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ABSTRACT

Recently, there has begrowing interest in anode supported Solid Oxide Fuel
Cells (SOFCs) because of improved single cell performance. In these systems, the anode
layer is the thickest and provides the mechanical strength of the stack-{Wtalkel
stabilized zirconia (NlYySZ) composites are widely used as anode material but, in
contrast to the vast amount of data available on their electrochemical properties, little
data on the mechanical performance exists. This dissertation work focuses on the use of
secondary materials addextraditional NtYSZ anodes to enhance SOFC anode
mechanical performance. Small amounts of, aluminum titanad€i@sl ALT), added to
the NIO-YSZ system during the manufacturing process, results in a material that is over
50% stronger than the native-MSZ.

Samples with different geometries have been fabricated and tested in uniaxial and
biaxial strength testing apparatuses. Advanced microscopy techniques and Weibull
statistical analyses have been used to properly characterize the mechanical pegforman
the failure mechanism and to elucidate chemical compositions.

This work has found that the enhanced strength resulting from ALT is related to
the development of secondary phasesOAfeacts with NiO to form NiAOs while TiO;
preferentially reactswt h YSZ to form a solid YSZ frame:
phase66 that add stiffness to the system a
behavior of reduced samples has been related to the partial reduction £4NuAich
results in the formatimof Ni nanoparticles withinan ADsmat r i x (fAsmal |l par
phaseo). This phase is characterized by a
and crack deflection ability to the system. ALT was also found responsible for changing
the NFYSZ systenfailure mechanism from an intergranular to a transgranular fashion
indicating the material toughness increased.

During cyclic operational testing, ALT has potential for mechanical stabilization
through porosity development with secondary phase formatasting of ALT anodes
with YSZ electrolyte material showed increased strength over similar native assemblies.

This dissertation work lays the foundation for future research into the effects of
ALT dopingon the SOFC system and how this material could be tailored for even further
increases in strength.
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CHAPTERONE

INTRODUCTION

Solid Oxide Fuel Cell

As society faces the global energy crisis there is a necessity for a reliable and
robust renewablenergy system to replace the use of fossil fuels. Solid Oxide Fuel Cells
(SOFCs) are one such system with promise for wide commercialization. A SOFC
produces power by electrochemically oxidizing a fuel in order to produce electrical
power with the only byproducts of water vapor and heat. One of the major advantages to
SOFCs is the ability for fuel flexibilityli 9]. Fuels such as alcohol, methane, short chain
hydrocarbons andyagas can be used to power the SOFC. Typically, SOFCs operate with
hydrogen gas as the fuel because it is clean and does not require extra processing to clean
off carbon from the electrodes. Current research is exploring the use of SOFCs in civil
and military applications as auxiliary power units (APUs) and is focusing on improving

performance to ensure SOFCs6 competitivene

A single SOFC has three components: an anode, an electrolyte, and a cathode. For
power production, air is supplied tloe cathode and fuel (hydrogen or hydrocarbons) on
the anode. At the cathode, oxygen reacts to form oxygen ions following Equation 1.

Oxygen ions then diffuse through the electrolyte to react with hydrogen at the anode and



2
form water vaper and electrortsquation 2). These electrons are then recycled to the

cathode where they can subsequently react with oxygen.

-0 ¢Q u o (1)

0 O w 00 cQ 2)

There are different types of SOFCs dependent on temperature and support
component. Each component of the cell is typically a ceramic material. Basing on the
operating temperatures SOFC can be classified as; low temperature SOFCs operating
temperatees are less than 600{00i 12], intermediate temperatures between 600 and
800°C[13i 15], and high temperatures at 800°C or abjd@ 18]. Also, SOFCs can be
identified based on the support component (anode, electrolyte or cathode supported)
which carries the mechanical strength of the SOFC. Such component will be the thickest

layer as demonstrated in Figure 1 for the anod=e(g[19].

Alr in (counter
flow)

Figurel.1l: Anode Supported SOFC Schemaiif]

Each of the components of the SOFC is composed of ceramic ort ¢eenmsnic
metal) materials. Common materials for the anode are nickel oxide (NiO) and yttria

stabilized zirconia (YSZ)20i 22]. For the cathode, lanthanum strontium manganite
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(LSM) is used23i 25] and YSZ is typically used for the electrolyg6i 29]. These
materials have been selected because of their similar coefficients of thermal expansion
which is crucial to avoid cracking between the componelotsering oreven halting
power output. Research is ongoing into the use of different materials for each of the
components in order to maximize the poser output. As SOFCs continue to be used in the
market, there is an increasing challenge for researchers to findafsatleat offer high

performance, low degradation and low manufacturing cost.

One of the main drawbacks for SOFCs, currently, is the low single cell (anode,
electrolyte and cathode assembly) power output. Research is ongoing into increasing
power from sigle SOFCs by the use of different materials, but promising candidates are
costly for marketability30i 36]. Low power output has been solved by stacking single
SOFC units with a connecting component called the interconnect. Originally the
interconnect was a ceramic material, but due to cost restrictions and difficulties in the
manufacturing process, these caments have been replaced by metallic mat€i3ilis

39].

To maximize the power output from the stack, the contact area bedpeent
cells must be as high as possible. To accomplish this, the stack is subjected to high
clamping pressures on the order of @&bkPa[40,41] Due to tle extreme operating
conditions, the stack is under stresses both from mechanical loading and thermal cycling.
Therefore, it is important to investigate the thenmechanical properties of the
individual SOFC components before implementation into the |&@&C stack. Due to

the inherent brittleness of ceramic materials, the reliability and longevity of SOFCs
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depends on the mechanical strength and fracture characteristics of the components. These
include the coefficient of thermal expansion, elastic bemaviqd Youngds modul us
fracture characteristics. In contrast to the wide array of research on the electrochemical
performance of SOFC materig#2i 47], little fundamental data is available for the

mechanical properties of SOFC materials and especially so for new anode compositions

[48i 50]. Therefore, it is crucial to investigate the mechanical performance of SOFC

materials before implementation into the SOFC stack.

The body of research in this dissertation will focus on the anode material of an
anode supported design. Anode support®e&Gs have advantages for lower temperature
operation as there are lesser ohmic losses and better interface contacts. Research has been
focused on increasing power output from single anode supported SOFCs but there is still
a necessity for stacking in anosigpoported SOFCs at this time. As stated previously, this
component is typically composed of NiO and YSZ. This material composition has been
found to have adequate power production for the low cost of materials and manufacturing
[51i 54]. The anode is the fuel side componenthef SOFC. During operation, NiO in the
anode will react with hydrogen in the fuel to form water vapor and create Ni metal as

shown in Equation 3.

NiOs) + Hag) A Ni)+ H20(g) (3)

Ceramic materials are extremely sensitive to chamg chemical composition
and manufacturing process. The reduction reaction above causes microstructure changes
in the material that effect its mechanical performance. Specifically, for'iD based

anode materials, after reduction of the NiO to metailikel at high temperatures, the Ni
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grains will begin to grow in what is termed Ostwald ripening or nickel coarsening. Nickel
coarsening is thermodynamically favorable and results in the loss of triple phase
boundaries (TPB) in the anode matef2#,55 59]. TPBs are the locations at which the
reaction to produce electrons takes place (Equation 2). With a loss of TPBs, there is a loss

of power output from the SOFC.

Due to Ni coarsening, researchers have beegstigating new materials that can
either replace Ni&¥'SZ anodes or doping materials that can be added to the existing
anode to decrease Ni coarsening and stabilize the microstructure. Several new promising
anode material compositions are under investgdiut much more research is needed
before implementation into the SO43,49,60 66]. Researchers have found that the
introduction of secondary phasthat do not compromise the electrochemical
performance can also have benefits of increasing mechanical strength by manipulation of

the microstructurg35,36,67,68]

The addition of these secondary phases can be accomplished using different
manufacturing processes. One common method of doping is by mechanical mixing.
During this process, dopant powder is added to the other ceramic components during
initial mixing. Mechanical mixing will then homogeneously disperse the dopant material.
The advantage of using mechanical mixing is that it can be easily implemented into a
manufacturing procedure and can be used for a variety of ceramics processing techniques
including tapecasting and isostatic pressing. Another common method that is used
commonly to increase electrochemical performance is infiltration. During this process,

the doping material is infiltrated through the porosity after a tape casting or pressing
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procedure. Mee about the influence of pores on the mechanical properties will be
di scussed in the fiFracture Mechanics of Ce
infiltration is that the process is time consuming and may not be easily implemented into

a manufacturig plant.

Previous work has found that the introduction of@lto YSZ electrolytes
improves sintering behavior along with the electrical and mechanical properties of the
material[35,67,69 71]. Also, TiO addition has found similar benef{t6,72 76].

Previous research has found that the addaicaduminum titanate, ATiOs, (ALT) helps

to stabilize the microstructure of Ni¥SZ anodes allowing for slower degradation rates
and high power outpd?7i 80]. There is little fundamental data on the mechanical
strength and fracture mechanics of ALT doped anode material. This body ofeadk

to complement the research on the electrochemical benefits with investigation into the

mechanical performance of ALT doped N¥5Z anodematerial.

Fracture Mechanics of Ceramics

As previously discussed, the SOFC stack is under mechanical stredses su
clamping pressures, thermal expansion and the weight of the cells in the stack. This body
of research focuses on the mechanical properties of ALT dopedSoanode material
in an anode supported SOFC at high temperatures (800°C). Ceramic materiaittle
materials which possess high strength but low ductility (strains at less than 0.1% before
failure). Due to this characteristic, brittle materials have unpredictable and catastrophic

failures.
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The strength of a brittle material is dependenit®ability to resist crack

propagation and on the size, distribution and severity of flaws. Flaws in a brittle material

can include cracks (either surface or bulk), pores, or irregular grain shape. These flaws

are variable and randomly distributed throoghthe material. Flaws are usually

introduced during the manufacturing process. Pores, in particular, are one major flaw in

ceramic materials. Depending on the size, shape and distribution of pores throughout the

ceramic material, the mechanical strengtt be affected. Research has been conducted

on pore morphology and how pores influence the mechanical properties of brittle

materialg53,81 83]. In general, higher porosity will result in lower strength. Flaws

within the ceramic structure act like stress concentrators and may potentially lead to

catastrophic crack propagation.

Crack propagation can be transgranular (cleavage) or intergranular and it occurs
by the successive and repeated breaking of atomic bonds along specific planes when the
fracture path propagates through the grains or between the grains, respectively2)Figure
[84]. For transgranular fracture to occur, the amount of energy required for crack
propagation is higher when compared to thergrianular. Grain boundaries are locations
with high flaw concentration and usually exhibit less than ideal mechanical properties.
Transgranular fracture in brittle materials is preferable as it is an indicator of higher

strength.



Grains Path of crack propagation Grain boundaries Path of crack propagation

Figurel.2: Example of transgranular (a and c) and intergranular (b and d) [84]

This body of research involves mechanical testing on the ALT doped NiO/YSZ
anode material. Due to the ceramic sensitivity to the presence of flaus thie
material, care must be taken when evaluating the mechanical strength. Common materials
testing systems for brittle materials are three or-fmint bending (uniaxial loading),
ring on ring (equibiaxial loading) and ball on three balls (equiblidqo@aling). These and
many other testing systems have been qualified for testing of brittle materials by the
American Society for Testing and Materials. A variety of testing standards are used and

referenced in this body of research.

Threepoint bending ad ring on ring testing will be used for this research. ASTM

C116113 (Standard Test Method for Flexural Strength of Advanced Ceramics at
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Ambient TemperaturdB5] is the standard used for th¥peint bending. For this testing,
samples are loaded at three distinct locations along the length of a rectangular bar. A
diagram of the testing setup can be found in Figure 3 [85]. The length, L, is determine by
the ASTM Stadard depending on the overall length of the samples. Under this loading
configuration, the samples are subjected to a uniaxial load in the middle of the test

specimen.

I
Figurel.3: Diagram of thregooint kending test setup

The ASTM C149915 (Standard Test Method for Monotonic Equibiaxial Flexural
Strength of Advanced Ceramics at Ambient Temperaf863)is the standard used for
ring on ring testing. For this testing, a circular sample is manufactured and tested with the
sample loaded between concentric rings. As the samfdaded on a ring, the testing
distributes the loading and is considered equibiaxial testing. Figure 4 [86] shows a
diagram of the ring on ring testing apparatus. These two testing methods are commonly
used to have a reliable evaluation of a ceramic ma&ttrengti87i 92]. For both these
testing methods, the sample dimensions, dimensions of the testing system and force at

failure are recordefbr calculations of the mechanical strength.
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TEST INKER: RIHG COMPLIRNT
SPECIMEN LAYERS

CHITER RING

SUPFORT PLATEN

Loan
kOD

Figurel.4: Diagram of ring on ring testing apparatus

During uniaxial flexural tests, such as threefour-point bending, the maximum
stress goes from tensile to compressive through the sample thickness and is experienced
at the surface. Such measurement may; however, provide only a partial characterization
of the materi al | oad bearing capacity due
curvature radius defects (sample edges) acting like stress concentrators. Also, advanced
engineering ceramic components fail often due to multiaxial stress condBiarl
flexural tests on disshaped specimens like rhmg-ring or baltonring are particularly
favored because the maximum tensile stress occurs at the center of the surface opposite to

load application and, consequently, edge flaws do not influeecesuilts.

Due to the unpredictable nature of brittle fracture, testing of these materials
requires statistical approach. ASTM standards state that at least 30 samples per batch

must be tested to conduct the required statistical evaluation. The flexxengjts or
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modulus of rupture (MOR) of the material, is calculated after fracture as per Equation 4

(Three point bending) Equation 5 (ring on rifg$,86]

. (4)

w — P F— p tae (5)

Wh e r¢is thelflexural strength (Pa), F is the force at fractiie I( is the
length between bottom supports (m), b is the width of the sample (m), h is the height is
the sample (m), 3 is the Poissogathes rati o f
diameter of the support ring (m),. B the diameter of the loadimmng (m), and D is the
diameter of the sample (m). The flexural strength values are then used for Weibull

statistics.

Weibull Statistical Analyses

As previously discussed, due to the sensitivity of ceramics to random flaw
distribution, there is a necesssto evaluate the mechanical properties using statistical
methods. The most common and widely used approach is the Weibull distribution
[49,90,92 95]. The Weibull statistics are based off the weakest link theory where failure
of the material occurs when the weakest flaw under tension fails. The standard used for
Weibull statistical evaluation is ASTM 1233 (Standard Practice for Reporting
Uniaxial Stength Data and Estimating Weibull Distribution Parameters for Advanced
Ceramics)96]. The type of Weibull statistics used for this body of research is the two
parameter method that estimates the Weibull modulus and charactenestgttst These

values are used to determine both the strength and the reliability of the tested material.
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The equation used for evaluation of these parameters is the cumulative distribution

function for the Weibull distribution (Equation 6).

0 p Agb — (6)

WherePi s t he probability of failure, 0 is
strengt h) f oistheechacatteristiastendtigs, the &vVeibull modulus. In
order to calculate the characteristic strength and the Weibulllogdbe following steps
must be taken as outline below in accordance with ASTM Standard1B{98]. After
cal cul ation of each sampleds flexural stre
ascending order and assign thena &pecific probability of failure. The probability of

failure (R) is determined by Equation 7.
o, — (7)

Where K ifiis the probability of failure for a specific sample in the datai set,
indicates the sample index and N is the total number of samples in the data set. This will
assign each sample with a specified probability of failure. The sample with the lowest
strergth will have the lowest probability of failure; whereas, the highest strength sample
will be assigned the highest probability of failure. This seems contradictory but these
probabilities are distributed in this manner because if another sample wast testad
have a high probability of failing before the highest strength observed for the batch and
have a low probability to fail before the lowest strength sample. Once the probability of
failure values have been associated to a specific strength Vedyerded to be plotted to

determine the characteristic strength and Weibull modulus. The plot should display
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In(In(2/(1-P) ) ) versus I n(G). These equations ar

into a straighine formula where the Weibull modulus wide calculated as the slope of
the line. The characteristic strength is calculated at a probability of failure of 63.2%

which will give a value of zero for In(In(14®))).

Once the Weibull modulus and characteristic strength have been determined for
thesample batch then analyses of these values and their influence on fracture properties
can be conducted. The Weibull modulus indicates the nature, severity and dispersion of
flaws within the material. A low Weibull modulus would be indicative of-non
homog@eous dispersion of flaws within the material which leads to more unpredictable
failures. A low Weibull modulus is correlated with wide spread in the flexural strength
calculated from the batch. In contrast, a high Weibull modulus indicates a homogeneous
flaw distribution leading to a more reliable material. This is a result of low spread in the

flexural strength data showing consistent failure strength.

