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Abstract 

 

Atomistic structural characterization of interfaces mostly focuses on systems having 

low mismatch and a low index orientation relationship between the phases, where 

semi-coherent interfaces are formed and can be described as regions of coherency 

separated by misfit dislocations. However, many systems form incoherent interfaces 

due to significant difference in lattice parameters and/or lattice symmetry. Mechanisms 

for strain energy reduction and for mismatch accommodation 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 diffraction (SAD) patterns and transmission electron microscopy (TEM), and the 

solid-solid interfacial energy was measured for each of the low-index orientations 

using Winterbottom analysis. The orientation distribution was determined using 

electron backscattered diffraction (EBSD) and X-ray diffraction (XRD), and the solid-

solid interface structure of the Ni(111)-YSZ(111) interface was determined using 

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

The results reveal that despite the 31% lattice mismatch between Ni and YSZ, the 

nominally incoherent interface reconstructs to form a 2-D array of high density, semi-

periodic misfit dislocations. In addition, Ni particles were doped with Cr, or with Fe 

and Cr. Chemical analysis of the interfaces 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 the Ni-YSZ 

interface, and in parallel to create a Cr2O3 phase which partially 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 formation of Cr2O3. 

Furthermore, in both doped systems, the same orientation relationship as in the un-

doped system was found, regardless of the significant change in the equilibrium crystal 

shape.  



 

2 

These results strengthened the conclusion that the concept of coherent-incoherent 

interfaces as a means for describing interface atomistic 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. 
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CA, CB Concentration of element A and B, respectively, and kAB 

c-YSZ Cubic-YSZ 

DFT Density functional theory 

d
i
[uvw](hkl) The distance between crystallographic planes at a specific direction 

DOF Degree of freedom 

Ds  Surface diffusion coefficient 

dɔ/dɗ Surface or interface torque 

EBSD Electron backscatter diffraction 

ECS Equilibrium crystal shape 

EDS Energy dispersive spectroscopy 

FCC Face centered cubic 

G Shear modulus 

GB Grain boundary 

hc Critical thickness 

HRTEM High resolution transmission electron microscopy 

IA, IB Measured x-ray intensity of element A and B, respectively 
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Iint, Ibulk i, Measured intensity of the segregant at the area containing the interface,  

and at each one of the bulk phases, respectively 

Im, Is Measured interfacial intensity of the matrix and segregant, respectively 

k Boltzmann's constant 

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

MEIS Medium energy ion scattering 

NN Nearest neighbor 

NNN Next nearest neighbor 

OR Orientation relationship 

R1, R2 Distance between the Wulff point and the surface of the substrate and 

between the Wulff point and one of the facets of the particle, 

respectively 

SAD Selected area diffraction 

SE Secondary electrons 

SEM Scanning electron microscopy 

SIMS Secondary ion mass spectrometry 

SOFC Solid oxide fuel cells 

STEM Scanning transmission electron microscopy 

T Temperature 

TEM Transmission electron microscopy 

V Interaction volume 

XRD X-ray diffraction 
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YSZ Yttria stabilized zirconia 

Ŭ Angle between the Burgers vector and the dislocation line 

ɓ Angle between the Burgers vector and the interface plane 

ɔ Surface or interface energy 

ɔLV Liquid-vapor interface energy (liquid surface energy) 

ɔPV Particle-vapor interface energy (particle surface energy) 

ɔSL Solid-liquid interface energy 

ɔSP Substrate-particle interface energy 

ɔSV Substrate-vapor interface energy (substrate surface energy) 

ŭ Lattice mismatch 

Ů Strain 

Ůxy Shear strain 

ɚ Average distance between misfit dislocations 

ɜ Poisson's ratio 

ɜat Number of atoms per unit surface area 

ɟ Matrix density in atoms/nm
3
 

Ű Shear stress 

Űeq Equilibration time 

ɋ Atomic volume 
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1. Literature Survey 

 

1.1 Anisotropy and Surface Energy of Solids 

Generally, the surface energy of solids is anisotropic. This means that the surface 

energy changes with crystallographic orientation, in contrast to liquids or amorphous 

solids, where the surface energy is constant and does not depend on the orientation. 

The difference in surface energy of different facets may be due to the difference in the 

number of un-saturated bonds per atom, the planar density of the atoms, inter-planar 

spacing, electrical charge at the surface and the ability of the atoms at or near the 

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

An important parameter which influences the surface energy anisotropy is temperature. 

As the temperature is increased, the balance between energies of different facets 

changes. The surface is subjected to fluctuations that prevent facets from being flat, 

and orientations which were not stable at lower temperatures become more stable, 

therefore the surface become less faceted and more curved and the anisotropy 

decreases  [1]. In some cases at high homologues temperatures where the bulk is still in 

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 influences the surface 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 as adsorption or segregation. Before discussing the 

phenomenon it is important to clarify that traditionally, the term adsorption refers to a 

dopant originating from a gas phase while the term segregation refers to a dopant 

originating from the bulk of a condensed phase. At equilibrium the meaning of both 

terms is the same, thus they will be used interchangeably in the following. 

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

the system (Figure 1(b)). Increasing the activity of the dopant, still below the solubility 
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limit, may result in more segregation (c) which may be associated with reconstruction, 

a change in the periodicity at the interface (d). Finally, increasing the dopant 

concentration to a value beyond the solubility limit will result in saturation of the 

interface, saturation of the bulk, and precipitation (e). 

 

Figure 1: Schematic drawings demonstrating the influence of dopant concentration on 

segregation at an interface.  

Adsorption and surface (or interface) energy, at a constant temperature, are correlated 

by the Gibbs adsorption isotherm [2,3]: 

i i

i

d dg m=- Gä  (1) 

where ɔ is the surface or interface energy, ũi is the excess of the dopant at the surface 

or interface and ɛi is the chemical potential of the dopant in the system. This equation 

reflects the fact that, in a solution, if the excess of the solute (dopant) at the surface or 

interface is positive, then the surface or interface energy will decrease. Information 

about the crystallographic order of the dopant at the interface is lacking from this 

expression. 

Figure 2 shows a schematic drawing of an adsorption isotherm correlating the chemical 

excess of a dopant at the interface with the dopant activity at the system. The solid line 

represents a continuous transition and the dotted line represents a 1
st
 order transition 

between different amounts of adsorption. The adsorption may be mono-layered or 

multi-layered, but this kind of information cannot be derived a priori from this 

diagram. 
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Figure 2: Schematic drawing of an adsorption isotherm. 

The driving force for adsorption of dopants to a surface or interface is the reduction in 

surface or interface energy. At an anisotropic surface, the change in energy will not be 

uniform at different orientations, so that the surface energy anisotropy will change. 

Segregation may cause the surface energy anisotropy to decrease, as in the case of Cr 

doped sapphire [4] and the carbon doped Au-sapphire interface [5], but may also cause 

it to increase as in the case of Ni and Bi doped Pb [6] and Bi doped Cu [7]. 

The energy of solid surfaces may also be affected by the rearrangement of atoms at the 

surface or in the vicinity of the surface. This can take the form of surface relaxation 

and/or surface reconstruction. Relaxation refers to small changes in the distance 

between planes perpendicular to the surface [8,9] while reconstruction refers to small 

changes in the two-dimensional structure of the atoms at the surface [10]. 

 

1.1.1 The Equilibrium Crystal Shape of Solids: Wulff Shape 

The surface energy of solids may be described by a polar plot known as the ɔ-plot. This 

plot can be used to predict the equilibrium crystal shape (ECS) of solid particles, as 

suggested by Wulff [11,12]. The Wulff shape is a geometric configuration having the 

minimum surface energy for a fixed volume of material at equilibrium. It is based on 
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plotting the surface energy as a function of orientation. The Wulff shape is the inner 

envelope of the planes perpendicular to the normal unit vectors at a distance ɔ from the 

origin (i.e., the Wulff point). In this plot, facets correspond to cusps in energy [1]. 

