LENGTH

[mm]

60 0.12 0.16±0.04 0.46±0.09

60 0.18 0.13±0.03 0.31±0.08

60 0.18 0.15±0.05 0.35±0.11

80 0.15 0.09±0.02 0.18±0.04

80 0.14 0.07±0.04 0.16±0.04

80 0.21 0.10±0.03 0.21±0.09

80 0.27 0.14±0.04 0.26±0.10

Table IV-7: Geometrical measurements of the sintered foams,

values are given as averaged numbers with their standard deviations.

One approach commonly used to describe the relationships between the parame¬

ters of the foam and the mechanical behavior involves the development of a mi-

cromechanical model. This implies the assumption of a unit cell geometry and the

deformation mode within the struts. The failure of a single strut generally consti¬

tutes the failure of the unit cell and thereby of the bulk foam. It is assumed that the

mechanical behavior of this unit cell is representative of the bulk structure.

Several theoretical models exist to predict the behavior of cellular materials [39, 63-

66]. One simple model describing the mechanical behavior of cellular ceramic ma¬

terials has been published by Gibson and Ashby [55]. The complications encoun¬

tered in trying to identify a suitable unit cell that characterizes the complex macro-

structure of real foams led diem to consider a simple geometry for this unit cell as

shown in Fig. IV-19. The open-cell foam is modeled as a cubic array of individual

members of length / and thickness t. The cell walls are joined together so that loads

cause bending moments on the cell walls. The mechanical analysis is substantially

simplified by this cell geometry allowing the derivation of a general set of expres¬

sions for the mechanical behavior.

For ceramic foams, equations were applied for the elastic constants, tensile and

compressive strengths, fracture toughness, hardness and thermal shock behavior

[55]. One should realize however, that assigning a single unit cell to these complex

macrostructures may be a big oversimplification.
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Fig. IV-19: Unit cell used by Gibson and Ashby to derive mechanical rela¬

tionships for open-cell materials [55]. The open-cell foam is modeled as a cu¬

bic array of members of length 1 and thickness t. Adjoining cells are stag¬
gered so that they connect at the mid-points ofthe edges.

Gibson and Ashby [55] have shown that by using this unit cell the relative density
of most three-dimensional cellular solids can be related to the macrostructure by
the simple expressions:

P, = c2

(open cells)

(closed cells)

Eq. IV-9

Eq. IV-10

for open and closed cell foams, respectively. These expressions should be accurate

for relative densities less than 0.3. The parameters Cj and Ci are constants charac¬

terizing the cell geometry. Asby and Gibson derived 0.333 and 0.766 for C\ and C^.

These equations suggest also that the struts become thicker and shorter at higher
densities which is in conflict from our findings as will be shown later.

One way to check the agreement between the macrostructure of the real, open cell

foams and the theoretical predictions is to plot the dependence of the density on

the parameters of Eq. IV-10. The changes in the (t/l) ratio of the LSM-foams are

plotted in Fig. 22 along with values derived by Brezny [62]. The values of the strut

length and thickness were taken from Table IV-7. For the alumina material die

slope was calculated as C/ = 0.7 whereas the value of the LSM material was

Ci = 0.24. For both cases the relationship of the strut length and thickness with the

relative density could be demonstrated.
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LSM 80 ppi
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Fig IV 20 Changes m the t/l ratio vs relative density The straight lines rep¬

resent Eq IV 9 with the constants Q=0 7 for the values derived by Brezny [62]

for alumina foams andCi=0 27 for the values derived for LSM foams

4.2 Compressive Strength and Creep

Porous ceramics suffer from relatively low strength particularly when they are

made by the polymer sponge method In this case, after the organic sponge is

burned off, very thin webs of ceramic structure may be left Therefore, ceramic

foams have a much lower strength tiian theoretically possible The single struts of

the foams are weak because of the holes left behind by the polymer burn-off proc

ess References are available in the literature for fracture toughness [15, 34, 55, 62,

67 70] bending [71, 72], tensile [34, 68, 73], and the compressive strength [57, 62, 68-

70, 73-76] Less data is available on the Weibull statistics of ceramic foams [68, 77]

Aoki [72] reported 1 0 MPa for the compressive strength of SiC foams wuh densi

ties of 0 12 Green [78] measured the compressive strength of open cell vitreous

carbon and came up with a strength of 1 MPa for cell sizes of 0 49 mm Goretta [71]

measured the compressive strength of alumina foams as a function of density The

strength was 0 5 MPa for foams with a density of 0 1 and 1 1 MPa for foams with

relative densities of 0 2 Brezny [62] measured 2 1±0 36 MPa for alumina mullite

foams with relative densities of 0 11 and 4 23±0 3 MPa for relative densities of 0 16

The company Hi-Tech Ceramics [79] reported on the compressive strength of

cordiente, mullite, alumina, and zirconia foams Strength values of 0 75 2 01 MPa

were measured for 30 ppi foams with densities of about 015 Antiserov [76] stud¬

ied the compressive strength of cellular porcelain and reported 17 2 0 MPa
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Only some data is available on the compressive testing and creep at higher tem¬

peratures of foams. Goretta [71] measured the compressive strengths of alumina

foams at 800 - 1600IC. The values were stable up to 1000 "C and then decreased

substantially above 1200 C The decrease was explained by the onset of creep proc¬

esses. The compressive strengdis of SiC coated vitreous carbon foams were meas¬

ured at 25, 1000, 1200 and 1400 t? by Wereszczak et al. [73]. No obvious trends

were observed in their respective strengths as a function of temperature. The

strengths were 3.6 MPa at room temperature and 2.8, 3.2 and 3.2 MPa at 1000, 1200

and 1400 C respectively. The creep of zirconia foams used as heating element in

electrical furnaces was investigated. The creep was due to recrystallization, which

is sensitive to the tetragonal-cubic phase transition and to the stress.

It is interesting to note die similarity in the compressive strengths of different ma¬

terials such as alumina, zirconia, mullite cordierite, and porcelain. It seems that the

intrinsic material's strength is not the strengdi limiting property, but the geometri¬

cal arrangement of the cells in the ceramic foams is. This can be explained by die

relationship of the porosity with the mechanical strength which was first proposed

by Ryshkewitch [80]

S = Soexp(-bp) Eq.IV-11

where S is the strength of die porous material, Sq is the zero-porosity strengdi, b is

determined by the complexity of the pore structure, and p the volume fraction of

pores. Thus, assuming die same pore structure for all the reported ceramic foams,

die compressive strength is in die same order for all kinds of ceramic due to tills

exponential relationship.

4.2.1 Experimental Set-up

Compressive crushing tests were performed widi an universal testing device
.
A

crosshead speed of 0.5 mm/min was used as recommended earlier [62, 73, 81]. The

compression specimens were placed between two SijN4-plates (5x5x0.3 cm).
A typical stress-strain curve of a LSM sample is shown in Fig. IV-21: In region 1 the

specimen and loading fixture alignment takes place. Region 2 corresponds to the

elastic region and can involve strut fracture, eitfier in die contact region or inter¬

nally. As a crack propagates through the cellular material it does so by fracturing
individual struts. This can clearly be seen in region 2 where the fracture of single
struts is connected witii some load drops. At die collapse point (region 3), macro¬

scopic cracks propagate with an associated load drop (region 4). In die foam mate-

Instron Limited, United Kingdom
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rials this corresponds to pieces of material breaking away from the sample. Addi¬

tional deformation of the fractured material occurs in region 5 where the strain is

independent of stress as the material is progressively crushed. The cross-sectional

area of the sample and the failure load were used to calculate the fracture stress.

The failure load was taken as the peak load after which the load carrying capacity

of the specimen was severely reduced. The failure mode was associated with the

catastrophic collapse of several layers of cells. The peak load occurred at almost the

same values as reported in the literature. It seems that the specific foam's structure

is responsible for the compressive strength, independent of the ceramic used.

One important feature for the application of a ceramic foam in a solid oxide fuel

cell is that even if a crack occurs locally the foam can bear the load and is still elec¬

trically conducting.

0.6

Strength LSM, 60 ppi
Rel. density: 0.15

Thickness: 0.45 cm

1.0 1.5 2.0

Strain (%)

Fig. IV-21: Typical stress strain curve for a compressive test on ceramic foams.

The numbers are explained in the text. The peak load was taken as the compres¬

sive strength of this specific foam.

Not all the experiments were performed on botfi foam materials. However, it was

assumed that the general conclusions are mutually applicable.

Surface loading
Gibson and Ashby [55] have pointed out that the results of the indentation of a

brittle foam with a hard flat punch depends strongly on the contact area, which

they attributed to difficulty in uniformly loading the struts. Their analysis predicts

that the probability of contacting a given fraction of struts decreases with an in¬

creasing indented area, resulting in the indentation strength being inversely pro¬

portional to the square root of the area. By using a buffer material at the punch sur-



45 Porous Structures

face, the probability of contacting a strut goes to unity and one obtains the true

crushing strength of the foam.

Several possibilities to reach this high contact area were tried:

• Grinding of the foam's surface to avoid the protrusion of single struts above the

surface. The foams were polished on a manual grinding machine with grid 1000

grinding paper.

• Using a buffer alumina felt layer.
• Dipping the foam's surface in a low-viscous epoxy. The epoxy infiltrates the sur¬

face layer, thus achieving an improved distribution of the load over the entire

surface.

Five sets of crushing experiments were performed:

• foams without any treatment

• foams with ground surface

• foams with an alumina felt placed between sample surface and the push rods of

the testing machine

• foams with ground surfaces with an alumina felt placed between sample surface

and the push rods

• foams with ground surfaces with epoxy infiltrated cells at the contact surface.

All the different samples were sandwiched between two Si3N4-plates. For each of

the experiments eight 60-ppi LSM foams with a relative density of 0.15 were used.

The experimental data are plotted in Fig. IV-22. The lowest strength was found for

samples without any treatment (I). After sintering, the foams were characterized by
a slight unevenness of the surface. This fact was clearly responsible for the poor re¬

sults. Grinding of the surface alone resulted in an increase of the compressive

strength by a factor of 2 (II). The compliant alumina layer (III) increased the

strength even more and showed the dramatic effect of changing the uniformity of

surface loading. The additional grinding (IV) had no effects on the strength. The

highest values of compressive strength with the smallest scattering were obtained

for samples where the struts within the surface were infiltrated with epoxy (V).
This appeared to indicate that the epoxy infiltrated layer distributed the load to all

struts within the contact area. The porous struts adsorbed some of the low viscosity

epoxy and thus increased the strength of the single struts. The failure modes were

also very different. The uncovered samples (I, II) showed a macroscopic crack ori¬

ented perpendicular to the loading direction, through the center of the specimens.

After die experiment, the foam could be removed in several (but still intact) pieces.
The material of the covered samples (III, IV) was crushed progressively throughout
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die entire thickness and resulted in a total destruction of the foam-structure. These

results indicated that the compressive strength and the failure mode are very sensi¬

tive to the method of load application used. The recommended technique of com¬

pressive testing of these materials is by infiltrating the cells at the contact surface

with epoxy. However, it is not possible to carry out any high-temperature experi¬

ments using epoxy. Therefore, grinding of the foams was performed and the alu¬

mina felt was applied as buffer layer for all further experiments.
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Fig. IV-22: Compressive strength of LSM foams with different surface treat¬

ments:

(I) no treatment, (II) ground surface, (III) compliant layer, (IV) ground surface

and compliant layer, (V) infiltration with epoxy.

Specimen Size

Cylindrical shaped 60-ppi LSM samples with diameters of 12, 17, 28, 35 and 45 mm

were used. The thickness of all samples was 0.45 cm and the relative density 0.15.

Their surface was ground and covered with an alumina felt to distribute the load

uniformly over all struts. The results are shown in Fig. IV-22 where the compres¬

sive strength is plotted against the different foam diameters. Specimen size had no

effect. This implies that the results of compressive strength measurements can be

compared to each other, independent of the specimen's size (if other parameters

are kept constant).

The following experimental set-up was chosen for all experiments:

• crosshead speed 0.5 mm/min

• ceramic foams sandwiched between an alumina felt and silicon-nitride plates
• foam diameters: 33 mm for the cermet and 38 mm for the LSM foams
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Fig. IV-23: Compressive strength vs. specimen size, samples were prepared

by grinding the surface and using a compliant alumina layer.

4.2.2 Effect of Density

Ashby developed a model for the compressive strength of open cell foams [61]: Ce¬

ramic foams collapse by brittle fracture in compression. A cell wall will then fail

(Fig. IV-24) when the moment M acting on it exceeds

1
M- 6°<* Eq. IV-12

where o/ = Modulus of rupture of cell-wall material [MPa]

M = Moment which will fracture a cell wall [Nm]

V s

'
F F

Fig. IV-24: The crushing of a ceramic foam: the modulus of rupture of the cell

wall, 1 is exceeded, causing fracture.
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A force F exerts a moment which is proportional to Fl. The stress o on the foam is

proportional to F/T. Combining these results, collapse by crushing will occur at the

stress:

M (t

T'aAl

3 -"/I , I Eq.IV-13

where a'f = compressive strength of the brittle foam [MPa].

Using Eq. IV-9 we obtain

0/ / \3/2
-L

= c(prel) Eq.IV-14
°/

or by assuming that the modulus of rupture is a constant concerning the micro-

structure

o;-C4(pJ3'2 Eq.IV-15

Hence, the strength of a foam is proportional only to its density, and independent

of the cell size (ppi-number) and the foam volume. This relationship will be vali¬

dated in the following sections where the compressive strength is measured as a

function of cell size and foam thickness.

Gibson and Asby proposed that the value of the constant C4 is 0.65 based on a least-

square fit to experimental data. However, they found this equation to be true only

for relative densities less than 0.1. In structures having a relative density greater

than 0.1, the material located in the corners of the cells contributes significantly to

the density and must be included in the analysis. Gibson and Ashby have given the

following relationship for higher-density materials:

Kr"

C5(l + f/0

with Cs= 0.333

In Fig. IV-25 the compressive strengths of Ni-cermet precursor and of LSM foams

are plotted against their density. The plot includes all measured foams independ¬

ent of their cell sizes and thicknesses. It can be distinguished between three re¬

gions: Region I includes the foams with the lowest densities and the thickest foams.