Typical Weibull modulus values for NK¥¥SZ anode materials are between 5 and
7[97]. For SOFC components, the characteristic strength should be as high as possible
without significantly decrasing the Weibull modulus. Typical strengths for \fGZ
anode materials is between 80 and 130 [P24] After calculation of the Weibull
modulus and characteristic strength, fractographyt imeismplemented to determine
fracture mechanisms. This includes imaging of the fracture surface to determine fracture
mode and fracture initiation. Fractography is then compared to mechanical strength

values to assess fracture mechanics of the material.

e
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As stated previously, the Weibull approach considers the weakest link theory
where the weakest spot under tension determines the strength of the sample. If the
volume under tension is large, then there is a higher probability of encountering a flaw;
thus,the apparent strength will be lower. In contrast, if the tested volume is small, then
the strength will be apparently high. Due to this phenomenon, the volume under tension
or the effective volume (3) must be taken into account for each sample tested
[89,90,98 100]. Equations 8 and 9 are used to calculate the efeectlume for the

threepoint bending and ring on ring methods, respectively.

® (8)

@ -0 p (9)

Wherel is the distance betwedine support points (mmyy is the width of the
sample (mm)h is the height of the sample (mmm),is the Weibull modulus, Dis the
diameter of the loading ring (mm) s the diameter of the support ring (mm), D is the
di ameter of thbhesBmpbseso(tm)rasi bos(assumed
calculation of the effective volume for each sample, the average effective volume for the
batch can be calculated. Using the effective volume, the characteristic strength can be
scaled to the same effective vole (1 mm). The scaled characteristic strength is

calculated using Equation 10.

T (10)
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Whero® s the scal ed c¢h aisthechasactéristic i ¢ st r et

strength (MPa), W is the effective volume (m#)y andmis the Weibull modulus. Using
the scaled characteristic strength allows for equal comparison between sample batches of

different effective volumes.

Motivation and Objectives

Due to the unpredictable fracture behawbceramic materials, it is critical to
fully investigate the thermmechanical properties. This is of utmost importance for
SOFC materials as the components must be able to withstand large multiaxial stresses
during the harsh operating conditions. It$s@amed for this dissertation work that the
SOFC is operating at high temperatures (around 800°C) and that the individual cells are
combined into a stack configuration. It is also assumed that the SOFC will be in an anode
supported design leading to the daanaterial carrying the mechanical load of the cell.
Given these conditions, stress from thermal expansion along with clamping pressures can
induce large stress on the material, especially the cells close to the bottom of the stack

due to the weight of thcells above.

This research is motivated by a necessity to characterize the mechanical
properties of anode materials due to the lack of research in this area. Much research can
be found for the electrochemical properties of anode supported SOFCg]éut lit
fundamental data exists on the mechanical properties. Some research has been done on
undoped Ni/YSZ anodes but there is not a consistent method for mechanical property
testing. Differences in testing methodology can lead to vast changes in mechanical

strength due to stress distribution during testing; therefore, comparison of data between
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multiple research papers is difficult. The aim of this body of work is to add to the
growing knowledge base for Ni/YSZ based an

strength in reference to undoped and doped anodes with secondary phases.

The addition of ALT was studied due to the vast improvement in electrochemical
properties. Previous work has shown the advantages of ALT doping in terms of
anchoring of the nickel caltyst. This addition aids in increased power output and
decreased degradation rates. The improvememigctrochemical properties give
promise of this material being used in commercially produced SOFCs. Before use of
these ALT doped Ni/YSZ anodes in comrmial cells, trough testing must be
conducted on the mechanical performance. For stack operation, mechanical strength is of
importance for increased longevity of the SOFC stack. Mechanical failure of the
individual SOFCs could lead to power loss andsgae explosions; therefore, care must
be taken in choosing materials that have high strength and higher electrochemical

properties.

For this research, idepth studies of ALT doped Ni/YSZ anodes were conducted.
Chapter 2 discusses the initial mechanieating of bulk ALT doped Ni/YSZ anodes.
This study led to the discovery of secondary phases that are believed to influence material
behavior. Chapter 3 discusses the mechanisms of ALT doped Ni/YSZ anodes reduction
due to a noticed increased reduction tinin ALT doping. The mechanisms for
reduction have been used to elucidate secondary phase formations within the doped
anode. Chapter 4 studied the effects of te

study allowed for elucidation of the fracture manism due to the differences in loading
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configuration. After discovery of the basic fracture mechanisms for the ALT doped
anode, Chapters 5 and 6 build on the previous studies to test the material in simulated
operating conditions. From all these studasunderstanding of the mechanical strength
improvement and fracture mechanisms has bkesoveredor this ALT doped anode
material. Using this knowledge, it is the goal of this dissertation work to apply this
knowledge for commercialization of this dapanode material and increase the base

knowledge for fracture mechanics and mechanical properties of anode materials.
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Abstract

The mechanical behavior of woped and 1L0 wt% aluminum titanate doped
NiO-YSZ anodes was evaluated in the oxidized and reduced state of the material. Sample
bars 25x5x2 mm were fabricated and tested in a-{bwée bending apparatus and
statistich analyses of the collected data were performecemarkable enhancement of
the flexural strength was found both for the reduced and oxidized state of the material
when compared to the wdoped samples. In both cases,dbgelopment of a secondary
phasewas observed proportional to the doping amount of aluminum titanate.
Morphological analyses along with preliminary phase identification and suspected

mechanisms for strength enhancement are presented and discussed.
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Introduction

A solid oxide fuelcell (SOFC) is an energy conversion device that
electrochemically oxidizes a fuel in order to produce electrical power and heat. For
several decades, research effort focused on improving the performance of SOFCs to
justify its existence and competitivenagighin the renewable energy market. With SOFC
technology becoming mature, materials selection is an increasingly significant challenge
due to the need to find candidates able to offer high performance and durability under
operative conditions, while maaihing cost effectiveness and ease of fabrication.
comparison with the electrolyte supported design, anode supported SOFC design is better
suited for operation at lower temperatures because lesser ohmic loss and better interface
contact can be realizeRecently, there has been growing interest in anode supported
SOFCs with excellent single cell performafti7]; however, to produce significant
power, planar SOFC units must be stacked in electrical series. To maximize the contact
between adjacent single caliits, stacks are subjected to high clamping pressures e.g.,

65/ 70 kPa[8,9]. For anodesupported cell, the anode substrate provides the mechanical
strength of the stack but in contrast to the vast amount of data available on their
electrochemical properties, little fundamental datéhenmechanical performance of
these systems exist. Due to the inherent brittleness of the ders@nduncting ceramic
membranes, the reliability and robustness of SOFCs depends critically on the-thermo
mechanical properties of their components such d§iceat of thermal expansion,

elastic behavior and fracture characteristics.



31

Therefore, it is fundamental to address their mechanical integrity before any stack
operation can be undertakdéespite active search for alternatives; X6Z composites
are wickly used as anode componeji3,11] For this reason, a strong YSZ framework
able to support the mechanical load under operative conditions is necessary. Several
promising substrate materials have been well studied $d220]; however, new
compositions require further investigations. The mechanical grep®f ceramics are
strongly sensitive to variations in materials chemistry and processing methods. The
introduction of a second phase, which does not compromise the sintering and
electrochemical performance of the anode, has been proven as a suepgseadh to
manipulate the material microstructure enhancing its mechanical performance
[6,7,21,22] A common ceramic manufacturing technique is mechanical mixing of
precursor powders with selected particle size followed by an appropriate sintering
process. This process easily allows for production of customized formulations, namely
the introductiorof second phase constituents, without requiring any additional

processing.

Previous research reported that appropriate doping levebOg sthows a
beneficial effect on the sintering behavior as well as on the electrical and mechanical
properties of YS2lectrolyted6,21,23 25]. TiO. addition was found to have a similar
effect[7,26/ 30]. Previougesearch31i 34] has observed that the addition of aluminum
titanate AbTIOs, (ALT) to the Ni/YSZ system stabilizes SOFC performance in terms of
slow degradation rates and high power outBuice there is little fundamental data on

the mechanical strength and fracturecheism of ALT doped systems, this stuiyns
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to complement the electrochemical benefits offered bYi®ks doping investigating its

effect on the mechanical performance of NiO/YSZ and Ni/YSZ anodes

Experimental
Nickel Oxide (NiO) powder (4m, Alfa Aesaj and 8 mol% Yttrium Stabilized

Zirconium (8YSZ), powder (300 nm, Tosoh) and Aluminum Titanate (ALT) powder (25
nm, Sigma Aldrich) were used for sample manufactuffoyvders, in the ratio of 34

wt% YSZ, 66 wt% NiO and-Q0 wt% ALT, were mechanically mixddr 24 hours with
binder (5 wt% Plyethylene Glycol, Alfa Aesar) and deionized water and subsequently
placed in a freeze drier under a vacuum for at leakbd8s to allow sublimation of the

water.

Rectangular 25 x 5 x 2 mm samples were manufacturagipgel.5 grams of
powder in a uniaxial hydraulic press under a force of 22 kN for 1 minute. This procedure
was developed to produce deférete samples required for reliable mechanical testing.
Thermolysis of pressed samples was performed fau2s in anbient air heating at
2°C/min up to 45€C in a box furnace (Thermolyne, 1300). Sintering was conducted with
a heating/cooling rate of 5°C/min up to 1400°C and a dwell time of 5 hours (Zircar, Hot
Spot 110). Reduction was performed in a tube furf@lcermo Scientific, Lindberg Blue
M) flowing 5% H and 95% N gas, at 800°C for a time sufficient to convert 97 wt% of
NiO into metallic nickel. The percentage reduction was evaluated with a Radwag XA
82/220.R2 microscale. Time required for the reductimegss varied proportionally to

the doping amount of ALT.
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Un-doped and 1, 5 and 10 wt% ALT doped batches of 30 oxidized and reduced
samples were loaded at a rate of 0.2 mm/min in a{bwee bending apparatus (Pasco
Scientific 8236) as per ASTI@116113 standardFracture strengtheffective volume
Vet, sScaled characteristatrengthllo’, Weibull modulus (m) with normalized upper and
lower bounds, and porosity, by alcohol immersion method, were evaluated. Field
EmissionScanning electron microscopy (FSEM, Zeiss Ultra) microstructural
characterization and preliminary Scanning Auger NanoProbe (PHI 710) analyses were
conducted to determine the nature of the developed phases and their contribution to the

material mechanical strength.

Results and Discussion

Mechanical properties

Tables 13 summarizethe results for all the tested batches. ALT enhanced the
mechanical strength of the material in both the oxidized and reduced state. Pertinent
literature reports an average fracture strength between 80 and 13@M#gand a
Weibull modulus between 5 and36] for undoped anodes. Most of the values recorded
for ALT doped samples fall above these ranges. When compared to the undoped, the
oxidized samples showed, for the 5 wt% ALT doped sample, an increase up to 71% of
the scaled charaatistic strength while for the reduced samples, an increase up to 55%

was found for the 10 wt% ALT doped sample.
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Table2.1: Weibull modulus of anode material

0% ALT| 1% ALT| 5% ALT | 10% ALT
Oxidized(NiO/YSZ)
m 5.1 3.5 6.9 7.7
. :
90% Confidence | ;o0 | 5643 | 5284 | 5894
Interval
Reduced (Ni/'YSZ)
m 75 5.6 8.6 10.6
- :
90% Confidence | . o1 | 4569 | 6.5105| 8.012.0
Interval

Table2.2: Mechanical properties of anode material

0% ALT| 1% ALT| 5% ALT| 10% ALT
Oxidized (NiO/YSZ)
Averagesii NBS y /HBaK 100 136 226 150
Ver/mm? 1.8 3.2 1.1 0.9
Scaled Cr!aracterlstntrength 137 213 234 156
oﬂ.MPa
Strength Increase/% N/A 55 71 14
Reduced (Ni/YSZ)
Averaged (i NS yMPa K| 120 151 164 187
Ver/mm? 0.9 1.5 0.7 0.5
Scaled Characteriststrength
" oMPa 120 175 168 186
Strength Increase/% N/A 46 40 55

Table2.3: Porosity of anode material
| 0% ALT| 1% ALT| 5% ALT| 10% ALT

Oxidized (NiO/YSZ)

Reduced (Ni/YSZ)
Porosity/% 25.3 23.1 12.5 13.9

Measurement of the fracture strength of bulk ceramic suffers big scatter in the

results and must be determined using statistical analyses based on Weibull approach. The
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reason for this is that mechanical failure is recognized to be microstructure seasitive
the weakest spot under stress determines the strength of a brittle m&iguad 1 shows
Weibull plots for both the oxidized and reduced sample batches while Table 1
summarizes the Weibull modulus values calculated as the slope of the WeitsulTpk®
normalized upper and lower bounds on the maximum likelihood estimate of the Weibull
modulus (90% confidence interval) has been determined per ASTM C1238r
batches of 30 sampl§37i 39]. The Weibull modulus indicates the nature, severity and
dispersion of flaws and is used for statistical comparison of the relative quality of two or
more test data sets to predict thebadality of failure[9,35,40] A high Weibull modulus
is desirable for all materials since it indicates an increased homogeneity in the flaw
population and a more predictable failure. On the contrary, a low Weibull modulus is
indicativeof a large spread within the group and a less predictable failure behavior.
Basing on these assumptions, the 10 wt% ALT doped samples seems to offer the best

mechanical performance in both the oxidized and reduced stat

Oxidized Samples (NiO-YSZ) Reduced Samples (Ni-YSZ)

y=7.4914x - 36.383

y =5.0841x - 24.339

LY =3.5317x-17.724

y = 6.8947x - 37.827

In(In(1/(1-py)))
In(In(1/(1-p¢)))

= 0 wt% ALT y = 5.6308x - 28.706

O wt% ALT

o
1wt%ALT 1wt% ALT
y = 8.6096x - 44.382

5 wt% ALT W o 5 wt% ALT

oA ® 10 wt% ALT
® 10 wt%

Figure2.1: Weibull plots of NiOYSZ (oxidized) and NiYSZ (reduced) samples
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The Weibull approach considers that the weakest spot under tension determines
the strength of the sample. Thus, the measured strength is larger if thevohstes is
smaller, giving a wrong impression of a stronger material. Therefore, it is important to
account for the effective volumespwvhile analyzing the results because the probability
to apply stress to a flaw increases if the tested volume undsorias large[35,41 44].
The effective volume is defined by Equation 1 while Equation 2 defines the scaled

characteristic strength [41].

W @ — (1)

T (2)

Wherel is the distance between support pointgndh are the width the height of the
samplemis the Weibull modulus, ani is the characteristic strength corresponding to

~63% probability of failure.

Table 2 compares the strength results scaled to the $tative volume of 1
mm®. When compared to the undoped, the oxidized samples showed, for the 5 wt% ALT
doped sample, an increase up to 71% of the scaled characteristic strength while for the
reduced samples, an increase up to 55%. The strength of cesatapgendent on the
porosity distribution within the materifl9,20,37,42,43%ince the presence of one or
more pores in the loaded volume will result is a more fragile material. Table 3
summarizes the porosity values measured for all of the tested batché® &xidized
samples, despite the fact that changes in the scaled characteristic strength and m were

observed, a constant value of the porosity ~1.8% was found. Previous fif#bhgs
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reported that, for samples with a porosity lower than 10%, any discontinuation in the bulk
material, aprocessing induced flaws and/or presence of secondary phases, play a more
important role in the failure of the material rather than pores. Variations of size, shape
and orientation of these flaws result in a large scatter of the streng{d@lataue to the
nature of the doped material, formation of secondary phases with mechanical properties
and composition different from the undoped material and dependent on the ALT amount,

is most probably responsible for the increased strength and wiittessed later.

Reduced samples reflect these observations having a porosity between ~12% and
25%, a Weibull modulus between 6 and 11 and a scaled characteristic strength between
120 and 186 MPa. Fan et 5] found that ceramic materials with porosity between 10
and 55% resultedhiWeibull modulus values in the range between 4 and 11 with a
medium to high scatter in the fracture strength regardless of the composition, grain size,
testing techniques or surface finish of the specimens. The failure of these kind of
materials has bedimked to the pore evolution during sintering process. Since the
reduction time of the doped samples, when compared to the undoped, was found to be
dependent on the amount of ALT; it is thought that, in addition to second phase formation
and evolution, thé&inetics of the reduction process, where the oxygen release is
responsible for the pore formation, plays a fundamental role in defining the ultimate

mechanical strength of the material.

Basing on the above discussion there is a clear need to corretabstmicture,
Weibull modulus and scaled characteristic strength to define which material is the most

reliable in terms of mechanical performance. The highest Weibull modulus was
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calculated for 10 wt% ALT doped samples both in the oxidized and reduces ctéie
material; however, the highest characteristic strength was measured for the 5 wt% ALT
doped samples in the oxidized state. Weibull modulus data is limited in the literature and
the correlation between the porosity and fracture properties iseaotbecause of

different sensitivity to local features of the crack field geom|&ry4748].

Figure 1 Weibull plots present a medium to high scatter in the fracture strength
data for most of the materials, which will result in the need to include high safety factors
in their designs. The 5 wt% ALT doped samples present the lowest stdatgth
scattering both in the oxidized and reduced state suggesting this material as the most

reliable one.

The investigation of the reduced materials, showed that a decrease in the porosity
corresponds to an increase in the scaled charactetigigthhowever, it should be
noted that reduction in porosity will reduce the anode catalytic activity. Therefore,
investigation of the dependence of fracture stress on other factors, such as pore shape and

size is needed and will be of great significance.

