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Abstract

Atomistic structural characteation of interfaces mostly focuses on systems having
low mismatch and a low index orientation relationship between the phases, where
semtcoherent interfaces are formed and can be described as regions of coherency
separated by misfit dislocations. Howeveany systems form incoherent interfaces
due to significant difference in lattice parameters and/or lattice symmetry. Mechanisms
for strain energy reduction and for mismatcleaaomodation at incoherent interfaces

have been usually ignored.

In this work, solid-state dewetting of continuous Ni films deposited on the (111) and
(001) surfaces of yttrium stabilized zirconia (YSZ) was used to produce equilibrated Ni
particles on the substrates. Orientation relationships were determined using selected
area diffaction (SAD) patterns and transmission electron microscopy (TEM), and the
solid-solid interfacial energy was measured for each of theiholex orientations

using Winterbottom analysis. The orientation distribution was determined using
electron backscatted diffraction (EBSD) and Xay diffraction (XRD), and the solid

solid interface structure of the Ni(11Y¥5Z(111) interface was determined using

aberration corrected TEM and scanning transmission electron microscopy (STEM).

The results reveal that despithe 31% lattice mismatch between Ni and YSZ, the
nominally incoherent interface reconstructs to form@ a@rray of high density, semi
periodic misfit dislocations. In addition, Ni particles were doped witho€with Fe

and Cr. Chemical analysis of theterfaces was conducted using energy dispersive
spectroscopy (EDS) in STEM, and the equilibrium crystal shapes (ECS) were
simulated using "Wulffmaker" software. Cr was found to adsorb to th¥S¥i
interface, and in parallel to create @@y phase whiclpartially wets the interface. The
presence of Fe in solution in the Ni was found to reduce the activity of Cr, thus
reducing the amount of adsorption to the interface, and preventing formatiogOgf Cr
Furthermore, in both doped systems, the same oti@mteelationship as in the un
doped system was found, regardless of the significant change in the equilibrium crystal

shape.



These results strengthened the conclusion that the concept of ceheodmrent
interfaces as a means for describing interfatenistic structure is over simplified,
where the concept of interfacial reconstruction is more complete, and serves to connect
the atomistic structure to a thermodynamic description of the equilibrium interface

State.



List of Symbols and Abbreviations

DFT

d ik
DOF

Ds

do/ dd
EBSD
ECS

EDS

FCC

GB

HRTEM

la, Ig

Area of the interface inside the interaction volume
Atomic mass of the matrix and segregant, respectively
Size of faulted growtksteps

Concentration of element A and B, respectively, agd k
CubicYSZ

Density functionatheory

The distance between crystallographic planes at a specific directio
Degree of freedom

Surface diffusion coefficient

Surface or interface torque

Electron backscatter diffraction

Equilibrium crystal shape

Energy dispersive spectroscopy

Face centered cubic

Shear modulus

Grain boundary

Critical thickness

High resolution transmigsn electron microscopy

Measured xay intensity of element A and B, respectively



lints loulk is

Im’ IS

kAB

MEIS

NN

NNN

OR

Ri, Re

SAD

SE

SEM

SIMS

SOFC

STEM

TEM

XRD

Measured intensity of the segregant at the area containing the inte

and at each one of the bulk phases, respectively

Measured interfaai intensity of the matrix and segregant, respectiv
Boltzmann's constant

k-factor for element A in a matrix of element B

Medium energy ion scattering

Nearest neighbor

Next nearest neighbor

Orientation relationship

Distance between the Wulff point and the surface of the substrat
between the Wulff point and one of the facets of the part

respectively

Selected area diffraction

Secondary electrons

Scanning electron microscopy

Secondary ion maspectrometry

Solid oxide fuel cells

Scanning transmission electron microscopy
Temperature

Transmission electron microscopy
Interaction volume

X-ray diffraction



YSZ Yttria stabilized zirconia

U Angle between the Burgers vector and the dislocation line
b Angle between the Burgers vector and the interface plane
2 Surface or interface energy

JLv Liquid-vapor interface energy (liquid surface energy)

Jpv Particlevapor interface energy (partickerface energy)

JsL Solid-liquid interface energy

Jsp Substrateparticle interface energy

Jsv Substratevapor interface energy (substrate surface energy)
u Lattice mismatch

U Strain

Gy Shear strain

=S Average distance between misfit dislocations

3 Poisson's ratio

3at Number of atoms per unit surface area

I Matrix density in atoms/nf

U Shear stress

Ve Equilibration time

q Atomic volume



1.Literature Survey

1.1 Anisotropy and Surface Energy of Solids

Generally, the surface energy of solids is aotropic This means that theurface
energychangeswith crystallographic orientatignn contrast to liquids or amorphous
solids, where the surface energy is constant ams ot depend on the orientation.
The difference in surface energy of differeatéts may be due thedifference in the
number of ursaturated bonds per atothe planar density of the atoms, ingglanar
spacing,electrial charge at thesurfaceand the ability of the atoms at or near the

surface to rearrange to reduce the surtamrgy (relaxation and/or reconstruction).

An important parameter which influences the surface energy anisotropy is temperature.
As the temperature is increasdtle balance between energief different facets
changesThe surface is subjected to fluctwaus thatprevent facets fronbeing flat,

and orientations which were not stable at lower temperatures become more stable,
therefore the surface become less faceted and more cuaretl the anisotropy
decreasegd1]. In some casest high homologues tempénaeswherethe bulk is stillin

the solid state, the surface does not behave as a solid, and the surface energy becomes
isotropic. The temperature at which this phenomenon occurs is the roughening

temperature.

Another parameter which strongly influencée tsurface energy anisotropy is the
chemical composition of the surface. In general, the chemical composition of the
region close to a surface or interface may differ from that of the bulk phases. This
phenomenon is known asdsorption or segregation Before discussing the
phenomenon it ifmportant to clarify that traditionally, the teratdsorption refers to a
dopant originating from a gas phase while the teegregation refers to a dopant
originating from the bulk of a condensed pha&eequilibrium the meaning of both

terms is the saméusthey will be used interchangeably in the following.

Dopants will segregate to an interface if their presence there reduces the total energy of

the systemKigure1(b)). Increasing the actity of the dopant, still below the solubility



limit, may result in more segregation (c) which may be associated with reconstruction,
a change in the periodicity at the interface (d). Finalhgreasing the dopant
concentration to a valubeyond the solubty limit will result in saturation of the
interface, saturation of the buknd precipitation (e).

e
444444444444
+ e i AL

Dopant Concentration

>

Figure 1: Schematic drawings demonstrating the influence of dopant concentration on
segregation at an interface.

Adsorption ad surface(or interfacg energy, at a constant temperature, are correlated
by the Gibbs adsorption isother@)3|:

dg=a &y &)
where o9 i s the surifisgahe excessrof therdopant dt thafaece ener gy
or i nt eri$thecckemiaahpbtential of the dopant in the sysiBms equation

reflects the fact that, in a solution, if the excess of the s@liajgant)at the surface or
interface is positive, then the surface or interface energydedteaselnformation
about thecrystallographicorder of the dopantat the interfacas lacking from this

expression

Figure2 shows a schematic drawing of an adsorption isotlvemmelating the chemical
excess of a dopant at theerface with the dopant activity at the system. The solid line
represents a continuous transition and the dotted line represefitsrdef transition
between different amounts of adsorption. The adsorption may be-lagsred or
multi-layered, but the kind of information cannot be deriveal priori from this

diagram.
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Figure 2: Schematicdrawing of an adsorption isotherm.

The driving force for adsorption of dopants to a surface or interfabe reduction in
surface or intdace energy. At an anisotropic surface, the change in energy will not be

uniform at different orientationsp thathe surface energy anisotropy will change

Segregation may cause the surface enarggotropyto decreaseas in the case of Cr
doped sapgle [4] andthe carbordoped Ausapphire interfacgb], but may also cause
it to increaseas in the case di and Bi doped Pbg] and Bi doped Cii7].

The energy of solid surfaces may also be affectetthérearrangement of atoms at the
surface ofin the vicinity of the surfaceThis cantakethe form of surface relaxation
and/or surface reconstructioRelaxation refers to small changes in the distance
between planes perpendicular to the sur{&® while reconstruction refers to small
changes in themo-dimensional structure of the atoms at the surfafg [

1.1.1 The Equilibrium Crystal Shape of Solids: Wulff Shape

The srfacee ner gy of solids may be de9lotrThied
plot can be used to predict the equilibrium crystal ehdCS) of solid particlesas
suggested by Wulff11,12]. The Wulff shape is a geometric configuration having the

minimum surface energy for a fixed volume of material at equilibrium. It is based on

by



plotting the surface energy as a function of orientafidre Wulff shape is the inner
envelope otheplanesp er pendi cul ar to the nor mal uni
origin (i.e., the Wulff point) In this plot, facets correspond to cusps in enddjy

Figure 3 shows the o-plot and Wulff shape foisotropic and anisotropic surface

energies.

Waulff Point

Normal to vector from Wulff point to y-plot y-plot Waulff shape

Figure 3. -plot and Wulff shape for (a) isotropic and (b) anisotropic surface energies
(redrawn after [13]).

To determinethe relative surface energies of the different facets oneusanhe
normalvectorsfrom the Wulff point to the surface plane:

%-9- 2 Cconstant . 9 R )

R R R g R
For absolute surface energy determination, the energy of one of the orientations must
be known [14,15].

As mentionedpreviously for an isotropic material thenergyof different surface
planes is the same, as opposed to different surface planes in an anisotropic material.
The relative resistance to changes in orientatbra surface plane (or facethay be
expressed by the slope ¢f e-p b ot ,(amdas/ofted ¢alled the surface torgher

an isotropic surfagesuch as a liquidhe torque is zero. When the torque of a specific
orientation is large enougftorresponthgt o a de e p -pbot), shis surfate t h e
plane will apperaas a facet in the EC8s the cusp is deeper and the surface energy is

lower, the facet in the ECS will be lardét, and the torque will be larger

]



Shape evolution depends on diffusion processes thieesjuilibration tine is strongly
affected by the size o& particle For a spherical particlbaving a radius r,he

equilibration time {¢) can be expressed bid]:

4
;oo KT 3)
* 249D, p W
whered 1 s t he s uistha sudaceelhdefusignycpeffident(assumedo

beisotropic) xi3s t he number of atoms pevolumeni t surf

k is Boltzmann's constant and T is the absolute temperature.

It is important to note that this equation may estimate the time required for a rounded
particle to reach equilibrium and it is netlid for faceted particlesincreaseor
decreasef a facetsize requires mass transport normal to the surfad@ch means
nucleation of a new atomic layer (i.e. a step) orfélset. The energy barrier for such a
nucleation is proportional to the size of the fatkérefore, the process of nucleation
will be inhibitedfor a facet larger than a few nanometers in diameter, unless step
propagating defects (e.g. dislocations with a screw component) intersect tHd Tacet

It explains the nomequilibrium shapes of C{i18] and Au [L9] crystals which are

retainedat high homologous temperatures

ECSs of several FCC metals were determined in the past, includiddp]NClu [18],

Au [20] and Pb 21]. The ECSs were found to be constructed mostihef{111} and
{100} closepacked planexonnected by rough surfacewhere the Ni ECS also
exhibits {110}, {531} and {831} facets, and the Cu ECS also exhibits {110} and
{311} facets.