Foams have inhomogeneously distributed ceramic material as will be shown later,

in region II the compressive strength is independent of the density. In this region

the ceramic foam struts must be interconnective. Region III is characterized by a

linear relationship of the strength with the density as proposed by the model.
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The lowest density foams exhibit the least compressive strength. These low com¬

pressive strengths which may be attributed to the propagation of pre-existing

cracks that were probably caused by the thin coating applied to the struts to lower

the density. Due to the generally higher strength of the Ni-cermet precursor, it was

possible to process very low density foams (rel. density 0.06) whereas the LSM-

foams could only be processed with densities of at least 0.10. This is due to the gen¬

eral lower strength of the LSM material from which ceramic particles could be

rubbed off the surface quite easily. This could not be observed for the much

stronger cermet foams. Using the model equation IV-15 only region III has a linear

relationship as suggested by the model. This was interpreted in terms of a signifi¬

cantly different failure process than assumed in the model. The theoretical failure

of a foam is associated with the failure of a single strut. The observed failure in

these materials can be described by a cumulative damaging process.
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Fig. IV-25: Compressive strength vs. rel. density. For both foams three regions
can be distinguished.

The number of closed cells increases significantly as the relative density of the foam

increases or the cell size decreases. The foams were open celled at the low densities;

however, the number of closed cells became significant larger at relative densities

above 0.25. At higher densities there were also inhomogeneous regions consisting

of entirely filled cells. Then the proposed relation deviated considerably from the

experimental finding as the geometrical model becomes invalid.
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423 Effect of Cell Size

The theoretical relationship presented by Gibson and Ashby (Eq IV 15) suggests

that die cell size should have no effect on the compressive behavior provided that

the strut strength does not vary with cell size

o-

LSM o Ni cermet precursor

"to Rel density 0 15 Rel density 013 015

a. Thickness 4 5 mm Thickness 4 8 mm
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Fig IV 26 Compressive strength ofNi cermet precursor and LSM foams vs ppi

number

45-, 60- and 80 ppi Ni-cermet precursors and LSM foams with different thicknesses

were tested in compression For each ppi number and thickness, at least three sam

pies were used The results are illustrated in Fig IV-26 The compressive strength

of the Ni-cermet precursor foams was independent of the cell size, however, the

strength of the LSM-foams depends strongly on cell size The strength varied con

sistently with the ppi-number The observed behavior may be explained in terms of

a higher strength due to filled pores and due to increasing strut strength with de¬

creasing strut length

4 2 4 Effect of Foam Thickness

In order to study the effect of specimen tfuckness on compressive strengtfi, 60-ppi

foams having different tfucknesses were tested in compression For each thickness

at least three foams were tested Although the theoretical equation (Eq IV-15) sug¬

gests that the sample thickness should have no influence on the compressive

strength, the thickness of the samples did have a crucial influence on the strength

(Fig IV 26) In both materials, the strengdi decreases with increasing sample tiiick-

ness Ceramic foams are stronger on the outside compared to the inside During the

processing the excess slurry is squeezed out of the foams Thus the outside of the
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foam is enriched with ceramic. The thin foams with a thickness of 1.8 - 2 mm have

the same strength throughout the whole volume. The difference of the stronger

outer skin to the less strong inner volume can be seen at the foams with a thickness

of 4.5 to 4.8 mm. The lowest strength was exhibited by the thickest foam samples

with the highest volume.

u LSM, 60 pppi 0 Ni-cermet precursor, 60 ppi
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Fig. IV-27: Specimen thickness vs. compressive strength ofNi-cermet precursor

and LSM foams.

4.2.5 Effect of Foam-Treatment
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Fig. IV-28: LSM-foam: compressive strength of foam samples : (5 untreated,

(II) salt impregnated, (III) twice impregnated.
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As mentioned before experiments were also performed to increase die strut's

thickness. One approach was by coating the foams with a second LSM-layer, the

otiier was by impregnating the sintered foams widi a salt solution which pyrolyzes
to LSM (ch. IV-3.4.1). The compressive strength of five samples from each metiiod

was measured and the results are plotted in Fig. IV-28. Whereas the re-coating in¬

creased the compressive strength, the treatment widi salt solution practically
showed no effect. As already mentioned in chapter 2.5.2, re-coating results in a

higher amount of closed cells and not in thicker struts. Nevertheless, some defects

of the foam's surface will be healed by this second coating. The higher strength
values are mainly due to the presence of diese closed faces.

4.2.6 Reliability

Weibull statistics were performed on 16 foams of the two materials, having relative

densities of 0.09 and 0.13. The results are shown in Fig. IV-29. The Weibull modu¬

lus of 8.8 of the Ni-cermet precursor foams, and 5.5 for the LSM foams, respec¬

tively, corresponds to a median strength of 1.10 MPa for the 45-ppi-Ni-cermet pre¬

cursor and 0.98 MPa for the 60-ppi-LSM foams. These weibull moduli are quite

high compared with diose given in literature: Weibull moduli of 1.5-4 are reported
for alumina foams [61, 62, 68]. The superiority of the Ni-cermet precursor precursor

material over the LSM is clearly demonstrated in this plot. Although the cermet

material had a lower density, the Weibull modulus and die average strength were

much higher than those of the LSM material.
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Fig. IV-29: Weibull statistics on Ni-cermet precursor precursor and LSM foams.

4.2.7 Effect of Temperature

• Compressive Strength at Elevated Temperatures

LSM-fbams, 60 ppi
Rel density 013

Thickness 045 cm

Ni-cermet precursor, 30 ppj

Rel density 0 09

Thickness 0 48 cm
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In Fig. IV-30 the results of compressive crushing tests at 700 C and room tempera¬

ture are compared.
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Fig. IV-30: Compressive strength of Ni-cermet precursor and LSM foams at

700 C in comparison with room temperature measurements.

Both materials did not show a change in their compressive strength at room tem¬

perature compared with the strength at 700 'C. The strength decreased with the

thickness of the samples as was already demonstrated.

Creep

Creep is a slow deformation which occurs in crystalline materials at elevated tem¬

peratures under the action of an applied stress [82]. For both materials creep dur¬

ing application in a SOFC would seriously affect the performance.

The creep was measured at 700 C under a constant load of 50 N. The Ni-cermet

precursor foams were tested in a reducing atmosphere to reflect the conditions at

the anode, whereas die LSM foams were tested in normal air. Both materials did

not show any deformation during the measurement period of 100 hrs. The creep

rates were too slow at this temperature to be reliably measured.

4.2.8 Origin of Flaws

The microscopic flaws consist of pores or cracks within the struts, whereas the mac¬

roscopic flaws are broken cell struts and other imperfections in the structure. Ex¬

amples of these defects are shown in Fig. IV-31. Flaws can also be present in the

polymer foam before coating or can form during the processing of the ceramic. The

most likely source of fracture are the sharp edges occurring along the lateral strut

cracks. Failure origins often develop in the strut corners near die apex of the trian¬

gular hole where the wall is very thin. The bare, uncoated strut edges are visible as
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dark streaks along the strut edges (Fig. IV-31a) Occasionally, a broken strut (Fig

IV-31b) and a pore or inclusion was observed within the strut wall (Fig IV-31c)

The large triangular holes in the struts do not necessarily reduce the strut strength,

unless the apex is near the surface of the strut or is associated with a strut crack

Fig IV 31 Examples of flaws in ceramic foam materials

sharp edges (a), broken struts (b) pores (c), lateral strut cracks (d)



55 Porous Structures

4.3 Electrical Properties

4.3.1 Experimental Setup

Van-der-Pauw's [83, 84] was used to measure the specific electric conductivity of

the ceramic foam. This method was chosen because of the special structure of the

foam which inhibits a normal 4point set-up. Bulk samples of the two materials

were tested with the 4 -point method. Bulk samples were dry-pressed from pow¬

ders and sintered at 1450 for LSM and at 1400 "C for Ni-cermet precursor. They

were connected to Pt-wires according to the normal 4-point set-up. The foams are

prepared for the measurements by contacting four Pt-wires with ball shaped ends

to them. The Ni-cermet precursor foams were measured in air between room tem¬

perature and 700 *C as well as in a reducing atmosphere (50 nml H2, 200 nml NJ.
Measurements of the LSM-foams were performed in air.

4.3.2 Results and Discussion

Fig. IV-32 and Fig. IV-33 show a comparison of the electrical conductivity of foams

and bulk samples of the two materials.
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Fig. IV-32: Electrical conductivity ofNi-cermet foams and bulk Ni-cermet

under oxidizing and reducing conditions.

The Ni-cermet precursor material (Fig. IV-32) exhibits ionic conductivity in air

which increases with increasing temperature. This is because the doping of ceria

4+

with trivalent cations results in substitution of Ce in the lattice which is compen-
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sated by oxygen vacancies [85]. The activation energy for the conductivity in air

was 1.1 eV. At low oxygen partial pressures ceria is partially reduced and develops

n-type electronic conductivity. However, at low oxygen pressure the NiO is also

reduced to Ni and exhibits metallic conduction. Therefore, the measured total con¬

ductivity at these low partial pressures is mainly governed by the metallic nickel

with a conductivity of 8510 S/m at 400 K [52]. The metallic conduction increases

with decreasing temperature as shown in Fig. IV-32. The bulk Ni-cermet precursor
3

material had a conductivity of 65-10 S/m at 700 "C after reduction which is consid¬

erably higher than the value of 5010 S/m reported for Ni-zirconia at 1000 C [86].

The foam sample had a conductivity of 14 10 S/m at 700 C

In the La084Sr016Co002MnO3x material, the substitution of Sr
+

for La +is expected to

convert some of Mn
*

to Mn +. The electronic conductivity of strontium doped

LaMnOj takes place via the small polaron conduction mechanism and increases

with increasing temperature. A conductivity of 3.3-10 S/m was measured for the

bulk LSM and 2.8104 S/m at 700 C for the 80-ppi LSM foam. These values are con¬

siderably higher than those reported in the [87, 88] which might be due to the small

amount of Co in the starting powder. The activation energy was calculated to

0.09 eV. Generally, foams with higher ppi-numbers gave higher conductivities. The

60-ppi LSM-foams were loaded with 120 g/cm2 for 10 and 100 hrs at 700 'C. The

electrical conductivity measured before and after the mechanical loading did not

show any changes.

Temperature [°C]
1000 100

lu 103l—, 1 , 1 , 1_

1 2 3

1000 /Temperature (1/K)

Fig. IV-33: Electrical conductivity ofLSM foams and bulk LSM.
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4.4 Gas Permeability

One function of the ceramic foams is the gas distribution in a solid oxide fuel cell.

The applied gas (fuel or the oxygen bearing gas) has to permeate the porous struc¬

ture to reach the areas of the electrodes (cathode or anode). The foam must there¬

fore be porous enough to allow the gas to permeate easily through it, which means

that the gas permeability has to be as high as possible.

There are only relatively few studies that report on the behavior of flow-through

porous media [89-92]. Most references used geometrical models that resemble the

unique pore structure of a foam and compared these calculated permeability values

with experimental data. Generally, the pressure drop Ap can be calculated using

Darcy'slaw [52]:

Ap u

iJ- = 'f"U Eq.IV-17

where Ap is the total pressure drop across a medium of length /, and specific per¬

meability is &;. The superficial velocity U of the fluid (with viscosity \i) is the same

everywhere in the medium implying isothermal flow at a low pressure drop.

However, as shown in [92], when pore sizes are in the millimeter range, deviations

from Darcy's law may occur. Such deviations are due to the contribution of fluid

inertia to the energy dissipation in the porous medium. Darcy's law has to be

modified to

Ap ii 8
,

l=k'U +
T Eq.IV-18

where 8 is the fluid mass density and k2 is the "non-Darcian" permeability.

4.4.1 Experimental Set-Up

The pressure drop across the ceramic foams as a function of air-flow rate was

measured at room temperature using the set-up shown in Fig. IV-34. The foams

were placed on a support in an outer cylinder and kept in position by a tightly fit¬

ting inner cylinder. Air was supplied to the equipment at different flow rates. The

pressure drop was taken as the pressure difference between pi and P2 as indicated

in the figure. 60- and 80-ppi LSM foams with a thickness of 7.8 mm were tested.

4.4.2 Results and Discussion

The pressure drop Ap is plotted versus the air flow rates in Fig. IV-35. Whereas the

60-ppi LSM foams show only a small pressure drop, the 80-ppi foams show a re¬

markable pressure drop of almost 4 mbar for an air flow rate of 0.6 m /s.
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Fig. IV-34: Set-up for measuring air pressure drop across a ceramic foam.

The pressure difference Ap=p2-pi was taken as the pressure drop.
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Fig. IV-35: Pressure drop ofLSM foams.

The air pressure drop Ap divided by the air velocity U and foam thickness / was

plotted versus the air velocity U (Fig. IV-36). The permeabilities k] and k2 can now

be calculated according to Eq. IV-18. u./ kt is taken from the value at zero flow rate

andS/£2 is the slope of the fitted line, (p = 1.83- 105 Pas at 20 C and 8 = 1.3 g/cm3
[52]). Hence, k, and k2 are 4.49 • 10

10 mz and 2.5 • 105 m2 for the 60-ppi foam. The

pressure drop at 1000 C can now be derived (1) assuming kj and k2 do not depend

on temperature and (2) using the dynamic viscosity of air at 1000 V, = 0.049 Pas

[52].
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Fig. IV-36: Pressure drop ofLSM foam to calculate the permeatibilities k] and V.2-

The calculated pressure drop at 1000 °C for a 60-ppi foam with a thickness of 1 cm

at a flow rate of 0.6 m /s is 16.8 mbar which can be tolerated. However, in die Sul-

zer design of a solid oxide fuel cell, the gas is supplied from the outside of the pla¬

nar foam, so that die "foam thickness" may reach up to 12 cm. Calculations (Eq. IV-

18) for this foam diickness with the assumptions mentioned above and using die

calculated numbers for ki and kz gave a pressure drop of 200 mbar. Therefore, the

gas flow rate has to be adjusted to die pressure drop of the specific foam. Other¬

wise die solid oxide fuel cell "starves" at the reaction zone (triple phase boundary)
which lowers the performance of die fuel cell.