Microstructural analyses

Field Emission Scanning Electron Microscopy {6EM) was performed on
sampl esd surface and cross secti ograsular Cr os s
fracture for all batches and can be seen in Figures 2 and 3. Figarshbas the surface
microstructure of the Ni€YSZ samples with 0, 1, 5, and 10 wt% ALT. It can be

observed (circled areas of Figuredpthat a secondary phase, here defmed t he #fAr oug
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phaseo, developed proportionally to the do

defined as Aundul adopeddy&Z matesdl/]f ound for Ti O

Figure2.2: FE-SEM cross sectional image of N\G5Z + (a) 0 wt%, (b) 1 wt%, (c) 5
wit%, and (d) 10 wt%

Figure2.3: FE-SEM cross sectional image of-MSZ + (a) 0 wt%, (b) 1 wt%, (c) 5 wt%,
and (d) 10 wt% ALT
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Figure2.4: FE-SEM surface image of NKY¥SZ + (a) 0 wt%, (b) 1 wt%, (c) &t%, and
(d) 10 wt% ALT

Figure 5 ad shows the surface microstructure of the'$izZ samples with 0, 1, 5,
and 10 wt% ALT. The presence of the Arough
starts to develop as small particles (circled in Figure 5c) in the 5 wt% ALT doped sample
and its amount is increased (circled in Figure 5d) in the 10 wt% doped ALT sample. To
relate the comparison of the new phases with the increased mechanical strength,
preliminary Scanning Auger Nanoprobe analy
Figure 6shows the Auger map collected on the same area with two different element
overlays for a NiYSZ + 10 wt% ALT sample. Figure 6b shows that the nickel particles,
about 1mm in size (blue areas), are decorated with a layered structure specifically, an
immeditely adjacent titanium based layer followed by an aluminum based layer; also,

the small particle phase is revealed to be nickel clustered on an aluminum substrate. The
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Airough phaseo is indicated to be tunmt ani

which is found to fill the area between the nickel particles (Figure 6c).

Figure2.5: FE-SEM surface image of NWSZ + (a) 0 wt%, (b) 1 wt%, (c) 5 wt%, and (d)
10 wt%ALT

rtlcle
rough pha
phase
! \\ t

Figure2.6: Auger elemental map of NMSZ + 10 wt% ALT sample surface: (a) details of
mapped areas, (b) NickBlue, TitaniumRed, AluminumGreen, and (c) Zirconium
Blue, TitaniumRed, AluminumGreen

z.m

In the presentethanufacturing conditions, ALT spontaneously decomposes to

Al20z3 and TiG[31,34,49 51]. Part of the AlOs initially reacts with NiO to form

um
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NiAl 204 [6,33,34,43,52proportionally to the amount of ADs made available through
ALT doping. For the oxidized samples, an enhancement otHiedscharacteristic
strength was observed for all of the ALT doping amounts. X0Ails expected to have a
positive impact on the material strength due to its higher stiffness thafd853]
Previous research showed that the threshold amount©@t Abping to enhance the
flexural strength was 3 wt$6] which corresponds to ~6 wt% ALT doping. This well
relates to the difference in the calculated scaled charactstigingth where the highest
and lowest values were found for the 5 wt% (~2.5 wt%4land the 10 wt% (~5 wt%
Al203), which are respectively below and above the defined threshold. In the oxidized
state, the anode material is a composite where NiO, X583, and NiAkO4 have
different thermal expansion coefficients; which, at a microstructural scale, will cause

internal residual stresses contributing to a decrease in strength of the §4@®pait

TiO2 is thought to react with YSZ enhancing its sintering character[3ti83,34]
and leading to the formation of a solid YSZ framewigikhn er e def i ned as t he
phaseo, which enl arges proportionally to t
cubic phase were found for Ti@oping[7,34,54]and have been confirmed for ALT
doping[34]. In addition to second phase formation, the enhanced mechsingrajth,
could also be related to the volume charegeilting from a tetragonal to monoclinic
stressinduced phase transformatipfi caused by the discusse@timal expansion
mismatch. Further research is needed to quantify residual stresses and clarify the

relationship between second phase development and YSZ phase transformation.
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Figures 4 and 5 show almost no morphological difference in theSZi
framework(rough phase) before and after reduction; thus, it is thought that it persists
without modification. The differences observed in the scaled characteristic staegigth
therefore, to be correlated with the reduction of NiO and XDAIThe reduction of NiO
to Ni is expected to increase the mechanical strength because of added ductility into the
ceramic system. Despite Ni formation, the scaled characteristic stfengtimdoped
reduced samples, when compared to the corresponding oxidized ones, is deltredased

quick reduction time (~3 hours) and associated porosity development (Table 3).

Previous research has shown that NoAlat 800°C in reducing atmosphere has
very low reaction kinetics and cannot be reduced during short times (less than 10 hours)
[43]. In the 1 wt% ALT doped samples, the schtharacteristic strength is increased
when compared to the undoped samples due to,QiAbrming and persisting upon
reduction (~5 hours); however, this value is lower than that calculated for the oxidized
sample due to high porosity. The formation @ANO4 depletes the system of available
NiO for reduction resulting in a lower porosity when compared to the undoped samples.
Under long term exposure, Ni&4 could progressively be reduced into Ni and@lat
800°C[43]. The decrease in porosity from 23.1% (1 wt% ALT) to 12.5% suggests that
for the 5wt% ALT doped samples, the amount of NiB} is largely increased. The
reduction process of the 5 wt% ALT doped samples required ~12 hours which could
allow for initial reduction of NiA}O4. Figure 5 supports this, showing that small particles
are develomg on the sample surface and are believed to be Ni hanopa$igld8sH5]

Despite the decreased porosity, the scaled charactstretgth is found to be lower than
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for the 1 wt% ALT doped samples; this canex@lained by the fact that the reduction of
NiAl 204 is accompanied by a theoretical volume shrinkage of ~18% that can generate

residual stresses detrimental to the syqdt&sn

The reduction for the 10 wt% ALdoped samples was achieved after ~40 hours.
This drastic increase in the reaction time is to be correlated with the partial reduction of
NiAl 204. Figure 5d shows a substantial increase in the small particle phase and Figure 6
confirms the presence of Nimaparticles within an ADz matrix. The AbOs layer
observed in Figure 6b around the nickel particles is also probably generated during this
process. The nature of the Ti layer immediately adjacent to the nickel particles is yet to
be identified. The gjjht increase in porosity is related to the increased oxygen release
while the highest scaled characteristic stremgtiue to the increase in nickel acting
either as crack deflector or stopping the crack propagation due to its d(48|6% 57].
Experimental measurements showed that the volume decrease during the reduction of
NiAl 204 is between 3 and 9% instead of the theoretical 18% imadgcthat the system, if
given enough time, finds a mechanism to avoid generating large volume changes and
relaxes the stresses associated with the reduction refgijomhis phenomenon can be
explained with the interface between the Ni partictes Al2Os, withstanding large
stresses from a large coefficient of thermal expansion mismatch, while the interface
between the unreduced N&l; and the twephase mixture of Ni and ADs withstanding

large volume changg5S5].

Despite this work demonstrating the enhanced mechanical strength and reliability

of ALT doped materials, the authors urstand that further research is needed for the
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optimization of the system in fuel cell operative conditions including the evaluation of

electrochemical properties and redox cycling.

Conclusions

This study has demonstrated that ALT doping can enhance tfemeal
properties of NiYSZ systems. Despite the uncertainty of the Weibull modulus falling
within the range of those for the other compositions, the Weibull plots showed that the 5
wt% ALT doped samples present the lowest strength data scattering iio¢hoixidized
and reduced state suggesting this material as the most reliablherenhanced scaled
characteristic strength resulting from ALT addition has been related to the development
of secondary phases: 8 reacts with NiO to form NiAO4 while TiO2 preferentially
reacts with YSZ to form a solid YSZ framew
enlarges proportionally to the amount of ALT and persists upon reduction. The
mechanical behavior of the reduced samples has been related to the prebeALE,
and its partial reduction leading to the formation of Ni nanoparticles within s Al
matrix. This work has highlighted the need for further investigation of relationship
between mechanical properties and microstructural factors, such ahppeeand size as
well as on the quantification of residual stresses and clarification of their effect on second
phase development and transformations. Despite this work demonstrating the enhanced
mechanical strength and reliability of ALT doped materi#ls,authors understand that,
for the materials to be optimized, more testing in fuel cell operative conditions, including

the evaluation of electrochemical properties and redox cycling, is needed.
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Abstract

Undoped and 110 wt.% aluminum titanate, AliOs, (ALT) doped nickel
oxide/yttriastabilized zirconia (NiO/YSZ) anode materials were kinetically evaluated
during isothermal (800°C) Heduction (5% H#95% N> and pure Hgas). It was found
that the two parameté&wrami-Er of e6ev model (AEn) was the
representing reduction kinetics. The reduction mechanisms have been identified as the
formation and growth of nuclei and is maintained after aluminum titanafE0hl
(ALT) doping and when the +toncentration in the gas flow is increased. ALT doped
samples result in the formation of Np&ls; which, when present in sufficient amounts,
slowly reduces causing a shift of the model from the experimental data. This
phenomenon has been correlated, thraugtiostructural evaluation, to the formation of
Ni nanoparticles. In all investigated cases, the reduction kinetics of the system was

accelerated when thexldoncentration was increased from 5% to 100%.
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Introduction

Solid oxide fuel cells (SOFCs) are eleathemical devices that convert chemical
energy of gaseous fuels into electrical power. SOFCs have high efficiency, low emissions
and are fuel flexible [:6]. Current research efforts in the area of materials development
for SOFCs are focused on decreasghmyoperatingemperature from 1000°C (high
temperature SOFCs) to 6ED0°C (intermediate temperature SOFCs) to reduce material
costs and improve the performance stability. In SOFCs, the anode is the electrode for the
electrochemical oxidation dfiels such as hydrogen and natural gas. To minimize the
polarization losses of thezldxidation reaction, anode materials should possess high
electronic conductivity, sufficient electrocatalytic activity, chemical stability and thermal
compatibility with dher cell components along with having sufficient porosity for
efficient gas transportatidii,2]. Recently, there has been growing interest in anode
supported SOFCs becausfahe better performance at lower temperatures due to
decreased ohmic loss achieved through improved interface cf8itakt

Today, nickel oxide (NiO) and yttristabilized zirconia (¥Os doped ZrQ, YSZ)
powders are still the most common precursors for the manufacturB@lEEs anodes
[3111]. When the SOFC starts operation, the NiO is reduced to Ni metal at the operating
temperature. The reduction process, along with the subsequent Ni behavior in hydrogen,
are of vital importance in SOFCs since they determine the structure and performance o

the electronic conductor.

The reduction of NiO patrticles in2Hbegins with an induction period during

which nucleation of metallic clusters takes place. Clusters then grow into crystallites at an
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approximately linear ratgl2,13] The volume decrease associated with a change from
NiO to Ni induces an increase in anode porddiy}. The reduction then continues at
the interface between NiO and the previously reduced porous Ni. At temperatures over
600°C, sintering of the porous Ni takes plfLt® 17]. The anode material after reduction
is a cermet that consists of three percolating interconnected phases: YSZ that constitutes
thestable ceramic backbone, metallic Ni that enables the electrical, catalytic and
electrochemical properties, and porosity that ensures gas communijtaiibsi 20]. The
electrochemical activity of the cermet fop bikidation depends strongly on the triple
phase boundary (TPB) areas where fuel gas, Ni and YSZ phasef2h@@. Despite
the excellent electrocatalytic properties, the Ni/YSZ cermet sudtsggsadation due to Ni
coarsening related to the high SOFCs operating temperatures. This phenomenon
compromi ses the cermetds continuous el ectr
TPB area and, in turn, becomes detrimental to the SOFC longevipegiodmancg23i

27].

Previous researd5,28 32] has observed that the addition of aluminum titanate,
Al2TiOs (ALT), to the Ni/YSZ system stabilizes SOFC performance in terms of slow
degradation rates, high power outpatl improved mechanical strength. Characterization
of this system has provided insight into the formation of secondary phases, namely
ZrTiOg4, ZrsTi7024 and NiARLOs, which are proposed to contribute to improved catalyst
thermal resilience, mechanical strémgs well as processimgnditions. At 800 °C in

reducing atmosphere, the Zr/Ti phases remain unalf2Be80,32] NiAl>04 has instead
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very low reaction kinetics and, after at least 10 hours, is progressively reduced to

nanosized Ni particles and A [32,33]

Understanding of the intrinsic kinetics of NiO reduction is crucial for designing
efficient SOFCanode materials. Hydrogen reduction of NiO is a complex process, which
includes a variety of topological anabrphological factors; although a breadth of
literature[10,34 41] exists on the topic, the microstructural evolution and its relation to
the kinetic models is not well understood. Moreover, most of the published kinetics is
limited to the investigation of NiO. This study aims to relate kinetic models with the
developmenof secondary phases observed in ALT doped NiO systems. The suitability
of Avrami, geometrical contraction and diffusioontrolled models is investigated and

supported by complementary microstructural analyses.

Methods
Experimental
Nickel oxide (NiO) powder (4um, Alfa Aesar) and 8 mol.% yttrium stabilized
zirconium (8YSZ), powder (300 nm, Tosoh) and aluminum titanate (ALT) powder (25
nm, Sigma Aldrich) were used for sample manufacturing. Powders, in the ratio of 34
wt.% YSZ, 66 wt.% NiO and O, 1, 5, 1G.% ALT, were mechanically mixed for 24
hours with binder (5 wt.% polyethylene glycol, Alfa Aesar) and deionized water and
subsequently placed in a freeze drier under a vacuum for at least 48 hours to allow
sublimation of the water. Rectangular 25 x 5mr samples were manufactured
pressing 1.5 grams of powder in a uniaxial hydraulic press under a force of 22 kN for 1

minute. Thermolysis of pressed samples was performed for 2 h in ambient air heating at 2
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°C min't up to 450 °C in a box furnace (Thermolyd&00). Sintering was conducted
with a heati ng/ c'buptoil,400 °Craredta dwelbtime &5 Ho@Es mi n

(Zircar, Hot Spot 110).

In the presented manufacturing conditions, ALT spontaneously decomposes to
Al20z and TiQ [30]. The AbOs initially reacts with NiO to form NiAdO4 [25,30,33,42]

asfollows:
NiO+ Al203A NiAl 204 (2)

Basing on reaction 1, the system is depleted of an amount of NiO proportional to the
Al2Oz introduced with ALT doping. The amount of NiO available for reduction has

therefore been evaluated accounting for NoAlformation.

Reduction was performed in a tube furnace (Thermo Scientific, Lindberg Blue M)
for a time sufficient to convert 97 wt.% of NiO into metallic Ni. For this process, the
Ni:O ratio was considered twe 1:1. Separate sets of experiments were conducted at 800
°C, using 5% H95% N gas and pure hydrogen for preliminary evaluation of the
hydrogen concentration effect. The percentage reduction was evaluated with a Radwag

XA 82/220.R2 microscale.

Field emssion scanning electron microscopy (6EM, Zeiss Ultra)

microstructural characterization was conducted to determine the nature of the developed

phases and their contribution to the mater



57

Kinetic models

NiO reduction is a solidtate reaction which may be represented by different

models governed by specific kinetic mechanisms including:

1 Reactionorder models (F), assuming a homogeneous reaction process;
1 Geometrical contraction models (R), based on a shrinking core model with phase
boundary reaction control of different geometries;
1 Diffusion-limited models (D), where the reaction rate is controlled by the
transport of reactants and products to and from the active interface;
1 Avrami-Er of edev nucl eati on motbedndgrovtA&) , 1 nv
nuclei, where the reaction occurs.
The model s6é6 description and no@3ncl atur
and is maintained here for consistency with available literature. For preliminary model
selection, the HancockSharp methof¥4] was used to evaluate the Avraiir o f e 6 e v

exponen{45i47]fin O .

The Hancock and Sharp method is based onthe AMeambo f e 6 ev nucl eat i

model[45] expressed by Equations 2 and 3:
w p AGP® (2)
0w — (3)

Where Ayo is the Ni O (J§isthedritial waightofrthe sampleo r me d

Wiedis the theoretical fully reduced weight,; W& the sample weight at a specific time,
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Ako is thdepempenataooeaestant ,Avrnmi-Br o 6 e 6 € me ,

exponent. Determination of the constants is based on Equation 4 slireginbdel:
ITagp o ¢zido 17TQ (4)
1T 11 & isthenplotted versu$ 10.TheAvrami-Er of e6ev exponen
is the slope of the line and In(k) is thentercept. Calculated values were then matched
with available literatur¢43] to discriminate between the models and identify the reaction

mechanismsThe suitability of the identified models was verified by the fitting of the

experimental data ona@(fraction reduced) ve (time) plot.

Results and discussion

Figure 1 shows the Hanco&harp plots used to evaluate the Avrd&ini o f e 6 e v
e X p 0 n e resentédnindlable 4. Data points were collected during the reduction (at
least 97% of the initial NiO amount) of undoped antDIwt% ALT doped NiO/YSZ

anode material, when 5%195% N> gas (a) and pure hydrogen (b) were used.