Figure 3 shows the ɔ-plot and Wulff shape for isotropic and anisotropic surface 

energies. 

 

Figure 3: ɔ-plot and Wulff shape for (a) isotropic and (b) anisotropic surface energies 

(redrawn after [13]).   

To determine the relative surface energies of the different facets one can use the 

normal vectors from the Wulff point to the surface plane: 

1 2

1 2

... constant              i i i

i j j

R

R R R R

g gg g

g
= = = = ­ = (2) 

For absolute surface energy determination, the energy of one of the orientations must 

be known [14,15]. 

As mentioned previously, for an isotropic material the energy of different surface 

planes is the same, as opposed to different surface planes in an anisotropic material. 

The relative resistance to changes in orientation of a surface plane (or facet) may be 

expressed by the slope of the ɔ-plot (dɔ/dɗ), and is often called the surface torque. For 

an isotropic surface, such as a liquid, the torque is zero. When the torque of a specific 

orientation is large enough (corresponding to a deep cusp in the ɔ-plot), this surface 

plane will appear as a facet in the ECS. As the cusp is deeper and the surface energy is 

lower, the facet in the ECS will be larger [1], and the torque will be larger. 
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Shape evolution depends on diffusion processes, thus the equilibration time is strongly 

affected by the size of a particle. For a spherical particle having a radius r, the 

equilibration time (Űeq) can be expressed by [16]: 

4

eq 2

at24  s

r kT

D
t

g n
=

W
 (3) 

where ɔ is the surface energy, Ds is the surface self-diffusion coefficient (assumed to 

be isotropic), ɜat is the number of atoms per unit surface area, ɋ is the atomic volume, 

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 not valid for faceted particles. Increase or 

decrease of a facet size requires mass transport normal to the surface, which means 

nucleation of a new atomic layer (i.e. a step) on the facet. The energy barrier for such a 

nucleation is proportional to the size of the facet, therefore, the process of nucleation 

wil l be inhibited for a facet larger than a few nanometers in diameter, unless step 

propagating defects (e.g. dislocations with a screw component) intersect the facet [17]. 

It explains the non-equilibrium shapes of Cu [18] and Au [19] crystals which are 

retained at high homologous temperatures. 

ECSs of several FCC metals were determined in the past, including Ni [15], Cu [18], 

Au [20] and Pb [21]. The ECSs were found to be constructed mostly of the {111} and 

{100} close-packed planes connected by rough surfaces, where 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, the ECS [7,15]. 

Therefore, it is important to carefully control the experimental conditions and to 

prevent contamination when determining the ECS. 
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1.2 Interface Thermodynamics 

Interfaces between dissimilar materials appear in almost all materials systems and as 

the characteristic length-scale is reduced the influence of interfaces on the macroscopic 

properties of materials becomes more significant. 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 experiments at high homologous temperatures are usually employed to obtain 

thermodynamic data regarding the interface of liquid-solid interfaces, such as 

interfacial energy and thermodynamic work of adhesion. Since the surface energy of a 

liquid is independent of orientation, the contact angle between a liquid drop or 

amorphous particle and a solid substrate is a characteristic parameter which can be 

measured to determine the relative interface energy, provided that the drop or particle 

are at equilibrium and that the interface is flat and co-planar with the surface of the 

substrate (see Figure 4(a)). If the surface energies of the liquid (ɔLV) and the substrate 

(ɔSV) are known, the absolute interface energy (ɔSL) can be determined via Young's 

equation [22,23,24]: 

cosSV SL LVg g g q= +  (4) 

Young's equation is based on an energy balance parallel to the liquid-solid interface 

and does not take into account the vertical components of the 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: 

(1 cos )ad LVW g q= +  (5) 

During wetting experiments local diffusion or solution-precipitation can occur [25,26]. 

If time and temperature allow mass transport from one part of an interface to another, a 

small ridge will eventually develop at the triple junction, in response to the vertical 

component of the surface or 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 way analogous to grain boundary grooving. At complete equilibrium, a 

lens shape is formed (Figure 4(b)), where the solid-liquid interface is not flat and co-
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planar with the surface of the substrate, and Youngôs equation is no longer valid. The 

interfacial energies and the dihedral angles between the tangents to the interfaces can 

be related via Nuemannôs equation [25]: 

sin sin sin

SL SV LV

V L S

g g g

q q q
= =  (6) 

In this case, once the dihedral angles are measured, only one surface or interface 

energy is required to determine the other two energies [25]. 

 

Figure 4: Schematic drawing of a liquid drop in contact with a solid substrate. (a) The 

solid-liquid interface is co-planar with the substrate surface. The contact angle (ɗ) is 

indicated. (b) The solid-liquid interface is curved. The dihedral angles are indicated (ɗV, 

ɗL, ɗS).   

It is important to note that the torque is neglected in the energy balance in both Young 

and Nuemannôs equations (equations (4) and (6) respectively). The assumption that 

this parameter can be neglected is correct for ɔLV, but it is not always correct for ɔSV 

and for ɔSL. 

 

1.2.1 Sessile Drop versus Dewetting Experiments 

The most commonly used method in wetting studies is the sessile drop technique 

mainly since this method is relatively easy to perform and simple to analyze. In this 

technique, a drop of 0.005-5 ml is allowed to spread over a flat, horizontal, solid 

substrate until it reaches a point of equilibrium [27]. The main advantage of this 

technique is that the system can be monitored in-situ and that data relating to dynamic 

processes can be acquired. The main disadvantages are the lack of statistics and that 

these experiments are limited to liquid-solid (rather than solid-solid) interfaces. 

Another approach that can be used to achieve the equilibrium state of a solid or liquid 

drop or particle on a solid substrate is dewetting experiments. All thin films are 
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thermodynamically unstable, so eventually they will break up, to reduce the total 

energy of the system. In the liquid state it is relatively fast but in the solid-state it 

requires more time. In this technique a thin film is applied on a flat, solid substrate, the 

whole system is heated to high homologous temperatures, the film breaks up, 

agglomerates and this process results in a vast number of single crystals. Once these 

crystals reach equilibrium, they can be used for interface energy measurements and 

structure analysis [28]. The main advantage of this technique is the ability to apply this 

method both for liquid and solid-state dewetting, and that the isolated particles which 

are formed can be studied separately to 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 limits in-situ studies of the 

process. 

 

1.2.2 Interface Energy Measurements 

Solid-solid interface energy is an important parameter at least as liquid-solid interface 

energy. Unfortunately, it is more difficult to measure. Thermodynamic characterization 

of solid-solid interfaces is important for bond strength determination, fracture energy 

quantification, reliability estimation and for a more fundamental understanding of the 

macroscopic properties of solid particles in contact with substrates. Determination of 

liquid-solid interface energy is based on the measurement of the contact angle as 

demonstrated in Figure 4(a) and in equation (4). For a solid-solid interface, a different 

approach must be adopted since the contact angle at a solid-solid interface can be 

constant for wide range of interface energies, (see Figure 5(b) and (c)). Moreover, 

since solid surfaces and interfaces are usually anisotropic, the interpretation of the 

wetting experiments is not straightforward and careful attention should be 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 substrates (based on contact 

angle between the phases) with adhesion at the corresponding solid-solid interface 

failed, mainly due to the orientation dependence of the interface energy. The difference 

between the surface energy of a rough surface below the melting temperature and 

above it is about 20% [29]. The problematic correlation between the thermodynamic 
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properties of liquid-solid and solid-solid interfaces can be demonstrated by this 

discontinuity in surface energy vs. temperature. 

 

Figure 5: Schematic drawings of Winterbottom analysis for particles equilibrated on a 

substrate having an effective contact angle (a) 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: R1 and R2. 

Preferred orientations and orientation relationships between phases usually result from 

the tendency to minimize the total energy of the system either 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 the interface energy it is necessary to use a method 

which takes into account the faceted nature of the solid phases delimiting the interface. 