1 Ap: air pressure drop[mbar]
= 0-4 mbar (measured in Fig. IV-35)
= 16.8 mbar at 1000 X, (calculated for

foams thickness of 0.0078 m)
= 200 mbar (calculated for foam

diickness of 0.12 m)

Jt,: "non-Darcian permeability" [m!]

= 2.27 • 10 5m2 (calculated with

Eq.IV-18 and Fig. IV-36)

J: foam thickness [m]
= 0.0078 m in die experiment or

0.12 m (assumed)

U: air flow rate [mVs]
= 0-0.6 [mVs] (experiment)

\i: air viscosity [Pa s]

= 1.83 • 10
5

Pa- sat 20 °C

= 0.049 Pas at 1000 C [52]

8: air density [g/cm ]

= 1.3 • 103 [kg/m3] [52]

*,: specific permeability [m2]

= 4.49 • 10 "V (calcul. with Eq. IV-18

and Fig. IV-36)
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5 Substrate for Electrolyte Deposition and Joining Technique

The substrate for the deposition of the electrolyte consisted of a ceramic foam as

load-bearing structure and an active anodic tape as depicted in Fig. IV-37

Support
Structure

I*— Anode Tape
Ceramic Foam

Fig. IV-37: Schematic drawing of the support structure.

The raw material for both components was Ni-cermet precursor (chapter IV-3.2), in

which the ceramic constituents are ceria solid solutions (CGO) and zirconia solid

solutions.

5.1 Ceramic Foam

The preparation of the load-bearing structure was already described in chapter V-3 In this

section we concentrate on the preparation of the active anode and the joining of the two

components.

The ceramic foam acts not only as load-bearing structure but also as current collec¬

tor in the SOFC. Therefore, the two electronically conducting solids, the active an¬

ode and the ceramic foam have to be in close contact.

5.2 Active Anode

Tape casting was chosen as the most suitable method for preparing thin porous

anode structures [93, 94], The composition of the tape casting slurry is given in

Table IV 8.

MATERIAL FUNCTION SUPPLIER

60 g Ni-CGO (9 3 rnVg) Powder Praxair Speciality Ceramics, USA

10 g ZrO? (ss) 8 mole% Y,03

(16 mVg)
Powder Tosoh, Japan

23 ml Toluene Solvent F.E.R.O S.A. Barcelona, Spain

1.8 g Beycostat Dispersant CeCaS A
,
Paris, France

5.2 g PEG 600 Plasticizer Fluka Chemie, Buchs, Switzerland

4.5 g Bis(2 ethylhexyl)phtalate Plasticizer Fluka Chemie, Buchs, Switzerland

5.8gPolyvinylbutyral'°(PVB) Binder Hoechst, Frankfurt, FRG

Table IV-8: Slurry composition for tape casting of the active anode
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The ceramic powders were dispersed in a mixture of solvent and dispersant and

ball milled in a polyethylene bottle for six hours with zirconia milling balls having
a diameter of 0.5 cm. After the milling the plasticizers and the binder were added

and the suspension was homogenized again by ball milling for 30 minutes fol¬

lowed by a degassing step.

The tape-casting equipment consists of a flat glass plate and a movable doctor

blade". Before casting, the glass plate was covered with a PE-foil12. The slurry was

poured onto the plate and spread by the doctor blade with an opening of 250 -

1000 urn at a speed of 30 cm/min. The tape was dried at room temperature for one

day. The Ni-CGO tapes exhibited microcracks parallel and perpendicular to die

pulling direction. With the addition of 16 wt % zirconia to die slurry it was possible
to produce crack free tapes (A possible explanation for this effect is given in ap¬

pendix 1) Circular plates were cut from such green tapes by means of a round

metal puncher. The cut tapes together with die adherent polyethylene foil were

placed between two porous zirconia sheets" and transferred to the sinter furnace.

In tape casting, the tape is normally removed from die polymer foil before sinter¬

ing. However, due to die high content of organic material, our anodic tapes were

very soft and adhered strongly to the polymer foil. They could not be removed

from die foil widiout destroying die microstructure and were dierefor left on the

foil.

80
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Fig. TV-38: DTA and TG measurement of the green anodic tape with

PE-foil. Peaks can be assigned to the pyrolysis of the polyethylene foil,

the plasticizer and the binder.

During die burn-off step die plastic foil was pyrolized. The burnout schedule was

chosen in accordance widi the diermogravimetric measurements shown in Fig. IV-

38. The tapes were slowly heated widi a heating rate of 0.5 K/min up to 400 "C. The

holding time at this temperature was one hour. The tapes were then heated at
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2 K/min up to 1100*0 in order to increase their strength The tapes exhibit a

shrinkage mostly in the radial direction whereas the thickness of the tapes changes

only from 250 |xm (cast) to 220 \xm (dried) to 21 |xm (pre sintered at 1100 ) to 170

urn (fully sintered) In Fig IV 39 the microstructure of a pre sintered Ni cermet

precursor tape is shown It had a high porosity of 53 vol % (which decreased to 40

vol % after final sintering)

5 3 Joining of the Active Anode to the Ceramic Foam

Several possibilities exist for the joining of two ceramic parts [95 96] The two

methods are (1) joining before and (2) joining after sintering (Fig IV 40)

In order to join two ceramic components an mterlayer can be used A ceramic in

terlayer joins two ceramic parts which are sintered after applying the mterlayer

This is the traditional method in the ceramic industry The two parts can be green

pre-sintered or fully sintered Two parts may also be joined by lamination Lami

natmg means that two green ceramic parts are put into close contact by pressure

and/or heat Mechanical attachments are also widely used in heat exchanger and

engine applications Mechanically attached joints are usually not suitable when the

components are subjected to thermal cycling Gluing is a joining mechanism based

on the surface adhesion of the glue and its strength which also limits the strength

of the joint There exist inorganic glues which resist temperatures up to 1600 C [95]
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Joining ceramics with a glass intermediary is a common practice in the SOFC-world

and is used for joining and sealing stack elements [86, 97]. Using a metallic inter-

layer usually involves brazing, soldering, or diffusion bonding.

Joining
Ceramic/Ceramic

I

(1) Before Sintering (2) After Sintering

Ceramic

Interlayer

Mechanical Attachment

Lamination Gluing with Organic
or Inorganic Pastes

Interlayer: Ceramic,

Metal, Glass

Fig. IV-40: Techniques forjoining ceramics with ceramics.

The requirements for this specific joint between the ceramic foam and the anodic

tape are

• good electronic conductivity with low ohmic losses

• chemical and mechanical compatibility of the intermediate material with the

foam and the tape

• mechanical stability at the working temperature of the SOFC

• translation to a larger scale must be possible
• no hindrance of the accessibility of the reducing gas to the active anode.

With respect to these requirements only two joining methods are feasible:

(1) Application of a ceramic interlayer of identical composition as the ceramic foam

after sintering and (2) laminating. Honegger et al. [98] who used the same substrate

for the deposition of the electrolyte via PVD pressed the green foam and the green

tape together before sintering.

5.3.1 Experimental Procedure

Ceramic Interlayer
The pre-sintered foam was dipped into a diluted Ni-cermet precursor suspension

(10 vol. % solids loading in solvent) with die composition given in Table IV-8 and

then pressed onto the pre-sintered tape. This process is schematically shown in Fig.
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IV-41. Both components were pre-sintered at 1100 "C for one hour to give the ce¬

ramics some strength.

Foam Struts

1.

Ceramic Suspension
on Glass Plate

Anode Tape

Fig IV-41: Dip coating the ceramic foam struts with suspension
of the active anode andjoining to the anode tape in the green state.

Special care was taken to coat the single struts of the foams with as little ceramic as

possible. A thick ceramic interlayer would give excellent strength of the joint but

this layer would hinder the gas flow to the anode Sintering was carried out at

1100 "C fori hr

Foam—> G

Tape—¥ Green

Burnout Pre-sintered

1100°C,1hr

Burnout Pre-sintered

1100°C, 1hr

Application of

Ceramic

Interlayer

Sintering

Sintered

product

Laminating

Laminating offers several advantages such as good accessibility of the gases in the

SOFC and short processing time Laminating was performed with both compo¬

nents in the green state The anodic tape was placed onto a porous zirconia plate,

covered with the green foam and another porous zirconia plate, and sintered at

1100 "C. During the final sintering at 1400 T3 for 1 hr an additional load of 4 g/cm
was applied.
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Foai

Tape_

Green

Laminating Burnout/Sintering

Green

Sintered

Product

5.3 2 Characterization

Fig IV-42 illustrates the joint resulting from the interlayer-method after completion

of the sintering process at 1400 "C. A good connection is visible between the ceramic

foam and the anode tape, the ceramic interlayer has co-sintered with the two com

ponents However, the space in between the foam struts is lowered by the inter¬

layer (Fig IV 43).

In Fig IV 44 a laminated sample is shown after completion of the sinter process It

can be clearly seen that the two parts are fully sintered together thus guaranteeing

the electric conductivity The access of the reducing gases is assured because only

diose areas of the anodic tape are covered which are directly connected to the ce

ramie foam

There is no generally valid measuring principle for the mechanical testing of such

ceramic joints, however a variety of different methods is described in the literature

which all measure the adhesion qualitatively or relatively Hence the adhesion

strength was tested with the "scotch tape test" [99] which is illustrated in Fig IV-

45. An adhesive tape is fixed onto the surface of the anodic tape and then removed

as indicated

Fig. IV 42. Joint ofa tape with the foam strut using a ceramic interlayer [100].
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Foam Strut

Ceramic

Interlayer

Space between struts
x Anode Tape

Fig. IV-43: Schematic illustration of the space between the foam struts.

(a) (b)
Fig. IV-44: Joint of the tape with the foam using the laminating

technique. In the left Figure, a single foam strut is seen, whereas the

right Figure is an enlargement of the marked region which illus¬

trates the tape interface.

Fig. IV-45: Scotch tape test. A scotch tape is fixed onto

the anodic tape and pulled as indicated.
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The laminated samples exhibited by a lower mechanical strength compared with

the interlayer samples. After the scotch tape test, the ceramic tapes of die interlayer

samples sticked to the adhesive tape. Parts of the ceramic which were not covered

by the adhesive tape remained on the foam. The ceramic tapes of the laminated

samples, however, were completely detached from the foam.

Samples processed via both techniques could withstand the volume change re¬

quired by the reduction of Ni-oxide to metallic nickel. The joints were still intact

after heating up to 1000 C in a reducing atmosphere. Both samples showed also the

same high conductivity after this treatment.

The following experiments used the ceramic interlayer method.

6 Summary

Ceramic foams offer the opportunity to act simultaneously as load-bearing struc¬

ture, current collector, and gas distributor in solid oxide fuel cells. Each function

requires different properties such as strength, electrical conductivity, and gas per¬

meability.

The compressive strength of cermet and LSM foams of various densities, ppi-

numbers and thicknesses were measured and compared to die simple model of

Gibson and Ashby [55]. It was observed that the compressive strength depends on

the uniformity of loading. The mode of loading appears to affect die failure mode

in these materials and can result in significant multiaxial stresses being generated
within die cellular material. The recommended method of compressive testing of

these materials at room temperature and at high temperatures is to apply a buffer

layer of alumina felt which distributes the load more uniformly on the entire sur¬

face.

An increase of the compressive strength with increasing cell size was observed in

the LSM material, whereas that of the Ni-cermet precursor foams did not depend

on cell size which is in agreement with the theoretical model. The increase of

strength with an increase in the number of pores can be explained by the increased

strut strength and closed pores in the higher ppi-foams. The specimen thickness

had a crucial influence on the compressive strength which decreases with increas¬

ing thickness due to the inhomogeneous density distribution in the workpiece.

Thus, the optimum foam in regards to stability is thin with a high ppi-number for

the LSM material, whereas the ppi-number is irrelevant for the Ni-cermet precur¬

sor.
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Handling of the sintered foams was generally satisfactory except for the LSM-

foams from which particles could be rubbed off quite easily.

45-ppi Ni-cermet precursor foams had an average strength of 1.6 MPa whereas 60-

ppi LSM foams exhibit an average strength of 0.73 MPa. Hence, the foams fulfill the

requirements of load-bearing structures. The foams can bear quite easily the re¬

quired weight of 400 g/cm2 (Siemens) or 120 g/cm2 (Sulzer).

All compressive strength values are in the same order of magnitude as given in the

literature [62, 69, 74, 76].

The electrical conductivity of both materials was measured as a function of tem¬

perature. The bulk materials exhibit higher conductivities than the foam samples.

However, the foam samples show a conductivity high enough for the use as cur¬

rent collectors in solid oxide fuel cell applications. The conductivity did not change
2 2

after applying a load of 120 g/cm or 400 g/cm to them which corresponds to the

weight requirement by the Sulzer or the Siemens design. Compared to the conduc¬

tivities of bulk samples, the foams showed a considerable lower conductivity. With

increasing pore size (decreasing ppi-number) the conductivities showed smaller

values. This result implies that the best foam with regard to electrical conductivity

has a high ppi-number.
It was demonstrated that the pressure drop in ceramic foams is a variable of the cell

size. The pressure drop can be neglected at room temperature but is remarkably

increased at higher temperatures due to the strongly increasing viscosity of the

gases used at higher temperatures. Using a gas flow rate at 0.6 m /s there is a pres¬

sure drop of about 16 mbar at 1000 V. for 60-ppi foams with a thickness or 7.8 mm,

which can is acceptable. However, for thicker foams and for foams with high ppi-

numbers the pressure drop increases dramatically. The pore size of these foams has

to be as low as possible to guarantee a good performance of the solid oxide fuel

cell. Depending on the fuel cell design used, the pore size and the thickness of the

foams have to be adjusted. The lower the pressure of the used gases is, the larger

the pore size of the used ceramic foams must be. The air permeability is also a func¬

tion of cell size and thickness. The optimum foam concerning permeability should

have a low ppi-number and be as thin as possible.