1.6

" 5% H,-95%N, .. 100 % H,
,/
0 ~ (a) ' - (b)
= 0 oy o :‘; 0.8 5
i g

0.2 e
& 0 wt% ALT »°
s 1 wt% ALT
S 5 Wt% ALT

® 10 wt% ALT

: ' In(t) ' ) ' d In(t)
Figure3.1: Plot of the Hancock and Sharp method for the reduction of undopedidnd 1
wt.% ALT doped NiIGBY SZ at 8 0 »95% Nbggs (6 &bd plire hydrogen (b)



59
Table 1 summarizes the calculated Avrdini o f @Xdonent fANno, t he

I it er at unogd3]era the itleatsied Rimetic model.

Table3.1: NiO reduction kinetic model selection based onHlecockSharp method
5% H-95% N

% wt. ALT| n n | Model
0 1.2348| 1.24| R1
1 1.003| 1 AE1l
5 0.9969| 1 AE1l
10 0.7592| 0.7 F3

100% H

% wt. ALT| n n | Model
0 0.3099| N/A | N/A
1 0.8032| 0.83| F2
5 0.7442| 0.7 F3
10 0.8487| 0.83| F2

Table 2 reports the identified reduction mechanism and the corresponding model

integral expressiof3].

Table3.2: NiO reduction kinetic model description and corresponditegial
expressions

Abbreviation Kinetic model Integral expression
R1 Zeroorder (Polanywinger equation) «
Phaseboundary controlled reaction
AE1 Fwstord_er Avrami9 N2 ¥ |$=Q'S Jn(1x)
formation and growth of nuclei
F2 Second aler /(1% 1
homogeneous reaction process
F3 Third order' (1/2)[(1X)2- 1]
homogeneous reaction process

Figures 2 and 3 show the comparison of the predicted models (solid lines) with
experimental data points oruavs 0 plot, for the reduction of ungied and 1410 wt%
ALT doped NiO/YSZ anode material when 5%-985% N> gas (Figure 2) and pure

hydrogen (Figure 3) are used. It becomes apparent that, exceptt¥orALT doped



60
NiO/YSZ, the models identified using the Hancégikarp method, do not fit the

expeimental data and therefore do not accurately describe the reduction kinetic

mechanism.
5% H,-95% N,
1 ° 1 .
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09 09 2
0.8 0.8
° ©
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3 >
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& s
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= S
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0 0
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Figure3.2: Comparison between the experimental data points and models (solid lines)
predicted for theeduction of undoped and1D wt% ALT doped NiGYSZ at 800°C, by
5% H-95% N> gas
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Figure3.3: Comparison between the experimental data points and models (solid lines)
predicted for the reduction ohdoped and-10 wt.% ALT doped NiGYSZ at 800°C, by
pure hydrogen

I n the presented experimental condition
only exception is for the undoped NiO reduced in pure hydrogen which results in the
lowestvalue (0.30®) and is mi s&i nfhea -Shapnethadlwas i n
found to be ineffective when the linear plots have similarsipfgys par ti cul ar | vy,
values ~1 because of the theoretical suitability of R, F anthéé@els as demonstrated in

the presented case.

The AvramiEr of edev model (AE) was found to b
representing reduction kinetics of Nj@7i 39,48 54], with the two parameters Avrami
Erof edbev model AENn, bett ¢38390M349864Theng t he ex
integral expression of the AEn model iB(1-x))"wh er e fAnc@miEs of eé eXv r

exponent.
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Figure 4 shows thevs 0 plot comparing the experimental data (markers) with
the AEn model (solid lines) for the reduction of undoped ath@ Wt% ALT doped

NiO/YSZ anode material, by 5%2kF95% N> gas (a) and pure hydrogen (b).

1
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.................

0.9
08 (a)
o7 5%Hy95%N, o, £ 100 % H,
S 06 é 0.6 4
E 0.5 g 0.5
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504 [ 004 |
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0
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Figure3.4: Comparison between the experimental data (markers) and AEn models (solid
lines) for the reduction of undoped and@ wt.% ALT doped NiGYSZ at 800°C, by 5%
H2-95% N gas (a) and pure hydrogen (b)

(<)

The AEn model is successful in representing reduction kinetics of undoped and 1
10 wt% ALT doped NiGYSZ at 800°C, by 5% H95% N gas (Figure 4a) and pure
hydrogen (Figure 4b). The NiO reduction kinetics mechanism is trergfentified as
formation and growth of nuclei and is maintained after ALT doping and when the

hydrogen concentration in the gas flow is increased from 5% to 100%.

To further validate the accuracy of the Avraihvr of e 6 ev model , AEnN,
compared to the adels predicted with the Hance@bharp method, the residual sum of

squares (RSS) has been evaluated. A better fit of the data will be demonstrated by lower
RSS values. When the Avrasliir of e6ev model was us@&d for t

containing material at 800 °C, RSS values were found to be in the range 26x00°,
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with variability related to manufacturing conditions and reducing gas compdgiipn

The calculated RSS values for all of the models, are summaridedia 3.

Table3.3: Comparison between the residual sum of squares (RSS) of models predicted
with the HancockSharp method and the Avraiesir of e 6 ev model for fit
data for theeduction of undoped and 10 wt% ALT doped NiGYSZ at 800 °C, by 5%

H2-95% N gas

5%H>-95% N
% wt. ALT HancockSharp Method _ RSS _ RSS
' Predicted Model PredictedModel | Avramii9 NB ¥ S Q Matlel ¢
0 R1 0.1754 0.0016
1 AE1 0.1926 0.0017
5 AE1 0.0026 0.0043
10 F3 0.2402 0.0081
100% H
% wt. ALT HancockSharp Method _ RSS _ RSS
' Predicted Model PredictedModel | Avramii9 NB ¥ S Q Matlel ¢
0 N/A N/A 5.322E10
1 F2 0.0147 5.176E05
5 F3 0.1220 0.0006
10 F3 0.1862 0.0075

The smaller RSS valueslculated for the AEn model, when compared to the
predicted ones, confirm the accuracy and suitability of this model. In addition, calculated
values are consistent with pertinent literature [44]. The higher RSS values recorded for
both gas compositionshwe n ALT doping is O 5 wt %, well
AEnN model curves from the experimental data observed in Figure 4 a and b. the TiO
introduced in the NiO/YSZ system through ALT doping, preferentially reacts with YSZ
to form a solid framework wbh persists upon reducti¢82]; as a consequence, it is not
considered to have an effect on the reduction kinetics. Hence, the model shift is to be
related to the ammt of NiAl,O4 forming in the system, proportional to ALT doping, and

is discussed later.



Table 4 summarizes the Avraseir of e 6 e v

convert at least 97 wt% of NiO into metallic Ni, in the undoped ah@ Wt% ALT
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exponent

Aino

doped NIQYSZ system, at 800°C when 5%-B5% N> gas and pure hydrogen are used.

Table3.4: Avrami-Er of e b e v
into metallic Ni, in the undoped and I0 wt% ALT doped NiQYSZ system, at 800 °C
when 5% H-95% N> gas and pure hydrogen are used

exponent

Aino

5%H;-95% N
% wt. ALT| n ReductionTime (min)
0 1.2348 180
1 1.003 300
5 0.9969 420
10 0.7592 1680
100% H
% wt. ALT| n ReductionTime (min)
0 0.3099 60
1 0.8032 120
5 0.7442 210
10 0.8487 180

The AvramiEr of eb e v

the nucleation process active surface, and thus influences the overall reac{ié8]rate

exponent

Ano

and

refl

ti

me s

ects

For isothermal conditions, n = 1.5 representsiidei growth of small crystallites, while

n O 1 stands f

or

these statements,

and

ne

h e

nucl ei g r [d3)bb,56] Basinganonsi der

it can |lesreases,fthe crystallde t hat ,

size increases, as well as the active surface for Ni nucleation process, resulting in faster

kinetics (shorter reaction time).

For both hydrogen concentrations, the time required for the reduction process

varied, in most cases, proportionally to the doping amount of ALT. The only exception is

for 100% Hwhere the reduction time of the 5 wt% ALT doped samples is longer than

the 10 wt% ALT doped samples. Table 4 shows that, when the ALT doping amount is
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increased, opposite trends in the fAnodo valu

hydrogencorent r ati ons wused for the reduction
size assumption discussed above, when 2%93% Ngas i s used, the
values should correspond to a faster reduction process due to the formation of larger
crystallites; instead the reduction process is slowed (longer times). On the other hand,

when 100% His used, the longer reduction times observed well agree with the

pr

dec

increasing Ando values related to the for ma

10 wt%ALT doped sample will be discussed later.

It becomes apparent that fAnd is system

separate the parameters that could simultaneously influence the reduction process, such
as local composition, porosity and pathwaysgas transport therefore, no absolute

comparison can be performed.

The reduction of NiO with Hoccurs without any intermediate phase and is

described by reaction 5:

NiOs) + Hzg) A Nis)+ H20(g) (5)

A correlation was observed between the emi@ation of vacancies in the NiO
lattice and the reduction rate. Hydrogen molecules predominantly dissociate on Ni atoms
that are surrounded by oxygen vacan{34s36,39 41]. The presence of oxygen
vacancies increases the adsorption energy ¢dwiering the energy barrier associated
with the rupture of the HH bond[39,40]. At the same timegdsorbed hydrogeran

induce the migration of oxygen vacancies from the bulk to the surface of thd4jde
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The reduced Ni then acts as a catalyst for dissociati\agbrption accelerating the NiO
reduction near a Ni surfa¢g4,36]. It has been reported that the Ni€luction rate
scales with the FHconcentratio40,57]. This well agrees with Table 4 where the
reduction times for undoped and ALT doped materials, are decreased wher%s% H

N2 gas and pure hydrogen are respectively used.

When AbOs is introduced in the NiO/YSZ system through ALT dap a
proportional amount of NiADa is formed (reaction 1); therefore, the reduction time
should be shorter because of the decreased NiO content instead, the opposite trend is
observed with the reduction times increasing proportionally to ALT doping-Qiat
800°C has very low reaction kinetics; the reduction process starts after ~10 hours of
exposure to reducing atmosphg8] and is completed after ~600 ho{f8]. The time
needed for the reduction of Ni&Ds decreases when the Ebncentration in the gas flow
is increasedb9]. Figure 4 a shows that the curves related to ALT doping, are
characterized by a first period where the reduction rate is fast followed by a stage of
lower reactivity. The first period is attributed to the reduction of free Bg3his process
is completed, the reduction of Ni&)4 begins following a slower pattef82,37,59,60]
A shift of the model from the experimental data can be observed in Figure 4a after ~ 600
minutes (10 hours) which corresponds to the onset of.Nixkeduction. Figure 4b
confirms that the reduction kineticstbie system are accelerated when the H
concentration is increased. Formal fitting of the kinetic data, however, is not sufficient to

characterize the reaction mechanism due to the complex nature of the process.
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Field Emission Scanning Electron Microscdp¥-SEM) was conducted to
understand the correlations between the reaction kinetics and microstructural
development. Figures 5chand 6 &, show the surface microstructure of the NGz
samples with 0, 1, 5, and 10 wt% ALT doping when 59%49B% N> gasand pure
hydrogen are used respectively. The microstructural features have been previously
identified by the authors as the Arough ph
phaseo (circular areas) -YSZfmamewakpandNd i ng r esp
nanoparticles resulting from the reduction of N@d [32]. When 5% H-95% N is used,
Ni nanoparticles only appear for the 10 wt. % ALT doped sample (Figure 5d). This
confirms that, when enough time (1680 minutes corresponding to 28 hours) is given to
the system, the onset of the Ni®k reduction is reached. When pure hydrogeusisd,
Ni nanoparticles appear for 5 and 10 wt.% ALT doped samples (Figure 6 ¢ and d)
showing that when theztoncentration in the gas flow is increased, the pDAI
reduction process is more efficient. The formation of NDA proportional to the ALT
doping amount, depletes the system of available NiO for reduction resulting in a lower
porosity when compared to the undoped samples. The observed increased reduction times
are to be related to the fact that, water produced by the NiO reduction is retained a
affects the reaction rate negatively by poisoning of the active sites faiddrption

[34,57]



1 wt% ALT

Figure3.5: FE—SE sure iage of NiYSZ + (a)O wit%, () 1 wt%, (c) 5 wt%, and
(d) 10 wt% ALT reduced by 5%4D5% N> gas

1 wt% ALT

St

' A e S
Figure3.6: FE-SEM surface image of NK¥SZ + (a) 0 wt%, (b) 1 wt%, (c) 5 wt%, and
(d) 10 wt% ALT reduced by 100%:Hyas

It has been reportd88,61,62]that, when NiA}O4 is reduced at temperatures ~

800°C, the reduction products include metastable phases that evolve prior to the

formation of the equilibrium A3 matrix. NiAl2O4 can transform from a normal spinel,
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(Ni2")[AI2%*]04, to an inverse spinel (Al)[NiAI@ with asmall energy chandé3i 65].
In this process, the larger Nions which ocupy the tetrahedral sites in normal spinel,
move to the octahedral sites in inverse spinel, while half of the smatfeioAs move in
the opposite direction. The tetrahedral sites are reported to be more difficult to reduce
than the octahedral onfg6,67] Thel0 wt% ALT doped samples, are characterized by
the largest amount of NiADs. This research has demonstrated that, when pure hydrogen
is used, the reduction kinetics are more efficient. Since the unreduced spinel becomes
more inverse during reductig@l], it is expected that a larger amount of'Nvill have
moved to the octahedral sites resulting in a system more fordi@ereduced. This well
agrees with the shorter reduction time recorded for the 10 wt% ALT doped sample when

compared to the 5 wt% ALT doped sample.

Examination of microstructure with respect to the reduction kinetics has proven
the relationship betwed\i nanoparticles development and hydrogen concentration. It
has been demonstrated that the Avegmi o f e 6 ev exponent fAno i s
because of the difficulty to separate the parameters that could simultaneously influence
the reduction process, suah local composition, porosity and pathways for gas transport.
Despite this work identifying the reduction kinetics mechanism for undoped and ALT
doped Ni/YSZ systems, the authors understand that the previously mentioned parameters
will vary depending oithe manufacturing process. Further research is therefore needed to
assess how initial powder size, sintering and porosity development will affect the

reduction kinetics.
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Conclusions

Undoped and-1L0 wt% doped NiO/YSZ anode materials were kinetically
evaluded during H reduction at 800 °C. This investigation revealed that the two
parameter Avramer of ebev model, with fino ranging fr
successful in representing reduction kinetics. The reduction mechanisms have been
identified as fomation and growth of nuclei and is maintained after ALT doping and
when the H concentration in the gas flow is increased from 5% to 100%. It was shown
that And is system dependent because of th
could simultaneosly influence the reduction process, such as local composition, porosity
and pathways for gas transport. WhepQAlis introduced into the NiO/YSZ system
through ALT doping, a proportional amount of Ni®k is formed; as a consequence, the
curves related to ALT doping are characterized by a stage of lower reactivity where the
reduction of NiAbO4 follows a slower pattern. A shift of the model from the
experimental data is observed and corresponds to theadrisié\l 204 reduction. For all
the testeddamples, the reduction kinetics of the system are accelerated when the H
concentration is increased. The microstructuralSEM analyses corroborate the
findings showing the formation of Ni nanoparticles from N@y reduction proportional

to the B concentration.
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Abstract

Solid Oxide Fuel Cell (SOFC) anodes were fabricated with-K8Z and 010
wt% ALT doping. Samples were manufactured using a tape casting procedure to a
thickness of approximately 50fin. A remarkable enhancement of the mechanical
strength, up to 166%, was found when compared to ttopad samples. The
development of secondary phases was observed proportional to the doping amount of
aluminum titanate. Mechanical properties evaluatias wonducted using uniaxial and
biaxial strength testing. Weibull statistics was used for mechanical properties analysis

and an advanced statistical analysis was employed to identify the existence of multiple
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flaw populations. Fractography was performedselected samples to elucidate the
fracture mechanisms. Biaxial testing was characterized by high mechanical strength with
lower Weibull moduli; whereas, uniaxial testing showed lower mechanical strength and
higher Weibull moduli. It was found that undop&&6 and 10% ALT doped samples
exhibit a fracture mechanism that is dependent on one flaw population namely porosity
and mechanical strength of secondary phases, respectively. Undoped samples were
characterized by intergranular fracture while transgraritdature was found for the 5%
and 10% ALT doped samples. For 1% ALT doped samples both flaw populations were
identified. Analyses of the fracture surfaces revealed the simultaneous presence of
intergranular and transgranular features. It is proposeddkbandary phases, developed
by ALT doping, increase the mechanical strength of the material shifting the fracture

mechanism from intergranular to transgranular.

Introduction

A solid oxide fuel cell (SOFC) is an energy conversion device which
electrochemiddy oxidizes a fuel to produce electrical power and heat. SOFCs are a
promising renewable energy system; therefore, over the past several decades, research
efforts have focused on improving their performance and longevity. A single SOFC unit,
comprised ofinode, electrolyte and cathode contacting layers, does not produce enough
power to be considered for any application. To overcome this issue, units are stacked in
electrical series where contact between cells is achieved through high clamping pressures
e.g, 65 70 kPa [1,2]. Recently, there has been growing interest in anode supported

SOFCs because of the improved single cell performan®.[B these systems, the
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anode layer is the thickest and provides the mechanical strength of the st&&ZNi
compoges are widely used as anode material but, in contrast to the vast amount of data
available on their electrochemical properties, little data on the mechanical performance

exists.