As mentioned before, adsorption of different impurities to the surface may
significantly influence the surface energy anisotropy and as a result, the7BGS [
Therefore,it is important tocarefuly control the experimental conditiorend to

prevent contaminatiowhen deternming the ECS

10



1.2 Interface Thermodynamics

Interfaces between dissimilar materials appear in almost all materials systems and as
the characteristic lengtbcale is reduced the influence of interfaces on the macroscopic
properties ofmaterials becomes moregaificant. A detailed characterization of the
macroscopic as well as the microscopic degrees of freedom is essential for a better

understanding and controlling interface properties.

Wetting experimentsat high homologous temperatur@® usually employedatobtain
thermodynamic data regarding the interface of liegotid interfaces, such as
interfacial energyand thermodynamic work of adhesi@ince the surface energy of a
liquid is independent of orientationhd contact angle between a liquid drop or
amorphous particle and a solid substrate is a characteristic parameter which can be
measured to determine thelativeinterface energyprovided that the drop or particle

are at equilibrium and that the interface is flat angplemar with the surface of ¢h
substratgseeFigure4(a)). If the surface energies of the liquidy) and the substrate

( &) are known, the absolute interface enefgg) can be determinedia Young's
equation £2,23,24]:

G = g + .FOS “)
Young's equation is based on an energy balance parallel to thedadjdidnterface
and des not take into account the vertical componeotsthe surface or interface

energies.

The thermodynamic work of adhesion can be determined as well, according to the

Young-Dupre equation, if the surface energy of the liquid is known:

W, =g, “€os § ©)

During wetting experiments local diffusion or solutiprecipitation can occy25,26].

If time and temperature allow mass transport from one part of an interface to another, a
small ridge will everdally develop at the triple junction, in response to the vertical
component of the surfacar interface energies at this point. Atomic migration will
occur at the region close to the triple junction to reach equilibrium between the three
energies, in a wagnalogous to grain boundary grooving. At complete equilibrium, a

lens shape is formedrigure 4(b)), where the soliiquid interface is not flat and eo

11



planarwith the surface of the substrate and Y o u n gribdongereplidaThe on i s
interfacial energies and the dihedral angles between the tangents to the interfaces can

be related via[2ZdJuemannds equation

9o - & _ Y (6)
sing, sing sin ¢

In this case, once the dilvatl angles are measured, only one surface or interface
energy is required to determine the other two energkjs [

(@) v

Ysv TsL

Substrate Substrate

Figure 4: Schematic drawing of a liquid drop in contact with a solid substrate. (aJfhe
solid-liquid interface is co-planar with the substrate surface. The contact angledj is
indicated. (b) The solidliquid interface is curved. The dihedral angles are indicateddy,
d, o.d

It is important to note that the torque is neglected iretiergy balance iboth Young
and Nuemand ®quations (equation@) and (6) respectively). The assumption that
this parameter can ke beaeglectted Indstcal wagts

andf og. 9

1.2.1 Sessile Dropversus DewettingExperiments

The nost commonly used methoth wetting studiess the sessile droptechnique
mainly sincethis method igelatively easyto performand simpleto analyze In this
technique, a drop of 0.0&& ml is albwed to spread over a flat, horizontal, solid
substrate until it reaches a point of equilibrid@v]. The main advantage of this
technique is that the system can be monitoresitinand that data relating to dynamic
processes can be acquirdthe main disdvantags are the lack of statistics anbddat

these experiments are limited to ligtgdlid (rather than solidolid) interfaces.

Another approach that can be used to achieve the equilibrium stasslad ar liquid
drop or particle on a solid substrate dewetting experiments. All thin films are

12



thermodynamically unstable, so eventually they will break topreduce the total
energy of the systemn the liquid state it is relatively fast but in the sedidte it
requires more timdn this technique &in film is applied on a flat, solid substrate, the
whole system is heated to high homologous temperatures, the film breaks up,
agglomerates anthis process results ia vast number of single crystals. Once these
crystals reach equilibrium, they can bsed for interface energy measurements and
structure analysif28]. The main advantage of this technique is the abilitggaply this
method both for liquid and solistate dewettingand that the isolated particles which

are formed can be studied sepasatel obtain good statistics. The main disadvantage

is that since the size of the droplets or particles must be small (up to several microns in
diameter) to enable reasonable equilibration times, it limisitin studes of the

process.

1.2.2 Interface Energy Measurements

Solid-solid interface energy is an important parameter at least as-fiqlictlinterface
energy. Unfortunately, it is more difficult to measure. Thermodynamic characterization
of solid-solid interfaceds important for bond strengttieterminabn, fracture energy
guantification reliability estimation and for a more fundamental understanding of the
macroscopic properties gblid particlesin contact with substrate®etermination of
liquid-solid interface energy is based on the measuremetteoicontact angle as
demonstrated ifrigure4(a) and in equatiofd). For a solidsolid interface, a different
approach must be adopted since the contact aatgée solidsolid interfacecan be
constant ér wide range of interface energies, ($agure 5(b) and (c)).Moreover,

since solid surfaces and interfaces are usually anisotropic, the interpretation of the
wetting experiments is not straightforward and careful attentionidlo@paid to the
orientation relationship between the crystals in contact and to the orientation of the
interface plane for which the energy is measured. In the past, attempts to correlate
thermodynamic data regarding molten metals on ceramic substrasesi(on contact
angle between the phases) with adhesiothatcorresponding solidolid interface
failed, mainly due to the orientation dependence of the interface energy. The difference
between the surface energy of a rough surface below the meltingereore and

above it is about 20%2p]. The problematic correlation between the thermodynamic

13



properties of liquiesolid and soligsolid interfaces can be demonstrated by this

discontinuity in surface energy vs. temperature.
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Figure 5: Schematic drawings of Winterbottom analysis for particles equilibrated on a
substrate having an effective contact angl€éa) smaller and (b,c) larger than 90°. The
colored polyhedron indicates the resulting crystal shape in contact with the substrate.
The resulting equilibrium Wulff shape and its center, the Wulff point (WP) are then used
to determine the characteristic lengths: Rand R,.

Preferred orientations and orientation relationships between phases usually result from
the tendency to minimizeh¢ total energy of the systemither by reaching the
maximum saturated bonds at the interface, matching crystallographic planes or
symmetry of the crystals creating the interface. To quantify the influence of interface
chemistry and crystallography on theterface energyt is necessary to use a method

which takes into account the faceted nature of the shhdgs delimiting the interface.

1.2.2.1 Winterbottom -Kaischew Analysis

Solid-solid interface energy measurements can be done based on the approach
develod by Winterbottom 3J0] and Kaischew 31]. This method is based on
geometrical analysis of the Wulff shape of a single crystal equilibrated on a flat
substrate of a different material, under conditions of constant temperature, volume and
chemical potentialDetermination of the interfacial energy can be done for a single
crystal having a flat interface which is-ptanar with the substrate surface, and an
effective contact angle larger thane9Ohe geometric parameters which can be
measured and used for theeasurement, instead of the contact angle is the length
between the Wulff point and the surface of the substradeafiRl the distance between

14



the Wulff point and one of the facets of the particlg) (Rhe interface energy can be

determined according to:

5 - - & (7)
R Gy
Wh e rseis the substratp ar t i ¢l e i n gyesrthe swface energy ofgthe, )

substr afsé¢he energy ofone of the facets of the particle (the facet from which
the distance was measured to the Wulff poia},[B0,32].

To determine the absolute interface energy the surface energies of both the substrate
and one of the facets of the particle are required. It is important to notéothat
accurately measure the seBdlid interface energy the distancesd®d R should be
extracted fronfully equilibratedparticles B3].

The major drawbacks of this method are the requirements for a fully equilibrated
particle and for an interface which is flat and-ptanar with the surface of the
substrateAs mentioned beforegaching a point of equilibrium in a reasonable time
framei s possi bl e only for relatively smal/l
This size limitation leaves very few characterization techniguesh are appropriate

for the required high accurga morphological analysis.

1.3 Interface Structure

The complexity in analyzing the atomistic structure at ssdilid interfaces stems both

from the difference in long range atomistic order and symmetry from both sides of the
interface plane, from the ddfent types of defects which may form at the interface and
from the specific structural and compositional properties of each intedfapending

on the orientation relationship between the crystals, the chemical composition and the

atmosphere during theguilibrationprocess 34].
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1.3.1 Macroscopic and Microscopic Degrees of Freedom

The orientation between two differemdrystals can be described by the five
macroscopic degrees of freedom (DORsylescriptionof the relative rotation between
two grains at a grai boundary requires three parametdos: exampletwo surface
normak (ny, np) which are parallel to each other and normal to the interface, and a twist
rotation angled) about these normah descriptionof the boundary plane requires two
more parameters, which together defifoe examplethe tilt component @y ), where

ny is perpendicular tonn; andy is the angle between them (d&gure6). Although
these five macroscopic DOFs describe the orientation relationship between two
crystals with a specific interface plane, no information concerning the terminating
plane (translation state) or detailed atomistic structure at the interfacegluded in

this description

Zz A, Z2 g fe
31
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(a) (b) (c)

Figure 6: lllustration of the five macroscopic degrees of freedom of an arbitrary bi

crystal interface. (a) The orientations of B, n, and nr are in a fixed coordinate system. (b)

A tilt rotation of the two crystal coordinate systems so that inis parallel to n,. (c)
Introduction of the twist component by rotating the top crystal about n by the angleag

[23

Preferred orientation and orientation relationships (ORs) amsequence of energy
minimization. Generally, closed packed planes and directions are aligned across the
interface. At a certain OR the difference in lattice parameter between the two planes
parallel to the interface causesisfit strain to develop,which can be reduced by

formation ofinterfacial misfit dislocationf23].
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The atomistic structure at the interface cannot be described by the five macroscopic
DOFs only; it has to be defined by the microscopic DOFs, which incltiue
translation state of the two crystalie termination plane of the crystals (for a
compound, composed of more than one elemeaxation (small changes in the d
space, normal to the interface) and reconstruction (changes in the periodicity at the

interface plane).

1.3.2 Coherencyat Interfaces

The common structural approach for interfaces categorizes them into three types:
coherent, seratoherent and incoherent. At coherent interfaces there is a perfect match
between crystallographic planes which arentcwmous across the interface and no
elastic strain exists. These interfaces are hypothetical and do not reall\siegest
some elastic strain will always exist at an interface between dissimilar materials
Usually this term refers to interfaces havingeafect match between the planes from
both sides of the interface, but misfit strain exists due to small lattice mismatch
between the phases:or hypothetical coherent interfaces, thesfit strain remains as

an elastic strain componesmd no misfit dishcations are formeseeFigure7(a)).
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Figure 7: lllustration of the accepted structural approach regarding coherency at
interfaces: (a) coherent interfaces, (b) semtuoherent interfaces and (c) ircoherent
interfaces.

At semicoherent interfaces there are coherent areas which are separated by misfit
dislocations which form to reduce the elastic strain energy and to accommodate the

mismatch. The planes intersecting the interface at coherent areas peesulbo
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tension and compression resulting from the tendency to optimize nearest neighbor
bonding Figure7(b)).

According to this approachncoherent interfaces do not have any continuous planar
matching across the interfaceheve the atoms are expected to stay in their bulk
positions up to the interface. Therefore, no misfit strain is expected to d€Fejape
7(c)) [35]. Obviously this description is ovwasimplified, and desnot give a correct

desciption of the interface state, especially at equilibrated systems.