  

1.2.2.1 Winterbottom -Kaischew Analysis  

Solid-solid interface energy measurements can be done based on the approach 

developed by Winterbottom [30] 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 potential. Determination of the interfacial energy can be done for a single 

crystal having a flat interface which is co-planar with the substrate surface, and an 

effective contact angle larger than 90ę. The geometric parameters which can be 

measured and used for the measurement, instead of the contact angle is the length 

between the Wulff point and the surface of the substrate (R1) and the distance between 
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the Wulff point and one of the facets of the particle (R2). The interface energy can be 

determined according to: 

1

2

SP SV

PV

R

R

g g

g

-
=  (7) 

Where ɔSP is the substrate-particle interface energy, ɔSV is the surface energy of the 

substrate and ɔPV is the energy of one of the facets of the particle (the facet from which 

the distance was measured to the Wulff point, R2) [30,32]. 

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 note that to 

accurately measure the solid-solid interface energy the distances R1 and R2 should be 

extracted from fully equilibrated particles [33]. 

The major drawbacks of this method are the requirements for a fully equilibrated 

particle and for an interface which is flat and co-planar with the surface of the 

substrate. As mentioned before, reaching a point of equilibrium in a reasonable time-

frame is possible only for relatively small particles, having diameters up to about 1 ɛm. 

This size limitation leaves very few characterization techniques which are appropriate 

for the required high accuracy morphological analysis. 

    

1.3 Interface Structure 

The complexity in analyzing the atomistic structure at solid-solid interfaces stems both 

from the difference in long range atomistic order and symmetry from both sides of the 

interface plane, from the different types of defects which may form at the interface and 

from the specific structural and compositional properties of each interface, depending 

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

atmosphere during the equilibration process [34]. 
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1.3.1 Macroscopic and Microscopic Degrees of Freedom 

The orientation between two different crystals can be described by the five 

macroscopic degrees of freedom (DOFs). A description of the relative rotation between 

two grains at a grain boundary requires three parameters: for example two surface 

normals (n1, n2) which are parallel to each other and normal to the interface, and a twist 

rotation angle (q) about these normal. A description of the boundary plane requires two 

more parameters, which together define, for example, the tilt component (nT, y), where 

nT is perpendicular to n1, n2 and y is the angle between them (see Figure 6). 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 interface is included in 

this description.   

 

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

crystal interface. (a) The orientations of n1, n2 and nT are in a fixed coordinate system. (b) 

A tilt rotation o f the two crystal coordinate systems so that n1 is parallel to n2. (c) 

Introduction of the twist component by rotating the top crystal about n by the angle q 

[23] 

Preferred orientation and orientation relationships (ORs) are a consequence 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 causes misfit strain to develop, which can be reduced by 

formation of interfacial misfit dislocations [23]. 
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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 include the 

translation state of the two crystals, the termination plane of the crystals (for a 

compound, composed of more than one element), relaxation (small changes in the d-

space, normal to the interface) and reconstruction (changes in the periodicity at the 

interface plane). 

 

1.3.2 Coherency at Interfaces 

The common structural approach for interfaces categorizes them into three types: 

coherent, semi-coherent and incoherent. At coherent interfaces there is a perfect match 

between crystallographic planes which are continuous across the interface and no 

elastic strain exists. These interfaces are hypothetical and do not really exist since 

some elastic strain will always exist at an interface between dissimilar materials. 

Usually this term refers to interfaces having a perfect match between the planes from 

both sides of the interface, but misfit strain exists due to small lattice mismatch 

between the phases.  For hypothetical coherent interfaces, the misfit strain remains as 

an elastic strain component and no misfit dislocations are formed (see Figure 7(a)). 

 

Figure 7: Illustration of the accepted structural approach regarding coherency at 

interfaces: (a) coherent interfaces, (b) semi-coherent interfaces and (c) in-coherent 

interfaces. 

At semi-coherent 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 are subjected to 
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tension and compression resulting from the tendency to optimize nearest neighbor 

bonding (Figure 7(b)). 

According to this approach, incoherent interfaces do not have any continuous planar 

matching across the interface, where the atoms are expected to stay in their bulk 

positions up to the interface. Therefore, no misfit strain is expected to develop (Figure 

7(c)) [35]. Obviously this description is over-simplified, and does not give a correct 

description 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 

semi-coherent interfaces are formed [36,37]. 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 

interfaces [28], mostly since it is highly complex, as explained before. The tendency is 

to label these interfaces as incoherent interfaces and avoid a detailed investigation of 

the structure at an atomistic scale. The mechanism by which the system accommodates 

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 protective coatings, microelectronic 

packaging, metal-ceramic composites, photovoltaic cells and fuel cells. Improving and 

designing these interfaces to fit our needs and requirements must begin with the very 

fundamental understanding of the interface atomistic structure and chemistry [38,39].  

Specifically, the structure and properties of Ni-YSZ interfaces have been extensively 

studied in recent years due to the critical role they play in different technological 

applications such as solid oxide fuel cells (SOFC's) [40], thermal barrier coatings 

(TBC's) [41] and metal matrices composite (MMC) coatings [42]. 
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1.4.1 Ni-YSZ Interfaces in Commercial SOFCs 

SOFC is an environmentally friendly, electrochemical energy conversion device which 

most frequently uses Ni-YSZ cermet as an anode (or fuel electrode) material. The YSZ 

phase has good oxygen ion conductivity (due to the oxygen vacancies), it is stable at 

both oxidizing and reducing atmospheres and it does not react with the other 

components used in the SOFC. The Ni phase contributes to the electrical conductivity 

of the anode. The conductivity depends on the Ni content (which must be at least 30 

vol.%) and on the microstructure. The anode must have a porous microstructure (see 

Figure 8) so it will contain a high density of three phase boundaries between the metal, 

the oxide, and the fuel gas. The anode is formed by dispersing Ni in the solid YSZ. In 

this way the agglomeration of the Ni is reduced at the elevated temperatures to which 

the cell is subjected during its operation, while the porosity is maintained. The 

efficiency of the Ni-YSZ 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 the cell takes place. The contact between the two phases is not 

stable at high temperatures; therefore, it should be studied and improved [40,43,44,45]. 

 

Figure 8: A secondary electron (SE) scanning electron microscopy (SEM) micrograph of 

an SOFC developed by Siemens Westinghouse [40]. 
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1.4.2 The Equilibrium Crystal Shape of Ni 

The ECS and orientation of Ni particles on (0001)-oriented sapphire (Ŭ-alumina) 

substrate were studied by Meltzman et al. [15]. 120-250 nm thick Ni films were 

deposited by magnetron sputtering or by e-beam evaporation and then annealed in the 

solid-state between1300°C and 1350°C at different oxygen partial pressures.  

 

Figure 9: "Wulffman" simulations of the ECS of Ni particles having different purity 

levels, equilibrated at different atmospheres, based on SEM micrographs [15]. 

The ECS was examined depending on the partial pressure of oxygen (P(O2)) and the 

purity of the Ni particles. For the higher partial pressure of oxygen (1·10
-9

 atm), the Ni 

particles had a {100} preferred orientation on the (0001) surface of sapphire, while for 

the lower partial pressure of oxygen (<1·10
-20

 atm) the Ni particles 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} facets. For contaminated particles 

annealed (in a conventional furnace) at lower partial pressure of oxygen, the ECS was 

found to be partially faceted, exhibiting the {111}, {100} and {110} low-index facets 

only. The surface of the un-doped Ni was found to be almost completely faceted 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 (see Figure 9).  

These results demonstrate once again the strong influence of adsorption on the surface 

energy anisotropy and hence on the ECS. 

 

1.4.3 YSZ Bulk and Surface Structure 

Pure ZrO2 undergoes three phase transitions with temperature. It is monoclinic at room 

temperature and undergoes a phase transition to a tetragonal structure above 1170ęC. 