Previous research has shown that the formation of secondary phases, due to
doping of the ceramic anode material during the manufacturing process, has resulted in
improved mechanical strengthi [B5] without compromising the electrochemical
performance; however, novel compositions require further reliability investigation

because fathe inherently brittle nature of the ceramic material.

The mechanical performance of ceramics depends on random microstructural
flaw distribution; specifically, the weakest spot under stress determines the material
strength [17]. Uniaxial flexural testsuch as threer four-point bending, have long
been used to determine ceramic material strength. During these testing, a rectangular
sample is submitted to uniaxial load. The maximum stress goes from tensile to
compressive through the sample thickreesd is experienced at the surface. This
measurement technigugowever, may only provide a partial characterization of the
materi al | oad bearing capacity due to the
curvature radius defects (sample edges) acting fikesconcentrators [18]. Also,
advanced engineering ceramic components fail often due to multiaxial stress conditions.
For these reasons, several multiaxial strength tests have been developed. Biaxial flexural

tests on disshaped specimens like rimgp-ring or balton-ring are particularly favored
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because the maximum tensile stress occurs at the center of the surface opposite to load

application; consequently, edge flaws do not influence the result2gjL9

While the fuel cell is operational, the anodeekposed to therramechanical
stresses that may result in premature catastrophic failure. It is thus essential to develop
reliable failure criteria to predict the service performance of these materials. If the
mechanical strength must be characterizetlewery test method is suitable and when
different testing methodologies are selected, direct correlation of the results cannot be
performed because of the influence of geometrical and microstructural variables;
however, performing different tests may oféfemore comprehensive view of the material

behavior.

The inherently brittle nature of the anode causes big scatter in fracture strength
measurement. Large batches of material must be tested and Weibull statistical analyzes
must be used basing on the asption that the weakest spot under tension determines the
strength of the sample. The fAsize effecto
ceramics. As the size of a test specimen is increased, then, on average, the tensile strength
of the compnent decreases giving the wrong impression of a weaker material. The
reason is that as the sample volume is increased, the likelihood of encountering a critical

flaw with deleterious orientations to the load applied increasés12.7

Correlation of rest$ obtained by different testing methodologies is possible
when the same volume of material under tension is considered. This variable is known as
the fneffective volumeo [32]. The effective

and corresponds to tilse&ze of a hypothetical tension test specimen that, when stressed to
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the same level as the sample in question, has the same probability of failure. It is implied
that the same type of volume distributed flaws control strength in each geometry.
Through effetive volume, Weibull parameters and measured characteristic strength, the
strength values obtained with different testing methodologies and sample geometries can

be scaled and properly compared.

This study aims to evaluate the mechanical strength ofpetdand aluminum
titanate (AbTiOs, ALT) doped N+YSZ SOFC anodes under uniaxial and biaxial strength
testing conditions. The validity of both testing methods is discussed based on the
experimental evidence. Advanced statistical analyses and fractograpthgia used to

elucidate the material failure mechanism.

Experimental
Powders of nickel oxide (NiO) (@m, Alfa Aesar), 8 mol% yttriastabilized

zirconia (YSZ) (300 nm, Tosoh) and aluminum titanate (ALT) (25 nm, Sigma Aldrich)
were used for manufacturired the anode material. Powders, in the ratio of 34 wt.%
YSZ, 66 wt.% NiO and 010 wt.% ALT, were mechanically mixed for 24 h with binder
and deionized water. Tape casting was used for sample manufacturing. The slurry was
taped with a doctor blade gap ofrtn and dried in ambient conditions. Subsequently, 6 x
40 mm rectangular samples for uniaxial strength testing (fboee bending, 3PB) were
cut with a rotary blade and 32 mm circular samples were punched out for biaxial strength
testing (ring on ring, RA).

Binder thermolysis was performed in a Thermolyne 1300 furnace as follows: 1)

heating to 150°C at 2 °C/min, 2) 2 hours dwell, 3) heating to 450°C at 0.5 °C/min, 4)
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heating to 1,100°C at 5 °C/min 5) 2 hours dwell for partial sintering, and 6) céoling
room temperature at 10 °C/min Partial sintering was performed to allow for safe sample
handling while transferring to the Zircar, Hot Spot 110 for subsequent sintering.
Sintering was conducted with a heating/cooling rate of 5 °C/min up to 1,500 “&€2and
hours dwell time. Final sintered size for the rectangular samples was 5 x 0.5 x 25 mm and
225 x 0.5 mm for the circular ones.

Reduction was performed in a Thermo Scientific, Lindberg Blue M tube furnace
flowing 5% H - 95% N gas, at 800 °C for a timmufficient time to convert 97 wt% of
NiO into metallic nickel. The percentage reduction was evaluated with a Radwag XA
82/220.R2 microscale. Time required for the reduction process varied proportionally to
the doping amount of ALT. In the presented macouwfiang conditions, ALT
spontaneously decomposes te@d and TiQ [33]. The AbOs initially reacts with NiO to
form NiAl204 [30,33 36] as follows:

(1) NiO + Al203Y Ni #0k
Basing on reaction (1), the system is depleted of an amount of NiO proportional to the
Al2Oz introduced with ALT doping. The amount of NiO available for reduction has
therefore been evaluated accounting for NoAlformation.

Un-doped and 1, 5 and 10 wt% Aldoped batches of 30 reduced samples were
loaded at a rate @&.2 mm/min in a TPB apparatus (Pasco Scientific 8236) and in a ROR
apparatus (Instron 5543) as per ASTM C118land ASTM C1499 15 standards,
respectivelyj21,37] For both testing methods, recorded strength corresponded to the

maximum values obtained under monatcempplication of the load which refers to a test
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conducted at the selected constant rate in a continuous fashion, with no reversals from
test initiation to final fracture. Fracture strength, effective volume)(\¢caled
charact er i ¢t)iebulodules (ngy with nomalized upper and lower
bounds, and porosity, by alcohol immersion method, were evaluated for both of the
testing conditions. Field emission scanning electron microscop\sEN, Zeiss Ultra)
was conducted to determine the nawfréhe developed phases and their contribution to

the mechanical strength and to elucidate the material failure mechanism.

Results and Discussion

Mechanical Properties

The maximum likelihood Weibull approach which considers that the weakest flaw
under tension determines the strength of the material has been used. Weibull plots are
created by formulating the twgarameter Weibull equation (Equation 2) into a straight

line form (Equation 3) where the slope is the Weibull mod{B&3.

n Aob-— (2)

111 Tpjn aagj, (3)
Where pis the probability of survival for each sampteis the Weibull modulus,

G is the flexural St r eomsghe thardctetBte $tremgth e ach s
(MPa) calculated at a probability of failure of 1/e. Figure 1 shows the Weibull plots,

along with the corresponding Weibull moduli.
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Figure4.1: Weibull plots ofuniaxial (TPB) and biaxial (ROR) strength testing

Since the probability to encounter a flaw depends on the tested volume, the
effective volume () was calculated and averaged for each batch of 30 samples. As the
TPB and ROR samples have different geometries, two different equations (Equations 4

and 5) were used for the calculation as foll§82:

@ — (4)

)
Wherel is the span between bottom support points in mims,the width of the
sample in mmh is the height of ta sample in mmmis the Weibull modulus, Dis the
diameter of the loading ring in mmgs® the diameter of the support ring in mm, D is the

di ameter of the sampl e i n mm, [238. i s the Po
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Considering the effective volume, the characteristic strength for each batch can be
scaled for comparison. Equation 6 has been used tolat@¢he scaled characteristic

strength[30].

T (6)

Whero® s the scal ed c¢ hagisahe tharactesstici ¢ st r e

strength in MPa, ¥ is the effective volume in mm3, and m is the Weibull modulus.

The 90% confidence interval of the Weibull modulus was determined per ASTM
C123913 for each batch of 30 samp|[88i 41]. Table 1 summarizes the mechanical
properties and the porosity of undoped and ALT doped anodeiahédsted in the TPB
and the ROR fixtures.

Table4.1: Mechanical properties and porosity of uniaxial (TPB) and biaxial (ROR)
strengthtesting samples

|0 wt% ALTL wt% ALT5 wi% ALTL0 wi% AL]
TPB
Porosity (%) 45.5 42.5 29.7 23.0
Weibull Modulus 8.0 6.6 7.8 7.5
90% Confidence Interval 6.0-9.8 | 49-8.0 | 5.8-95| 5.6-9.1
Average Strength (MPa) 95 102 159 137
Veit (MmM°) 0.28 0.32 0.27 0.35
Scaled Characteristic Strength (MH 82 87 142 127
Strength Increase (%) N/A 6 73 54
ROR
Porosity (%) 45.9 42.0 29.1 23.1
Weibull Modulus 6.4 4.2 6.4 8.2
90% Confidence Interval 48-7.8 | 3.2-5.1 | 48-7.8 | 6.2-10.0
Average Strength (MPa) 71 93 171 197
Vet (MM°) 2.23 3.75 2.43 1.67
Scaled Characteristic Strength (Mf 82 128 212 220
Strength Increase (%) N/A 55 157 166
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An increased characteristic strength for ALT doped samples, when compared to
the undoped ones, is found for both testing methodologies. This confirms the benefit of
ALT doping that was previously observed for bulk material (2 mm thick) of the same
composiion [12]; showing that, such benefit, transfers to a smaller thicknessBp0O
which is more appropriate to be considered for an anode supported fuel cell architecture.
Secondary phase formation related to this phenomenon will be discussed later.

The same manufauring process was used for all the tested batches and well
relates to the consistency of the porosity values. During the sintering process, the
decomposition of ALT leads to the formation of Ni®k proportional to the ALT doping
amount. This reaction digtes the system of NiO available for reduction resulting in a
lower porosity when compared to the undoped sanip&is The strength of ceramics is
dependent on the porosity distribution within the mat¢2i@)30,42 44] since the
presence of one or more pores in the loadddme will result in a more fragile material.

It was previously founf¥5] that ceramics with porosity between 10 and 55%,
which well represents the materials of this study, resulted in Weibull modulus values in
the range btween 4 and 11 with a medium to high scatter in the fracture strength
regardless of the composition, grain size, testing techniques or surface finish of the
specimens. The failure of these kind of materials has been linked to the pore evolution
during thesintering process. A few anomalies, however, point out the fact that porosity
may not be the only mechanism responsible for the failure of the material and needs

further investigation.
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Studies comparing uniaxial and biaxial strength testing in cerdf8p$a 48],
show higher strength values for biaxial than uniaxial testing, in accordance with this
study. Processing flaws, wiienostly concentrate upon the surface of specimens,
facilitate crack initiation and fracture. Comparing with TPB specimens, ROR specimens
were not influenced by the presence of edge flaws; therefore, ROR testing recorded
higher characteristic strength vakiwhen compared to TPB and may better represent the
material intrinsic behavior.

The effect of the W is another factor that should be considered in the material
evaluation because the probability to apply stress to a flaw increases if the testezl volum
under tension is larger. Thus, the measured strength is larger if the tested volume is
smaller, giving a wrong impression of a stronger material.

For the TBP samples, the undoped and 5% ALT doped material show very similar
Weibull moduli and \#; spedically, 8 and 0.28 mrhfor the undoped versus 7.8 and
0.27 mnifor the 5% ALT doped samples. The recorded scaled characteristic strength
values are 82 and 142 MPa, respectively. Basing on the very simlah¥ 73%
strength increase may be relatedh® decrease in porosity from 45.5% to 29.7% and
seems to support what was stated earlier. For the 10% ALT doped samples, the Weibull
modulus and effective volume are 7.5 and 0.35°nparosity decreases to 23% while the
scaled characteristic strength d=ases to 127 MPa. When considering the 10% ALT
doped samples, it is expected that the ~7% additional decrease in porosity from the 5%
ALT doped value, would nullify the effect of the 0.8 fimcrease in the ¥; instead, a

19% decrease of the scaled cloteastic strength is observed when compared to the 5%
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ALT doped samples. This shows that porosity is not the only variable responsible for the
failure of the material. This comparison shows that the Weibull modulus is not enough to
provide information othe material reliability since values were all very close but other
variables must be accounted for. It is hypothesized that a concurrent mechanism
contributing to the material failure is related to the mechanical strength of secondary
phases developed \Wwithe doping process and will be discussed later.

For the ROR samples, a proportionality between ALT doping amount and
characteristic strength is observed. The 1% ALT doped samples show that indeed, a
decrease in porosity prevails over an increasgdegulting in higher characteristic
strength when compared to the undoped samples.

For both TPB and ROR testing, the lowest Weibull modulus was calculated for
the 1% ALT doped samples. When compared to the undoped material, the decreased
porosity (from ~45%o0 ~42%), should result in lower data scattering which should be
reflected in an increased Weibull modulus. Instead the opposite behavior is observed
while an increased scaled characteristic strength is recorded. The lower Weibull modulus
confirms the posbility of a porosity concurrent failure mechanism that relates to the
change in the material microstructure due to the dopant effect. To support this hypothesis
is the fact that the undoped material resulted in the same scaled characteristic strength
value not depending on the testing methodology as per refejéice

Advanced statistical analyses along with fractography of select samples will be

discussed in the next sections to further elucidate the material failurammos.
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Advanced Statistical Analysis to Identify Presences of Multiple Fractographic
Populations

ASTM C123913 provides detailed methodology for characterizing data when
multiple flaw populations are present, often expressed as-knean pattern in the
Weibull-linear plot. When multiple flaw populations are evident the standard approaches
to parameer estimation (e.g. Weibull modulus and characteristic strength) are not
applicablg49] because multiple flaw distributions may not be vedlaracterized by a
single set of Weibull parameters, and if so a more detailed analyscised.

Two different flaw populations are suspected for the material in this study: a first
one related to porosity and a second one related to the mechanical strength of secondary
phases developed during the doping process. An advanced statisticlkhghbdnique,
finite mixture distribution modeling, was implemented is as follows to measure the
strength of evidence provided by each specimen data set in support of multiple
populations:

1. Identify presence of multiple populations:Assess each batch stfrength data
for evidence of multiple fractographic populations via finite mixture modeling. If
the data provides evidence for more than one population, each individual
specimen will then be classified into a suiipulation distribution.

2. For each identified population: Select representative samples across the strength
distribution for fractographic analysis to characterize the fracture mechanism. To
accurately represent the entire strength distribution, samples were selected based
on the 5number summaryfdhe strength distribution: minimum, 25%tile,

median, 75%tile, maximum.
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Finite Mixture Modeling and Assessing Evidence for Multiple Strength Distributions

A sample batch containing a single strength distribution may be characterized by
a single Weibull gstribution via estimating the parameters of the following probability
density function (Equation 7):

~

QuP  ah - - Agb — (7)

wherewrepresents the strength measurement of a single specdingithe Weibull
modulus andl is the characteristic strength.

If the strengths are generatedlby Hbdistinct flaw distributions (fractographic
populations), then the probability density function for this situation (Equation 8) may be
written as:

QAP 8 P B “ z'QuP (8)
whereP is a distinct set of Weibull parameters for #@ecomponent of the mixture
distribution and’ represents the probability weighting of each mixture component
whereB  “ p. The model has several unknown parameters for a ga@nsety
(number of distributions in the mixture), each set of Weibull parameteend the
mixture probabilities . Advanced statistical methods, specifically the Expectation
Maximization algorithm, were developed to determine the best paranieter specific
setofdatd50. The o6 mi xRd package from the R stat
has validated applications of these algorithfis52], was used. The procedure was
implemented as follows:

1. Assess the best number of mixture componentsfor a specific specimen set:

Upto0 adistributions were searched in each strength data set. Evidence for
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the best number of mixture components is proviggetheBayesian Information
Criteria (BIC) [50,52] The model with the smallest BIC is selected as best
representation of the data.
2. Classify: Based on the selected model, each specimen is classified into a specific
distribution via estimabn of responsibilitied53]. Responsibilities are estimates
of posterior probabilitiefor each specimethat communicate how likely the

specimen is to belong to a specific component of the mixture.

As a first assessment, distributiormsuaries are presented in graphical form in
Figure 2. The plots show the probability density of the strength data for each specimen
with an overlying curve estimating its distribution. Multiple modes in the density curve
present some evidence for existentenultiple distributions. If 2 populations are
identified as proposed in section 3.1, the expected pattermisdal (presenting two
peaks). As this assessment is only qualitative, further tools must be implemented to

confirm the presence of multiple palations in the data.
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Figure4.2: Histograms and Probability Density Estimates for the TPB and ROR sample
data, 010% ALT

To quantify the evidence for multiple populations mixture distributions are fit
with 0 phgho components. BIC is used to select the best model. Table 2 summarizes
the data which are minimum BIC subtracted With'06 6 "06
I E ©® "O8Therefore, thdest model corresponds ta#4 ) #0. It is common to use
Y8 06 ¢ as a measure of equal evidence in support of competing modelg;while

Y6 "06 ¢ as positive but not conclusive evidence in support of a model.
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Table4.2: BIC values for model selection

Number of Populations .
1 ‘ 5 ‘ 3 Minimum
DBIC
Model BIC

TPB
0 wt% ALT 0.0000 | N/A N/A N/A
1 wt% ALT 0.0000 | 2.9327 | 10.9575 2.9327
5 wt% ALT 0.0000 | 6.1595 | 13.4104 6.1595
10 wt% ALT 0.0000 | 7.2083 | 16.0234 7.2083
ROR
0 wt% ALT 1.7373 | 0.0000 | 1.7282 1.7282
1 wt% ALT 0.0773 | 0.0000 | 9.1568 0.0773
5 wt% ALT 0.0000 | 7.6213| 6.8657 6.8657
10 wt% ALT 0.0000 | 5.9976 | 13.9862 5.9976

For both TPB and ROR 5% and 10% ALT doped sample batches, 1 population
was confirmedbd  p mixture components presented the strongest evidence
with 30 "O6 mand the next largestd ‘06 6. For the TPB 0% sample batch, only the
0 p model can be applied.