Atomistic structural characterization of interfaces mostly focuses on systems having
low mismatch and a low index orientation relationship between the phases, where
semticoherent interfaes are formedi36,37]. However, many systems form incoherent
interfaces due to significant difference in lattice parameters and/or lattice symmetry.
Very few studies have dealt with atomistic structural analysis at nominally incoherent
interfaceq 28], mostlysinceit is highly complex, as explained beforehe tendency is

to label these interfaces as incoherent interfacesaaod a detailed investigation of

the structure at an atomistic scalbe mechanism by which the systaccommodates

the massive amount of mismatch at nominally incoherent interfaces is not clear.

1.4 The Ni-YSZ System

Metal-ceramic interfaces have been studied since the 1960s due to their importance in
various technological applications such as protectivetirggg microelectronic
packaging, metateramic composites, photovoltaic cells and fuel cétt@roving and
designing these interfaces to fit our needs and requiremargtbegin with the very

fundamentalinderstanding of the interface atomistic struetamd chemistr{38,39].

Specifically, he structure and properties of-M5Z interfaces have been extensively
studied in recent years due tioe critical role they playn different technological
applications such as solid oxide fuel cells (SOFCA), [thermal barrier coatings
(TBC's) 1] and metal matrices composite (MMC) coatingg|[
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1.41 Ni-YSZ Interfaces in Commercial SOFCs

SOFC is an environmentally friendly, electrochemical energy conversion device which
most frequently usei-YSZ cermet as an anoder fuel electrodejnaterial.The YSZ
phase has good oxygen ion conductivity (due to the oxygen vacancies), it is stable at
both oxidizing and reducing atmospheres and iesdoot react with the other
components used in the SOFC. The Ni phase contributée telectrical conductivity

of the anode. The conductivity depends on the Ni corftenich mustbe at least 30
vol.%) and on the microstructur@he anode must have a poraugrostructure(see
Figure8) so it will containa high density of three phase boundaries between the metal,
the oxide and the fuel gasThe anodes formed by dispersing Ni in the solid YSZ. In
this way the agglomeration of the Ni is reduegdhe elevated temperaturteswhich

the cell is subjected duringts operation,while the porosityis maintained The
efficiency of the NiYSZ anodes depends on the Ni particle size and on the
microstructure.The interface between the metal and the oxide is the active site at
which the operation of theell takesplace.The contact between the two phases is not
stable at high temperaturekerefore, it should be studied and impro{4@43,44,45).
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Figure 8: A secondary electron (SE) scanning electron microscopy (SEMjicrograph of
an SOFC developed by Siemens Westinghoug)].
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1.4.2 The Equilibrium Crystal Shape of Ni

The ECS and orientation of Ni particles on (0061) i ent ed -adumipag) hi re (
substrate were studied by Meltzman et aB][ 120250 nm thick Ni films were

deposited by magnetron sputtering or Blyeam evaporation and then annealed in the
solid-statebetween1300°C anti350°Cat different oxygen partial pressures.

(@)

P(0,)=10"%tm.,
conventional furnace

(b)

P(0,)=1 020atm.,
conventional furnace

P(0,)=10atm.,
clean furnace

I (003 [ (1113
I (110} [T (120}
I (130} [ (135}
-{]38} |:|round

Figure 9: "Wulffman" simulations of the ECS of Ni particles having different purity
levels, equilibrated at different atmospheres, based on SEM micrograph&§].

The ECS was examined depending on the partial pressure of oxyged) @@ the
purity of the Ni particles. For the higher partial pressure of oxygen {1aftl), the Ni
particles had a {100} preferred orientation the (0001) surface of sapphivéhile for
the lower partial pressure of oxygen (<1?2Gatm) the Ni partiles had a {111}
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preferred orientation. In the particles annealed at the higher partial pressure of oxygen,
the ECS was found to be partially faceted, exhibiting the {111}, {100} and {110} low
index facets as well as the {012} and {013} faceEor contamnated particles
annealedin a conventional furnacejt lower partial pressure of oxygen, the ECS was
found to be partially faceted, exhibiting the {111}, {100} and {110} lomdex facets

only. The surface of the tmoped Ni was found to be almost compligfaceted which
means that this surface is highly anisotropic. The ECS shape of these particles was
found to be composed of the {111}, {100} and {110} low index facets as well as the
{135} and {138} high index facets (sdégure9).

These resultdemonstrate once again tsieonginfluenceof adsorption on the surface

energy anisotropy and hence on the ECS.

1.4.3 YSZ Bulk and Surface Structure

Pure ZrQ undergoes three phase transitions with temperature. It is monoclinic at room
tempeature and undergoes a phase transition to a tetragonal structure abog@ 1170
After additional heating to above 23¥)) it becomes cubic. A large volume change
accompanies these phase transitions, the first one in particular, and often causes the
material to crack. This is a severe drawback for the use of purgiZriddustrial
applications. Yttria (¥O3z) along with some other lowaalent oxideshavea high
solubility in ZrQ, and stabilize zirconia in the cubic fluorite structure from room
temperature to its melting point (~27@) (seeFigure10andFigurell). At the same

time, it increases the concentration of oxygen ion vacancies, which significantly

enhances the ionic conductivii#g].
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Figure 10: Phasediagram for the ZrO ,-rich part of the ZrO ,-Y,05 system. The marked
region indicates norequilibrium monoclinic -tetragonal transition (redrawn after [46]).

Experimental studiesvestigated the local structural environment of Y and Zr ions in
YSZ containing differenamounts of ¥O3, and showedhat the Y atoms are located in
a nextnearesneighbor (NNN) position relative to the-¢acancies, while the Zr atoms
are located as a nearestighbor (NN) tothe O-vacandes [47,48]. First principal
calculations (seftonsistig tightbinding modeland density functional theory (DFT)

simulation$ support these findings and show thlaé most stable configuration of
cubicYSZ (c-YSZ) is obtained for &acancies which afdNN to Y atomg49,50].

Figure 11 (a) Cubic ZrO, unit cell; (b) Two unit cells of cubic ZrO, in which two Zr
atoms (green) are replaced by two Y atoms (blue) creating one oxygen vacancy (black
circle) for charge compensation.
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Nishimura et al. studied the structure of the (0OOXjase of 9.5 mol% YSZ single
crystak by high resolution medium energy ion scattering (MEB) It was found that
the surface which was annealed in gna®nosphere adopted a unique structure where
the oxygenatoms are not located at their biilke position but occupy the center of the
square of the uneconstructed Zr(Y) sulattice. Furthermore, the top layer of both

oxygen and Zr(Y) atoms was found to relax towtdue vacuum.

DFT calculations on lowndexC-YSZ (14YSZ) surfaces, conducted by Ballabio et al.,

predicted that the nepolar oxygen terminated (111) surface is the most stable one,
compared to (100) and (110)0]. This result was supported by Lallet et, aho

calcd ated the surface energies ovbzodokre r el axe
1.71 JIM, vs@unyprr= 1.17 J/M [51]. Tsoga and Nikolopoulos measured the surface

energy of polycrystalline 8YSZ using the mulphase equilibration technique in the
temperature range of 13A®0CLC, and obtained a linear function between theaserf

energy and the temperaty&?].

Numerous studies regarding surface segregation in YSZ have been conducted through
the last decades. It was found both by simulations andriexents that Y segregation
occurs during annealing depending on temperature and oxygen partial pressure.
Hughes reported Y segregation to the external surface of 9.5 mol% YSZ single
crystals, containing several contaminates (Hf, Si, Ti, Fe and Na), lwaseeray
photoelectron spectroscopy (XPS) measureni&3s Annealing was carried out in air

and led to formation of ~&m layer, rich in Y, Si, Fe and Na and poor in Zr compared

to the bulk, at equilibrium. Bernasik et al. studied segregation to thenalxseirface

of 8 mol% YSZ poly crystals, containing several contaminates (Si, Fe, Mn, Mg, Al, Sn,
V and Ti), based on XPS measuremdgb®. Annealing was carried out in air, and Y
segregation was observed, although it was not very signifibdns. et al studied
surface segregation in polycrystalline 10 mol% YSZ at two different oxygen partial
pressures (~1 atm and <atm) using secondary ion mass spectrometry (SIg5)

Their results indicate that the increase of oxygen partial pressure yieldsrease of

the Y concentration at the surface. Vonk et al. stuthedegregatiorof Y cationsto

the (111) external surface of 9.5 mol% YSZ single crystemg surface xay
diffraction (XRD) [56]. The annealing processegere conductedinder two diffeent

oxygen partial pressures (<1atm and <182 atm). Their results reveal an increased Y
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concentration at the surface and a high vacancy density, of both Zr and oxygen, under
both conditions. However, it was reported that as the oxygen partial prdssteases,

Y segregation increases, as opposed to ¢kalts reported by IdrisVang studied Y
segregation to the (111) external surface of single crystals YSZ vigfiingiples
calculations $7]. The calculations referred to crystals containing défiéramounts of

Y at the bulk, annealed under differemtygenpartial pressure It was reported that

the segregation is independent of the bulk Y concentration at low temperatures and
high oxygen partial pressyreand that the Y segregates to a subsurfiager.
Furthermore at very low oxygen partial pressures (¥1@tm) and high temperatures
(~1600°C) no Y segregation to the surface is predicted and the surface is terminated by
Zr-O (oxygen at the external layer). Lee et al. studi@ih boundary@B) segregation

in nanocrystalline YSZ via Monte Carloi Molecular Dynamics (MeMD)
simulations and indicated that equilibrium segregatibboth Y cations and oxygen

vacancies occur near the GBI it is influenced by the GB structUfs].

1.4.4 Liquid -Solid Ni-YSZ Interface Energy

The only data found in the literature concerning the MO, interface energy is for
liquid-solid interfaces, i.e. liquid Ni in contact with solid cubic Zr@ikolopoulos
and Sotiropoulouand Nikolopoulos et al. measured thentact angledbetween liquid

Ni and polycrystallinec-ZrO, (stabilized by 5 wbo CaO) in an Ar atmosphere at
different temperaturefb9,60]. They found a linear dependenbgtweenthe interface
energy and the temperature. The interface energy determine@iCdCl&vas 1.59 J/fn
Tsoga et al[61] and Mantzouris et al6pP] measured the contact angle between liquid
Ni and polyrystallinec-ZrO, (stabilized by 8 mot Y,0s) in a flowing Ar/4 vol% H;
atmosphere at 1500°@ both works the measured contact angles w&7°, and the
interface energy determined was 1.792)/Burov et al. measured the contact angle
between liquid Ni and single crystals 3% YSZ (the surface orientation was not
indicated) in vacuum (1-T0Pa) at 1500°¢63)]. The contact angle measured V8.