After additional heating to above 2370ęC, 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 pure ZrO2 in industrial 

applications. Yttria (Y2O3) along with some other lower-valent oxides, have a high 

solubility in ZrO2 and stabilize zirconia in the cubic fluorite structure from room 

temperature to its melting point (~2700°C) (see Figure 10 and Figure 11). At the same 

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

enhances the ionic conductivity [46].  
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Figure 10: Phase diagram for the ZrO 2-rich part of the ZrO 2-Y2O3 system. The marked 

region indicates non-equilibrium monoclinic -tetragonal transition (redrawn after [46]).  

Experimental studies investigated the local structural environment of Y and Zr ions in 

YSZ containing different amounts of Y2O3, and showed that the Y atoms are located in 

a next-nearest-neighbor (NNN) position relative to the O-vacancies, while the Zr atoms 

are located as a nearest-neighbor (NN) to the O-vacancies [47,48]. First principal 

calculations (self-consisting tight-binding model and density functional theory (DFT) 

simulations) support these findings and show that the most stable configuration of 

cubic-YSZ (c-YSZ) is obtained for O-vacancies which are NNN to Y atoms [49,50].   

a 

 

b 

 
Figure 11: (a) Cubic ZrO2 unit cell; (b) Two unit cells of cubic ZrO2 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 (001) surface of 9.5 mol% YSZ single 

crystals by high resolution medium energy ion scattering (MEIS) [9]. It was found that 

the surface which was annealed in an O2 atmosphere adopted a unique structure where 

the oxygen atoms are not located at their bulk-like position but occupy the center of the 

square of the un-reconstructed Zr(Y) sub-lattice. Furthermore, the top layer of both 

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

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

predicted that the non-polar oxygen terminated (111) surface is the most stable one, 

compared to (100) and (110) [10]. This result was supported by Lallet et al., who 

calculated the surface energies of the relaxed (100) and (111) surfaces: ɔYSZ(100),DFT = 

1.71 J/m
2
, ɔYSZ(111),DFT = 1.17 J/m

2
 [51]. Tsoga and Nikolopoulos measured the surface 

energy of poly-crystalline 8YSZ using the multi-phase equilibration technique in the 

temperature range of 1300-1600ęC, and obtained a linear function between the surface 

energy and the temperature [52]. 

Numerous studies regarding surface segregation in YSZ have been conducted through 

the last decades. It was found both by simulations and experiments 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), based on x-ray 

photoelectron spectroscopy (XPS) measurements [53]. Annealing was carried out in air 

and led to formation of ~1 nm layer, rich in Y, Si, Fe and Na and poor in Zr compared 

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

of 8 mol% YSZ poly crystals, containing several contaminates (Si, Fe, Mn, Mg, Al, Sn, 

V and Ti), based on XPS measurements [54]. Annealing was carried out in air, and Y 

segregation was observed, although it was not very significant. Idris et al. studied 

surface segregation in polycrystalline 10 mol% YSZ at two different oxygen partial 

pressures (~1 atm and <10
-15

 atm) using secondary ion mass spectrometry (SIMS) [55]. 

Their results indicate that the increase of oxygen partial pressure yields an increase of 

the Y concentration at the surface. Vonk et al. studied the segregation of Y cations to 

the (111) external surface of 9.5 mol% YSZ single crystals using surface x-ray 

diffraction (XRD) [56]. The annealing processes were conducted under two different 

oxygen partial pressures (~10
-8

 atm and <10
-12

 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 pressure decreases, 

Y segregation increases, as opposed to the results reported by Idris. Wang studied Y 

segregation to the (111) external surface of single crystals YSZ via first-principles 

calculations [57]. The calculations referred to crystals containing different amounts of 

Y at the bulk, annealed under different oxygen partial pressures. It was reported that 

the segregation is independent of the bulk Y concentration at low temperatures and 

high oxygen partial pressure, and that the Y segregates to a subsurface layer. 

Furthermore, at very low oxygen partial pressures (~10
-20

 atm) 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. studied grain boundary (GB) segregation 

in nano-crystalline YSZ via Monte Carlo ï Molecular Dynamics (MC-MD) 

simulations and indicated that equilibrium segregation of both Y cations and oxygen 

vacancies occur near the GB's and it is influenced by the GB structure [58]. 

  

1.4.4 Liquid -Solid Ni-YSZ Interface Energy  

The only data found in the literature concerning the Ni- ZrO2 interface energy is for 

liquid-solid interfaces, i.e. liquid Ni in contact with solid cubic ZrO2. Nikolopoulos, 

and Sotiropoulou and Nikolopoulos et al. measured the contact angles between liquid 

Ni and polycrystalline c-ZrO2 (stabilized by 5 wt.% CaO) in an Ar atmosphere at 

different temperatures [59,60]. They found a linear dependency between the interface 

energy and the temperature. The interface energy determined at 1500°C was 1.59 J/m
2
. 

Tsoga et al. [61] and Mantzouris et al. [62] measured the contact angle between liquid 

Ni and polycrystalline c-ZrO2 (stabilized by 8 mol.% Y2O3) in a flowing Ar/4 vol.% H2 

atmosphere at 1500°C. In both works the measured contact angle was 117°, and the 

interface energy determined was 1.79 J/m
2
. Durov et al. measured the contact angle 

between liquid Ni and single crystals 3% YSZ (the surface orientation was not 

indicated) in vacuum (1·10
-3

 Pa) at 1500°C [63]. The contact angle measured was 90°. 

There were several attempts to reduce the interface energy and improve the adhesion 

between the liquid metal and the oxide. Modification of the liquid-solid Ni-YSZ 

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 energy by wetting experiments of thin 

metallic layers (Ni-Ti-Ni) deposited on polycrystalline YSZ [61]. The annealing 

processes were done at 1500°C. The Ni(2 wt.% Ti)-YSZ samples annealed with a Mo 

susceptor under flowing Ar/4 vol.% H2 atmosphere produced a direct interface 

between the metal and the ceramic phase. The contact angle was measured to be 129°; 

higher than the un-doped system. This increase in the contact angle (and thus in the 

interface energy) was attributed to the possible formation of a TiO layer around the 

metal drop, which could inhibit wetting. In a different work of Tsoga et al. the 

influence of Cr and Pd on the interface energy was studied [64]. The experiments 

included annealing of Ni (5 wt.% Cr) deposited on 8 mol.% polycrystalline YSZ and 

Ni (2 wt.% Pd) deposited on similar substrates. Annealing was carried out at 1500°C 

under flowing Ar/4 vol.% H2 atmosphere. The contact angles were measured to be 

108° for the Ni(Cr)-YSZ interface and 113° for the Ni(Pd)-YSZ interface, which 

indicated a reduction 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 energies of different systems, it is important to note that the absolute values 

can be determined only if the absolute surface energies of the metal and the oxide are 

known. Obviously, the value of the surface energies may change when dopants are 

introduced to the system (due to segregation), and therefore, estimation of the interface 

energy of a doped system has to be done using the modified surface energies of the 

doped phases.   

While the liquid-solid interfacial energy is important for material processing, the solid-

solid interfacial energy is an important parameter which significantly influences the 

mechanical and functional properties of interfaces in engineering systems [5,24]. To 

the best of the author's knowledge there is no experimental data regarding solid-solid 

Ni-YSZ interface energy. 