For the ROR test, the ¢ mixture component model was strongly supported
for 0% and 1% ALT doped batches. For the TPB test, the 1% ALT doped batoh, the
¢ model is positively but notanclusively supporteds0 00 ¢®> o ¢&eor these
batches, the ¢ mixture component model was applied, then model responsibilities
were estimated. Model responsibilities are defined as the probability that each individual
specimen belongs to each distriion. The result of this analysis is shown in Figure 3.
The left panel shows the full probability density and each fitted mixture density on the
histogram. The right panel shows, for each specimen, the responsibility. Data have been

classified into distbution 1 or 2 by selecting a threshold of 0.5.
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Figure4.3: Probability Density with Fitted Weibull Mixture Distribution (left) and Model
Responsibilities for Each Specimen (right)

With each data characterized to distribution 1 or 2, fractographic characterization
by FEESEM was performed on selected representatives from each strength distribution

(minimum, 25%tile, median, 75%tile, maximum) to elucidate the failure mechanism.

Microstructural Analyses

l nvestigati on of -SEB wmaslpeferrdoed ® asses secoadary by F
phases development. Since the same manufacturing process was used for all batches, the
same morphology was found on both TPB and ROR samples and is presented in Figure 4.
Thedee | oped phases are consi stflnt Twet Airpughti
phaseo (circled in Figure 4c¢c), forms durin

reduction and it enlarges proportionally to the ALT doping amountz ff@dn ALT
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decomposition, preferentially reacts wil$Z enhancing its sintering characteristics
[9,33,34]and leading to the formation of a solid YSZ framework. The contribution to the
enhanced doped material mechanical strength is to be related to the volume change
resulting from a tetragonal toanoclinic stress induced phase transformation caused by
the thermal expansion mismatch with the other material components while in the
oxidized state namely NiO, YSZ, Abs3, and NiAbO4[9,12]. The dAsmall parti
(boxed in Figure 4d) is due to the partial reduction of MdAleading to the formation of
Ni nanoparticles within an 1803 matrix [12,36,54] The contribution to the enhanced
doped material strength is due to the nickel acting either as crack deflector or stopping

the crack propagation due to its ductifity?2,30,54 56].

. 1 wt% ALT

i 10wt ALT |

Figure4.4: FE-SEM surface morphology of uniaxial (TPB) and biaxial (ROR) strength
testing samples with a) 0 wt% ALT, b) 1 wt% ALT, c) 5 wt% ALT and@)wt% ALT
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Figure4.5: Weibull plots with populations denoted for uniaxial (TPB) and biaxial (ROR)
strength testing

Despite the notinear pattern in the Weibull plot of the undoped samples,

evidence showeethat there is only one flaw population to be considered. The same

Aclutteredod pattern, with several data poi

testing methodologies. It is thought that porosity is the volume flaw responsible for the
materialfailure not depending on the testing metiid]. Figure 6 is representative of

the fracture surface of the undoped sample batches. Selected samples, as described
earlier, were analyzed and the fracture surface morphologyoumad to be similar for all

of them showing a clear intergranular (along the grain) fracture pattern. The data points
Afclutteringod phenomenon is hypothesized

require a similar amount of energy to propagate.

t

o



Figure4.6: Fracture surface of undoped sample batches with a) TPB and b) ROR testing
methods

The 5% and 10% ALT doped batches also showed evidence of single flaw
population. Very similar fracture surfacemhologies were found for the representative

samples and are shown in Figure 7.

1um

Figure4.7: Fracturesurfaces of a,c) 5% and b,d) 10% ALT doped sample batches
fractured with a,b) TPB and c,d) ROR testingthods



100

For all samplesa clean and flat surface corresponding to transgranular (through
the grain) failure can be observed. The lower values of the scaled characteristic strength
recorded for the TPB when compared to the
mechanismsasponsible for the failure of the material is proposed to be the same. In the
Asmall particleo phase, tensile stresses a
coefficient of thermal expansion mismatch experienced during the sintering and mreductio
processefl2,54] This places the surrounding28k phase in a state of compressive
stress increasing its strength. It is hypothesized that the interface between the nickel
particles and AOs is the volume flaw responsible for the material failure. The
mechanical strength of such interface varies withenrhaterial depending on the

aforementioned stress distribution.

Figure 4 shows how, within the materi al
di stributed within region of the Arough ph
in the RAemadl ppaséeé, a crack grows wunder an
reaches a critical size where the remaining uncracked section of the material (YSZ
framework) can no longer support the applied stress at which point complete fracture
occurs. Figure 7 gyports this hypothesis showing that a small amount of plastic
deformation (circled ductile lips in Figure 7c) occurred before fracture. It is believed that
this is due to the nickel adding ductility to the system. During crack propagation, stresses
will be transferred from the AD3 substrate to the metallic phase which will yield,

deform and then ultimately fail allowing for the crack to reach the undamaged material.
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The 1% ALT doped samples showed evidence of the two identified flaw
populations. Fractogphic analyses confirmed the presence of both intergranular and
transgranular features, circled and boxed in Figure 8, respectively. When compared to the
undoped samples, the strength increase recorded with TPB and ROR testing are 6% and
55% (Table 1). It mst be noted that, the scaled characteristic strength increases due to
the formation of NiAO4 and the THYSZ framework12]. The onset of the NiAD4
reduction process requires ~10 hd®&]. The 97% reduction at this doping amount, is
reached after ~4 hours; therefore, the small particle phase does not form. Bojulati
(mechanical strength of secondary phases) is defined as the one including data points
falling in the upper tail of the strength distribution (Figure 5). For TPB testing, thirteen
data points out of the thirty belong to population 2, while for biastraingth testing it is
six. This research has highlighted that ROR strength testing better depicts the overall
material mechanical performance. The low ALT doping amount (1%) results in a smaller
volume covered by the secondary phases; therefore, thdl desreficial effect is
expected to be limited. This well agrees with a smaller number of data points belonging
to population 2.

In these cases, where one population distribution occurs in a small number of test
specimens, it is not necessary teestimade Weibull parameters. Estimates of the
Weibull parameters for this fladistribution would be potentially biased with wide

confidence boundg!9].
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Figure4.8: Fracture Surface Mormitogy of 1% ALT doped NiYSZ after a) TPB and b)
ROR testing

Conclusions

This study has demonstrated that ALT doping can enhance the mechanical
properties of NiYSZ systems through secondary phases development. Uniaxial and
biaxial strength testing have been used to evaluate mechanical properties. An
enhancement of the charatséic strength up to 166% has been observed for 10% ALT
doping with biaxial strength testing. It has been found that biaxial strength testing better
depicts the overall material mechanical performance. The use of different testing
methodologies along withdvanced statistical analyses has allowed for the identification
of two flaw populations that are responsible for the material failure namely, porosity and
mechanical strength of secondary phases. Fractography performed on selected samples
has allowed foelucidation of the failure mechanism. A single flaw population has been
identified for undoped samples. Intergranular fracture has been observed and the failure
has been |l inked to porosity. Samples with

single faw population. Transgranular fracture has been observed and the failure has been
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linked to the mechanical strength of the secondary phases; specifically, the strength of the
interface between nickel nanoparticles and their alumina substrate. The paddastbe
flaw populations was found for the low ALT doping level (1%). Fracture surfaces have
been characterized by the presence of both intergranular and transgranular features. It has
been proposed that secondary phases, developed by ALT doping, inbesasxhanical
strength of the material shifting the fracture mechanism from intergranular to

transgranular.
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Abstract

The mechanical properties of aluminum titanate (ALT) doped-X8Z anodes
were evaluated after undergoing full redox cycles. ALT was added frdf Wt% to
undoped anodes (N¥SZ) by mechanical mixing and subsequent tape casting.
Reduction was performeat 800°C and oxidation at 675°C. Samples were mechanically
tested after undergoing 1, 2 or 5 redox cycles. Mechanical testing was conducted using a
threepoint bending apparatus and Weibull statistics were employed to evaluated
mechanical strength. Increasamounts of ALT decreased the strength of the material
and surface cracking is visible for 5 and 10 wt% ALT doping. This is thought to be due to
decreased porosity leading to the inability to dissipate stresses involved in redox cycling.
5 redox cycledamples showed increased mechanical strength. This is thought to be due
to an increased nickel network after redox cycling that increases strength due to added

ductility.
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Introduction

A solid oxide fuel cell (SOFC) is a renewable energy device that pregaoveer
through electrochemical oxidation of a fuel. For commercial viability of SOFCs,
materials selection for the components is crucial. Researchers are investigating the use of
anode supported SOFCs that may allow for lower temperature operationmalr si
efficiencies. NiGYSZ composite anodes are the most heavily researched due to their
high power to cost ratifi,2]. Anode research has recently been focasedells with
excellent single cell performang® 9] but until further research has been conducted, to
produce sufficient power many single SOFCs must be stacked in electrical series. To
ensure excellent contact between adjacent cells, the SOFC stack must be clamped with

pressures betvem 6570 kPa[10,11]

For an anodsupported cell, the anode provides the mechanical strength for the
stack assembly, but little fundamental data exists emtéchanical properties of anode
materials. Due to the brittle nature of the ceramic components, the strength and reliability
of the SOFC depends on the thermechanical properties such as the coefficient of
thermal expansion, elastic behavior and fractaechanics. Therefore, it is crucial to
study the mechanical behavior of SOFC anode materials before using it in a stack. There
has been much research into new anodes materials, but further investigation is needed
before implementation into the SOFC stftRi 20]. The mechanical properties of
ceramics are sensitive to changes in material chemistry and manufacturing process but it

has been shown that the introduction ofoselary phases, that do not compromise the
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electrochemical performance of the cell, can also improve mechanical performance

8,9,21,22]

Previous research has shown benefits to the mechanical pertamALOs and
TiO2 doping of YSZ electrolyte(8,9,21,23 30]. Researchers have also fouhdt doping
Ni/YSZ based anode material with aluminum titanateTs, (ALT) increases the
mechanical performance along with stabilization of the SOFC in terms of slow
degradation rates and high power output due to the formation of two secondary phases
during sintering and subsequent reducf@®li 35]. These two phase allow for stress

distribution and compensation increasing the mechanical strgg8jth

SOFCs6 |l ifetimes are proposed t[86]l.be on
During operation, fuel is supplied to the anode reducing the NiO to Ni metal. This
process is necessary for power production of the SOFC by creating a Ni network for
electron transport. As long as fuel (nameby I3 continuously supplied to the anode, it
will stay in a reduced state @MiSZ) and continue to produce power. However, if the
supply of fuel is interrupted then, at the operating temperatures of SOFCs (800°C), Ni
will oxidize to NiO. This is either due to intentional or unintentional loss of fugddo

anode during its long operation lifetime.

Once the fuel is restored, the NiO willmeduce but the structure has been
permanently compromisd87i 43]. The reduction and +exidation of NiO causes
volume changes within the material generating stresses that damagjerttstructure of
the anod¢38,40,41,4446]. The molar volume of NiO is approximately 1.66 times larger

than Ni[43,47 49]. This increase in volume during-ogidation causes mechanical stress
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within the anode that results in cracking and/dufa of the SOFC. The redox stability
of Ni-YSZ anode materials has been receiving increased attention due to the possibility
for use of these systems for residential and industrial power generation and auxillary
power units where they will be powered @md off more frequently. NiO/YSZ anode
materials under redox cycles have been heavily reseaithd®,50 52] but little data

exists on the effects of secondary phases on the redox stability of NiO/YSZ anodes.

Previous research into the effects of ALT doping onINi&” anodes after dox
cycling has been studied in terms of electrochemical perfornjdi¢s]. It was found
that in comparison with undoped anodes, ALT doping showed less degradation after each
redox cyclg53]. It is believed that the lower degradation of the ALT doped cell is due to
the formation of secondary pha$g8]. To complement the electrochemical studies on
this material, for this study, anode material (N\WNSZ) doped with ALT was
mechanically tested to investigate the role of secondary phase formations on the stability
of the anode and its ability thmpensate for stress generated by redox cycling. In this
study, anodes doped with ALT-® wt%) were subjected to full redox cycling where the
samples were reduced or oxidized to over 90% for each cycle. Mechanical testing was

then performed after 1, 2 6 redox cycles.

Methods
Nickel Oxide (NiO) powder (4m, Alfa Aesar), 8 mol% Yttria Stabilized
Zirconia (8YSZ) powder (300 nm, Tosoh) and Aluminum Titanate (ALT) powder (25
nm, Sigma Aldrich) were used for sample manufactufayvders, in the ratio of 34

wt% YSZ, 66 wt% NiO and-Q0 wt% ALT, were mechanically mixed for 24 hours with
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binderand deionized water and subsequently tape cast with a doctor blade thickness of 2

mm.

Rectangular 40 x 6 mm samples were cut from the tagteusing a rotary cutter.
Thermolysis of green tape cast samples was performed in ambient air with the following
procedure: 1) 2°C/min up to 150°C, 2) dwell for 2 hours, 3) 0.5 °C/min up to 450°C, 4) 5
°C/min up to 1100°C, 5) dwell for 2 hours, 6) 10 °@irto room temperature.

Thermolysis and partial sintering was performed in a box furnace (Thermolyne, 1300).
Sintering was conducted with a heating/cooling rate of 5°C/min up to 1500°C and a dwell

time of 2 hours (Zircar, Hot Spot 110).

Full redox cyclingwas performed in a tube furnace (Thermo Scientific, Lindberg
Blue M) flowing 5% B and 95% N gas, at 800°C for reduction. For oxidation, the
samples were placed in a tube furnace at 675°C. Oxidation was performed at this
temperature to lower the-pxidation rate allowing for lower curvature of the samples to
allow for accurate mechanical testing. For all redox cycles, the samples reached at least
90% reduction/oxidation before the subsequent reduction/oxidation. The samples were
reduced to 97% for finakduction before fracture. Starting from the oxidized state after
sintering, the samples were exposed as follows for one redox cycle: 1) reduction to at

least 90%, 2) oxidation to at least 90%, and 3) final reduction to at least 97%.

The percentage redumh/oxidation was calculated using the initial and final
weight of each sample. In these manufacturing conditions, ALT is known to
spontaneously decompose during sintering #®©A&nd TiQ. Al>Os reacts with NiO to

form NiAl204 (Equation 1).
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NiAl 204 has slow reaction kinetics and does not begin to reduce until over 10 hours at
800°C and does not fully reduce until over ~600 h{bdis56]. It is assumed that under
these reducing conditions NiZ&4 does not reduce and for calculations all available

Al>0Os reacts to form the maximum amount of Ni®k. This weight is then removed

from the available NiO for reduction. The percentage reduction/oxidation was evaluated
with a Radwag XA 82/220.R2 microscal@ime required for the reduction/oxidation
process varied proportionally to the doping amount of ALT. Sample batches were redox

cycled 1, 2 or 5 times before fracture.