There were several attempts to reduce the interface energy and improve the adhesion
between the liquid metal and the oxiddodification of the liquid-solid NiYSZ

interfaces was done by doping the interface with different elements. Tsoga et al.
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studied the influence of Ti on the interface energyvigtting experiments ofhin
metallic layers (NiTi-Ni) depositedon polycrystalline YSZ[61]. The annealing
processes were done at 1500°C. Th@Mit.% Ti)-YSZ samples annealewith a Mo
susceptor under flowing Ar/4 veéb H, atmosphere produced direct interface
between the metal and the ceramic phase. The contact angle was theaber&29;
higher than the udoped system. This increase in the contact angle (and thus in th
interface energy) was attributed to the possible formation of a TiO layer around the
metal drop, which could inhibit wettingn a different work of Tsoga et athe
influence of Crand Pdon the interface energy was studig]. The experiments
includedannealing of Ni(5 wt% Cr) deposited on 8 méb polycrystalline YSZand

Ni (2 wt% Pd) deposited on similar substrates. Annealing was carried out at 1500°C
under flowing Ar/4 vol% H, atmosphereThe contact angles were measured to be
108° for the Ni(CHYSZ interface and 113° for the Ni(R¥)SZ interface, which
indicatedareduction in the interface energy and improvement in the adhesion between

the phases.

While the contact angle between a liquid metal and an oxide can assist in comparing
interface enagies of different systems, it is important to note thatabsolutevalues

can be determined only if thebsolutesurface energies of the metal and the oxide are
known. Obviously, the value of the surface energmes/ changewhen dopants are
introduced tahe systen{due to segregationand therefore, estimation of the interface
energyof a doped system has to be done using the modified surface erdrtjes

doped phases

While the liquidsolid interfacial energy is important for material processingsolid-
solid interfacial energy is an important parameter which significantly influences the
mechanical and functional properties of interfaces in engineering syskvks [To
the best of theuthor's knowledge there is no experimental data regardingssdiid

Ni-YSZ interfa@ energy

1.45 Ni-YSZ and Other Metal-Ceramic Interface Structures

Numerous studies have been performed in the past regarding the coherency state of

different metalceramicinterfaces having a wide range of lattice mismatches, where
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many studies have focused on the fcc mbtgD interface as a model system
[28,34,36,37,65,66,67,68,69]. Lu and Cosandey studied @gO(111) with a 14.2%
lattice mismatch, and PdgO(111) and PdMgO(001) interfaces with a 7.6% lattice
mismatch, by high resolution transmission electron microscopy (HRTEM). These
interfaces were found to be sernbherent; misfit dislocations were observed at all
threetypes ofinterfaces $6]. SacJoao et al. studied a MIgO(001) interface with a
17% lattice mismatch, both by HRTEM and moleculignamic (MD) simulations,
which showed the existence of misfit dislocations exist at the inter®dgeickey et

al. studied a NIVSZ(100) interface with a Ni[110]J(111)| YSZ[001](100

orientation relationspi (OR) with 17% lattice mismatch by scanning transmission
electron microscopy (STEM)long theNi [110] zone axis. The interfaces were formed
by reduction of NiGYSZ eutectics and it is not known whether the interface reached
equilibrium o not. Their results show thanisfit dislocationsexistat the interfaceas

well (seeFigure 12(a)) [68]. Sasaki et al. studied a NiISZ(111) interface having a
Ni [110](111) | YSZ[110](111 OR with 31% lattice mismatdiy HRTEM along the

Ni [110] zone axis The interfaces were formed using pulsed laser deposition (PLD)
and were not subsequently equilibratatd thus, the interfaces studied were the as
deposited interfaes and were not at equilibrium. In their studyisfit dislocations
were not detectednd the interface was reported to be incohefseg Figure 12(b))

[69].

TARL O Y Y™

‘@mﬂ@‘.:::Q TANYAEYEAN
Figure 12 (a) STEM and (b) HRTEM micrographs of two Ni-YSZ interfaces having
different OR's and consequently, different lattice  mismatches: (a)
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Ni[110])(111) | YSZz[001](200 with  17% lattice mismatch [68] and (b)
Ni [110](111) | YSZ[110](111with 31% lattice mismatch[69)].

To the best of the author's knowledge there is no experimental data regarding the
atomistic structuref equilibratedNi-YSZ interfacesThere is a laclof experimental

dataconcerningstructure and thermodynamics at samlid Ni-YSZ interfaces.
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2.ResearchGoals

The main goal of this research is éxperimentally address the issues that were raised

in the literature surveyy determining the solidolid interface energy alifferent
equilibrated NHYSZ interfaces and characterizing the atomistic structure at these
interfaces The fundamental hypothesis is that the concept of coherestterent
interfaces as a means for describing interface atomistic structure is oveffisdnpli
where the concept of interfacial reconstruction is more complete, and serves to connect
the atomistic structure to a thermodynamic description of the equilibrium interface
state.The influence ofCr segregation on the interfaaad the ECSvas studid as well.

The aim of this study is to improve our understanding regarding the connection

between interface energy, reconstruction and adsorption.

2.1 Methodology

Fully equilibrated soliesolid NiYSZ interfaces were formed via dewetting
experiments. Preferrel orientation was determined using XRDOhe in-plane
orientation distribution was determined using electron backscatter diffraction (EBSD).
TEM specimens were prepared using FIB associated with further thinning and
polishing usinga gentle ion mill. Orientation relationships@Rs) were determined
based orselected area diffractioBAD) patterns Equilibrium shape analysis, which is
required for thesolid-solid interface energy measurements, was done using TEM.
Atomistic structural analysis was done usiniffedent TEM techniques. Chemical
analysis was conducted usiaegergy dispersive spectroscqdDS) in STEM mode.
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3.Experimental Methods

This sectiondescribes the equipment, materials and methodoMdgh were used to
conductthe experiments durinthis researchThe model experiment used to achieve

the research goal is based on analysis of fully equilibrated pairtictaEmntact with a
substrate, from which thermodynamics parameters can be extracted and the atomistic
structure can be explored. The&perimental approach for producing equilibrated
particles is based on solglate dewetting experiments done unchmefully controlled

partial pressure of oxygen.

3.1 Dewetting Experiments

Solid-solid dewetting experimen{seeFigure13) were chosen to be the basic method

in this work for two reasons: first, trennealingtimes requiredo reach the point of
equilibrium are reasonable, and second, this method enables formation of huge number
of fully equilibrated NtYSZ interfaces Wwich can be independently investigataad
therefore enables viewing the interfaces from different viewing directions (different
zone axes) and achieving better statistidse interfaces in this work were studied
mainly using TEM, for which destructive ME specimen preparation techniqua®

used These techniques usuallguireseveral attempts to prepare a specimen which is
good enough for acquiring highs@ution, high quality TEM data, and this is another

reason for the importance of producing swaigé amount of equilibrated interfaces.

As deposited Ni film Ni particles
QL0000
YSZ substrate YSZ substrate YSZ substrate

Figure 13: Schematicdrawing of the basic concept of soligtate dewetting
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3.1.1 Thin Film Evaporation

YSZ substrate$13 mol% Y)with two different orientations were used in this study:
(111) and (001) The 99.99% purity substrates were providedMgTech Material
Technology & Crystal GmbH (Julich, GermanyPolished abstrates were
ultrasonically cleaned in acetone and ethambin metallicfilms were evaporated on
top of the substraseby e-beam evaporatiofiTemescal FE1800 ebeam evaporator)

(seeFigurel4).

Substrates

______ - Deflecting
Vapor Flow p - "\\Magnet

4
Heated Region,”
N ”
Source

Water Cooled Holder

Electron
Beam

Filament

‘,/ I Se - -
Accelerating
Electrode

Figure 14: Schematic drawing of ebeam evaporation system{(].

To characterize the structure and thermodynamicsinedoped NiYSZ interfaces,
~150 nm continuous Ni films were evaporated on the substraieg a 99.9995% pure

Ni source(seeFigure15(a)). To study the influence of Cr segregation on the interface
properties, a layered coatimgas evaporate(seeFigure 15(b)) so thata ~75 nmthick

Ni layer was evaporated directly on the YSZ subst(atea deposition rate of 0.4
nm/sec) Without taking the sample out of the evaporation changbet,7 nmthick Cr

layer (99.99% pure)was evaporated on the Ni lay€.05 nm/sec)Finally, another

~75 nmthick Ni layer was evaporated on the Guyer (0.4 nm/sec) These layer
thicknesgsgive a total Cr concentration of 1.%& This configuration of Cr between

two Ni layess is important for the experiment, since the idea is to let the system achieve
the minimum energy configuration without placing the Cr in a specific location (i.e. at
the surface or interface). This layered structure enables the Cr to segregate to any
locaion which causesninimization ofthe total energy of the systemnd not forcing it

to be at a specific location
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Figure 15: (a) Ni and (b) Ni-Cr-Ni films evaporated on YSZ substrates for dewetting
experiments.

3.1.2 Thermal Annealing

Theasdeposited samples were annealed jn a sa
of Ni), in flowing Ar + 7 vol.% H (99.9999% pure) at an oxygen partial pressure of

P(Oy) = 10% atm, for 6 h, which allowed for solistate dewetting and equilibration

occur.The annealing processes were done in a dedicated furnace nfa@e98£99%

purity singlecrystal sapphire tubeso prevent sample contamination (d&gure 16).

The partial pressure of oxygen was measured at theperitof the sapphire tube

furnace using a zirconia oxygen detector (Rapidox 2000 oxygen analyser, Cambridge
Sensotec). Numerous faceted singfgstal Ni particles were produced during the

dewetting process, and only the equilibrated ones were chosamtfar analysis by

electron microscopygseeFigurel?).

P(0,)
7 2
/ detector
Ar+ 7 vol% H, A= \ ]
Y PR Y S — -
i i | me— — R P L 1SCZZZZC — —_—

Polycrystalline alumina tube

Figure 16. Schematic drawing of the sapphire tube furnace used for the dewetting
experiments.

31



Figure 17 SEM micrograph of Ni particles after dewetting ona (111)YSZ substrate,
annealed at 1350e¢f@6hoars.Ar + 7 vol. % H

3.2 TEM Specimen Preparation

In this research,ite specific TEM specimen preparation was requtceexamineonly
fully equilibrated particles and to section them in desired directiims only way to
prepare such samples is using a dual beam (FIB; Strata 400s, and FEI Helios
NanoLab DualBeam G3 UC, FEI, Eindhoven, the Netherlands)g the "liftout"
technique 71,72,73).

First, a particlewas chosen based on isize andshape only particles whichare

equi axed and | ess werbsectiondd(Figural1l8f@h C dnd tme t e r
protective layerswere deposited on the selected partitte preventdamageof the

particle and its shap@igure 18(b) and(c)). Thenthe material from both sides of the
particle was milled using Ga ionscreating a lamella. Further milling from the sides

and bottom of the lamella in a "u" shape leaves the lamella attached to the substrate
only by a small amount of materidtigure18(d) and (e)). Then aeedlewasattached

to the lamella, the lamellasdetached from the substrate gidced on top of a grid

(Figure 18(f) and (g)) Then, the lamellavas thinned from both sies, to make it
transparent to electroiiBigure18(h) and (i))

Since the shape of the particle is an important issue for the energy measurgnsgents,
important to position the chosen Ni particles in such a way that allovii®rseg
normal to the facets. This is important for eadgeimaging in the TEM, identification

of the facets by SAD patterns and extraction of correct measurements of different
distances on the Wulff shape, for interface energy and surface energy amisotrop
measurements. In additioit, is crucial to thin the lamella up to the middle of the
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particle, exactly.l f the middle was mi s s ed ,theste he

measurements.