 

1.4.5 Ni-YSZ and Other Metal-Ceramic Interface Structures 

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

different metal-ceramic interfaces having a wide range of lattice mismatches, where 
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many studies have focused on the fcc metal-MgO interface as a model system 

[28,34,36,37,65,66,67,68,69]. Lu and Cosandey studied Cu-MgO(111) with a 14.2% 

lattice mismatch, and Pd-MgO(111) and Pd-MgO(001) interfaces with a 7.6% lattice 

mismatch, by high resolution transmission electron microscopy (HRTEM). These 

interfaces were found to be semi-coherent; misfit dislocations were observed at all 

three types of interfaces [66]. Sao-Joao et al. studied a Ni-MgO(001) interface with a 

17% lattice mismatch, both by HRTEM and molecular dynamic (MD) simulations, 

which showed the existence of misfit dislocations exist at the interface [67]. Dickey et 

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

orientation relationship (OR) with 17% lattice mismatch by scanning transmission 

electron microscopy (STEM) along theNi [110] zone axis. The interfaces were formed 

by reduction of NiO-YSZ eutectics and it is not known whether the interface reached 

equilibrium or not.  Their results show that misfit dislocations exist at the interface as 

well (see Figure 12(a)) [68]. Sasaki et al. studied a Ni-YSZ(111) interface having a 

Ni [110](111)  YSZ[110](111) OR with 31% lattice mismatch by HRTEM along the

Ni [110] zone axis. The interfaces were formed using pulsed laser deposition (PLD) 

and were not subsequently equilibrated and thus, the interfaces studied were the as-

deposited interfaces and were not at equilibrium. In their study, misfit dislocations 

were not detected and the interface was reported to be incoherent (see Figure 12(b)) 

[69].  

a 

 

b 

 
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)  YSZ [001](100) with 17% lattice mismatch [68] and (b) 

Ni [110](111)  YSZ[110](111)with 31% lattice mismatch [69]. 

To the best of the author's knowledge there is no experimental data regarding the 

atomistic structure of equilibrated Ni-YSZ interfaces. There is a lack of experimental 

data concerning structure and thermodynamics at solid-solid Ni-YSZ interfaces.  
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2. Research Goals 

 

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

in the literature survey by determining the solid-solid interface energy at different 

equilibrated Ni-YSZ interfaces and characterizing the atomistic structure at these 

interfaces. The fundamental hypothesis is that the concept of coherent-incoherent 

interfaces as a means for describing interface atomistic 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. The influence of Cr segregation on the interface and the ECS was studied 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 solid-solid Ni-YSZ interfaces were formed via dewetting 

experiments. Preferred orientation was determined using XRD. The in-plane 

orientation distribution was determined using electron backscatter diffraction (EBSD). 

TEM specimens were prepared using FIB associated with further thinning and 

polishing using a gentle ion mill. Orientation relationships (ORs) were determined 

based on selected area diffraction (SAD) patterns. Equilibrium shape analysis, which is 

required for the solid-solid interface energy measurements, was done using TEM. 

Atomistic structural analysis was done using different TEM techniques. Chemical 

analysis was conducted using energy dispersive spectroscopy (EDS) in STEM mode.     
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3. Experimental Methods 

 

This section describes the equipment, materials and methodology which were used to 

conduct the experiments during this research. The model experiment used to achieve 

the research goal is based on analysis of fully equilibrated particles in contact with a 

substrate, from which thermodynamics parameters can be extracted and the atomistic 

structure can be explored. The experimental approach for producing equilibrated 

particles is based on solid-state dewetting experiments done under carefully controlled 

partial pressure of oxygen. 

 

3.1 Dewetting Experiments 

Solid-solid dewetting experiments (see Figure 13) were chosen to be the basic method 

in this work for two reasons: first, the annealing times required to reach the point of 

equilibrium are reasonable, and second, this method enables formation of huge number 

of fully equilibrated Ni-YSZ interfaces which can be independently investigated and 

therefore enables viewing the interfaces from different viewing directions (different 

zone axes) and achieving better statistics. The interfaces in this work were studied 

mainly using TEM, for which destructive TEM specimen preparation techniques are 

used. These techniques usually require several attempts to prepare a specimen which is 

good enough for acquiring high resolution, high quality TEM data, and this is another 

reason for the importance of producing such large amount of equilibrated interfaces. 

 

Figure 13: Schematic drawing of the basic concept of solid-state dewetting.  



 

30 

3.1.1 Thin Film Evaporation 

YSZ substrates (13 mol% Y) with two different orientations were used in this study: 

(111) and (001). The 99.99% purity substrates were provided by MaTech Material 

Technology & Crystal GmbH (Julich, Germany). Polished substrates were 

ultrasonically cleaned in acetone and ethanol. Thin metallic films were evaporated on 

top of the substrates by e-beam evaporation (Temescal FC-1800 e-beam evaporator) 

(see Figure 14). 

 

Figure 14: Schematic drawing of e-beam evaporation system [70].  

To characterize the structure and thermodynamics of un-doped Ni-YSZ interfaces, 

~150 nm continuous Ni films were evaporated on the substrates using a 99.9995% pure 

Ni source (see Figure 15(a)). To study the influence of Cr segregation on the interface 

properties, a layered coating was evaporated (see Figure 15(b)) so that a ~75 nm thick 

Ni layer was evaporated directly on the YSZ substrate (at a deposition rate of 0.4 

nm/sec). Without taking the sample out of the evaporation chamber, a ~1.7 nm thick Cr 

layer (99.99% pure) was evaporated on the Ni layer (0.05 nm/sec). Finally, another 

~75 nm thick Ni layer was evaporated on the Cr layer (0.4 nm/sec). These layer 

thicknesses give a total Cr concentration of 1 at.%. This configuration of Cr between 

two Ni layers 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 

location which causes minimization of the total energy of the system, and 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 

The as-deposited samples were annealed in a sapphire tube furnace at 1350ęC (0.94 Tm 

of Ni), in flowing Ar + 7 vol.% H2 (99.9999% pure) at an oxygen partial pressure of 

P(O2) = 10
-20

 atm, for 6 h, which allowed for solid-state dewetting and equilibration to 

occur. The annealing processes were done in a dedicated furnace made of five 99.99% 

purity single-crystal sapphire tubes to prevent sample contamination (see Figure 16). 

The partial pressure of oxygen was measured at the exit port of the sapphire tube 

furnace using a zirconia oxygen detector (Rapidox 2000 oxygen analyser, Cambridge 

Sensotec).  Numerous faceted single crystal Ni particles were produced during the 

dewetting process, and only the equilibrated ones were chosen for further analysis by 

electron microscopy (see Figure 17). 

 

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

experiments. 
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Figure 17: SEM micrograph of Ni particles after dewetting on a (111)YSZ substrate, 

annealed at 1350ęC in Ar + 7 vol.% H2 for 6 hours. 

 

3.2 TEM Specimen Preparation 

In this research, site specific TEM specimen preparation was required to examine only 

fully equilibrated particles and to section them in desired directions. The only way to 

prepare such samples is using a dual beam FIB (FIB; Strata 400s, and FEI Helios 

NanoLab DualBeam G3 UC, FEI, Eindhoven, the Netherlands) using the "lift-out" 

technique [71,72,73].  

First, a particle was chosen based on its size and shape: only particles which are 

equiaxed and less than 1 ɛm in diameter were sectioned (Figure 18(a)). C and Pt 

protective layers were deposited on the selected particle to prevent damage of the 

particle and its shape (Figure 18(b) and (c)). Then the material from both sides of the 

particle was milled using Ga ions, creating 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 material (Figure 18(d) and (e)). Then a needle was attached 

to the lamella, the lamella was detached from the substrate and placed on top of a grid 

(Figure 18(f) and (g)). Then, the lamella was thinned from both sides, to make it 

transparent to electrons (Figure 18(h) and (i)).  

Since the shape of the particle is an important issue for the energy measurements, it is 

important to position the chosen Ni particles in such a way that allows sectioning 

normal to the facets. This is important for edge-on imaging 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 anisotropy 

measurements. In addition, it is crucial to thin the lamella up to the middle of the 
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particle, exactly. If the middle was missed, the particle canôt be used for these 

measurements. 