After the selected number of redox cycles (1, 2 and 5 cyclesioped and 1, 5
ard 10 wt% ALT doped batches of 30 samples were loaded at a rate of 0.2 mm/min in a
threepoint bending apparatus (Pasco Scientific 8236) as per ASTM 113 standard.
Fracture strengtheffective volume Vi, scaled characteristgtrengthso', Weibull
modulus (m) with normalized upper and lower bounds, and open porosity, by alcohol
immersion method, were evaluated. Weibull statistics were performed under the guidance
of ASTM C123913[57]. Field EmissiorScanning electromicroscopy (FESEM, Zeiss
Ultra) microstructural characterization and fractography was conducted to determine the

nature of the developed phases and their contribution to the material mechanical strength.
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Results and Discussion

Mechanical Properties

Tablel shows the mechanical properties data for the ALT dopedS¥i sample
batches after undergoing 1, 2 or 5 redox cycles. The characteristic strength, based off
Weibull statistics, is calculated at a probability of failure of 63.2% according to ASTM
C123913[57]. Discussion of the effective volumeedyand the scaled characteristic
strength can be found below. It can be observed that ALT doping increases the
characteristic strength for most doping levels when compared to the undopgles
Literature reports values for undoped NYGZ anodes at between 80 and 130 MPa
[19,58]for the characteristic strength without undergoing redox cycling. It can be
observed that the undoped sampl esd echaract
ALT doping increases the characteristic strength to the top of the cited range. Further

discussion in relation to the mechanical properties can be found below.
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Table5.1: Mechanicaproperties of ALT doped NYSZ anodes after undergoing 1, 2 or
5 redox cycles

0 wt% 1 wt% 5 wt% 10 wt%

ALT ALT ALT ALT
1 Redox Cycle
Average Strength (MPa) 110 135 121 94
Vett (mm®) 0.17 0.34 0.70 0.86
Scaled Characteristic Strength 93 115 124 97
(MPa)
Strength Increase (%) N/A 24 34 4
2 Redox Cycles
Average Strength (MPa) 94 133 120 106
Vett (MNT) 0.30 0.27 0.58 0.37
Scaled Characteristic Strength 85 112 115 85
(MPa)
Strength Increase (%) N/A 32 35 0
5 Redox Cycles
AverageStrength (MPa) 114 170 83 105
Vett (MnT°) 0.19 0.16 0.70 0.69
Scaled Characteristic Strength 97 142 72 101
(MPa)
Strength Increase (%) N/A a7 -25 4

Ceramic fracture suffers from large scatter in the data due to the nature of brittle
fracture. Ceramic materials undergo little to no strain before fracture; so, the weakest spot
under tension determines the strength of the material. These weak spstsadlyeflaws
within the material such as manufacturing defects or pores. Due to the variability in flaw
distribution, mechanical strength values between individual samples vary significantly;
therefore, statistical analyses are necessary for accuratemuoatimaoperties analyses.
Weibull statistical methods are commonly used by researchers for the calculation of the
mechanical strength of advanced cerarfb® 62]. Using this method, the Weibull

distribution equation has two parameters that are calculated that relate to the mechanical
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strength of the material, the characteristic strength and the Weibull m¢&tzjughe

Weibull distribution can be found in Equation 2:

n Aob-— (2)

Wherepsi s t he probability of survival for eac:

sampl e ofskhe ehpracteristic strength (MPa), ands the Weibull modulus.

The characteristic strength as discussed earlier istasktermine the overall
flexural strength of the material for the batch tested. The Weibull modulus indicates the
nature, severity and dispersion of flaws and is used for statistical comparison of two or
more test data sets to predict the probabilityadtife [10,58,63] A high Weibull
modulus is desirable for all materials since it indicates an increased homogeneity in the
flaw population and a more predictable failure. On the contrary, a low Weibull modulus
is indicative of a large spread of flexural strength dataimitie group and a less
predictable failure behavior. Table 2 shows the Weibull modulus data along with the
normalized upper and lower bounds on the maximum likelihood estimate of the Weibull
modulus (90% confidence interval). These values were calcidateuding to ASTM
standard C12393[57]. It can be observed in Table 2 that ALT doping decreases the
Weibull modulus value indicating a less homogeneous flaw population within the sample
batch. This finding seems contradictory as/pres research into ALT doped anode
materials has found an increase in the Weibull modulus with ALT doping for anode
materials that have not undergone redox cydi4d. Further discussion of the decrease

in Weibull modulus can be found below.



Table5.2: Weibull modulus and 90% confidence interval for ALT doped {Ni§”
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anodes after undergoing 1, 2 or 5 redox cycles

Interval

0 wt% 1 wt% 5 wt% 10 wt%
ALT ALT ALT ALT
1 Redox Cycle
Weibull Modulus 9.7 6.2 4.2 34
5 :
90% Confidence 7.3-11.8| 47-76 | 32-52 | 25-41
Interval
2 Redox Cycles
Weibull Modulus 7.2 7.2 4.4 54
5 -
SV COMEEEE 54-88 | 54-88 | 3.3-5.4 | 4.1-6.6
Interval
5 Redox Cycles
Weibull Modulus 8.9 9.0 3.8 4.0
5 -
SV COMEEEE 6.7-10.9| 6.7-10.9| 2.9-4.7 | 3.0-4.9

Due to the nature of Weibull calculations, the Weibull modulus and characteristic
strength due not fully characterize the mechanical properties. Figure 1 below shows the
Weibull plots for the anode sample batches after undergoing 1, 2 or Sagdes. The

Weibull plots are created by manipulation of the Weibull distribution equation (Equation

2) into straight line form (Equation 3).

Wherepsi s

sampl e

t

he

11 Tpi

adagj,

probability

of survival

o(ishié ehqracteristic strength (MPa), and the Weibull modulus.

3)

f

or

These plots are used to determine the reliability of the batch data in correlatiohewith

Weibull modulus. If the strength data calculated for each sample well aligns with the

Weibull modulus linear trendline then it can be said that the batch data well agrees with

the Weibull statistics and has a more reliable and predictable failurally)she batch

eac
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with the highest Weibull modulus will also correspond with the data points more closely
fitting the linear trendline but is not always the case; therefore, the Weibull plots must be
analyzed to determine if the strength data trends agthelvei Weibull modulus

calculated.

a) 1 Redox Cycle b) 2 Redox Cycles

In(In(1/(1-py)))
In(In(1/(1-py))

® 0 wt% ALT
m=7.2 1wt% ALT

© 0 wt% ALT 3 °
1wt% ALT

“ L] 5 wt% ALT 4 ° 5 wt% ALT

10 wt% ALT 10 wt% ALT

3.8 4 42 44 46 48 5 5.2 5.4 42 a4 46 48 5 5.2 54

c) 5 Redox Cycles

In(In(1/(1-py)))

3 . SO Wt%ALT
1wt% ALT

4 . 5Wt% ALT
10 wt% ALT

36 38 4 42 44 46 48 5 5.2 5.4

Figure5.1: Weibull plots of ALT doped Ni©Y'SZ anodes after undergoing a) 1, b) 2 or
c¢) 5 redox cycles

It can be observed in Figure 1 that for the sample batches afergaing 1
redox cycle (Figure 1a), the data points lie closest to the linear trendline for the undoped
samples which corresponds to the highest Weibull modulus at 9.7; therefore, it can be

concluded that the undoped sample batch after one redox cyéyehlidcethe most
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reliable fracture characteristics. For the sample batches after undergoing 2 redox cycles,
the data lies closest to the linear trendline for the 1 wt% ALT sample batch and this
corresponds to the highest Weibull modulus and charactetigtiggth; therefore, 1 wt%
ALT doping seems to have the highest strength and reliability for 2 redox cycles. For the
5 redox cycled sample batches, the 1 wt%
linear trendline and corresponds to the highest Weibadulus and highest mechanical
strength. This again confirms the highest strength and reliability for the 1 wt% ALT
doped samples. Observing the Weibull data and plots, it seems that the 1 wt% ALT
sample batches resulted in the highest strength andiligtidr the anode material after

redox cycling.

According to Weibull statistical methods, fracture occurs in brittle ceramic
materials when the weakest spot under tension fails. If the volume over which tension is
applied is larger then there is a hegtikelihood of stressing a flaw, causing an
apparently lower strength for that sample. Conversely, if the tested volume is smaller,
then the likelihood of stressing a flaw is lower and the apparent strength will be higher.
Therefore, it is important tocaount for the volume under tension or the effective
volume, V&, to make accurate comparisons between sample b§5h88,65 67]. The
effective volume for samples fractured in thpent bending can be found in Equation 1

and the scald characteristic strength is defined in Equation 2.

0 — (1)

e (2)
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Wherel is the length between support points (mw)s the width of the sample (mnt),
is the height of the sample (mmm),is theWeibull modulus, \ is the effective volume
(mm®) ,0i 8§ the characteriog@tis tsheengahed MPRAr a
(MPa). The scaled characteristic strength converts the characteristic strength of each

batch to the same effectivelume for more accurate comparison between the batches.

When observing the scaled characteristic strength values (Table 1), the strength of
the samples after 2 redox cycles is the lowest and 5 redox cycles is highest on average.
For the undoped, 1 and 1@% ALT samples, the highest strength is observed for the 5
redox cycled sample batch. For the 5 wt% ALT doped samples, the 1 redox cycle sample
batch has the highest strength. The lowest strength for the undoped, 1 and 10 wt% ALT
sample batches was caladeld for 2 redox cycles. The lowest strength for the 5 wt% ALT
sample batches was observed for 5 redox cycles. When observing the effects of ALT
doping on mechanical strength it can be observed that the highest strength was found for
the 1 wt% ALT sample lieh for all redox cycles. 5 wt% ALT doping does show
increased strength when compared to undoped anodes but not as high as 1 wt% ALT
doping; whereas, 10 wt% ALT doping shows strength values close to undoped anodes.
Previous research has observed incremssisength up to 10 wt% ALT doping for
anodes that have not undergone redox cy¢Bb§ The apparent contradiction in ALT

doping effects will be further discussed below.

Porosity of ceramic materials greatly influences the mechanical strength. Pores
act as stress concentrators within itieterial and the severity is determined by the size,

shape and distribution of these pores. It is well known that an increase in porosity usually
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results in lower mechanical strength due to an increase in pores (flaws) under tension.
Due to the dependenoé mechanical strength on porosity, the open porosity of selected

samples from each batch was measured accor

Table 3 shows the porosity measurements for each of the sample batches tested. It
can be observed that the porosity values decrease with increasing amount of ALT. This
has been previous observed as the result of the formation of secondary phases during
sintering and subsequent reductiéd]. Camparing the different amounts of redox
cycles, it can be observed that the porosity only slightly changes during redox cycling.
Previous research has seen a more drastic decline in the porosity with ALT doping before
redox cycling[64]. A decrease of ~50% in porosity has been measured in psevmki
in contrast to the ~30% decrease for these sarf§B¢sThe less drastic decrease in
porosity at higher amounts of ALT could be due to an increase in pore channels. Due to
the method used for measurement of the porosity, only pores that are connected and open
to the environment wilbe measured; whereas, pores that are completely enclosed will
not be measured. Redox cycling could through microcracking, increase the open channels
for porosity measurement. Also, cracks developed within the bulk of the material will be
treated as porositusing the alcohol immersion method not allowing for distinguishing
between pores and cracks. Further work is needed to determine the porosity distribution
within redox cycled materials including pore shape, size and distribution. Porosity will be

furtherdiscussed below in regard to microstructural analyses.
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Table5.3: Porosity measurements for ALT doped NYSZ anodes after undergoing 1, 2
or 5 redox cycles

0 wt% 1 wt% 5 wt% 10 wt%
ALT ALT ALT ALT

1 Redox Cycle

Porosity %) | 48 | 41 | 37 | 33

2 Redox Cycles

Porosity %) | 49 | 40 | 37 | 34

5 Redox Cycles

Porosity %) | 48 | 40 | 3 | 36

Microstructural Analyses

To further investigate the effects of ALT doping on mechanical strength,
fractography and surface analyses were performed usk®HME Figure 2 shows the
surface morphology of the ALT doped NI¥5Z anode material after 1 redox cycle. It
can be observeddhthere is the presence of two secondary phases after 5 wt% ALT
doping. The rough phase (circled in Figure 2c) has been previously determined to be the
TilYSZ framework[9,64]. The small particle phase (circled in Figure 2d) has been
identified as the partial reduction of Ni&4 to Ni nanoparticles atop an A&k matrix
[64,68 70]. Large surface cracks are visible in the 5 and 10 wt% ALT doped samples. It
appears that the cracks are propagating through the rough phase and around the small
particle phase. Further discussion of the presence of the cracking can be found below.
Figures 3 and 4 show the surface morphology of the ALT dopé&tSdisample batches
after undergoing 2 and 5 redox cycles, respectively. It can be observed that the surface
morphologies of these samples are similar to the 1 redox cycled sample batch (Figure 2
The surface cracks for these sample batches also appear to be traveling through the rough

phase and around the small particle phase. This is due to the nature of the phase
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developed within the microstructure. The rough phase has high stiffness wisitedlhe
particle phase has added ductility. Due to the high stiffness of the rough phase when
compared to the small particle phase, it is more likely that this phase will crack before the
small particle phase. Further discussion of the influence of thed&gophases can be

found below.
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Flgure5 2 FE—SEM surface morphology of a) 0 wt% ALT b) 1 Wi% ALT, c) 5 wt%
ALT and d) 10 wt% ALT doped Ni€&¥SZ anode material after undergoing 1 redox cycle

e 10 wt% ALT
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10 wt% ALT

Figureb. 3 FE—SEM surface morphology ofa)0 vvt% ALT, b) 1 wt% ALT, c) 5 wt%
ALT and d) 10 wt% ALT doped Ni€&¥SZ anode material after undergoing 2 redox
cycles

%

Figure5.4: FE—SEM surface morphology of a) O vvt% ALT b) 1 wt% ALT, c) 5 wt%
ALT and d) 10 wt% ALT doped Ni€&¥SZ anode material after undergoing 5 redox
cycles
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Previous researchers have investigated the effect of the microstructine o
redox behavior of Ni©¥SZ anode materials. One major factor in redox stability was the
initial porosity in the bulf41,52] During reduction, the conversion of NiO to Ni does
not cause large volume change within the anode material due to the YSZ framework
adding rigidity that allows for shrinkage of the NiO to Ni without losstdgrity[50].
During reoxidation, the volume expansion of Ni to NiO is greater than the previous
oxidized state due to the microstructural difference in NiO grains afteqdation. The
volume expansion from Ni to NiO is approximately 40%8]. It has been observed that
the morphology of the NiO particles aftergex i dat i on has a fispongeo
due to the necessity for gas transport dureagxidation[41]. These NiO particles are
not visible in these surface images as the samples were fractured in the reduced state.
Further researchoaild investigate the phase formations afteox&ation to investigate
surface morphology with ALT doping. The large increase in volume freoxidation
adds residual compressive stress to the NiO while putting the YSZ framework into
tension[51,71,72] Due to the large volume change needed farxidation, it was
suggested that a higher amount of porosity allowed the material to compensate for the
stress of volume changes due to thexilation by addition space (pores) for volume

expansion.

Taking this into account, during reduction of ALT doped sashe Ti/YSZ
framework will allow for low volume change with little disruption to the overall
mechanical integrity of the anode material. Given that ddAheeds sufficient time for

the onset of reduction to the small particle phase (~10 hours at 8@0°&t) be assumed
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that only a small amount will reduce during the initial reduction depending on the doping
amount of ALT[54]. The residual NiAIO4 that has not been reduced can act as
additional framework due to its high stiffng5%,73]. After initial reduction, the material
will have added porosity from NiO to Ni phase change with a small amount of reduced
NiAl 204 while the framework of Ti/YSZ and NiADs sugport the volume change. As not
all the NiALO4 has reduced, the amount of porosity that could be available to the system

will be less than undoped anodes.

Between the undoped and 1 wt% ALT doped anode materials there is a strength
increase while also a desase in porosity. Given the previous discussion, a decrease in
porosity should result in a decrease in strength due to the need for volume expansion
during reoxidation from Ni to NiO. Instead, the opposite is found for the 1 wt% ALT
doped samples. Dugre-oxidation of the ALT doped samples, the Ti/YSZ framework is
thought to be able to undergo an increased amount of tensile stress due to the
destabilization of the YSZ crystal structy8®,74] This increase in strength of the YSZ
allows for more stress before failure; therefore,iticecased stress from volume
expansion can be compensated by the strength of the rough phase. For the 1 wt% ALT
doped samples, the partial reduction of N@4is unlikely due to the high amount of
thermal energy needed for reduction. Previous researchbas that the reduction of
NiAl 204 does not begin until after ~10 hours at 800°C. The 1 wt% ALT doped samples
only require about ~5 hours in the furnace for full reduction making the reduction of
NiAl 204 improbable. It is assumed for the 1 wt% ALT dopadhples that NiAD,

remains unchanged during reduction andxilation. The NiA$Os during reoxidation
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will be in tension from the volume expansion of Ni to NiO. Due to the higher stiffness of
NiAl 204, similarly to the Ti/YSZ framework, th&tresses from the volume expansion will
not be able to overcome the tensile strength of the phase causing failure. The increased
stiffness of the Ti/YSZ framework and Ni&s allow for higher stresses from volume
expansion and explains the increased stremith lower porosity for the 1 wit% ALT

doped samples.

For the samples with higher doping amounts of ALT (5 and 10 wt%), during
reduction there will be a small amount of Ni@®k reduction due to the increased
reduction time. The reduction time for 5 alf@wt% ALT doped samples is over 10
hours with the 10 wt% ALT samples taking longer to red6dé The increase in
reduction time will allow for a small amount of partial reduction of Nklfor the 5
wt% ALT doped sample with an increased amount for the 10 wt% ALT doped sample.
During reoxidation, the partial reductmoof NiAl2O4 to form the small particle phase is
thought to remain unchanged as there is insufficient thermal energy for reformation of
NiAl 204. Further investigation into the phases present aftexidation will need to be
conducted to determine the ididy of this theory. During the reduction of Ni&s, there
is an associated theoretical volume decrease of 418P46This will add residual stresses
during the reduction process which should be controlled by the Ti/YSZ framework
similarly to the reduction of NiO to Ni. The small particle phase adds ductility to the
system in the reduced state which should allow for the increased stress of volume change
from Ni to NiO without damage to the microstructure. Due to the large craskswed

for the 5 wt% ALT doped sample batches, it would appear that the strength should be
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decreased significantly when compared to the 1 wt% ALT doped samples. On the
contrary, for the 1 and 2 redox cycled samples, the strength is comparable to the 1 wt%
ALT doped sample batches. This maintenance in strength for the 5 wt% ALT doped
sample batches could be due to the increased ductility from the reduction gDNiAl

without compromising the integrity of the framework.