Figure 18 TEM specimen preparation by duatbeam FIB: (a) an equilibrated particle
chosen for sectioning (b) after C protective layer deposition (c) after Pt protective layer
deposition (d) after Ga ion milling; (e) after"u-cut"; (f) after attaching a "needle" to the
lamella and detaching it from the substrate (g) after placing the lamella on top of a Ti
grid; (h) after thinning the lamella; and (i) the final TEM specimen.

To improve the quality of the TEM samples prepared using the FIB, further thinning
and polishing was carried out using conveamal low voltage ion polishingLinda ion
miller, Technoorg) by 0.3 kV Xé ions. To avoid releposition of the grids, (usually
made of Mo) on the TEM specimen, a circular Ti grid was cut to halfused to

support the lamella
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3.3 Characterization Methods

3.3.1 X-Ray Diffraction

Preferred orientation of the -deposited and dewetted films (i.e. the particles) was
determined using Xay diffraction, with CaKk U r adi ati on operated at
mA (Xray: Rikagu Smart Lab Ray Diffractometer) A2 dd p ar a beomelry be am
with Ge(220)x2 monochromator were used for analysis of the integrated intensities of

the Ni reflections. The substrates were accurately oriantéte chambeby rocking

curve premeasurementising the Bragg angle of the surface plane of thestsatie

( 2= 3 0. 1 @so0s)A34.87Qf 74)).

The degree of preferred orientation was determined using the equation:

p o=t @l ®

\ A
I hkl a Ith

where lpq is the measured intensity of reflection from the hkinplaand |y is the

=

randomintensity. Summation is conducted over all the measured reflections.

332 HRSEM

The morphology of the Ni particles wabBaracterizedising HRSEM(Zeiss UltraPlus
FEGSEM). The samples were coated by thin C layer to avoid charginthe

substrates.

3.3.3 Electron Back-Scattered Diffraction

The orientation relationship between thedaped Ni particles and the YSZ substrates
was analyzed using an EBSD system (Oxford instruments, UK) mounted on SEM
(SEM, FEI Quanta 200EBSD patterns werobtained by focusing the electron beam
on the sample, which was tilted to 70°. The tilt is important to maximize the number of
the backscattered electrons reaching the detector. The diffraction angles areZbout 1

and thus the Kikuchi bands appear @aight lines in the EBSD patterns. The width of
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the bands corresponds to the ifpnar spacing (dpace) Orientation @termination

is possible for angrystalline sample of a known phase by indexing EBSD patterns.

3.34 TEM

Usually, general structural amyals is done by HRTEM or by STEM. Electron
scattering is from both the nuclei and electrons of atoms, and in general the higher the
atomic number the larger the cresection for electron scattering. As a result, in most
imaging modes, obtaining informatien the position of light elements is challenging.

This is a typical problem for metakramic interfaces, such as the¥Y8Z interface.

A 200 KeV TEM (FEI Tecnai G2 T20-Bwin TEM) was used to acquire selected area
electron diffraction (SAD) patterns study the orientation relationship between the Ni
particles and the substratend to acquire bright field (BF) TEM micrographs to

examine thenorphologyof the particles.

A monochromated and aberration (image) corrected high resolution TEM (HRTEM,;
FEI Titan 80300 S/TEM, Eindhoven, The Netherlandsfuipped with an EDS
detector (EDAX, Tilburg, Holland)was used to acquire selected area electron
diffraction (SAD) patterns to study the orientation relationship between the Ni particles
and the substratend HRTEM mode was used to acquire phase contrast micrographs
of the interface regiorHigh angle annular dark field scanning transmission electron
microscopy (HAADFSTEM) was also usedo examine themorphology of the

particles

A monochromated and doukterrected S/TEMTitan-Themis 300, FEI) was used at

an accelerating voltage of 300 kV to acquire micrographs of the interface using
different techniqueswhich are explained in the folving. EDS measurements were
acquired using an FEI Sup¥rdetector sgtem.

3.3.4.1 Negative G Imaging in High ResolutionTEM (HRTEM)

Negative Gimaging (NCSI) is a TEM imaging mode, where a specific negative value

for the spherical aberration {f the objective lens combined with a small objective
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lens over focus yields a ctrast setting in which atomic columns are bright, and the
micrograph can be intuitively interpreted if the relative objective lens over focus can be
confirmed [/5]. If the working conditions are slightly different than the exact negative
Cs conditions, theatomic column positions cannot be intuitively determined and

simulations are required.

3.3.4.2 High Angle Annular Dark Field (HAADF) STEM

High angle annular dark field (HAADF) STEM is a technique in which an image is
formed by an annular detector, which colleeksctronsoutsidethe illumination cone

of the focused electron beam. The number of electrons scattered into the detector
depend on the mean atomic number (Z) in the locally irradiated area of the sample, and
scales to Z°[76]. As a result, the signal fro light elements in a sample of mixed

composition is often difficult to detect.

3.3.4.3 Annular Bright Field (ABF) STEM

Over the years a few techniques were developed to deal with imaging of light elements
for both TEM and STEM, as briefly described in thddaing paragraphs. Annular
bright field (ABF) STEM is a technique in which an image is formed using an annular
detector, which collects electromssidethe illumination cone of the focused electron
beam. For a suitable defocus value, micrographs acghiretlis techniqgue have an
intensity distribution directly correlated to atomic column positions. Moreover, in ABF
STEM atomic columns containing light elements can be detectetB[79).

3.3.4.4 Integrated Differential Phase Contrast (iDPC) in STEM

Recently, a nevtechnique was developed called integrated differential phase contrast
(iDPC) STEM BQ]. This technique is based on electrons which are collected by an
annular detector, divided into 4 quadrants. After signal collection, the difference
between signals fromiwo opposite quadrants are obtained to give the x and y

component of the differential phase contrast (DPC). Then, these two components are
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integrated and the result is a micrograph which has contrast that is linearly scaled with
the projected electrostatpotential and thus with the mean atomic number of the local
region of the specimen. Since iDPC is a bright field technique, and uses almost all the
electrons in the BF illumination cone, it achieves a high signal to noise ratio from light

elements.

3.3.4.5 Quantitative HRTEM: Multi -Slice Simulations

In HRTEM micrographs the atomic column positions cannot be intuitively determined,
and structure analysis requires simulations of the interface for comparison with the
experimental micrographs. Simulated images ewegenerated by mulslice
simulations (conducted using the software EN3) and quantitatively compared to

the experimental micrographs using the cromselation coefficien{82]. Matching
parameters included the objective lens defocus value andl#tieadhickness of the
sample, and convergence resulted in correlation of the experimental contrast with the

position of atomic columns.

3.3.5 Equilibrium Crystal Shape Simulations

The ECSs of the doped Ni particles were simulated using "Wulffmaker" softf@@re

This is open source code software to dynamically form and visualize crystal shapes for
any point group symmetry. The EC@®gre simulatedbased on the facet areas which
aremeasured from HRSEM micrograpbkequilibrated particleandcompared tdghe
relative surface energies determined by measuring the equilibrium difangeof

each facet from the Wulff point, frooross sectionG@S) TEM micrographs
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4.Results

The results section is divided intioreemain partsFirst, orientation relationships dn
interface energies asemonstrated. These are related to macroscopic DOFs. Second,
atomistic structural characterization is shown. It is related to microscopic DOfRs.

third sectiorthe influence of doping is presented.

4.1 Solid-State Dewetting of Un-Doped Ni on (111)and

(001)YSZ: Thermodynamic Characterization

4.1.1 Preferred Orientations

Preferred orientations of the Ni films and particles were determined using XRD
patterns on both (111) and (004$Z substrates. XRD patterns of thedegposited Ni
films on the substrateindicated the presence of one preferred orientabioreach
substrateNi{111} £YSZ{111} (Figure19) and Ni{111}#YSz{001} (Figure 20). The

Ni {200} reflection was also detected on both substratesut its intensiyy was much
lower than tlat of the Ni {111} reflection.

After dewettng the preferred orientations were found to be much stronger for both
substrates (sdeigure21 andFigure22). It is important to note that this data is derived
from an Xray diffraction, so it is cominfrom all the particles and it includes particles
which arenot necessarilyequilibrated Therefore it is a bit misleading, since we are

interested in the equilibrated particles only.

Degrees of preferred orientations were determimsthg equation(8) and are
summarizes iMablel. The measurements were acquired in the rang@b2Gtandard
random intensities for Ni were taken from ICDD (JCPD$)B50.
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Figure 19: XRD patterns of the asdepositedNi film on the (111) YSZ substrate. (a)The
whole scanning range (2®5°) in a linear scale and (b) an extended range (4%5°) in a
logarithmic scale.
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Figure 20: XRD patterns of the asdepositedNi film on the (001) YSZ substrate. (a) The
whole scanning range (2®5°) in a linear scale and (b) an extended range (4%5°) in a
logarithmic scale.
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Figure 21 XRD patterns of the dewetted film (particles) onthe (111) YSZ substrate. (a)
The whole scanning range (205°) in a linear scale, and (b) an extended range (45%°) in
a logarithmic scale.
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Figure 22 XRD patterns of the dewetted film (particles) onthe (001) YSZ substrate. (a)
The whole scanning range (2®5°) in a linear scale, and (b) an extended range (45°) in
a logarithmic scale.
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Table 1. Degrees of preferred orientation (Rq) for as-deposited Ni films and dewetted Ni
particles on (111) and (001) YSZ substrates (YSZ reflectisrexcluded).

Substrate Reflection 2d Prii
111 4451 1.42
As-df'e|p08ited YSz(111) Ezooi 51.85 0.48
ilm 111 4451 1.57
¥SZ(001) Ezooi 51.85 0.14
111 4451 1.63
Dewetted vSz(11) Ezooi 51.85 2:10°
articles 111 4451 1.63
" vSz(001) Ezoo}} 51.85 1-10*

4.1.2 Particles Morphology

The same preferred orientation deduced from the XRD pattambe observed in the
morphology of the Ni particles seen in the HRSEM microgsapltiigure 23 (a) and

(b). From the Jold symmetry of the uppermost facet of the Ni particles, it can be
concluded that these facets are parallel to the {111} planes of Ni. This was

subsequently confirmed by electron diffraction.

Ni-YSZ(001)

Figure 23. Ni particles after dewetting on(a) (001)YSZ and on (b) (111)YSZ substrates,
anneal ed at 1 350 e G fori 6nhouis.r Some equilibrated pardicledHare
circled.
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It is clear that not all the particles reached equilibrium after the 6 hour anneal. The

elongated particles, which am®t equilibrated, are oriented ~&60ne from the other.

This indicates a similar preferred orientation relationship with the substrate. Many of

the particles were found to contain twin boundaries, and an example can be seen in
Figure 24. The smallest equiaxed patrticles are equilibrated, and only those particles

were used for subsequent TEM and interfacial energy analysis. Exarigples

equilibrated particlesra marked irFigure23.

Figure 24: Secondary electron HRSEM micrograph of a Ni particle containing a twin
boundary.

4.1.3 Orientation Relationshipsand Interface Energies

The orientation relationshép(ORs) between equilibrated pure Ni particles athe
YSZ(111)and YSZ(001)substrate weredetermined from SAD patterns. Equilibrated

Ni particles, identical in shape, were selected for TEM specimen preparation by FIB.
Each particle was positioned and crssstioned in such a way that enabled TEM
investgation of the interface from a specific lamdex zone axis. The OR was
determined using SAD patterns from the interface region, after orienting the YSZ in a
low index zone axis with the interface parallel to the incident electron fedgeon).