In order to fulfill all these requirements a compromise has to be found depending

on the fuel cell design and the gas flow rate used. For the Sulzer design e.g. it

turned out that a 30-ppi Ni-cermet precursor foam and a 60-ppi LSM foam, both

with a thickness of 3 mm had die best combination of all required properties [60].

The substrate for the electrophoretic deposition experiments which will be de¬

scribed in the following chapter V, consisted of a ceramic foam and an active ano¬

dic tape. The raw material for both components was Ni-cermet precursor (chapter
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IV-3.2), in which the ceramic constituents are ceria solid solutions (CGO) and zirco-

nia solid solutions. The ceramic foam and the active anode were prepared using
the polymer-sponge method described in chapter IV-3 and via tape casting as de¬

scribed in chapter V-6, respectively. For die joining of the two separately prepared

components the applying of a ceramic interlayer between ceramic foam and anodic

tape was chosen.
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V Electrophoretic Deposition (EPD) of Zr02-Thin Film

Electrolytes

In this chapter the preparation of the electrolyte is described. A comparison of the different

processing methods for thin electrolyte layers is given. Emphasis is put on the electropho¬
retic deposition process which is studied in detail. The preparation of the ceramic powder

suspension, the substrate, and the design of the electrophoresis apparatus are presented.
Conditions for the deposition are discussed and a model of the deposition mechanism is pro¬

posed.

1 Introduction

Present SOFC technology employs almost exclusively stabilized zirconia as elec¬

trolyte with a typical thickness of 50 to 300 um. The electrical resistivity of the elec¬

trolyte necessitates an operating temperature of 950 to 1000 C to limit voltage

losses during operation.

Zirconia layers of about 15 |im have an acceptable conductivity at 700 C, with an

area resistance of less than 0.15 iicm [1, 2]. In the past, several techniques have

been reported concerning the development of thin-film processes for SOFC appli¬

cations [1-16].

The aim of this study was to use deposition metfiods which start with a ceramic

powder suspension to obtain thin zirconia layers on electrode substrates such as

described in chapter IV-5.

2 Comparison of Different Electrolyte Preparation Techniques Us¬

ing Powders

From all the known processes for deposition of thin layers only those were consid¬

ered which start with a ceramic powder. These are sedimentation [17], pressure fil¬

tration [18-20], tape casting [21-24], spin coating [5, 25, 26], sol-gel processes [27-30],

slurry coating [4, 15, 31-33], screen-printing [24, 34-36], transfer-printing [37], tape

laminating [24, 38, 39] and electrophoretic deposition [40-45]. All such deposition

techniques have certain characteristics listed below and require certain properties

of the substrates such as porosity, flatness, size, sinter properties, etc.. These are

summarized in Table V-l.



77 Thin Electrolyte

Sedimentation:

• very simple processing steps

• easy parameter control (solids content, particle size, sedimentation time etc)

• not suitable for very fine particles
• sedimentation produces very homogeneous and dense layers
• extremely time consuming process

• tolerates rough and uneven substrate surfaces

• tolerates high porosity of the substrate and mechanical weak substrates

• not industrially applicable.

Tape Casting:
• simple processing steps

• difficult parameter control (solids content, particle size, surface area, organic

content, etc.)

• smooth surfaces of the tape cast layers
• precise dimensional tolerances

• outstanding productivity
• difficult binder burnout

• success of tape casting process depends strongly on the slurry formulation and

process parameters

• difficult sintering for larger parts due to warpage

• industrially established process

• multilayer tapes possible
• applicable for thicknesses from 10 to 400 |im.

Slurry Coating:
• easy parameter control (suspension characteristics, coating cycles, etc.)
• unaffected by substrate roughness.

Screen-printing:
• inexpensive and quick process

• simple of fabrication parameters

• requires high surface flatness and high mechanical strength of the substrate

• industrially established process for flat substrates.

Transfer Printing:
• simple equipment
• difficult organics burn-off step

• process applicable to different substrate geometries

• requires low to medium mechanical strength of the substrate

• unaffected by substrate porosity and geometry

• industrially established process.
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Electrophoretic Deposition:
• easy parameter control (voltage, time, field strength, suspension characteristics

such as particle size, solids content etc.)

• requires surface charge of ceramic particles
• unaffected by surface roughness and porosity of substrate

• requires medium strength and electric conductivity of the substrate

• difficult substrate fixation

• industrially established process.

Process

Properties of the Substrate

Flatness Porosity Mechanical

Strength

Sedimentation nsr nsr nsr

Pressure Filtration high high high

Spin Coating very high low medium

Sol-Gel Processes nsr low-none low

Slurry Coating nsr low low

Screen-printing high nsr high

Transfer Printing medium nsr medium

Tape Laminating 9 reen substrate

Elect. Deposition nsr nsr medium

nsr: no special requirement
Table V-l: Requirements on the substrate for electrolyte deposition.

From all the feasible procession techniques only diose were chosen which could be

applied easily for the existing anode support structure. Hence, all processing tech¬

niques were not considered which require very flat surfaces and high mechanical

strength of the substrate. Techniques which use special equipment were also re¬

jected. The sol-gel process was discarded because it is applicable only to substrates

with very low porosity. Tape laminating is a processing technique which does not

require a substrate. If thick and stable enough, the green anode tape (chapter IV-5)

can be directiy used for the lamination process.

In this work the electrophoretic deposition method was studied in detail whereas

the other processing techniques (sedimentation, tape lamination, slurry coating,

and transfer printing) were only roughly evaluated. Information on those processes

and examples of the deposited layers are given in appendix 2.
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3 Electrophoretic Deposition

The phenomenon of electrophoresis was discovered by the Russian scientist Reuss

in 1809 [46]. He observed the movement of clay particles in a water based suspen¬

sion under the influence of an electrical field. The positively charged clay particles

thereby moved to the negatively charged electrode. In 1927, electrophoresis was

used commercially for the precipitation of latex [47]. DeBoer employed electropho¬

resis for deposition in 1939 [48], followed later by the first solid ceramic bodies in

the form of ceramic crucibles in 1948 [49]. Up to now, electrophoretic deposition

(EPD) is relevant in three technical fields: (1) analytical and separation method in

the field of biochemistry [50], (2) coating of metals [51-54] and (3) processing of

bulk ceramics such as the processing of A1203-tubes [55, 561 sanitary articles [57],

superconductors [58-61] and substrates for superconductors [62, 63], and microla-

minate composites [64-67],

Electrophoretic deposition is a colloidal process for ceramics wherein ceramic bod¬

ies are shaped directly from a stable colloid suspension by applying a dc electric

field [40, 41, 68-72] (Fig. V-l). This causes the charged particles to move toward,

and deposit on, the oppositely charged electrode. EPD is a combination of two

processes: electrophoresis and deposition: electrophoresis is the motion of charged

particles in a suspension under the influence of an electric field; deposition is the

coagulation of particles to form a dense layer on the electrode.

The migration velocity of a particle moving under electrophoresis is inversely pro¬

portional to the viscosity of the medium, proportional to the strength of the applied

filed, proportional to the net charge on the particle, and inversely proportional to

the size of the particle [73].

u.

Fig. V-l: Schematic of the deposition cell for electrophoreses. Charged ce¬

ramic particles migrate under the influence ofan electric field.

In this work, the electrophoretic deposition method was used to deposit zirconia particles in

ethanol suspensions on porous Ni-cermet substrates. After sintering, the zirconia acts as
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solid electrolyte in a SOFC whereas the porous substrate is the active anode.

3.1 Experimental Set-Up for EPD

3.1.1 EPD-Apparatus and Used Equipment

The EPD-apparatus generally consists of two electrodes at a certain distance in a

suspension. An electrical field is produced by applying a voltage between these

plates. This field must be homogeneous to guarantee a homogeneous deposition of

the ceramic particles. Based on measurements and estimations given in appendix 3

the dimensions of the apparatus were chosen in such a way, that the electrical field

is homogeneously distributed over the whole substrate. Two mm thick copper

plates were used as electrodes with a size of 120x120 mm
.
The apparatus was con¬

structed with exchangeable PVC spacers to allow variable plate distances from 10 -

100 mm. A schematic drawing of the apparatus is shown in Fig. V-2.

^T20x120

Cu-Electrodes

.Cylindrical Rod

Container
138

Fig. V-2: Schematic drawing of the EPD apparatus. The masses

are given in mm. The plate distance can be varied using different

spacers with length x (10,20,30,40,50 and 100 mm).

The substrate was fixed with springs on the top copper electrode thus avoiding any

sedimentation effects. For some experiments a small apparatus was also utilized.

Two copper electrodes 32x32 mm were connected with plastic screws resulting in a

plate distance of 10 mm. The substrate was fixed also on the top electrode.
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A potentiostat1 was used as power supply Voltages between 0-100 V and currents

between 0 and 2 A could be adjusted The voltage was additionally controlled by a

digital voltmeter2 The current flow between the electrodes was measured using a

multimeter3

3 12 Substrate

The porous substrate consisted of a pre-sintered, tape-cast Ni-cermet precursor

described in more detail in chapter IV 5 2 Its microstructure is shown in Fig V-3a

For the optimization of the deposition experiments, a cast Ni cermet precursor tape

with a thickness of 450 fim was chosen as substrate Pre sintering was performed at

a temperature of 1100 C for one hour at a heating ramp of 2 K/min

Fig V-3 Microstructure of (a) the Ni-cermet precursor substrate (a)

pre-sintered at 1100 V for one hour, (b) the pressed LSM substrate,

sintered at 1000 V for one hour

EPD experiments were also performed on pressed LSM substrates The LSM pow¬

der5 was mixed with a binder6, pressed with 125 MPa to pellets with 20 mm in di¬

ameter, and pre-sintered at 1000 V. for one hour at a heating ramp of 1 K/min. Af-

Heinzinger 100 2, Germany
2

Keithley 197 A Autoranging Microvolt DMM

3

Keithley 2000

4

Ni-cermet precursor mixture of NiO/CGO and TZP before reduction to the true Ni-

Ce-Zr-oxide cermet

5

La081Sr016Co002MnO3 x

Rhone Poulenc, USA (as used in chapter IV 3 3 2)

610wt% Cendust 3910, Hoechst, Germany



Thin Electrolyte 82

ter the deposition experiments the bilayer was sintered for one our at 1350 C at a

heating rate of 2 K/min. The microstructure of the sintered LSM is shown in Fig. V-

3 b. In both cases pre-sintering was necessary to give the substrates a certain

strength. As will be shown later, the pre-sintering temperature is very important to

get a crack free, flat sintered EPD layer.
In addition, the electrical conductivity of the substrate plays an important role: One

condition for EPD is that the used substrate has a conductive surface. By reducing

the pre-sintered substrate prior the deposition process, the Ni-oxide in the sub¬

strate is reduced to metallic Ni. After the reducing treatment at 700 XZ under H2-gas
the Ni-cermet tapes showed a conductivity of 10000 S/m. LSM is electrically con¬

ductive and required therefore no pre-treatment.

3.1.3 Suspension

The electrophoretic deposition can be performed in water-based suspensions as

well as in organic media. When using water-based suspensions, the main problems

are the contamination of the slip and the deposit, and the formation of gas bubbles

due to the electrolysis of water. Therefore, ethanol based suspensions were used in

this work. In contrast to the well understood stabilization mechanism of ceramic

particles in water, the mechanisms in ethanol are not fully established. However,

Wang [74] showed that the electrostatic stabilization of zirconia in ethanol involves

three steps: (1) adsorption of ethanol molecules in undissociated form onto the ba¬

sic surface sites of the oxide particles, (2) dissociation of the adsorbed ethanol

molecules by hydrogen ions which migrate to the basic surface sites; and (3)

desorption of C2H50 -anions into the solution, leaving the particles positively

charged.

POWDER Zr02 (ss) 3 mole % Y203 (TZP)

Supplier Tosoh, Japan

Median Grain Size, d50 0.23 nm

BET surface 16 mV g

Lot* Z804068P

Table V-2: Zirconia Powder used for the preparation of

the EPD-suspensions

In this work 3 mole % yttria stabilized zirconia powder fTZP) was used as raw ma¬

terial for the preparation of the suspension used for electrophoresis. Properties of

the powder such as median grain and specific surface area are given in Table V-2.

Suspensions of TZP powder were prepared by mixing 100 g powder with 52 g
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ethanol as solvent and 1.5 g polyethyleneimine (PEI) as dispersant. PEI is a polye-

lectrolyte which absorbs onto the particle surface and additionally charges the par¬

ticle. The mixture was filled in a polyethylene bottle with zirconia milling balls

(diameter 5 mm) and was ball-milled for 24 hrs. After the milling process, the me¬

dian grain size was 0.3 urn. The suspension was additionally ultrasonically treated

for 5 minutes before each deposition process. An ultrasonic probe8 was used with a

50% pulsed mode where pulses were emitted during 50% of die whole time.

ESA9 measurements'" of dispersed TZP particles in ethanol confirm the positive sur¬

face charge proposed by Wang. The ESA-value for a 2 vol. % suspension for zirco¬

nia particles in ethanol was 0.01 mPam/V. The absolute values of the particle

charge in organic media are very low and can not be compared directly to those

obtained in water. This is due do the fact tiiat the measurement conditions (e.g. ap¬

plied voltage, dielectric constant) are completely different.

1.5

\ TZP in Water

\ T=25°C

£1.0 \.
2 \.

*

S. 0-5 \

E \ IEP

<— \. y^

< 0.0
Xy jr

CO >v

w \

-0.5

—1 1 1 . 1 .—1—1 1—>—1—1—1 i

10 11 12 13

pH

Fig. V-4: ESA curve ofzirconia powder (TZP) suspended in water.

The isoelectric point is at 10.

Since the ESA-curve of the zirconia powder in water is needed later to discuss die

deposition process an ESA curve of 2 vol. % zirconia particles dispersed in water is

shown in Fig. V-4. The isoelectric point (IEP) of the zirconia powder is at a pH of

10. Stable powder suspensions can be therefore prepared by adjusting the pH-
value much more lower or higher dian the IEP.