 

Figure 18: TEM specimen preparation by dual-beam 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 conventional low voltage ion polishing (Linda ion 

miller, Technoorg), by 0.3 kV Xe
+
 ions. To avoid re-deposition of the grids, (usually 

made of Mo) on the TEM specimen, a circular Ti grid was cut to half and used to 

support the lamella. 
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3.3 Characterization Methods 

3.3.1 X-Ray Diffraction  

Preferred orientation of the as-deposited and dewetted films (i.e. the particles) was 

determined using X-ray diffraction, with Cu-KŬ radiation operated at 45 kV and 150 

mA (Xray: Rikagu Smart Lab X-Ray Diffractometer). A ɗ-2ɗ parallel beam geometry 

with Ge(220)×2 monochromator were used for analysis of the integrated intensities of 

the Ni reflections. The substrates were accurately oriented in the chamber by rocking 

curve pre-measurement using the Bragg angle of the surface plane of the substrate 

(2ɗYSZ(111) = 30.1017Á, 2ɗYSZ(002) = 34.8970° [74]). 

The degree of preferred orientation was determined using the equation: 
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where Ihkl is the measured intensity of reflection from the hkl plane and I'hkl is the 

random intensity. Summation is conducted over all the measured reflections. 

 

3.3.2 HRSEM  

The morphology of the Ni particles was characterized using HRSEM (Zeiss Ultra-Plus 

FEG-SEM). The samples were coated by thin C layer to avoid charging of the 

substrates. 

 

3.3.3 Electron Back-Scattered Diffraction  

The orientation relationship between the un-doped Ni particles and the YSZ substrates 

was analyzed using an EBSD system (Oxford instruments, UK) mounted on SEM 

(SEM, FEI Quanta 200). EBSD patterns were obtained 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 are about 1-2° 

and thus the Kikuchi bands appear as straight lines in the EBSD patterns. The width of 
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the bands corresponds to the inter-planar spacing (d-space). Orientation determination 

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

 

3.3.4 TEM  

Usually, general structural analysis 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 cross-section for electron scattering. As a result, in most 

imaging modes, obtaining information on the position of light elements is challenging. 

This is a typical problem for metal-ceramic interfaces, such as the Ni-YSZ interface. 

A 200 KeV TEM (FEI Tecnai G2 T20 S-Twin TEM) was used to acquire selected area 

electron diffraction (SAD) patterns to study the orientation relationship between the Ni 

particles and the substrate, and to acquire bright field (BF) TEM micrographs to 

examine the morphology of the particles.   

A monochromated and aberration (image) corrected high resolution TEM (HRTEM; 

FEI Titan 80-300 S/TEM, Eindhoven, The Netherlands) equipped 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 substrate, and HRTEM mode was used to acquire phase contrast micrographs 

of the interface region. High angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) was also used to examine the morphology of the 

particles. 

A monochromated and double-corrected S/TEM (Titan-Themis
3
 300, FEI) was used at 

an accelerating voltage of 300 kV to acquire micrographs of the interface using 

different techniques, which are explained in the following. EDS measurements were 

acquired using an FEI Super-X detector system. 

 

3.3.4.1 Negative Cs Imaging in High Resolution TEM  (HRTEM)  

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

for the spherical aberration (Cs) of the objective lens combined with a small objective 
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lens over focus yields a contrast setting in which atomic columns are bright, and the 

micrograph can be intuitively interpreted if the relative objective lens over focus can be 

confirmed [75]. If the working conditions are slightly different than the exact negative 

Cs conditions, the atomic 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 collects electrons outside the 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
1.9

 [76]. As a result, the signal from 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 the following paragraphs.  Annular 

bright field (ABF) STEM is a technique in which an image is formed using an annular 

detector, which collects electrons inside the illumination cone of the focused electron 

beam. For a suitable defocus value, micrographs acquired by this technique have an 

intensity distribution directly correlated to atomic column positions. Moreover, in ABF 

STEM atomic columns containing light elements can be detected [77,78,79]. 

 

3.3.4.4 Integrated Differential Phase Contrast (iDPC) in STEM 

Recently, a new technique was developed called integrated differential phase contrast 

(iDPC) STEM [80]. This technique is based on electrons which are collected by an 

annular detector, divided into 4 quadrants. After signal collection, the difference 

between signals from two 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 electrostatic potential 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 were generated by multi-slice 

simulations (conducted using the software EMS [81]) and quantitatively compared to 

the experimental micrographs using the cross-correlation coefficient [82].  Matching 

parameters included the objective lens defocus value and the relative thickness 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" software [83]. 

This is open source code software to dynamically form and visualize crystal shapes for 

any point group symmetry. The ECSs were simulated based on the facet areas which 

are measured from HRSEM micrographs of equilibrated particles and compared to the 

relative surface energies determined by measuring the equilibrium distance (Rhkl) of 

each facet from the Wulff point, from cross section (CS) TEM micrographs.  
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4. Results 

 

The results section is divided into three main parts. First, orientation relationships and 

interface energies are demonstrated. These are related to macroscopic DOFs. Second, 

atomistic structural characterization is shown. It is related to microscopic DOFs. In the 

third section the 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 (001) YSZ substrates. XRD patterns of the as-deposited Ni 

fil ms on the substrates indicated the presence of one preferred orientation on each 

substrate: Ni{111}ᴁYSZ{111} (Figure 19) and Ni{111}ᴁYSZ{001} (Figure 20). The 

Ni {200} reflection was also detected, on both substrates, but its intensity was much 

lower than that of the Ni {111} reflection.  

After dewetting the preferred orientations were found to be much stronger for both 

substrates (see Figure 21 and Figure 22). It is important to note that this data is derived 

from an X-ray diffraction, so it is coming from all the particles and it includes particles 

which are not necessarily equilibrated. Therefore it is a bit misleading, since we are 

interested in the equilibrated particles only. 

Degrees of preferred orientations were determined using equation (8) and are 

summarizes in Table 1. The measurements were acquired in the range 20-95ę. Standard 

random intensities for Ni were taken from ICDD (JCPDS) 4-0850. 
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Figure 19: XRD patterns of the as-deposited Ni film on the (111) YSZ substrate. (a) The 

whole scanning range (20-95°) in a linear scale, and (b) an extended range (40-55°) in a 

logarithmic scale. 
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Figure 20: XRD patterns of the as-deposited Ni film on the (001) YSZ substrate. (a) The 

whole scanning range (20-95°) in a linear scale, and (b) an extended range (40-55°) in a 

logarithmic scale. 



 

41 

 

Figure 21: XRD patterns of the dewetted film (particles) on the (111) YSZ substrate. (a) 

The whole scanning range (20-95°) in a linear scale, and (b) an extended range (40-55°) in 

a logarithmic scale. 
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Figure 22: XRD patterns of the dewetted film (particles) on the (001) YSZ substrate. (a) 

The whole scanning range (20-95°) in a linear scale, and (b) an extended range (40-55°) in 

a logarithmic scale. 
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Table 1: Degrees of preferred orientation (Phkl) for as-deposited Ni films and dewetted Ni 

particles on (111) and (001) YSZ substrates (YSZ reflections excluded). 

 
Substrate Reflection 2ɗ Phkl 

As-deposited 

film 

YSZ(111) 
{111}  44.51 1.42 

{200}  51.85 0.48 

YSZ(001) 
{111}  44.51 1.57 

{200}  51.85 0.14 

Dewetted 

particles 

YSZ(111) 
{111}  44.51 1.63 

{200}  51.85 2·10
-3

 

YSZ(001) 
{111}  44.51 1.63 

{ 200} 51.85 1·10
-4

 

 

4.1.2 Particles Morphology 

The same preferred orientation deduced from the XRD patterns can be observed in the 

morphology of the Ni particles seen in the HRSEM micrographs in Figure 23 (a) and 

(b). From the 3-fold 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. 

 

Figure 23: Ni particles after dewetting on (a) (001)YSZ and on (b) (111)YSZ substrates, 

annealed at 1350ęC in Ar + 7 vol.% H2 for 6 hours. Some equilibrated particles are 

circled. 
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It is clear that not all the particles reached equilibrium after the 6 hour anneal. The 

elongated particles, which are not equilibrated, are oriented ~60ę one 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 particles are equilibrated, and only those particles 

were used for subsequent TEM and interfacial energy analysis. Examples for 

equilibrated particles are marked in Figure 23. 