It can be observed that the amoahthe small particle phase for the 10 wt% ALT
doped samples increases with increasing cycle number. The small particle phase should
add ductility to the system by the formation of nickel nanoparticles atop the alumina
matrix. It can be observed thoughttkize strength decreases substantially for the 10 wt%
ALT doped sample batches. Given the increase in the small particle phase, the stress of
re-oxidation should be compensated for by added ductility. The large cracks observed in
the surface are more suastial than for the 5 wt% ALT doped samples. This could
indicate that the system could not compensate for the stresexitiegion. This could be
due to the lack of porosity for volume expansion and the residual stress from the
formation and subsequergduction of NiAbOs. Due to the volume decrease when the
small particle phase is formed it would be logical to assume that this added volume
would allow for the NiO volume change. In fact, the opposite is true. This could be due to
the residual stressesvivlve after the formation of the small particle phase. These added
stresses could cause premature failure of the sample, decreasing the strength. Further
investigation would need to be performed to determine the root cause of the cracking and

methods formcreasing strength.
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Figures 5, 6 and 7 show the fracture surface morphology for the ALT doped NiO
YSZ anodes with 1, 2 or 5 redox cycles, respectively. It can be observed that many of the
fracture surfaces show indications of mixed modes of failurergrgeular and
transgranular fracture). Transgranular fracture is characterized by smooth fracture planes
due to the crack propagation through the grains. This crack path requires high energy and
usually indicates a stronger material. In contrast, inteugarfracture propagates around
the grain boundaries giving the fracture surface a rough texture. This fracture path
requires lower energy and is usually indicative of a weaker material. It can be observed in
Figure 6c¢, that there is indication of plagteformation within the microstructure by the
presence of ductile lips. The presence of ductility was discussed earlier and should
increase strength of the material and allow for stress compensation by the formation of
the small particle phase. This plagfidias been observed by other researcfrérg 6]

and will be discussed further below.



v ‘ ‘ A 3 "7 v \'\,[‘ !
| 5wt ALT ) 5
Figureb5.5: FE- SEM fracture surface morphology of a) 0 wt% ALT, b) 1 wt% ALT, c) 5
wt% ALT and d) 10 wt% ALT doped NiKYSZ anode material after undergoing 1 redox
cycle

Figure5.6: FE-SEM fracture surface morphology of a0 Wt% ALT b) 1 wt% ALT, c) 5
wt% ALT and d) 10 wt% ALT doped NiKYSZ anode material after undergoing 2 redox
cycles
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Figure5.7: FE—SEM fracture suace morphology of a) 0 vvt% ALT b) 1 wt% ALT, c) 5
wt% ALT and d) 10 wt% ALT doped NiKYSZ anode material after undergoing 5 redox
cycles

Further examination of the fracture surfaces for the 5 wt% ALT sample batches

(Figure 5c, 6¢, and 7c) shows a dese=in the amount of transgranular fracture regions

for the samples after 1 redox cycle. A higher amount of transgranular fracture indicates a
stronger sample which confirms mechanical strength data where, for 5 wt% ALT doping,
mechanical strength was higheafter 1 redox cycle. Ductile lips can be observed in the
fracture surfaces but as previously discussed the added ductility from the reduction of the
small particle phase is thought to not be enough to compensate for the stress of volume
change for reoxidation. It can be observed in Figure 7c, that there are cracks present
within the bulk of the material (crack circled). The presence of cracks within the bulk
cannot be seen for the 1 and 2 redox cycled samples indicating an increase in the stress

with increased redox cycles causing cracking within the bulk. This cracking in the bulk
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well relates to the lower strength observed for the 5 wt% ALT samples after undergoing 5

redox cycles.

When examining the fracture surfaces for the 10 wt% ALT sample batches
(Figure 5d, 6d and 7d) it can be observed that a higher amount of transgranular fracture is
visible for the sample batch after undergoing 5 redox cycles. This increase in
transgranular fracture well aligns with the increase in mechanical strength cal¢atate
the sample batches. As previously discussed, the mechanical strength of the 10 wt% ALT
sample bathes is much lower than the other ALT doped sample batches. This decrease in
strength is evident in the fracture surface where cracks are present urktioé the

material indicating a weaker material due to the presence of preexisting cracks.

It has been previously discussed that mechanical strength is highest for the 5
redox cycled sample batches and lowest for the 2 redox cycled batches. As previously
discussed, during reduction there is little volume change whereas duoriglagion
thereis an overall volume increase. This cannot be recovered and results in strain after
the redox cycl¢77]. This increase in strain after 2 redox cycles could have detrimental
effects on the microstructure resulting in decreased strength. It would be probable that
this same reasoning would cause the 5 redox cycled samples to have the lowest strength

whereas th opposite is true and will be further discussed.

Researchers have found increased mechanical strength for undoped anode
materials after multiple redox cycles, similar to what has been found in this[8&yd].
During high temperature reduction, the nickel particles will sinter with their neighbors

increasing the surface area of the nickel primary crystal; therefore, tbasedn
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strength is due to the formation of this ductile nickel network. During subsequent re
oxidation, several small NiO crystals are formed at high temperdi&es heformation
of smaller NiO crystals lessens the stress on the surrounding YSZ resulting in increased
mechanical strength. Each subsequent redox cycle increases the nickel network by further
sintering during reduction. The increase in the network of dudtleshin the reduced
samples increases the mechanical strength of the anode material. The added ductility
allows for larger stresses within the material before failure increasing the overall strength.
This increase in ductility explains the increased sfiteafter 5 redox cycles for the
undoped, 1 and 10 wt% ALT doped anodes. For the 5 and 10 wt% ALT doped samples,
the interaction of the previously formed small particle phase and Ni during subsequent
reductions could influence the mechanical strength. Ddipg on the distribution of the
nickel network within rough phase, the interaction of the small particle phase and the
nickel network could have detrimental effects similar to the decrease in strength observed
for the 10 wt% ALT doped samples. As discuspeaviously, further research into
residual stresses formed during reduction anakidation must be investigated to

determine the various causes for strength decrease.

Conclusion

Aluminum titanate (ALT) doped Ni€YSZ anodes were tested after full r&do
cycling up to 5 cycles. It was found that mechanical strength is increased for 1 and 5 wt%
ALT doping when compared to undoped anodes. It is thought that this is due to
secondary phase formations that can compensate for the stresses of volume chagge duri

re-oxidation from Ni to NiO. Surface cracking is visible for 5 and 10 wt% ALT doping
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for all redox cycles. Cracking is thought to be due to stress buildup in the material during
redox cycling due to lack of stress compensation for volume expansiomaipon
oxidation. Even with surface cracking, the strength of the 5 wt% ALT doped anode is
maintained due to the secondary phases compensating for increased stress of volume
changes and added ductility. Future work includes residual stress analyses after re

oxidation to determine stress in individual phases.
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Abstract

The mechanical properties of aluminum titanateTADs, ALT) doped NiQYSZ
anode SOFC half cells were evaluated with equibiaxial (ring on ring) testing. Half cells
were assembled with a Ni®¥SZ anode layer thatas doped with 5 wt% ALT. A YSZ
electrolyte was spin coated onto green substrates thsintened. Mechanical testing
showed increased mechanical strength for the ALT doped half cells over undoped half
cells of similar composition. FEEM surface morpholyy showed the formation of two
secondary phases on the anode that aid in material strengthening. Fractography showed

that anode fracture mechanisms could possibly transfer to the electrolyte.

Introduction

There is a growing need in society for sustainable and reliable renewable energy
systems. Solid oxide fuel cells (SOFCs) are one such system that produce power by the

electrochemical oxidation of a fuel. SOFCs are heavily researched as they are fuel
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flexible (hydrogen or hydrocarbons as fuel) and they only produce water, heat and
electricity[1i 3]. For SOFCs to be marketable, the cost for each unit must be as
inexpensive as possible and has led to strategic materials choicegSXi@node
supported SOFCs have been heavily research as they have the ability to operate at lower
temperatureft]. Researchers are currently focused on increasing single cell performance
from anode supported SOF{ES 10] but NiO-YSZ based anodes are still the most
common due to their high power output to cost rgtig12] New anode materials are
under investigation but much research is still needed before theg ecaeth in SOFC
stackg13i 21]. A single SOFC cannot produce enough power currently for everyday
operation; so, single cells are stacked and electrically connected te@mdticient
power. To increase the electrical connection between single cells, the stack is clamped

with high pressures on the order of B® kP&[22,23]

For anode supported SOFCs, the anode provides the mechanical strength for the
stack assembly. Little fundamental data exists for the mechanical properties of SOFC
materials while there continues to be an abundance of research regarding the
electrochemical péormance24i 26]. Due to the brittle nature of the ceramic materials
that compose the SOFC, the strength and reliabilitheocell depends on the thermo
mechanical properties of the materials. This includes the fracture strength along with the
coefficient of thermal expansion, youngos
unpredictable and catastrophic; therefares crucial to study the mechanical behavior of
the material before implementation into the SOFC stack. Ceramic materials are sensitive

to changes in material composition and manufacturing process, but research has shown
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that the addition of secondary (slea that do not compromise the electrochemical

performance have the possibility of also improving mechanical beH{a@@7 29].

Previous research has shown that the addition &04nd TiQ to undogd NiO-
YSZ anodes and YSZ electrolytes can increase mechanical perforfh@t&28,30
37]. Researchers have also found that the addition of aluminum titangf&dAIALT)
increases mechanical performance while slowing degradation rates and increasing
electrochemical eitiencies[38i 42]. Previous research has shown that 5 wt% ALT
doping of NiOYSZ anodes has benefits of increased mechbstiength and
electrochemical properti¢43,44] At this doping level, it has been shown that
electrochemical properties are heightened along with increase mechanical strength.

Above this doping level, electrochemical efficiencies are decreased.

For implementation of this ALT doped anodéo the SOFC stack, mechanical
testing must be conducted on the material when in contact with the electrolyte. The
mechanical reliability of the SOFC stack depends heavily on the coefficient of thermal
expansion for each component. Large differences mmi@leexpansion can cause
cracking and delamination in and between the components at operating temperatures,
decreasing power output or causing complete failure of the cell. As ALT addition
decreases the coefficient of thermal expansion of the anode hg@}jahe mismatch
between the YSZ electrolyte and the NY3@Z anode material should be lessened. A
closer matchri thermal expansion coefficients should allow for increased mechanical
strength in and between the anode and electrolyte. To test the mechanical compatibility of

the doped anode material and the YSZ electrolyte, mechanical testing was conducted on
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co-sinteed halfcell assemblies with 5 wt% ALT doping of the anode material {NiO
YSZ) and a YSZ electrolyte. Using this initial testing as a baseline, further research will

be conducted on different mechanical testing methods and varioteha@ssemblies.

Methods
Nickel Oxide (NiO) powder (4m, Alfa Aesar), 8 mol% Yttria Stabilized
Zirconia (8YSZ) powder (300 nm, Tosoh) and Aluminum Titanate (ALT) powder (25
nm, Sigma Aldrich) were used for sample manufactuffoyvders, in the ratio of 34
wt% YSZ, 66 wt%NiO and 5 wt% ALT, were mechanically mixed for 24 hours with
binderand deionized water and subsequently tape cast with a doctor blade thickness of 2
mm. It has previously been determined that 5 wt% ALT doping increases mechanical

strength while maintainmelectrochemical properties as discussed previgd3|y4]

Circular samples with a diameter of 32 mm were cut from the tape cast using a
circular punch. Thermolysis of green tape cast samples was performed in ambient air
with the following procedure: 1) 2°C/min up to 150°C, 2) dwell ftvoRirs, 3) 0.5
°C/min up to 450°C, 4) 5 °C/min up to 1100°C, 5) dwell for 2 hours, 6) 10 °C/min to
room temperature. Thermolysis and partial sintering was performed in a box furnace
(Thermolyne, 1300). Prior to sintering, samples were coated with a Y &Zogfee.

Coating slurry was 1:10 mol% of 8YSZ to Alpha Terpineol. Samples were coated using a
spin coater to create a uniform thickness electrolyte layerr(wil@fter sintering). After
coating, cesintering was conducted with a heating/cooling rate Gffin up to 1500°C

and a dwell time of 2 hours (Zircar, Hot Spot 110). Reduction was performed in a tube
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furnace (Thermo Scientific, Lindberg Blue M) flowing 5% &hd 95% N gas, at 800°C

for 10 hours for all samples.

After reduction the haltell assenbly batch of 30 samples was loaded at a rate of
0.2 mm/min in a ring on ring testing apparatus (Instron 5543) as per AAAYI15
standard45]. Samples were loaded with anode support in tension (anode on bottom
ring). In this configuration, the electrolyte is under compression. As the electrolyte is
stiffer than the anode, this setup ensures fracture of the anode before the electrolyte
[46,47] Further studies will need to be conducted on the fracture characteristics of this
material when the electrolyte is under tension along with studies of pure YSZ to fully
characteize the fracture mechanisntgacture strengttreffective volume W, scaled
characterististrengthso', Weibull modulus (m) with normalized upper and lower
bounds, and porosity, by alcohol immersion method, were evaluated. Weibull statistics
were condated under the guidance of ASTM 12389[48]. Field EmissiorScanning
electron microscopy (FSEM, Zeiss Ultra) microstructural characterization was
conducted to determine the nature of fracture, influence of secondaryf@imaggons

and the interface of the anode and electrolyte.

Results and Discussion

Mechanical Properties

Table 1 shows the mechanical properties results for the half cell assembly.
Previous research into undoped NY@Z half cells with YSZ electrolyte haveund
characteristic strengths between 60 and 160 M2&0] When compared to previous

research with ALT doped material, the strength of the 5 wt% ALT doped anode material
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is stronger with the added electroly4&]. This is most likely due to the YSZ electrolyte
which is stiffer than the Ni€YSZ anodg50]. It can be observed that the scaled
characteristic strength of the 5 wt% ALT doped anode with electrolyte is significantly
higher than undoped materigl49,50] For this study, the Weibull modulus calculated

was 4.3 which is lower than typical anodes that are in the range of[51f 7

Table6.1: Mechanical properties of anodeelrolyte assembly

Weibull modulus 4.3
90% Confidence Interval 3.2-5.3
Average Strength (MPa) 184
Vet (mmS) 4.2
Scaled Characteristic Strength (MP| 272

Due to the brittle nature of ceramics fracture, mechanical strength is varied and
leads to the necessity for a statistical approach. Flaws within the material are responsible
for failure when the weakest one under tension fails. These flaws can be either
manufacturing defects or microstructural features such as porosity. Brittle materials also
fail with little to no strain leading to unpredictable failure; therefore, Weibull statistics
were employed to more accurately characterize the strength of theam&t&sibull
distributions assume the weakest link theory where the weakest flaw under tension will
cause fracture of the material. The Weibull distribution (Equation 1) has two parameters
that must be solved for to characterize the strength of the matieeaharacteristic

strength and the Weibull modul{#3].

n Aob-— (1)
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Wherepsi s t he probability of survival for
sampl e ofishhe ehpractenstic strength (MPa), and the Weibull modulus. The
characteristic strength corresponds to the flexural strength at a probabiliity et ¢

63.2%.

The Weibull modulus indicates the nature, severity and dispersion of flaws within
a sample batch. A high Weibull modulus is indicative of a homogeneous flaw distribution
and strength data is consistent with low variability. A high Weilmaltlulus is preferable
as it indicates a more reliable fracture strength which is crucial when characterizing the
mechanical properties as unpredictable failure could lead to unexpected failures of the
material. A low Weibull modulus has a less homogentavs distribution which leads to
more unpredictable failure. The Weibull modulus for this material is low when compared
to similar materials. Due to the coefficient of thermal expansion mismatch between the
anode support and electrolyte, it is probable tasidual stress is present in the material
after coesintering at high temperaturgs?]. The larger coefficient of thermal expansion
for the anode material will cause compressive stress on the anode while putting the
electrolyte into tension. Researchers have found that these residual stresses make the
material more fragile and could lewtheir Weibull modulu§s2]. The residual stresses
could cause stress on preexigtdefects that causes premature failure and lowers the

Weibull modulus.

Due to the nature of Weibull statistics, characterization of the material cannot be
fully explored through just the two parameters for the batch. Figure 1 shows the Weibull

plot for the half cell assembly batch. The Weibull plot is created by the reorganization of

eac
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the Weibull distribution equation into straight line form where the Weibull modulus is the
slope of the line. The straighhe form of the Weibull distribution can be found

Equation 2.
11 pin aagj, (3)
Wherepsi s t he probability of survival for eac:
sampl e ofishhe ehpractenstic strength (MPa), and the Weibull modulus. The
Weibull plot is used fodetermining how well the strength data aligns with the Weibull
distribution. For this analysis, a more reliable material will have data points that lie along
the linear trendline with little deviation. It can be seen in the Weibull plot that the data
points do not lie close to the linear trendline showing a less reliable material. This
behavior is indicative of the possibility of multiple modes of fracture. This analysis

requires further statistical calculations that were not conducted in the present study.

Future work will require these analyses.

Figure6.1: Weibull plot of anode/electrolyte assembly


































































































































































































































