Polyethyleneimine: Polysciences Inc. Warrington, PA, USA

Sonics Materials Inc. Danbury, Connecticut, USA

ESA: Electrokinetic sonic amplitude
10
ESA 8000 System, Matec Applied Science, Hopkinton, MA, USA
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3.2 Deposition Experiments

Unless otherwise noted the applied voltage for the large apparatus was 30 V, and 5

V for the small apparatus; the period of deposition time was three minutes in both

cases. The distance between the electrodes was 50 mm for the large apparatus and

10 mm for the small apparatus. In this work zirconia layers were fabricated with

thicknesses from 4-100 \im on LSM and Ni-CGO substrates.

3.2.1 Constant Voltage Experiments

Measurements of the Current

The following electrophoretic deposition experiments were carried out under con¬

stant voltage conditions. Fig. V-5 illustrates the measurements of the current be¬

tween the electrodes at different constant voltages as a function of time. In each

case, the measurable current decreases with time due to the shielding effect of the

already deposited layer and the decreasing particle concentration in the suspen¬

sion.

1.2

1.0

< 0.8

t-

0.6

o>

3

o
0.4

0.2

0.0

° ° n
d

15V
;

10V :

5V

50 100 150 200

Time [s]

Fig. V-5: Measurements of the current between the electrodes

during constant voltage experiments in the small apparatus.

Proton Concentration at the Deposition Electrode

During an EPD experiment using the large apparatus 1 ml of the suspension was

taken from the deposition bath every minute. The samples were collected at differ¬

ent positions at the cell and diluted with 5 g water. Measurements of the pH of the

suspensions were carried out using a combined pH glass electrode (Metrohm) and

the results are given in Fig. V-6;
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9.0

8.8

8.6

a. 8.4

8.2

at deposition electrode

o in the middle of the cell

between the electrode

.--5-

5-"""

' 1 1 i l__ §

Time [min]

Fig. V-6: pH measurements at the deposition electrode. Point 1 marks the

starting point with no electrical Held. The applied voltage was 30 Vat an elec¬

trode distance of80 mm.

For comparison the pH value after four minutes was also measured in the middle

of the suspension bath. The measurements were repeated three times with freshly

prepared suspensions. At the beginning the pH In front of the deposition electrode

is 8.35. After one minute of deposition time it increased to 8.6 to run through a

minimum and then further Increased to 8.9 after five minutes. In the middle of the

cell the pH increases from 8.35 to 8.6 after four minutes. In summary, during the

deposition process there is a pH gradient from more acallne at the deposition elec¬

trode to less alkaline in the center of the cell. This finding will be used later to ex¬

plain the mechanism of the deposition process.

3.2.2 Dependence of Layer Thickness on EPD-Parameters

For practical applications it is desirable to predict the layer thickness using direct

accessible EPD-parameters.

The thickness of the deposited layer is determined by the applied electrical field

strength, the deposition time and by the specific properties of the suspension such

as grain size of the ceramic powder, surface charge, pH and solids loading. Most

work done so far on EPD used either an experimental or mathematical approach.

Experiments were performed with different field strengths and deposition times

and the layer thickness [40, 60, 75-78] or the ceramic mass deposited [40, 43, 56, 66,

67, 79-81] was measured after the deposition. Another method is to establish or use

equations relating the yield of the ceramic mass to the different variables [40, 43,

82-87].
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The aim of die following model evaluation is to relate die layer thickness using a

kinetic model to the total charge passed through the cell. Thereby it is assumed that

die ceramic particles are the only charge carriers. This neglects, that also the mobile

counter-ions in the suspension are contributing to the current. However, in a

steady state operation mode die latter species would only enter as a constant in die

model. It is further assumed, that the concentration change of particles and

counter-ions to the deposition is negligible versus time.

The deposited mass of particles is generally calculated using by means of the fol¬

lowing equation [88]

dm(t)

—^-
= fA-c0-vE-E{t) Eq.V-1

where m = deposited mass, / = deposition time, / = efficiency of the deposition

(dimensionless), A = substrate surface, cq = solids loading of the suspension, x>e=

electrophoretic mobility, and E = electrical field.

In order to calculate properly the mass of deposited particles using Eq. V-l, die

time-dependent change of die electrical field as a function of layer diickness must

be known. However, this is very difficult to measure in practice (compare to ap¬

pendix 3). Measurement of the applied voltage and current during die deposition is

easier and was reported in literature: Hruschka [89] assumed tiiat tiiere are linear

voltage drops across the suspension, across die already deposited layer and in die

substrate. For die deposited layer thickness, S(t), he derived die following equation:

S(()«^ = -C,+1|c,+Cr! Eq.V-2

^•e, ese0 [d + D(eL -ej]es
with die constants C, =c„-U„- and C, = :

3-Ti(et-es) (e^-e^-e,

where S(t) = diickness of the deposited layer, U0 - applied voltage, C, = zeta poten¬

tial, T| = viscosity of the suspension, e„, zL and es = dielectric constant in vacuum,

dielectric constant of substrate, and dielectric constant of the suspension, respec¬

tively, D = thickness of die substrate, d = electrode distance.

Using die two parameters C, and C2, it is possible to describe die relationship be¬

tween layer diickness and die applied voltage and time. It is necessary also to

know all die otiier parameters such as zeta potential and the dielectric constants
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which can not be directly measured. However, the change in the solids loading is

not considered.

Sarkar [40] derived an equation with takes into account this change in solids load¬

ing caused by the deposition:

dm
-— = make'k' Eq.V-3
dt °

with

Eq. V-4

where m0 = mass of the particles in the suspension, v = median velocity of a parti¬
cle, V= volume of the suspension. The kinetic parameter k is very difficult to deter¬

mine experimentally. Sarkar, also neglected the change in solids loading caused by
sedimentation.

In this work, the particle transport in the suspension is treated as equivalent to the

electrical current. The deposition rate can then be described as a function of the

electrical current.

dm(t) rrir

—-^ = 0-^/(0 Eq.V-5

where a = fraction of the particles which are deposited, mr = median mass of a parti¬
cle, qeff= effective charge of a particle, / = current measured in the suspension. Inte¬

gration of equation 1 and 4 yields the total deposit m(t):

m(f) = / A c0 uE JE(t) dt = a—\l(t)dt Eq.V-6

The integral of the current I(t) gives the charge which has passed through a plane

parallel to the electrode after a time t. This amount of charge, designated as O, is

proportional to the deposited particle mass m(t). The charge passed G> can be cal¬

culated using the experimentally derived current values /:

* = J/ dt = X/A< Eq.V-7

Using Eq. V-2 (relationship between the weight of particles and the current) it can

be written:

<b(U0,t) = -C2+ylc22 +CtU0t Eq.V-8

The current, /, is the derivative Eq. V-8:

I(U0,t) = ^ = C1^(c22+C,U0tp Eq.V-9
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The following correlation was derived

S(U0<t)ocW(U0,t)oc\l(U0,t)dt Eq. V-10

Hence it is possible to make predictions about the deposited layer thickness using

equation V-9 and knowing the applied voltage and deposition time.

Using the a two parameter approach it was tried to fit the results of Fig. V-5 with

Eq. V-9. The results are shown in Fig. V-7. The lines were calculated using the con¬

stants Ci = 2.1810-5 As/il and C2 = 0.161 As for all three curves. The lines fit very

well to the measured data. Therefore, it was demonstrated that the assumptions

made above concerning the charge carriers is correct: The ceramic particles are the

main charge carriers in an EPD experiment. Fig. V-8 shows the integrations of these

measured data, the total charge <I> which has passed after a time t.

c

o

"I—'—>- i l | i i l i i i i i i i i i i i.

1.2 -

°

C= 2.18* 10-5 As/£J .

^k^ C =0.161 As
2

0.8

SSiL
° r~5~>-^ '

^"""*--«-*-£__.
15V

0.4
^"~*—-*~*-a-a_£__; 10V '_

1 " ' ' 5 O—9—g—o—g 5 V

nn 1 . , . . i . . .
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Fig. V-7: repeated results of measurements of the current between the

electrodes during EPD experiments (Fig. V-5). The continuos lines are

fitted according to Eq. V-9.

To check if this model can be used to predict layer thickness, EPD experiments

were performed at different voltages and the resulting layer thicknesses after sin¬

tering was measured in the SEM. According to the model there should be a linear

relationship between these two values. The results of the measurements of the

layer thicknesses are shown in Fig. V-9. The error bars are due to the different layer
thicknesses which are caused by the unevenness of the substrate surface. The

straight line is a linear fit.
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Fig. V-8: Dependence of charged passed on time. The curves were

calculated by integration ofthe fitted curves ofFig. V-7.
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Fig. V-9: Dependency of passed charge vs. deposited layer thick¬

ness. The straight line is a linear Bt.

This kinetic model can now be used to predict the layer thickness, knowing the ap¬

plied voltage and time. However it is important to use a large enough amount of

suspension to avoid changes of the solids loading.
A new in-situ method for the determination of the layer thickness during an EPD

experiment, using an oscillating quartz, is presented in appendix 4. This method

has the advantage that it is not influenced by changes in the solids content, viscos¬

ity or temperature in the suspension.



Thin Electrolyte 90

3.3 Drying and Sintering

After the deposition experiments the bi-layers were removed from the deposition
cell and dried at room temperature for one day. For the measurements of the green

density an EPD experiment was carried out using die large apparatus at a plate dis¬

tance of 50 mm and an applied voltage of 30 V. After drying the samples were re¬

moved from the electrode. The green density of the zirconia layers was 55% TD"

The sintering properties of the substrate and of the deposited electrolyte had to be

adjusted in order to a get crack-free and gas-tight product. Ideally, the two compo¬

nents used should exhibit not only an identical shrinkage, but also die same

shrinkage rates during die whole sintering process In Fig V-10 die relative shrink¬

age of a dry pressed Ni-cermet precursor (green density at die beginning of the ex¬

periment 43% TD) and a dry pressed TZP sample (45% TD) is illustrated. Both ma¬

terials showed different sintering onset-temperatures as well as shrinkage rates

during die constant heating rate (3 K/min). Therefore, the sintering behavior of die

two partners had to be fitted

0

„
-5

"\
5s-.

-10
\

shrinkage o

ui \ -

75 -25 : \ :

or. Zirconia \

-30 Ni-cermet precursor \ -

400 1600600 800 1000 1200 1400

Temperature [°C]

Fig V-10: Sintering behavior of bulk zirconia and Ni-cermet precur¬

sor samples Heating rate 3 K/min

There are two possibilities for adjusting the sintering shrinkage' (1) The sintering

shrinkage of die zirconia electrolyte can be decreased by calcination of die zirconia

particles [89] and (2) die sinter properties of the anodic tape can be modified by

pre-sintering. In this study changing die sintering properties of die tape by pre-

sintering was chosen. In order to determine die shrinkage of the anode, tapes were

11

Theoretical density of TZP 6 01 g/cm1
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pre-sintered for one hour at different temperatures. The subsequent final sintering

was aimed to take place at 1400 X2 for one hour. The linear shrinkage after sinter¬

ing is illustrated in Fig. V-11. Below a pre-sintering temperature of 1000 C the

shrinkage after final sintering at 1400 C is almost constant because there is no sin¬

tering up to this temperature. Above 1000 "C pre-sintering temperature, the shrink¬

age starts to decrease in accordance with the dilatometer results (Fig. V-10). The

shrinkage after a pre-sintering at 1350 C is almost zero because the pre-sinter tem¬

perature is close to the final sintering temperature.

20

600 1400800 1000 1200

Pre-sintering Temperature (°C)

Fig. V-11: Shrinkage ofNi-cermet precursor tapes pre-sintered for one

hour at different temperatures and subsequent Pinal sintering at

1400 V for one hour. The linear shrinkage shown occurred during the

1400 C final sintering.

Fig. V-12 illustrates the sintering shrinkage and porosity change of anode tapes

pre-sintered at 1100 *C and also of zirconia samples processed via electrophoretic

deposition. Considering the sintering shrinkage of zirconia the sintering tempera¬

ture of the two components should be 1400 "C or higher. The porosity of the anodic

tapes decreases with increasing sinter temperature. For anode applications in SOFC

the minimum porosity required is 30 vol. % [34]. Since the porosity is still high

enough at a sinter temperature of 1400 TJ, this temperature was chosen for the sin¬

tering of the active anode and the electrolyte. Sintering of the bi-layer was per¬

formed at a heating rate of 1 K/min up to 1400 XZ, and a holding time of one hour.
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Fig. V-12: Shrinkage and porosity of anode tapes pre-sintered at 1100 C

after different sintering temperatures. The shrinkage of deposited zirconia

electrolytes is included in the upper figure.

3.4 Layer Characterization

3.4.1 Optical Characterization

After sintering, the coated samples remained flat and did not show macrocracks.

The micrographs of the sintered bi-layers Fig. V-13 and Fig. V-14 show good adhe¬

sion of the zirconia layer on the underlying substrate. The thickness of the electro-
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phoretically deposited layer was 15 |^m and remained constant across the whole

substrate The microstructure of the substrate was characterized by a fine grain size

of 2 |j.m, that of the TZP layers by a grain size of 0 3 Jim

Fig V-13 zirconia layer (top) and LSM substrate (bottom) after sintering.
Plate distance 10 mm, applied voltage 5 V, 3 minutes

<.' ^

I 30 urn I

Fig V-14: zirconia layer (top) and Ni-cermet precursor substrate (bottom)

after sintering (plate distance 50 mm, applied voltage 30 V, 3 minutes)
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3.4.2 Cell Measurements

The bi-layers produced were completed by sputtering platinum as cathode onto

the anode-electrolyte bilayer A Pt mesh (1 cm x 1 cm) was used as current collec¬

tor, attached to the electrodes with Pt paste' and fixed along the edges with a ce¬

ramic binder. Each platinum current collector was bonded to two platinum wires,

one for the current and one for the voltage measurement The wiies were con

nected to the cell by electrical spot welding14. Alumina spacer rings were used on

both sides to separate the gas rooms and were attached to the single PEN by a ce¬

ramic binder. The test cell was placed in a tubular furnace1 and the gases were

supplied through a quartz glass tube as schematically shown in Fig. V 15

Pt-Mesh

Alumina Spacer Rings

''^-Sputtered Pt-Cathode, 25 nm

Deposited Electrolyte Layer

Anodic Tape, 400 |im

Pt-wire

Air Supply

Alumina Spacer
Rings

Fuel Supply^-

•Sample
Quartz Glass

Fig. V-15: Schematic view of the sample used for the I-V measurements (upper image)
and of the quartz glass sample holder (lower image).