The direction of sectionings markedin Figure 2%a). In the following, different Ni
particles, having different ORs with the substrates will be presented. These will be

represented by a schematic drawing which can be sdegure25(b).
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Ni <110>

Figure 25: (a) HRSEM micrograph of an equilibrated single-crystal Ni particle oriented
with the (111) plane parallel to the(111) surface of the substrateThe dashed rectangle
indicates the direction of FIB sectioning. (b) The same micrograph as in (a)The three-
fold symmetry of the <110> zonaxes is represented by a red triangle and a schematic
drawing on the upperleft corner is shown. This drawing will represent the orientation of
the Ni particle, from a top view, throughout this section. The connection between the
shape and orientation of the particle and the schematic drawing is demonstrated.

4.1.3.1 Ni-YSZ(111)

The orientation relationship®bserved in thisstudy for Ni particles on the (111)

substrate, as seen Figure26, areOR;: Ni [110](111) || YSZ [110](111 (cubeon

cube orientation)and OR: Ni [IlO](lll)” YSZ [110](111(twinned orientation)

Both OR and OR were confirmed from three equilibrated particles each.rélfea

180e rotation of the Ni about the substrat
be easily distinguished by electron diffraction of the interface region, presented in

Figure 26 (c) and (d). On the bottorrright corners in (c) rd (d) schematic
representations of the two ORs are presented from a top view. The red triangle is for

the particle, as explained before, and the blue one is for the subBuatdo the

structure of YSZlike the Ni particle its (111) plane has ddd symmetry.

45



|
R{121} ™ <
S
4R {100} sR {110}
j & -
-~ “R{111}
VSZ
Sulbsirfie 200N st rate RRZU0 Dy

(c) (d)
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Figure 26: (a, b) Bright field TEM micrograph and HAADF STEM micrograph of an
equilibrated Ni particle along the <110> projection (sectioned according t&igure 25).
The inserts present SAD paerns of the Ni particles. The Wulff shape (white line), and
distances from the Wulff point to the {hkl} facets (dashed lines, marked as R {hkl}) are
indicated. (c, d) SAD patterns of the equilibrated particles in contact with the YSZ
substrate, demonstraing the low index ORs which exist at equilibrium are OR:
Ni[110](111) | YSZ[110](111; and OR: Ni[110](111)| YSZz[110](111. (a) and (c) were
acquired from a particle with OR4, and (b) and (d) were acquired from a particle with
OR.. On the bottom-right corners in (c) and (d) top-viewschematic representations of the
two ORs are presented.Red triangle represents the Ni particle andblue triangle
represents the YSZ substrate.

The solidsolid interface energy was determined from cissstion TEM micrographs
of equilibrated Ni particles, following Winterbottom analysis (see equafipn The

parameters Rand R used for the analysis are indicatedrigure 26 (a) and (b). The
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meaured R/R; ratio was 0.280.01for the particle oriented in QRand 0.4%0.01for

the particle oriented in QR The absolute surface energies taken from the literature

were: Qyiiny = 2.05 J/mM [15], and Qysza11y = 117 J/nf [51]. It was found that the

interface energy foNi[110](111) | YSZ[110](111 is 1.8+0.1 J/ and the interface

energy for Ni[110](111) | YSZ[110](111 is 20+0.1 J/nf. The errors reflect the

dewuation from ideal conditions required for Winterbottom analysis, as explained in the

following.

As mentioned above, Winterbottom analysis is valid only for an equilibrated single
crystal particle having a flat interface which is@anar with the substig, and an
effective contacangle larger tha® Q As seen irFigure 27, all the requirements are

met, except for deviation of the interface from the plane of the substrate near the triple
line. This small areandicates an additional leenergy interface plane, but because of

its limited length does not strongly influence the Winterbottom analysis. The error
caused by the deviation from ideal conditions was estimated, and found to be up to
+5% of the energy. Therror was estimated using a hypothetical value ofl&eled
asR6), defined as the distance between the
substrate, where the interface would have been if it was coplanar with the surface of
the substrate. fwas used in equatioff) instead of R to estimate the difference in

the interface energy caused by the deviation from ideal conditions.
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coatings

YSZ
substrate

Figure 27: High angle annular dark field STEM micrograph of an equilibrated Ni
particle along the [110] projection. The parameters Rand R,, used for the interface
energy determination, are indicated. R was wused for error estimati o

4.1.3.2 Ni-YSZ(001)

The orientation relationship®bserved in thisstudy for Ni particles on the (001)

substrate, as seen Rigure 26, areORy: Ni [110](111)| YSZ[100](002 and OR:

Ni [110](111) | YSZ [110](002). Both OR and OR were confirmed fromtwo

equilibrated particles each. There 45 r o of #hé Ni about the substrate normal
between the two ORs and they can be easily distinguished by electron diffraction of the
interface region, presented kigure 28(c) and (d). On the bottomght corners in (c)

and (d) schematirepresentations of the two ORs are presented fréop aiew The

red triangle is for the particle, as explained before, and the dujuare is for the

substrate, reflecting theféld symmetry of the (001) plane

In addition to the four particles whialkiere found to be in a low index ORs, another
four equilibrated Ni particles were sectioned and were found to deviate by a few
degrees from the low index ORs abd@e5° about the common normal to the (111)
facet of the Ni particle and to the (001) surfatéhe YSZ substrate)
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Protective
coatings

YSZ substrate

(¢} Ni[110](111) || YSz[100](002) (d) Ni[110](111) || YSZ[110](002)
NERE) Ni(113) ;

Ni(111) ' YSZ(113): i)

Ni(002) - Ysz(002) Y54(022) Ni(002) * 1Ys2(002)
' ' YSZ(111)
v *YSZ(020) *

Figure 28. (a, b) HAADF STEM micrograph of an equilibrated Ni particle along the

<110> projection (sectioned according td=igure 25). The insert in (a) presents SAD
patterns of the Ni particle. The Wulff shape (white line), and distances from the Wulff
point to the {hkl} facets (dashed lines, marked as R {hkl}) are indicated. (c, d) SAD
patterns of the equilibrated particles in contact with the YSZ substrate, demonstrating

the low index ORs which exist at equilibrium are OR: Ni[110](111) | YSZ[100](002; and
OR;: Ni[110](111) | YSZ[110](002. (a) and (c) were acquired from a particle with OR,

and (b) and (d) were acquired from a particle with OR. On the bottom-right corners in
(c) and (d) top-viewschematic representations of the two ORs are presented. Red triangle
represents the Ni particle and blue square represents the YSZ substrate.
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The solidsolid interface energy was determined from cisesstion TEM micrographs
of equilibratedNi patrticles, following Winterbottom analysis (see equaiig)). The
parameters Rand R used for the analysis are indicatedFigure 28 (a) and (b).In
this case, the measured/R; ratio was found to be the same for elght Ni particles

regardless of the deviation from a lemdex orientation relationshi®.40:0.01 The

absolute surface energies taken from the literature \@gge:) = 2.05 J/ri [15], and

Ovszooy) = 1.71 Jinf [51]. It was found that the interface energy fdr particles on
(001) YSZ substratis 2.5+0.1 J/n3.

4.1.4 In-plane Orientations on YSZ(001) vs. YSZ(111)

To fully understand the orientation relationship distribution on both substrates a more
statistical approach was required. XRD cannot be used for this purpose, since it
includes particles which are not equilibratedmAre appropriate method is EBSD, in

which the particles can be manually selected so that only equilibrated particles will be

examined.

Figure29(a) presents EBSD pole figures of Ni particles on a YSZ(111) substrate. The
155 Ni paticles from which the data was collected were chosen based on their size and
shape. Only particles which were egux ed and | ess than ~1
analyzed. The EBSD pole figures kigure 29b) show the (111) YSZ sulvate on

which the Ni particles were annealédl Ni particles are oriented with the (111) facet
parallel to the (111) surface of the YSZ substrate and all particles are oriented in only
two ORs:a cubeon-cube or a twinedorientation. A slight preferende the cubeon-

cube orientation can be detected, which correlates to the sligihttyinterface energy

associated witlhis orientation.

Figure30(a) presents EBSD pole figures of Ni particles on a YSZ (001) substrate. The
168 Ni particles from which the data was collected were selected based on their size
and shape. Only particles whichwereegut ed and | ess than ~1
analyzed. The EBSD pole figures kigure 30(b) show the (001) $Z substrate on
which the Ni particles were annealed. While similar to the Ni particles on the
YSZ(111) substrate, all particles were oriented with the (111) facet parallel to the (001)
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surface of the YSZ substrate, there are nplame preferred orienians, i.e. there is a
"free rotation” of the Ni particles about the common normal to the (111) facet of the Ni

particle and to the (001) surface of the YSZ substrate.

{111} i {100} {110} (a)

Figure 29: (a) EBSD Pole figures of Ni particles on YSZ(111l)ubstrate. The 155 Ni

particles from which the data was collected, were chosen based on their size and shape.

Only particles whichareequia x ed and up to ~1 em in diameter
Pole figures of the (111) YSZ substrate on which the Ni pades were annealed.
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Figure 30: (a) EBSD Pole figures of Ni particles on YSZ(001) substrate. The 168 Ni

particles from which the data was collected, were chosen based on their size and shape.

Only particles whichareequiaxedard up to ~1 em in di ameter were
Pole figures of the (001) YSZ substrate on which the Ni particles were annealed.

4.1.5 Non-Equilibrium States of Ni Particles on (001) YSZ

While many of the smaller particles had reached equilibrium, slighthetgparticles
where observed which had nrequilibrium shapes. Figure 31 presents a nen
equilibrated Ni particle which contains a twin boundary parallel to the interface with
the YSZ substrate. The secondary electron HRSEM griaph inFigure 31(a) shows

the Ni particle in plarview. Short lines of bright contrast appear near the edge of the
particle, indicating the presence of a twin boundary which is parallel to the interface
with the substrate. The AADF-STEM micrograph inFigure 31(b) shows the cross
section of the particle iRigure31(a), and confirms the presence of the twin boundary.
The SAD patterns ifrigure31(c) and(d) demonstrates the low index OR between the
lower part of the Ni crystal and the YSZ substrate, and the twin OR between the upper
and the laver Ni crystals, respectively.

Figure32 presents a secondary electron HRSEM microgcdpd norequilibrated Ni

particle which is elongated and oriented with the (111) plane parallel to the (001)
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surface of the YSZ substrate. The low energy facets markéayime 32(b) are the
major facets which compose the eduilim crystal shape (ECS) of N1j|. Facets
belonging to the same {hkl} families should have the same size at equilibrium.