 

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

boundary. 

 

4.1.3 Orientation Relationships and Interface Energies 

The orientation relationships (ORs) between equilibrated pure Ni particles and the 

YSZ(111) and YSZ(001) substrates were determined from SAD patterns. Equilibrated 

Ni particles, identical in shape, were selected for TEM specimen preparation by FIB. 

Each particle was positioned and cross-sectioned in such a way that enabled TEM 

investigation of the interface from a specific low-index 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 beam (edge-on). 

The direction of sectioning is marked in Figure 25(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 seen in Figure 25(b). 
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a 

 

b 

 

Figure 25: (a) HRSEM micrograph of an equilibrated single-crystal Ni particle oriented 

with the (111) plane parallel to the (111) surface of the substrate. The dashed rectangle 

indicates the direction of FIB sectioning. (b) The same micrograph as in (a). The three-

fold symmetry of the <110> zone-axes is represented by a red triangle and a schematic 

drawing on the upper-left 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 relationships observed in this study for Ni particles on the (111) 

substrate, as seen in Figure 26, are OR1: Ni [110](111)  YSZ [110](111)  (cube-on-

cube orientation) and OR2: Ni [110](111)  YSZ [110](111)(twinned orientation). 

Both OR1 and OR2 were confirmed from three equilibrated particles each.  There is a 

180ę rotation of the Ni about the substrate normal between the two ORs and they can 

be easily distinguished by electron diffraction of the interface region, presented in 

Figure 26 (c) and (d). On the bottom-right corners in (c) and (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 substrate. Due to the 

structure of YSZ, like the Ni particle its (111) plane has a 3-fold symmetry. 
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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 to Figure 25). 

The inserts present SAD patterns 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, demonstrating the low index ORs which exist at equilibrium are OR1:

Ni[110](111)  YSZ[110](111); and OR2: Ni[110](111)  YSZ[110](111). (a) and (c) were 

acquired from a particle with OR1, and (b) and (d) were acquired from a particle with 

OR2. On the bottom-right corners in (c) and (d) top-view schematic representations of the 

two ORs are presented. Red triangle represents the Ni particle and blue triangle 

represents the YSZ substrate. 

The solid-solid interface energy was determined from cross-section TEM micrographs 

of equilibrated Ni particles, following Winterbottom analysis (see equation (7)). The 

parameters R1 and R2 used for the analysis are indicated in Figure 26 (a) and (b). The 
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measured R1/R2 ratio was 0.28±0.01 for the particle oriented in OR1 and 0.41±0.01 for 

the particle oriented in OR2. The absolute surface energies taken from the literature 

were: gNi(111) = 2.05 J/m
2
 [15], and gYSZ(111) = 1.17 J/m

2
 [51]. It was found that the 

interface energy for Ni[110](111)  YSZ[110](111) is 1.8±0.1 J/m
2
, and the interface 

energy for Ni[110](111)  YSZ[110](111) is 2.0±0.1 J/m
2
. The errors reflect the 

deviation 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 co-planar with the substrate, and an 

effective contact angle larger than 90ę. As seen in Figure 27, all the requirements are 

met, except for deviation of the interface from the plane of the substrate near the triple 

line.  This small area indicates an additional low-energy 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. The error was estimated using a hypothetical value of R1 (labeled 

as R1ô), defined as the distance between the Wulff point and the original surface of the 

substrate, where the interface would have been if it was coplanar with the surface of 

the substrate. R1ô was used in equation (7) instead of R1 to estimate the difference in 

the interface energy caused by the deviation from ideal conditions. 
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Figure 27: High angle annular dark field STEM micrograph of an equilibrated Ni 

particle along the [110] projection. The parameters R1 and R2, used for the interface 

energy determination, are indicated. R1ô was used for error estimation. 

  

4.1.3.2 Ni-YSZ(001) 

The orientation relationships observed in this study for Ni particles on the (001) 

substrate, as seen in Figure 26, are OR1: Ni [110](111)  YSZ [100](002) and OR2: 

Ni [110](111)  YSZ [110](002). Both OR1 and OR2 were confirmed from two 

equilibrated particles each.  There is a 45ę rotation of the Ni about the substrate normal 

between the two ORs and they can be easily distinguished by electron diffraction of the 

interface region, presented in Figure 28(c) and (d). On the bottom-right corners in (c) 

and (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 square is for the 

substrate, reflecting the 4-fold symmetry of the (001) plane. 

In addition to the four particles which were 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 above (2-5° about the common normal to the (111) 

facet of the Ni particle and to the (001) surface of the YSZ substrate).  
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Figure 28: (a, b) HAADF STEM micrograph of an equilibrated Ni particle along the 

<110> projection (sectioned according to Figure 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 OR1: Ni[110](111)  YSZ[100](002); and 

OR2: Ni[110](111)  YSZ[110](002). (a) and (c) were acquired from a particle with OR1, 

and (b) and (d) were acquired from a particle with OR2. On the bottom-right corners in 

(c) and (d) top-view schematic 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 solid-solid interface energy was determined from cross-section TEM micrographs 

of equilibrated Ni particles, following Winterbottom analysis (see equation (7)). The 

parameters R1 and R2 used for the analysis are indicated in Figure 28 (a) and (b). In 

this case, the measured R1/R2 ratio was found to be the same for all eight Ni particles 

regardless of the deviation from a low-index orientation relationship: 0.40±0.01. The 

absolute surface energies taken from the literature were: gNi(111) = 2.05 J/m
2
 [15], and 

gYSZ(001) = 1.71 J/m
2
 [51]. It was found that the interface energy for Ni particles on 

(001) YSZ substrate is 2.5±0.1 J/m
2
. 

 

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 equilibrated. A more appropriate method is EBSD, in 

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

examined. 

Figure 29(a) presents EBSD pole figures of Ni particles on a YSZ(111) substrate. The 

155 Ni particles from which the data was collected were chosen based on their size and 

shape. Only particles which were equi-axed and less than ~1 ɛm in diameter were 

analyzed. The EBSD pole figures in Figure 29(b) show the (111) YSZ substrate on 

which the Ni particles were annealed. All  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 cube-on-cube or a twinned orientation. A slight preference to the cube-on-

cube orientation can be detected, which correlates to the slightly lower interface energy 

associated with this orientation.  

Figure 30(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 which were equi-axed and less than ~1 ɛm in diameter were 

analyzed. The EBSD pole figures in Figure 30(b) show the (001) YSZ 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 no in-plane preferred orientations, 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. 

 

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

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

Only particles which are equi-axed and up to ~1 ɛm in diameter were analyzed. (b) EBSD 

Pole figures of the (111) YSZ substrate on which the Ni particles 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 which are equi-axed and up to ~1 ɛm in diameter were analyzed. (b) EBSD 

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, slightly larger particles 

where observed which had non-equilibrium shapes.  Figure 31 presents a non-

equilibrated Ni particle which contains a twin boundary parallel to the interface with 

the YSZ substrate. The secondary electron HRSEM micrograph in Figure 31(a) shows 

the Ni particle in plan-view. 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 HAADF-STEM micrograph in Figure 31(b) shows the cross-

section of the particle in Figure 31(a), and confirms the presence of the twin boundary. 

The SAD patterns in Figure 31(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 lower Ni crystals, respectively. 

Figure 32 presents a secondary electron HRSEM micrograph of a non-equilibrated 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 marked in Figure 32(b) are the 

major facets which compose the equilibrium crystal shape (ECS) of Ni [15]. Facets 

belonging to the same {hkl} families should have the same size at equilibrium. 