Air was supplied to the cathode side and humidified (3%) H2/N2-mixture was used

as fuel The theoretical electromotoric force calculated from the Nernst equation at

Pt mesh, Engelhard 52 mesh wire diameter 100 mm

3Pt, C3650
4
Resistromc 3201, Brugg, CH

Gero, Neuhausen, FRG
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these conditions is 1.03 V. The amount of gases was regulated by a gas flow meter.

The cell current and voltage were measured with a digital multimeter16 and regu¬

lated by a laboratory power supply. The test cells were heated to 700 C and equili¬

brated at this temperature until they showed stable current and voltage. The open-

circuit voltage, OCV which corresponds to Eth, (compare witii chapter I) can be re¬

garded as a measure of the quality of die electrolyte at a give oxygen chemical po¬

tential. An OCVclose to the theoretical value means tfiat the electrolyte is gas-tight.

Fig. V-16 shows typical current-voltage characteristics. The OCV of all samples

tested did not reach the theoretical OCV estimated from the Nernst equation. Typi¬

cal values were 0.9 V for 20 urn thick zirconia layers: This indicates that eitiier none

of the layers were gas-tight, or that the sealing of the test-cell was not perfect.

(Checking of the electrolyte surfaces did reveal some cracking and pinholes).

250

Current Density [mA/cm2]

Fig. V-16:1-Vcharacteristics ofa PEN-element measured at 700 V:

anode: Ni-cermet, electrolyte: EPD-zirconia layer, 20 \im, PT-cathode

3.5 General Discussion of the EPD-Process

Most reports on electrophoretic deposition found in die literature describe the

deposition of ceramic suspensions onto electrically conducting electrodes or on me¬

tallic substrates [41, 55-57, 64, 68, 72, 75, 77, 83, 90-94]. Litde information is avail¬

able concerning the deposition on ceramic substrates [42-44, 89, 95]. In addition, for

both techniques controversially discussions exist concerning die exact deposition

Keithleyl75A



Thin Electrolyte 96

mechanism. In particular, the theories differ on the precise mechanism of how the

charged particles come into contact with the electrode or an already deposited

powder layer. Grillon [96] suggested particles undergo charge neutralization as

they touch and deposit on the electrode. Shimbo [97] proposed secondary processes

at the electrode producing hydroxides which adsorb on the particles and polymer¬

ize, holding them togetfier in the deposit. Mizuguchi et al. [81] discussed the depo¬
sition of alumina particles from an acetone slurry containing nitrocellulose and a

small amount of strong acid. They suggested a combination of the two mecha¬

nisms. Discharging of particles at the electrode brings them closer together so that

nitrocellulose chains present at the particle surfaces could form bridges and cause

coherence deposits. Koura [60] proposed the following deposition mechanism:

charged particles in the suspension partially discharged at the deposition elec¬

trodes. The adsorbed H+ ions of the following incoming particles move to the sur¬

face of the deposition electrodes by diffusing through small openings in the ce¬

ramic film and subsequendy discharge with formation of gaseous H2. Vanderperre

[98] reported that there might be some discharge of particles at the electrode. El-

Jazairi [99] stated that there is a strong dependency of the deposit layer density on

the acidity of the suspension. He demonstrated that a pH-change of the suspension

during the deposition occurs but he did not propose an explanation for this find¬

ing. Sarkar [40] proposed that the double layer around the tail of the ceramic parti¬

cle becomes thinner so the incoming particles can approach each other closely

enough. This means that van-der-Waals forces dominate the deposition process.

For this reason, EPD is said to be a non-faradayic process.

At the moment, the exact deposition mechanisms at the electrode are not hilly understood.

We attempted to gain an understanding of electrochemical reactions at the deposition elec¬

trode in order to propose a model [or the deposition for ethanol suspensions.

There are two conditions for a successful deposition:

The particles in the suspension must be transported to the deposition location and

the particles must 'stick' to each other on the deposition place. If the particles in the

suspension bear a surface charge, they always migrate towards the deposition loca¬

tion as long as the electrical field is strong enough. As we will see, the electrical

properties of the substrate will play an important role. Hence, a suitable substrate

for the deposition of positively charged zirconia particles has to be conductive (Fig.

V-17(d)) or should have a negatively charged surface. In our first experiments, the

Ni-cermet precursor substrates were non-conductive. ESA measurements of Ni-

cermet precursor powder in ethanol (1 vol. %) gave a mobility value of 1.49*10'°

mVVs indicating a positively charged surface. According to the deposition condi¬

tions the surface of the substrate had to be changed either to a negatively charged
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surface by the application of specific adsorbing ions or to a conducting surface by

reduction of the NiO to metallic Ni In this work the Ni-0 in die substrate was re¬

duced to metallic Ni prior to the deposition process and therefore exhibited metal¬

lic conductivity The electric field gradient corresponds to the situation (b) in Fig.

V-17. The deposition of the positive charged zirconia particles was possible.

(a) no substrate (b) positive charged
substrate surface

I
OV

(c) non-conducting
substrate

OV

(d) conducting substrate

Fig V-17 Course of the potential lines during the EPD process

Electrophoretic
Force

Substrate

Modifed DLVO

Interaction Force

Distance D

DLVO Interaction Force

Fig V-J8 Schematic of the interactive forces between

two particles during electrophoresis



Thin Electrolyte 98

Let us now try to understand the deposition process: If the powder particles in the

suspension bear a surface charge, they will always move towards the oppositvely

charged electrode. The first incoming particles might discharge as soon as they
touch the depositing electrode. The attractive Van-der-Waals forces will cause them

to coagulate. However, there is no explanation why the following layers are able to

stick to each other. Fig. V-18 shows the interaction force between two particles as a

function of interparticle distance. If an external dc field is applied and particle A

has reached the electrode, a second particle B can approach only if the applied field

exerts a force greater than the mutual repulsive force.

Increasing the electrophoretic force by increasing the electrical field in the deposi¬
tion cell is one possible method to overcome the repulsive potential barrier and en¬

force the deposition. However, deposition of thick layers takes place without any

adjusting of the field strength. Therefore other mechanisms must be responsible for

the deposition. They might be as follows: Besides positively charges particles there

are always also negatively charged counter-ions (H2C205) present in the suspen¬

sion as well as positively charged co-ions (H*). When the particles are migrating

toward the negative electrode, the counter-ions migrate toward the positive elec¬

trode. Now, during the deposition, there is a change in the co- and counter-ion

flow in the suspension: After a certain time, there might be less counter-ions at the

negative deposition electrode.

1.5

< 0.0

CO
ID

-0.5

6 7 8 9 10 11 12 13

PH

Fig. 19: ESA measurements of the EPD suspension; numbers cor¬

respond to the situations at the beginning of the deposition, after

three and five minutes deposition time.

The particle surface is in equilibrium with the suspension. If the counter-ion con¬

centration changes, the surface potentials of the particle also changes. Therefore,

J i I i I I I L
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the surface potentials of the particles vary with position. In addition there also

must be a pH change in the suspension at the deposition electrode. The results of

the pH measurements during an EPD experiment were already presented in Fig. V-

6. After an initial increase the pH value decreased after 3 minutes due to the dis¬

charge of H+ ions at the deposition electrode which was then followed by a con¬

stant increase of the pH-value. The following H -ions can not completely discharge
because the layer already built up hinders the H* diffuse to the electrode. The first

decrease can be explained by the fact that not only the positively charged ceramic

particles move to the deposition electrode but also the positive co-ions (rf*). These

positively charged co-ions will recombine with e.g OH -ions or with H+-ions to

form H20 or H2. Thus, the overall pH-value in the suspension is increased as well,

due to the generally lowered amount ofH+ ions.

The coagulation of the zirconia particles can now be explained. Fig. V-4 shows the

surface charge of the zirconia particles at different pH values. The numbers in the

figure correspond to situations at the beginning of the deposition, after three min¬

utes and after five minutes deposition time. The particles show a decreased surface

charge after five minutes deposition time compared to the starting point 0. The sur¬

face charge varies with the position and the time. Hence, the force which is neces¬

sary to overcome the DLVO interaction force (Fig. V-18) Is lowered and the deposi¬
tion of the next layers of ceramic particles can take place. This process is limited to

diffusion. With an increasing thickness of the layer the diffusion path for the H+-

ions is longer, the surface charge is decreased and the repulsive force is too large to

allow any further deposition.

Using the explanations given above, an electrode reaction model for the deposition
of charged ceramic particles according to Fig. V-20 might be proposed. The charged

particles and the co- and counter-ions are homogeneously distributed in the sus¬

pension (a). With the application of a dc-field, the particles and the co-ions migrate
toward the oppositely charged electrode. As soon as the incoming ceramic particles
touch the electrode there is a partial discharge. The adsorbed H+-ions will diffuse

through openings in the layer and will discharge to form H2-gas or recombine with

the counter-ion to form C2H5OH. These free H+-lons together with the counterions

are responsible for the increase of die pH-value. The then following decrease of the

pH value is due to the lower amount of H+-ions in the solution. The charge trans¬

fers occur on the negative deposition electrode and the rate limiting step of the

deposition arises from a diffusion process of H+-ions desorbed from the oxide par¬

ticles through openings in the ceramic layer toward the electrode. These findings

correspond very well with those of Koura et al. [100] and El-Jazairi [99].
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(a) (b)

(c) (d)

Fig. V-20: Schematic illustration of the deposition process:

(a) charged zirconia particles (grey spheres) and crowed C^lfi-counter-ions
in the suspension without an electrical Held, co- and counter-ions, tf and

C2HsO, are homogeneously distributed in the suspension,

(b) with the application ofa dc-field, the particles and the co-ions migrate to the

oppositely charged electrode,

(c) zirconia particles deposit on the electrode and are partly discharged, pH de¬

creases due to the local depletion of H-ions

(d) recombination of H*-ions to H2, and of H* ions with C^fi -ions to etha

nol. pH increases due to the local depletion of H*-ions.

4 Summary

The suspension used for the electrophoretic deposition experiments contained 3

mol% Y203 stabilized zirconia in pure ethanol, with a median grain size of 0 3 |tm

after milling. The electrophoretic deposition method was successfully applied to
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pre-sintered Ni-cermet and LSM substrates. Layers ranging from 4-100 (im in the

thickness in the sintered state were fabricated.

The apparatus for the electrophoretic deposition had to be designed that a ho¬

mogenous deposition was possible. The homogeneity of the electrical field is one of

the main conditions for a successful deposition process. Based on two-dimensional

field measurements and calculations using the formulation of Maxwell (given in

appendix 3) the plate size was chosen as 12x12 cm using a 2 mm thick copper plate,

with a maximum plate distance of 80 mm of no more than 5% deviation from the

homogenous electrical field.

The substrate plays an important part in the deposition process. A successful depo¬

sition of the positively charged zirconia particles is only possible on substrates

having negatively charged surfaces or with an electrically conducting substrate.

The NiO-CGO substrates used were made highly conductive by reducing die NiO

to metallic nickel. It was demonstrated that the deposition process is a combination

of a charge-transfer and a diffusion process. After anincrease of the pH at the be¬

ginning of the electrophoresis the pH of the suspension decreased but then in¬

creased with continuing deposition. This behavior was explained by a concentra¬

tion change of the H+-ions in the suspension. An electrode reaction model for the

deposition of charged ceramic particles was proposed. The stability of the suspen¬

sion decreases in the electrode area, the suspension being shifted to its isoelectric

point by the local change in pH.

A suggested kinetic model for the deposition process did not violate the observed

parameters. It could be shown that there is a linear relationship between the total

transported electric charge and the thickness of the deposited layer. This kinetic

model can therefore be used to predict the layer thickness, knowing the applied

current and duration.

The sintering properties of the substrate and of the deposited electrolyte were suc¬

cessfully adjusted to achieve crack-free and dense composites. The NiO-precursor

tapes, pre-sintered at 1100*0, exhibited the same shrinkage as the electrophoretic

deposited zirconia layers. Although die produced PEN elements with EPD elec¬

trolyte layers did not exhibit the theoretical OCV-value, an acceptable cell per¬

formance was achieved at 700 *C with a 15 um thick zirconia layer. Therefore, die

EPD-process seems to be a promising method for the production of thin, dense

electrolytes.
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VI Outlook and Further Work

1 PEN-Design

Processing of thin zirconia layers via electrophoresis was one of the aims of this

work. It turned out that the used Ni-cermet precursor substrates had to be reduced

to get a conductive substrate which can be used for deposition. The reduction

causes an increase of the porosity and the substrates were quite brittle after this

treatment. As mentioned in the introduction of this work, there are two possibili¬

ties of building-up a PEN structure: starting from the anode side, as performed in

this work, or starting from the cathode side using LSM or other cathode materials

such as LSCF (e.g. La, ,,SrxCoi y?eyOJ or LSCO (e.g. La, xSrxCoy03y) [1, 2]. These

perovkites are electrically conductive even at room temperature and could be used

as substrate for the electrophoretic deposition without any further treatments.

However, zirconia can not be deposited directly onto the LSM due to undesired

chemical interactions at the interface [3]. Therefore, it is necessary to deposit a thin

protective layer of e.g. CGO and deposit a zirconia layer on top of it afterwards.

Currently, a research program is performed in ETH Zurich dealing with the DC

reactive magnetron sputtering of ceria-yttria and yttria-zirconia layers on porous

LSCF supports [4].

Other powder suspensions such as doped lanthanum gallate, doped ceria, or

doped bismuthoxide [5] could be used to produce alternative electrolytes via EPD

on porous cathode substrates. The feasibility of EPD for die deposition of alterna¬

tive electrolytes was already demonstrated by El-Sherik [6] who deposited dense

LadgSr^GaDjjMgjjjOojj-coatings on porous LSCF-cathode substrates.