Figure 33 presents a secondary electron HRSEM micrographarafther (non
equilibrated) Ni particle. Facets belonging to the same {hkl} families on the sides of
the particle have the same size, and the only facet which has a larger size than the other

facets of the same {hkl} family is the uppermost (111) facet.
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Ni <110>

Ni <110>

(c)
Ni(113):
Ni(111)

Ni(002)- 'YSZ(ooé\)(SZ(OZZ) ’ : Ni(002) |

"YSZ(020)

Ni[110](111) || YSZ[100](002) Ni[110](111) || Ni[110](111)

Figure 31 (a) Secondary electron HRSEM micrograph of a Ni particle containing a twin
boundary. The dashed rectangle represents the location and direction of FIB sectioning.
(b) HAADF STEM micrograph of the crosssection of the N particle in (a). The arrows
mark the twin boundary which crosses the particle. (¢) SAD pattern of the Ni particle in
contact with the YSZ substrate, demonstrating the lowndex OR between the particle
and the substrate (same as irFigure 28(c)), though the particle had not reached
equilibrium. (d) SAD pattern of the two Ni crystals, demonstrating the twin OR between
them.
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{111} {200} = {135}

Figure 32 (a) Secondary electron HRSEM micrograph of an elongated single crystali
particle oriented with the (111) plane parallel to the (001) surface of the YSZ substrate.
Although this particle had not reach equilibrium, it demonstrates the low energy facets
which exist at equilibrium. (b) The same micrograph with marking of the lav energy
facets.

Figure 33 Secondary electron HRSEM micrograph of an equixed single crystal Ni
particle oriented with the (111) plane parallel to the (001) surface of the YSZ substrate.
The dashed lines mark the size of thelfl1} facets. The {111} facets on the sides has the
same size while the uppermost (111) facet is larger.
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4.2 Solid-State Dewetting of Un-Doped Ni on (111) YSZ:

Structural Characterization

In order to characterize the interface structure, esesion TEM sampgls were
prepared from several equilibrated singtgstal Ni particles. Particles similar in shape

and in orientation with the substrate were sectioned in two diffprejections for two

different  viewing directions, ~ Ni[110](111)| YSZ[110](111  and
Ni [112](111)| YSZ[112](111, indicated as <110> and <112> respectively in
Figure 34. As mentioned, two different lovmdex orientation relationships were
identified on the (111) substrateNi[110](111)| YSZ [110](111 (OR;) and
Ni [110](111)| YSZ[110](111 (OR,). Using the <112> zone axis, the equivalent
OR to OR is Ni[112](111) H YSZ [112](111 and the equivalent OR to GRs

Ni[112](111) H YSZ[112](111. It should be noted that SAD patterns as well as

HRTEM micrographs of the two <1129Rs areidentical, thus it is impossible to
determine the exact OR (equivalent to @R OR,) based on SAD or HRTEM alone.
Since the <112> projection is identical in both cases, and since particles oriented with
OR; have a lower interface energy than those witR,,Qt is more likely that a Ni
particle sectioned in the <112> projection is oriented with the substrate in the lower

interface energy OR. Therefore, the <112> viewing direction shown in this work is

treated as <1120Rp: Ni[112](111) | YSZ [112](111) ie. complementary to

Ni [110](111) | YSZ [110](111 (ORy).
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Figure 34: Secondary electron HRSEM micrograph of an equilibrated Ni particle,
oriented with the (111) plane parallel to the substrate surface, prepared by solgtate
dewetting. The dashed rectangles represent the locations of sectioning by FIB for
subsequent TEM analysis.

4.2.1 Quantitative HRTEM

HRTEM micrographs cannot be intuitivelytémpreted, and structure analysis requires
simulations of the interface for comparison with tlx@peximental micrographs. Fully
computerized iterative digital image matching, where the simulated images were
calculated using EMS software, was used to determine the specific values of objective
lens defocus and relative sample thickness. These datausexteo correlate between

the experimental contrast and the atomic column positions in the bulk Ni and YSZ,
which was subsequently used to construct a preliminary unrelaxed atomistic model of

the interface.

The equilibrated Ni(111YSZ(111) interface, vieed in the Ni[110]projection is
shown inFigure 35. The orientation relationship between the Ni particle and the YSZ

substrate isNi [110](111) || YSZ [110](111. The interface is atomically flat anfbes

not contain any third (reaction) phase between the Ni and the YSZ, and is parallel to
the (111) plane of Ni and the (111) plane of YSZ.
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Iterative digital image matching was used to compare the HRTEM micrographs of the
Ni and YSZ inFigure 35 with simulated images, and for the spherical aberration

coefficient of Cs= 6& n used to acquire the micrograph, the objective lens defocus
was Df = 26 nm for a thickness of 11.6 nm on tN&Z side and 11.5 nm on the Ni

side of the interface. Simulated images are superimposed on the Ni and Fi§dren

35for these imaging conditions.

The equilibrated Ni(111YSZ(111) interface viewed along thdi [112] zone axis is

shown inFigure 36, which is rotated by S0from the orientation shown iRigure 35,

and indicates again that the interface is atorlyid&dt. The imaging conditions used

for the micrograph presented Higure 36, acquired with a spherical aberration
coefficient of Cs= -6& n, are Of = 14 nm and a thickness of 8.2m on the YSZ

side and 6.6 nm on the Ni side of the interface. It should be noted that the difference in
thickness is attributed to the method of sample preparation. The TEM specimens were
cut, thinned and g@ished by FIBand further thinned and polishég gentle mill,and

due to the geometry of the apparatus and the way the specimen is located inside it, the
sample is slightly thinner on one side of the interface. In this particular case, it is

thinner on the Ni particle side.
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Figure 35: HRTEM micrograph acquired from the interface region of an equilibrated Ni
particle along the Ni[110]projection (sectioned according to Fig. 1, in the direction

labeled as <110>). The simulated Ni and YSZ images are inset ati resulting atomic
positions are overlaid for both bulk phases (Ni: blue, Zr: green, O: red). Bending of the

[111] planes is observed next to the intersection of these planes with the interface.
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Figure 36: HRTEM micrograph acquired from the interface region of an equilibrated Ni
particle along the [112] projection (sectioned according to Fig. 1, in the direction labeled

as <112>). The simulated Ni and YSZ images are inset and the resngjiatomic positions
are overlaid for both bulk phases (Ni: blue, Zr: green, O: red).

4.2.1.1 Interface Structure Model

Based on the orientation relationship of the particles examined and based on the
translation state at the interface between the two crystatie{med from the position

of the atoms in the bulk frorRigure 35 and Figure 36), a geometrical model of the
nonrelaxed interface was constructed using ideal latticééi ahd cubieZrO,, which

is presented inFigure 37. The lattice parameter for Ni was taken from room
temperature JCPDS data: a(Ni) = 0.352 nm, and for €fdg from the substrate
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manufacturer data: a(YSZ) = 0.8.2m. The rhombohedral coincidence symmetry of
the two lattices at the interface can be seen in theviidam drawing presented in
Figure 37. This interface unit cell has a lattice parameter of 10.36 nm and is
schematically represented on the model. Thick red lines represent the interface unit cell
while narrow blue lines were used only for convenience in tracking the periodicity in
this large cell.
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Figure 37. Plan-view of the unrelaxed irterface (Ni: blue, Zr: green, O: red). The
coincidence symmetry is represented by the intersection of the thick red lines. The

narrow blue lines were used only for convenience in tracking the periodicity in the large
cell.

4.2.1.2 Misfit dislocations

A high densty of misfit dislocations was identified in each of the sectioning directions
defined by arrays of-B successive dislocations at the Ni side of the interface; one
dislocation every 3 Ni planes. The existence of the dislocations was also detected by
Bragg filtering the HRTEM micrographs, and an example is presentddgiare 38.
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To present the dislocations more clearly, the raw micrographs are presented in inclined
views inFigure 39 andFigure40. No distinctive periodicity of the dislocations was
identified. The Burgers vectors of the dislocations in both viewing directions are
presented ifFigure4l. It should be noted that to define the Burgers circuits shown in
Figure 41, the circuit was not limited to atoms only in the plane of the paper, but
followed adjacent atomic columns so that the Burgesor obtained is actually a

projectedBurgers vector. By plotting Burgers circuits around the misfit dislocations

(Figure 41) the projected Burgers vector of the dislocations iNid110] projection
was determined to ble =1a, 412 >2:456 A while the projected Burgers vector of
the dislocations in a Ni[l12] projection was determined to be

b=1a, 410 =.245 A The misfit dislocations are very clearly seen in fh&2]

direction, indicating dislocation lines which are parallel to the viewing direction and
perpendicular to the projected Burgers vectors. This implies that these misfit

dislocations are edge dislocatiof&l. The mean experimentapacing between the
dislocations measured inNi [112]zone axis from the HRTEM micrograph is 4.195 *

0.275 A. This value can be compared with the theoretical distance, which equals 3.983
A. The experimental spacing is ~5% larger thanttie®retical value and implies that
the existing dislocations do not completely compensate the misfit strain, thus leaving

residual stress in the atomic layers adjacent to the interface.

Next to the intersection of th¢l11) planes wih the interface, observed from a
Ni [110] projection, bending of the planes adjacent to each dislocation is observed
(see Figure 35 and Figure 39) and sinilar bending is observed from thili [112]

direction at the intersection of tHd 10) planes with the interface (s€égure 36 and

Figure40). This bending occurs to conserve continuity between Ni and YSZ planes at

the interface.
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Figure 38: Bragg filtering of Figure 36 using the [110] diffraction points both for Ni and

YSZ. Bending of the Ni[110] planes adjacent to each dislocation is clearly seen next to
the intersection of these planes with the interface.
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Figure 39: HRTEM micrograph acquired from the interface region of an equilibrated Ni
particle along the Ni [110] projection (magnified view of Figure 35). To enable

observation of the Ni edge (misfit) dislocations at the interface, the micrograph is
inclined. Someedge dislocations are marked.

Figure 40: HRTEM micrograph acquired from the interface region of an equilibrated Ni
particle along the [112] projection (magnified view of Figure 36). To enable observation

of the Ni edge (misfit) dislocations at the interface, the micrograph is inclined. One
representative edge dislocation is framed and some other eddjelocations are marked.
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Figure 41: (a,c) Magnified images of the interface region presented in Figures 2 and 3
respectively. Closed clockvise circuits have been drawn around the misfit dislocations.
Burgers vectors of the misfit dislocations at the interface are indicated. The Burgers

vector observed in the[110] zone axis is[112], and the Burgers vector observed in the

[112] zone axis is [110]. (b,d) The same Burgers vectors are indicated on the
corresponding models.

4.2.2 HAADF and ABF STEM

Figure 42(a) presents a HAADF STEM micrograph of an equilibrated Ni particle,
having an orientation relationship (OR) of pif #{111) YSZ[ppm](111) with the
YSZ substrate. The bright contrast represents the atomic columns. In HAADF STEM,

65



the contrast scales the atomic number (Z) to the power of 1S9nce the atomic
number of oxygen is lower than that of the Ni andMirand Zr abmic columns are
clearly seen but oxygen columns cannot be identifibeérefore the terminating plane

of the substrate cannot be determined (i.e. whether it is metal terminated or oxygen
terminated) Figure 42(b) presents an ABISTEM micrograph of the same region of

the interface (thesenicrographs were acquired simultaneously). In this cése,
contrast is reversedtomic column®f heavier elements have darker contr&milar

to the HAADF STEM micrograph, Ni and Zr atomiclemns are clearly detected, and
oxygen columns are identified adjacent to each Zr column, having a brighter contrast
than that of the Zr atomic columnBhis micrograph clearly shows that the substrate is

metalterminated.
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Figure 42: (a) HAADF STEM and (b) ABF STEM micrographs acquired simultaneously
from the interface region of an equilibrated Ni particle along the Nj110] zone axis. The

atomic column positions are overlaid from both sides of the interfacejn both
micrographs (Ni: blue, Zr: green, O: red).