2 Electrophoretic Deposition

Although the electrophoretic deposition process was studied in detail in this work

it needs further theoretical investigation in order to model its exact deposition

mechanism. It is suggested to perform impedance spectroscopic measurements to

further study the charge transfer mechanism of the ceramic particles and ions at the

electrodes. The discussion in literature is controversial concerning the charge

transport in die suspension [7, 8]: It is unclear whether die charge transport is car¬

ried out by the charged ceramic particles or by the ions in the suspension or by
both. Impedance spectroscopy could give answers to these questions.
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3 Alternative Processing Methods

In the course of this dissertation other processing methods for thin electrolytes

were also briefly examined (Appendix 2) but not studied in detail. Some of them

are very promising but further experimental work is required: The elegant method

transfer printing is probably the most interesting candidate. It is simple and easy to

perform and the processed layers were very homogeneous and dense. Further¬

more, the films can be joined to anodic or cathodic substrates of considerable

roughness. Pressure filtration was not considered in this work because the used

substrates were not mechanically stable enough to bear the high pressures during

filtration. However, thicker and less porous substrates, and careful adjustment of

the applied pressure would certainly make pressure filtration a very good proc¬

essing method for the formation of thin layers.

4 Determination of Layer Thickness using an Oscillating Quartz

In preliminary experiments (appendix 4) it was demonstrated that an oscillating

quartz can be principally used to determine the layer thickness during an EPD ex¬

periment. However, it turned out that the quartz crystal is very sensitive concern

ing mounting conditions. The quartz crystal can operate if only one face is dipped

into the solution only. Therefore further experiments with optimised quartz hold¬

ers are necessary. Deposition experiments with the oscillating quartzes in the same

suspension as the EPD apparatus need to be performed for calibration.

Oscillator wring

Reference Quartz, fi
Difference Frequency, Af

_s -

Oscillator wring

Working Quartz, f2L
m^A—,

^

T
-

1 \ *-

Substrat
^ZrCVSuspension

Fig. VI-1: Schematic set-up of the in situ determination of

layer thickness using an oscillating quartz.

The set-up of such a measurement is shown in Fig. VI-1. The layer thickness at

various field strengths and deposition times can be compared to the measured dif¬

ference in frequency and a calibration curve can be drawn.
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Appendix 1

Experimental Details for the Preparation of Ni-CGO Anodes via

Tape Casting

1 Introduction

State of the art anodes for solid oxide fuels cells (SOFC) are composed of Ni-cermet.

The ceramic part of the cermet is mostly stabilized zirconia and is responsible for

die mechanical stability [1], for die prevention of the nickel coarsening at operating

temperatures [1-4], and for achieving an anode thermal expansion coefficient which

is close to diat of the electrolyte [1, 5, 6]. NiO, is the starting material, is reduced to

metallic nickel when exposed to die fuel in die SOFC. This metallic Ni is responsi¬

ble for the electrical conductivity. Several other compositions have also been tested:

rudienium/YSZ [7, 8], mixed-conducting oxides such as Zr02-Y203-TiOz [9-11] and

Ce02 based materials [12-17]. In this study, Gd-doped ceria (CGO) was chosen as

the ceramic constituent. However tapes processed with a mixture of NiO and ceria

were always brittle and cracked during drying. Successful tape processing was

only possible with the addition of 9.5 wt.% of cubic stabilized zirconia. This con¬

centration was empirically established.

The aim of this present study was to evaluate the influence of the addition of zirco¬

nia on die electrophoretic mobility of the suspension, and on die tiiermal expan¬

sion, sintering shrinkage and electrical conductivity of die tapes. A model for die

favorable effect of the zirconia addition on die tape casting process is suggested in

the conclusion.

2 Experimental Procedure

The Ni-CGO powder consisting of 70 wt% NiO and 30 wt% Ce08 Gd^Oj (Praxair,

USA, medium grain size 0.75 urn) was mixed witii die appropriate amount of zir¬

conia powder (Zr02-8Y, Tosoh, Japan, medium grain size 0.23 urn). The two pow¬

ders, die solvent and die dispersant were mixed in a ball mill for 6 hrs. Plasticizer

and binder were added and die suspension was homogenized again for half an

hour in the ball mill. The exact recipe is listed in Table 1-1.
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MATERIAL wt.% FUNCTION 1

60 g Ni-CGO 56.7 Ceramic Powder

10 g ZrO, 9.5 Ceramic Powder

23 ml Toluene 17.4 Solvent

1.8 g Beycostat 1.8 Dispersant

5.2 g Polyethyleneglycol 600 4.9 Plasticizer

4.5 g Bis(2-ethylhexyl)phtalate 4.3 Plasticizer

5.8 g Polyvinylbutyral (PVB) 5.5 Binder |

Table 1-1: Slurry composition of the anode tape.

The suspension was then processed using a tape casting device with a movable

doctor blade '. Before casting, die glass plate was covered with a polyethylene-foil.

The slurry was poured on the plate and spread by the doctor blade with an open¬

ing of 250 um at a speed of 30 cm/min. After drying for 24 hours at ambient tem¬

perature round samples were cut out die leather-hard tapes with a metal puncher.

The burnout of the organic additives and die underlying foil was carried out using

a heating ramp of ¥i K/min up to 450 C Sintering was tiien performed with a

heating ramp of 2 K/min up to a temperature of 1350 C and holding at his tem¬

perature for one hour. Mobility measurements of the suspensions were carried out

using an ESA-system*. The suspensions with 1 vol. % solids loading were treated

ultrasonic before each measurement. For die expansion and conductivity meas¬

urements powder mixtures were dry milled for three hours, isostatically pressed to

bars and sintered at 1350 "C for one hour. Expansion measurements and die sinter

experiments were carried out with a Theta Differential Dilatometer3. The electrical

conductivity was measured using the 4-pt. metiiod in a reducing atmosphere. All

experiments were performed as a function of different NiO-CGO/Zr02ratios.

3 Results

3.1 Optical Characterization and Element Mapping

Fig. 1-1 shows the microstructure of the sintered anode tape made with die compo¬

sition given in Table 1-1. The porosity was 50 vol. % and die grain size was 0.5 -1

(im. Element mapping witii EDX showed a homogeneous distribution of die tiiree

1

EPH Associates Inc. Orem, Utah, USA
2
ESA-8000 system, Matec Applied Science, Hopkinton, MA, USA

3
Dilatronic II
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components although there were some zirconia agglomerates The Ni was very

homogeneously distributed and formed a percolative network

(c) (d)

Fig 1 1

(a) SEM micrograph of the sintered tape cast anode

made with the composition given m Table 1 1

(b) element mapping of zirconium (c) nickel and (d) cerium

3 2 Dynamic Electrophoretic Mobility

Fig 1 2 illustrates the dynamic electrophoretic mobility of the suspension as a func

tion of different Ni CGO/Zr02 ratios The mobility of ceramic particles in an or

game medium is generally very small [18 19] compared to those in aqueous media

1 vol % Ni CGO powder in toluene exhibited a mobility of 3 7 10' mVVs The ad

dition of 14 3 wt % zirconia (referred to the amount of Ni CGO) increased the mo

bility by a factor of 2 Pure zirconia in toluene had a mobility of 13 2 10
12
mVVs
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Using the expansion coefficients of the single components of the mixture (NiO:
1410

6 K1 [20], CGO: 12.7106 K1 [21], Zr02 11106 K' [22]) the expansion coeffi¬

cient for the mixture could be estimated as 13.2 10 K by applying the rule of

mixture. This calculated value fits very well the value of 13.3810 K
.
The thermal

expansion coefficient of different Ni-CGO/ZrOz varies with the zirconia addition,

decreasing with decreasing Ni-content (or with increasing zirconia content). This

finding is in agreement with the measurements of Majumdar [5] and Ivers-Tiffee

[6].

3.4 Sintering Shrinkage

Fig. 1-4 illustrates the sintering shrinkage at 1350 C as a function of different

CGO/Zr02 ratios. The shrinkage is practically the same for the different ratios.

'"0 20 40 60 80 100

ZrOz
wt% ZrOz Ni_CGO

Fig. 1-4: Sinter shrinkage at 1350 C ofdry pressed and sintered samples
with different CGO/Zr02 ratios. The shrinkage kept almost constant.

3.5 Electrical Conductivity

The electrical conductivity as a function of different NiO contents is shown in Table

1-2. The measurements were performed at 700 C under H2-atmosphere. Marked in

bold are the conductivity of the pure Ni-CGO sample and that with the used zirco¬

nia addition. The electrical conductivity of Ni-cermet is strongly dependent on its

nickel content [23]. The percolation threshold for the conductivity of the cermet is

at about 35 vol. % NiO. Below that, the conductivity of the cermet is similar to that

of zirconia. Above this value there is a change to metallic conduction through the

nickel phase. The conductivity of pure Ni-CGO was 9.410 S/m whereas the sam-

£1 25

O)

i 20

.C

2
'3

in
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pie prepared with a powder mixture corresponding to the tape recipe exhibited a

conductivity of 7.210 S/m. Thus, the conductivity of the used tape composition is

not remarkably decreased. Thus, the interconnected network of the nickel is not

disturbed by the zirconia addition.

wt.% Zr02 Electr. Conductivity

[S/m]

100.0 2.010'

85.7 4.6105

44.5 2.0104

14.3 7.2 105

2.0 9.4 105

Table 1-2: Electrical Conductivity ofsintered

dry pressed samples with different Ni-CGO/zirconia ratios.

4 Summary and Conclusion

Measurements of the mobility suggested that a suspension based on pure Ni-CGO

is poorly stabilized. During drying the Ni-CGO will form agglomerates which will

cause density differences in the tape and lead to severe crack formation. The crack-

preventing addition of zirconia is due to the stabilizing effect of the zirconia pow¬

der particles in the suspensions. The almost uncharged Ni-CGO-particles are most

probably situated between the highly charged zirconia particles and are supported

by them as shown in Fig. 1-5.

Thus, the tape can now be successively processed without cracking. The addition of

zirconia did not significantly change the properties of the active anode. Moreover,

the lowering of the expansion coefficient is certainly an advantage. The Ni-cermet

anode generally has a higher thermal expansion coefficient than YSZ and other cell

components. Thus lowering the degree of mismatch between the anode and the

other cell components decreases stresses. The electrical conductivity of samples

prepared according to the tape cast recipe with addition of zirconia does not

change significantly compared to that of pure Ni-CGO powder. The conductivity is

still high enough for application in a SOFC.
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0 0 0 O o

o^p-'f. O a

0O Q0 O'-
Fig. J-5: Mode] for the favorable effect of the zirconia particles onto the tape

cast processing of the Ni-CGO. Grey spheres: Ni-CGO particles, white

spheres: charged zirconia particles.
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Appendix 2

1 Different Deposition Techniques

The support structure for the electrolyte deposition is composed of the ceramic

foam and the active anode as described in chapter IV-5. However, not for all the

deposition experiment, a complete support structure was necessary. For the opti¬

mization of the deposition processes, a cast Ni-cermet precursor tape with a thick¬

ness of 450 (xm was chosen as substrate for all experiments to ensure sufficient me¬

chanical stability. This thick tape was pre-sintered at 1100 C for all the deposition

experiments (with the exception of the laminating process).

1.1 Tape Laminating

The recipe of the zirconia tape laminated with a green Ni-cermet precursor tape is

given in Table 2-1.

MATERIAL wt.% FUNCTION

100 g ZrO, (TZP) (3YS Tosoh) 62.2 CeramicPowder

42 g Ethanol/ Toluol (68:32wt%) 26.1 Dispersion Medium

2.65 g Triolein1 1.6 Dispersant

5 g Polyethylengylcol 6003 3.1 Plasticizer

3 g Bis(2-ethylhexyl)phtalate3 1.9 Plasticizer

8g PVB2 4.9 Binder

Table 2-1: Slurry composition for the zirconia tape

The zirconia tape was prepared according to the procedure already described for

the Ni-cermet precursor tape (chapter IV-5.2), die milling time was 48 hrs. The tape

was cast using a doctor blade with an opening of 200 |im. After drying the tape had

a thickness of 80 ^m. Two round samples (30 mm in diameter) were cut out of the

tapes, placed on top of each otiier and laminated at a pressure of 3 bar at a tem¬

perature of 30 "C in a lamination box. This laminated bilayer was covered with a

porous zirconia plate and sintered according to the following schedule derived by

the DTA measurements of both tapes (Fig. 2-1):

1

Fluka Chemie, CH-Buchs

Mowital B20 H, Hoechst, Germany
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25 K/h to 300 (holding time lh)

25 K/h to 400 C (holding time 3h)

60 K/h to 1400 "C (holding time lh)

120 K/h to 30 XZ

80
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Fig. 2-1: Thermal-analysis of the zirconia and Ni-cermet precursor tape.

Peaks can be correlated to the decomposition ofsolvent(l), dispersant (2),

binder and plasticizer (3).

The green density of the zirconia tape was 35% of the theoretical value (TD =

6.01 g/cm3). After sintering, the two tapes were intimately connected without a

separating gap as presented in Fig. 2-2. The samples showed no macroscopic cracks

after sintering. However, the bilayer was not totally flat but showed some warp-

age. This was probably due to the low green density of the zirconia tape which

therefore exhibits a higher sintering shrinkage than the Ni-cermet precursor tape.

Nevertheless, the zirconia layer was almost dense and had a thickness of 50 u.m.

The closed porosity is characterized by isolated round holes with diameters of 3-

5 p.m. These holes can also be seen at the surface of the zirconia layer and are

probably formed due to the high organic content in the green tape. It is interesting
to note that the sintering shrinkage is not the same in each direction. The samples

exhibit a larger shrinkage perpendicular due the surface than in the than lateral

direction. This can be seen by comparing the appearance of the holes: They change
from totally round in the surface picture (b) to more longish shaped holes in the

fracture surface (a).
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Fig 2 2 SEM micrograph ofthe laminated tape sample after sintering

(b) fracture surface zircoma on top Ni cermet precursor below

(b) surface of the zircoma layer

1 2 Sedimentation

The anodic pre sintered tape to be coated was placed onto a porous porcelain in a

filter funnel A hallow cylinder consisting of polydimethylsiloxane3 (PDMS) was

prepared and placed onto the anodic tape The very low surface tension and the

elasticity of the PDMS leads to a sealing of the polymer cylinder with the anodic

tape The aqueous zircoma suspension (2 vol % solids loading) used in this deposi

tion process was stabilized electrostatically by adjusting the pH at 5 (according to

the mobility values of Fig 2 3) with hydrochloric acid After milling for 24 h with

zircoma milling balls in a polyethylene bottle the suspension was passed through a

6 fim sieve to remove agglomerates and other impurities The ceramic suspension

was then poured into the PDMS cylinder which was subsequently closed with a

plastic foil The set up is shown in Fig 2 4 After a week the supernatant liquid was

decanted and the sediment was dried for two days The PDMS cylinder was re

moved from the anode substrate and the bilayer was sintered with a heating rate of

1 K/min to 1400 C with a holding time of one hour) For the measurement of the

green density the resulting green layer was removed from the substrate

3Sylgardl84 Dow Corning USA

Seidengaze AG CH Zurich
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Fig. 2-4: Schematic of the sedimentation process.

The green density of the zirconia layer made via sedimentation was 59% TD Fig. 2-

5 illustrates the microstructure of the sintered zirconia layer. The layer did not

show any voids and had a very fine microstructure. However, it was not possible

to co-sinter the zirconia with the Ni-cermet precursor. They did not sinter together

and separated during sintering.
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Fig. 2-5: SEM-micrograph of the sedimented zirconia layer after sin¬

tering

1.3 Slurry Coating

(a) (b)

Fig 2 6 SEM micrograph of the zirconia layer processed via

slurry coating after sintering

(a) fracture surface: zirconia on top, Ni-cermet precursor below,

(b) surface of the zirconia layer.

The zirconia suspension used was prepared in the same way as the suspension of

the sedimentation process 1 ml suspension was then cast onto the substrate and
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dried at room temperature for 4 hours. This process was repeated 5 times. For the

measurement of the green density the resulting green layer was removed from the

substrate. Sintering of the bilayer was performed with a heating rate of 1 K/min to

1400 "C, and a holding time of one hour.

The green density of the slurry-coated zirconia layer was 40% TD. The coated sam¬

ples were flat and did not show severe cracking after sintering. As seen in Fig. 2-6

the zirconia layer adhered very well to the anodic substrate. Some of die zirconia

was deposited inside the porous substrate which results in a very good mechanical

interlocking. The flat layer had a uniform thickness of 8 urn. The surface of the

slurry-coated layers showed severe microcracking after sintering due to strong

shrinkage during drying.

1.4 Transfer Printing

A highly viscous zirconia suspension was prepared by mixing the powder with an

organic screen-print paste and milling for 24 hrs. The suspension was then screen-

printed using a screen-print mask with an area of 1 by 1 cm on a paper coated with

a water soluble gum6. The thickness of the printed layer was 100 urn.

Ceramic Suspension
fnnt Mask

Water Soluble Gum

J.

Polymer Covercoat

Transfer onto the Substrate Immersion in Water,

Release

Fig. 2-7- Schematical description ofthe transfer-printing process.

After drying, an acrylic resin covercoat was screen-printed (or painted) over the

zirconia layer. The zirconia layer with the covercoat was dried for one day, released

from the paper by immersion in water, and then draped over the pre-sintered ano-

screen print paste: 6B/292, Cookson Matthey, Burslem, Staffs, U.K.

gum paper' KVD, Keramik Dekor Verlag, Postfach 1343, D-90507 Zirndorf

covercoat:OPL 465, Cookson Matthey, Burslem, Staffs, U.K.
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die tape Again, the sample was dried for one day and then sintered with a heating
rate of 1 K/min to 1400 *C, and a holding time of one hour.

The green samples exhibited a density of 50% TD. The coated samples remained

flat after sintering and showed no cracks The micrograph of the transfer printed

layer (Fig. 2-8) shows very good adhesion of the zirconia film to the substrate The

thickness of the layer was about 15 urn and remained constant across the whole

substrate.

Fig 2-8 SEM-micrograph of the zirconia layer processed via transfer

printing after sintering Fracture surface, zirconia on top, Ni-cermet

precursor below

2 Summary

From all the feasible processing methods for the deposition of thin layers on the

porous substrate, the elegant method of transfer printing seems to be the most

promising method. It is simple, quick and the surface roughness is of no impor¬

tance A second alternative is pressure filtration using the same set up as described

for the sedimentation process, if one succeed in improving the mechanical strength
of the used substrate
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Appendix 3

Quarz Crystal: A New in-situ Method for the Determination of the

Layer Thickness During an EPD-Process

This new method uses a an oscillating quartz crystal plate, usually AT-cut, upon

which an additional mass is loaded resulting in a lowering A / of the oscillation

frequency The equation governing the frequency change A/ has been given by

Sauerbrey [lj and may be written in simple form as

A/ = kAm Eq. 3-1

where k is a constant and Am is the incremental mass load

Quartz crystals are widely used as mass sensitive device in gas analysis with a con¬

siderable variety of coating materials [2, 3] Only few references describe the appli¬

cation of quartz crystals for monitoring under-liquid mass deposition [4-6] How¬

ever, the observed frequency shift in liquids is not only caused by a mass effect, but

properties such as density and viscosity of the liquid and viscoelastic properties of

the coating [61 may also change it

AbCV

tube >*

Fig 3-1 The quartz crystal with the sputtered gold electrodes on the

left side On the right side the cross section of the used set-up

Round AT-cut quartz crystals with a resonance frequency of 5 MHz (Quartz Crys¬

tal Technology) were used in both the working and reference oscillator circuits On

both sides of the quartz crystals gold electrodes were applied, as shown in Fig 3-1

to ensure good electrical contacts The quartz crystal was glued with a sealant

(Sylgard 184, Dow Corning, USA) onto a A1Z03 tube having a diameter of 26 mm

The wiring diagram is shown in Fig. 3-2. The circuit consists of two identical oscil¬

lator coils and a simple differential wiring which shows the frequency difference
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between the working and the reference crystal. The oscilloscope was Le Croy
9450A. This circuit was utilized according the modified set-up of Bruckenstein [7]

and Hwang [8].

Two measurements were performed: measurements of the frequency difference as

a function of die medium used and electrophoretic measurements which were car¬

ried out using the working quartz crystal as the negative electrode and a copper

electrode as positive electrode. The quartz crystals were fixed with one face in con¬

tact with the ceramic suspension containing the dispersed zirconia particles. The

distance between the two electrodes was 5 cm, the applied electrical voltage 5 V.

Table 3-1 lists the results of the experiments of the two crystals in different media.

There was a frequency difference when using the same medium for both crystals

which was due to a incomplete performed tuning of the resonance frequency of

both crystals. However, there was a me able difference of the frequency when

using different media. The method is u«=icfore generally suited for the intended

measurements.

Reference Crystal in Working Crystal in Frequency Difference

Air Air 2.245 kHz

Air Ethanol 5.202 kHz

Ethanol Ethanol 2.526 kHz

Ethanol Suspension 4.902 kHz

Table 3-1: Frequency Difference as a (unction of the medium.

2500 i . 1 . , . 1 . 1 —

2000

1500

N

*. 1000
<

500
Suspension 2 vol. %

U=5V

d=5cm

4 6

Time [s]

8 10

Fig. 3-3: Frequency difference vs. deposition time.
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In Fig. 3-3 the frequency difference is plotted against the deposition time. Clearly,

there is an linear increase in the frequency difference, which is due to the addi¬

tional mass load is which was deposited on the working electrode.

The measurement of the layer thickness using the quartz crystal would have the

advantage that it is independent of changes in the suspensions such as viscosity,

temperature and solids loading. In preliminary experiments it was demonstrated

that this method can be principally used to determine the layer thickness during an

EPD experiment. However, it turned out that the quartz crystal is very sensible

concerning mounting conditions.
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Appendix 4

1 Electric Field Distribution in the EPD-Cell

The EPD apparatus can be compared to a simple plate capacitor The applied elec

trical voltage will build up the electrical field between two plates which must be

homogeneous to guarantee an even distribution of the ceramic particles Fig 4 1

shows a field inhomogeneity at the edges of a plate condenser To avoid this the

size of the condenser plates has to be adjusted to that of the substrate The appara¬

tus should allow to use substrates with diameters from 40 to 70 mm

Fig 4 1 Force and equiptential lines at the edge of a plate condenser [1]

1 1 Field Calculations

The homogeneity of the electrical field is one of the mam conditions for a successful

deposition process Knowing the exact course of the field lines allows the calcula

tions of the dimensions of the apparatus Generally electrical fields can be defined

using experimental mathematical or graphical methods [2 5] The experimental

methods can be divided into three groups (1) Methods where samples are in the

electrical field (2) Methods which represent the field (analogy methods) (3)

Methods in which field probes are used The most common method is the meas

urement with a field probe However, its size will distort the electrical field Elec

tro optical field probes do not have this disadvantage but are expensive and are

not commercially available [6]

1 1 1 Analogy Method

By using the analogy method the system is simplified to a two dimensional prob

lem The two dimensional conductor was a 100x320 mm sized graphite paper on
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which the two conductive silver electrodes were painted with a length of 200 mm

and at a distance of 50 mm (Fig 4 2) A potential of 50 V was applied and the po

tential between the silver electrodes was measured by means of a metal probe The

measurements were performed at distances of 1, 5 10 15 and 20 mm parallel to the

positive electrode This measuring range cuts several equipotential lines whose po

tential was measured with a voltmeter For each distance the measurements were

performed three times, the error was ± 0 8 V

Silver

electrode

Graphite

paper

50V -=:

Fig 4 2 Analogy method The graphite paper is the two dimensional conduc¬

tor, the potential between the two silver electrodes can be measured

>
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Fig 4 3 Potential between two silver electrodes measured m

different distances (0, 1, 5, 10, 15, and 20 mm)

As illustrated in Fig 4 3 the potential decreases at the edges of the electrodes

which corresponds to a decrease of the electrical field at that location The potential
is mostly lowered at the outer third of the electrode For the homogeneous deposi

#
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tion on a substrate, the size of the substrate must be at least one third smaller than

the used electrode. Therefore, the dimensions of the electrodes must be at least 10

cm for the desired substrate length of 7 cm large substrates (at an electrode distance

of 5 cm). For safety reasons a plate size of 12 cm was chosen.

1.1.2 Conformal Representation

The homogeneous field was transformed to a field of a semicircle against a straight

line with the help of the formulation of Maxwell [5, 8].

The representation functions ofthe borders ofthe plate condenser are:

A separation into a real- and an imaginary part gives:

x =
—|« + l+ e"-cos(v)

y =
—[v + e" • sin(v)]

Eq. 4-1

Eq. 4-2

Eq. 4-3

This results in two relationships, x = /,(«,v) and y = /y(«,v)with the parameters

u and v assuming of a v/«-system, the boundaries of the field are formed by v, = 0

and v„ = 7i. The w-plane is represented as a field of the z-plane in which the zero-

potential line is a straight line, and the jt-potential is a semicircle. These lines are

represented in such away that the Ji-line bents down 180° (Fig. 4-4.).

l-!-l
Fig. 4-4: transformation ofa homogeneous field ofa semicircle into a straight

line with the help of the Maxwell equation [8].

With these two v-borders the original Eq. 4-1 simplifies to

y = 0

for v, = 0 Eq. 4-4
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and

x^iu + l-e-) } for v„ Eq. 4-5

y = a

Hence, a is the distance between the two lines. Concerning the field lines of the

represented electrode system, line u=0 is at the square symbol. For u = negative, the

field lines run more and more between the straight lines. Starting at the already

straight field line u=-5 (withx = -Ajjt-a) they are all within the homogeneous re¬

gion. However, for positive u the field lines are located predominantly in the bor¬

der zone of the conformation.
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Fig. 4-5: Calculated Held deviations at the edge ofa plate condenser.

The plate size was kept constant at 12 cm. Field deviations of 5, 10 and 15%

were calculated for different plate distances. The homogenous Beld in the

middle was taken as 100%.

For the calculation of the ratio between the field strength at the border and of the

homogeneous field strength the following formula can be used [5]:

1
V.=

Vl + e2"+2e" cos(v)
Eq. 4-6

This relationships can be limited to one half of the electrode due to symmetry rea¬

sons whereby the abscissa x is the symmetry axis between the two electrodes. This

relationship is useful to calculate the electrical field in relationship to the distance a.

Therefore, the equation 4-5 was used, where v„ = n. Its values were compared with

those resulting from equation 4-6. The size of the electrodes was 12 cm.
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Deviations from the homogeneous field (100%) are plotted in Fig. 4-5. Due to sym¬

metry, only the upper left quarter of the whole arrangement is drawn. The insert of

Fig. 4-5 shows the whole arrangement. The deviation from the external applied
electrical field depends on the plate distance a. For the 7 cm large substrate the half

plate distance should be not more than 4 cm. At this and smaller distances the field

deviation is less than 5 %.

2 Summary

The aim of this study was to determine the dimensions of the EPD apparatus for a

homogenous deposition onto porous substrates. The EPD-apparatus should allow

to use substrates with diameters from 40 to 70 mm. The field strength should be

variable in order to investigate the deposition parameters. This is possible by

changing the distance between the two electrode plates or the applied voltage. The

electrical field between the plates must be homogeneous to guarantee a homogene¬
ous deposition of the ceramic particles. The size of die electrode plates has to be

adjusted to the size of the substrate thus avoiding inhomogeneities. Two methods

of field strengths calculations were performed to determine the proper plate size.

According to these calculations a plate size of 14x14 cm was chosen with a maxi¬

mum plate distance of 8 cm.
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Abbreviations

CGO: Ce08Gd02O3
EPD: Electrophoretic Deposition

ESA: Electrokinetic Sonic Amplitude

HEXIS: Heat Exchanger Integrated Stack

LSM: La084Sr016CaKO3Mn3jl
LSCF: La, jS^Co, yFe 03, Alternative cathode material

LSCO: La, xSrxCoy03 Alternative cathode material

Ni-CGO: Mixture of 70 wt.% NiO and 30 wt.% CGO

PEN: Positive Electrode, Electrolyte, Negative Electrode

PPI: Pores per Linear Inch

SEM: Scanning Electron Microscope

SOFC: Solid Oxide Fuel Cell

TZP: Tetragonal Stabilized Zirconia Polycrystals
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