4.2.3 Integrated Differential Phase Contrast(iDPC) in STEM

Figure 43 presents an iDPGSTEM micrograph acquirefftom the interface region of
an equilibrated Ni particle along the Np 11 zone axis. Since the intensity of
micrographs acquired by the iDPC technique scales approximately linearly with the

projected electrostatic potential of the samplg,[the atomic column positions have a
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bright contrastand can be directly determined from the micrograph. In this case, the
bright oxygen columns are clearly detected
the metal termination of the substrate, which was postulated to exist at the interface is

now confirmed. Interesting features which can be seen at the interface include misfit
dislocations, which were found to exist at the equilibrated Ni¢¥HZJ(111) interface

using HRTEM. InFigure43(b) the atomic column positions (Ni, Zr, @)e overlaid on

the micrograph. A dense array of misfit dislocations can be seen, and a Burgers circuit

is drawn around one representative dislocation. The projected Burgers vector of the

dislocations in a Nfjp itzone axis was found to bB:% . 212 >0=2156 nr,

which confirms the HRTEM results. Rigure43(c) two structural units defining the
periodic nature of the interface were identified: a unit of gngp) Ni plane which

i me et spop) ¥SZ @lan€, denoted as Bnd a unit of twod @) Ni planes which
Ameet @ PPYBE plapie at the interface, denoted as A. Two representative units
are indicated with a white frame in the micrograph. In the B unit one Ni plane is
directly bonded to one Zgplane, i.e. thearminating Ni column shares its electrons
with the terminating Zr column in the corresponding Zpane from the other side of

the interface. The Zr column is situated almost in the same direction of continuation of
the @ p) Ni plane. In the A unit théwo Ni planes are partly bonded to one ZrO
plane. In the region of the interface showrFigure 43(c), the sequence of A and B
units repeats six times (from left to right in the figure) until-8 Bnit replaces an /8

unit, which together defines the structure along the interface. Next to the intersection
of the @ p) Ni planes with the interface, a slight bending of these planes can be seen

to conserve continuity between Ni and YSZ planes at the interface.
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Figure 43. (a) iDPC-STEM micrograph acquired from the interface region of an
equilibrated Ni particle along the Ni[110] zone axis. Charge transfer between Ni and Zr

atoms at the interface is clearly visible. (b) The same mimgraph as in (a), filtered using a
high pass filter. Atomic column positions are indicated on both sides of the interface (Ni:
blue, Zr: green, O: red). A closed clockwise circuit has been drawn around one

representative dislocation. The Burgers vectorn the [110] zone axis is in the[112]

direction. (c) Repetitive units that alternate along the interface are indicated with a white
frame and denoted as A and B, and one "residual" continuous plane (B unit) which
separates between one array of structural units to another is framed as well. The

measured angles betweer{111) and (111) planes are indicated on both sides of the
interface.

4.2.4 Atomic Resolution EDS Elemental Maps

Figure 44 presents EDS elemental maps of the interface region. In each map the
interface is indicated with a dashed line: kigure 44 (b) the green dashed line
represents the last Ni plane; in (c) the deghed line represents the last Zr plane; and

in (d) the blue dashed line indicates the last oxygen plane. It can be seen that the last
oxygen plane is located below the last Zr plane, which means that the YSZ substrate is

Zr terminated. Thigonfirmsthemetal termination of the substrate.
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Figure 44: (a) ADF STEM micrograph of the interface. (B-F) EDS maps of the same area
shown in (a). Each of the dashed lines in (b), (c) and (d) represent the last plane of each
element at the nterface. The last oxygen plane is located below the last Zr plane.

4.3 Solid-State Dewettingof Cr-doped Nion (111) YSZ

After characterizingthe structure and thermodynamics of the-doped NiYSZ
interface, the influence of impurity segregation on thesarpeters was studied. Cr
was chosen as a dopant since it was found to reduce the interface energy-abliduid
Ni-YSZ interfaces 4], and due to its relatively high solubility in NThe solubility
limit of Cr in Ni is ~50at% at 1350°C and ~30 .8% at600°C[85,86], below which
the diffusionrate of Cr in Ni reduces by 9 orders of magnitudempared to the
diffusion at higher temperature87]. Therefore, any process which involves diffusion
(e.g. equilibration, segregationjll be significantly slower below this temperature and
this issue should bepnsidered

Creating a solid solution of Cr in Ni requires keeping the Cr content below the

solubility limit. Approximately 1.7 nm Cr layer was evaporated between two 75 nm
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thick Ni layers (without breaking vacuum in thédoeam evaporation system®$ seen in

Figure45, to give ~1 afo Cr in the Ni films.
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Figure 45 Bright field TEM micrograph of the as-deposited NiCr-Ni layered
configuration deposited by ebeam evaporation.

The equilibration process of the doped Ni was found to be somewhat slowéhdahan
of the undoped Ni.After annealing for 6 hours (the annealing time of thedoped
samples), no equilibrated particles wésand thus,new samples with the same layer
configuration were annealed for 9 hourdeTresults shown in the followingere

acquired from samples which were annealed for 9 hours.

Figure 46 shows a HRSEM micrograph of N1 at% Cr) particles(in the following

will be referred to as Ni(Cr) particleannealed on YSZ substrate. The particles were
found to be highly faceted, indicating changes in the surface energy anisotropy. Most
of the particles were found to contain grain boure$a mostly twin boundaries, which

are very common in FCC metals, and most of the facets were found to have steps,
indicating that they did not complete the equilibration prockEsy particles were
found to have a GD; layer which precipitated at thaterface. An example can be
seen inFigure 47, in which the margins of the precipitating layer are indicated by a
white arrow The precipitation of GO3; was subsequently confirmed by TE&hd

XRD. No precipitation was detected ome free surface of the Ni paxtlesor onthe

surfaceof the YSZ substrate.
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Figure 46: HRSEM micrograph of Ni(1 at.% Cr) dewetted ona (111) YSZ substrate. The
particles were found to be highly faceted. Most of the particles werfound to contain
grain boundaries and most of the facets were found to have steps, which indicate that
they are not at equilibrium.
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Figure 47 HRSEM micrograph of Ni(1 at.% Cr) particle on a (111) YSZ substrate.
Cr,05; was fourd to precipitate beneath the Ni particle, at the interface, and only its
margins can be seen from a top view.

4.3.1 OR, ECSand Interface Stateat Cr-doped N+YSZ

Figure48(a) shows a cross section of an equilibrated Ni(Cr) partinthe (111) YSZ
substrate viewed from thjg 10] zone axis. It can be clearly seen that the ECS of this
particle is significantly different compared to that of thedmped Ni 5. In addition,

the preipitating CpO;3 wetting phase is clearly seen from this viewing directloms
important to note that this wetting phase does not replace the entire intedace
directarea of contadbetween Ni and YSZ still exits. Despite these two major changes,
the orientation relationship between the particle and the substrate remains the same
cubeoncube orientation which was found in the wdoped system

Ni[110](111)| YSZ[110](111.
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Figure 48 (a) HAADF STEM micrograph of an equilibrated Ni (Cr) particle in contact
with (111) YSZ substrate(b) SAD pattern of the particle (a), demonstrating the same low
index OR found in the unrdoped systemNi[110](111) || YSZ[110](111.

4.3.2 OR, ECSand Interface State atCr and Fedoped N+YSZ

The Crand Fedoped NiYSZ system was produced via the same procedure as-the Cr
doped system. The only difference was that the annealing process was caiinezhout

Fe contaminated furnace and the duration of the process was 12 hours, compared to 9
hours for he Crdoped sample£learly, he difference in annealing duratiotisesnot

affect the equilibrated particleghich were analyzed in this work.

Figure49 (a) shows a cross section of an equilibrated Ni(Fe,Cr) particle on (82) Y
substrate viewed from thig 10] zone axis. It can be clearly seen that the ECS of this
particle is significantly different compared to that of thedaped L5 and Crdoped

Ni. In this system no wettqiphase was formed at theerface,so the entire interface

is an area of contadtirectly between Ni and YSZAIso in this systenthe orientation
relationship between the particle and the substrate remains the samencuibe
orientation which was fouh in the undoped and Cdoped systems:
Ni[110](111)| YSZ[110](111.
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Figure 49 (a) HAADF STEM micrograph of an equilibrated Ni(Fe,Cr) particle in
contact with (111) YSZ substrate. (b) SAD pattern of the particle in (a), deonstrating
the same low index OR found in the urdoped and in the Cr doped systems:

Ni[110](111) | YSZ[110](111.

4.3.3 Cr Segregation at Crdoped N+YSZ and Cr and Fe-doped

Ni-YSZ interfaces

Analytical TEM was performed on interfaces from bothdBGped andCr ard Fe

doped systems, to investigate Cr segregation. Elemental analysis of the interface region
was conducted using STERDS. CrNi k-factor values were determined
experimentally froma National Institute of Standards and Technology (NIST) standard
(SRM 1199, using the Cliff & Lorimer techniquesf]:

Caci, b ©
C:B I B

whereCa and G are the concentration of each elemegntahd g are themeasured
intensities above backgroumidthe EDS spectrum, andgis a factor efering to the

Z correction between the-My intensities for the standard and the studied specimen.
The kfactor forCr andNi was determined to be}; = 0.90+0.01
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The amount of Cr excess at the interface determinedusingthe spatial difference
technique followindg89,90,91,92:

G V/A r(")lgmc'% Jlb (10

whereV/A is the ratio between the interaction volume and the area of the interface
inside the interaction volume. This ratio is thilth of the scannedrea perpendular

to the i rheeatrixaengtyin gloms/mAnm, As Inand L are the atomic
massesand the measured interfacial intensitie§ the matrix and segregant,

respectively

Is, the interfacial intensity of the segregant is givehdty:

Is :| int -%(I bulk A HBqu B) (11)
wherel;y is the intensity of the segregant measured at the area containing the interface,

and huk Ao and huk g are the intensities of the segregant measurezhchof the bulk

phases.

The detection limit at the interface was determined use®?2]:

G /A rC')Igmdi*”: +/29% zlab" (12

whereld is the intensity of théackgroundinde the peak ofnterest

To determine the excess of Cr at the interface, three EDS measuremaentcquired

while scanning constant areas of the sample; One at the interface and two at the
adjacent bulk phasgseeFigure 50 and Figure 51). After subtracting the Cr signal
coming from thebulks (equatiorn(11)), the excess of Cr at the -Goped interface was
determined to be 23.1+0.6 atoms/nwith a detection limit of 0.4 atosmm? (based

on 10 measurementsAssuming that the Cr atoms are located at the Ni sites and
assuming they replace all the Ni atoms at the interface plane, this amount of
segregation correlates to 1.2 monolay&igure52 clearly shavs that the segregation
region is thicker than 1.2 monolayers, indicating that the Cr atoms do not replace all

the Ni atoms at the interface.
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Figure 50: HAADF -STEM micrograph of one of the doped interfaces demonstrating the
regions for STEM-EDS analysis for the spatial difference method.

Figure 51: EDS spectra acquired from the interface region(a) From the Ni side of the
interface, (b) from the interface and (c) from the YSZ side of the interfaceC and Ti
peaks originate from the sample preparation procesand the Ti grid supports the TEM
specimen respectively Fe peakoriginates from the pole piece inside the microscope (see
text for details).
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