Figure 33 presents a secondary electron HRSEM micrograph of another (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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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 cross-section of the Ni particle in (a). The arrows 

mark the twin boundary which crosses the particle. (c) SAD pattern of the Ni particle in 

contact with the YSZ substrate, demonstrating the low-index OR between the particle 

and the substrate (same as in Figure 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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Figure 32: (a) Secondary electron HRSEM micrograph of an elongated single crystal Ni 

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 low energy 

facets. 

 

 

Figure 33: Secondary electron HRSEM micrograph of an equi-axed 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 the {111} 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, cross-section TEM samples were 

prepared from several equilibrated single-crystal Ni particles. Particles similar in shape 

and in orientation with the substrate were sectioned in two different projections 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 low-index orientation relationships were 

identified on the (111) substrate: Ni [110](111)  YSZ [110](111) (OR1) and 

Ni [110](111)  YSZ [110](111) (OR2). Using the <112> zone axis, the equivalent 

OR to OR1 is Ni [112](111)  YSZ [112](111) and the equivalent OR to OR2 is 

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

HRTEM micrographs of the two <112>-ORs are identical, thus it is impossible to 

determine the exact OR (equivalent to OR1 or OR2) based on SAD or HRTEM alone. 

Since the <112> projection is identical in both cases, and since particles oriented with 

OR1 have a lower interface energy than those with OR2, it 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 <112>-OR1: Ni [112](111)  YSZ [112](111), i.e. complementary to 

Ni [110](111)  YSZ [110](111) (OR1). 
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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 solid-state 

dewetting. The dashed rectangles represent the locations of sectioning by FIB for 

subsequent TEM analysis. 

 

4.2.1 Quantitative HRTEM  

HRTEM micrographs cannot be intuitively interpreted, and structure analysis requires 

simulations of the interface for comparison with the experimental 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 data were used to 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(111)-YSZ(111) interface, viewed in the Ni [110]projection is 

shown in Figure 35. The orientation relationship between the Ni particle and the YSZ 

substrate is Ni [110](111)  YSZ [110](111). The interface is atomically flat and does 

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 in Figure 35 with simulated images, and for the spherical aberration 

coefficient of Cs 6 ɛm=-  used to acquire the micrograph, the objective lens defocus 

was 26 nmfD =-  for a thickness of 11.6 nm on the YSZ side and 11.5 nm on the Ni 

side of the interface.  Simulated images are superimposed on the Ni and YSZ in Figure 

35 for these imaging conditions. 

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

shown in Figure 36, which is rotated by 90° from the orientation shown in Figure 35, 

and indicates again that the interface is atomically flat.  The imaging conditions used 

for the micrograph presented in Figure 36, acquired with a spherical aberration 

coefficient of Cs 6 ɛm=- , are 14 nmfD =-  and a thickness of 8.2 nm 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 polished by FIB and further thinned and polished by 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 and the resulting atomic 

positions are overlaid for both bulk phases (Ni: blue, Zr: green, O: red). Bending of the 

[11 1]  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 resulting atomic 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 crystals (as defined from the position 

of the atoms in the bulk from Figure 35 and Figure 36), a geometrical model of the 

non-relaxed interface was constructed using ideal lattices of Ni and cubic-ZrO2, which 

is presented in Figure 37. The lattice parameter for Ni was taken from room 

temperature JCPDS data: a(Ni) = 0.352 nm, and for cubic-ZrO2 from the substrate 
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manufacturer data: a(YSZ) = 0.5125 nm. The rhombohedral coincidence symmetry of 

the two lattices at the interface can be seen in the plan-view 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. 

 

Figure 37: Plan-view of the unrelaxed interface (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 density of misfit dislocations was identified in each of the sectioning directions 

defined by arrays of 5-8 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 presented in Figure 38.  
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To present the dislocations more clearly, the raw micrographs are presented in inclined 

views in Figure 39 and Figure 40.   No distinctive periodicity of the dislocations was 

identified. The Burgers vectors of the dislocations in both viewing directions are 

presented in Figure 41. 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 Burgers vector obtained is actually a 

projected Burgers vector.  By plotting Burgers circuits around the misfit dislocations 

(Figure 41) the projected Burgers vector of the dislocations in a Ni [110] projection 

was determined to be 1
4

112 2.156 ÅNib a= < >=  while the projected Burgers vector of 

the dislocations in a Ni [112] projection was determined to be 

1
2

110 1.245 ÅNib a= < >= . The misfit dislocations are very clearly seen in the [112]  

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 dislocations [84]. The mean experimental spacing between the 

dislocations measured in a Ni [112]zone axis from the HRTEM micrograph is 4.195 ± 

0.275 Å. This value can be compared with the theoretical distance, which equals 3.983 

Å. The experimental spacing is ~5% larger than the theoretical 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 the (111) planes with 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 similar bending is observed from the Ni [112] 

direction at the intersection of the (110) planes with the interface (see Figure 36 and 

Figure 40).  This bending occurs to conserve continuity between Ni and YSZ planes at 

the interface. 



 

63 

 

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. Some edge 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 edge dislocations are marked. 

 



 

65 

 

Figure 41: (a,c) Magnified images of the interface region presented in Figures 2 and 3 

respectively. Closed clock-wise 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 Ni[ρρπ](111)᷆ YSZ[ρρπ](111) with the 

YSZ substrate. The bright contrast represents the atomic columns. In HAADF STEM, 
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the contrast scales to the atomic number (Z) to the power of 1.9. Since the atomic 

number of oxygen is lower than that of the Ni and Zr, Ni and Zr atomic columns are 

clearly seen but oxygen columns cannot be identified. Therefore, the terminating plane 

of the substrate cannot be determined (i.e. whether it is metal terminated or oxygen 

terminated). Figure 42(b) presents an ABF STEM micrograph of the same region of 

the interface (these micrographs were acquired simultaneously). In this case, the 

contrast is reversed; atomic columns of heavier elements have darker contrast. Similar 

to the HAADF STEM micrograph, Ni and Zr atomic columns are clearly detected, and 

oxygen columns are identified adjacent to each Zr column, having a brighter contrast 

than that of the Zr atomic columns. This micrograph clearly shows that the substrate is 

metal terminated. 

 

Figure 42: (a) HAADF STEM and (b) ABF STEM micrographs acquired simultaneously 

from the interface region of an equilibrated Ni particle along the Ni[110] zone axis. The 

atomic column positions are overlaid from both sides of the interface, in both 

micrographs (Ni: blue, Zr: green, O: red). 

 

4.2.3 Integrated Differential Phase Contrast (iDPC) in STEM 

Figure 43 presents an iDPC-STEM micrograph acquired from the interface region of 

an equilibrated Ni particle along the Niρρπ zone axis. Since the intensity of 

micrographs acquired by the iDPC technique scales approximately linearly with the 

projected electrostatic potential of the sample [80], the atomic column positions have a 
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bright contrast and can be directly determined from the micrograph. In this case, the 

bright oxygen columns are clearly detected adjacent to the óheavierô Zr columns, and 

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(111)-YSZ(111) interface 

using HRTEM. In Figure 43(b) the atomic column positions (Ni, Zr, O) are 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 Ni[ρρπ] zone axis was found to be 1
4

112 0.2156 nmNib a= < >= , 

which confirms the HRTEM results. In Figure 43(c) two structural units defining the 

periodic nature of the interface were identified: a unit of one (ρρρ) Ni plane which 

ñmeetsò one (ρρρ) YSZ plane, denoted as B, and a unit of two (ρρρ) Ni planes which 

ñmeetò one (ρρρ) YSZ plane 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 ZrO2 plane, i.e. the terminating Ni column shares its electrons 

with the terminating Zr column in the corresponding ZrO2 plane from the other side of 

the interface. The Zr column is situated almost in the same direction of continuation of 

the (ρρρ) Ni plane. In the A unit the two Ni planes are partly bonded to one ZrO2 

plane. In the region of the interface shown in Figure 43(c), the sequence of A and B 

units repeats six times (from left to right in the figure) until a B-B unit replaces an A-B 

unit, which together defines the structure along the interface.  Next to the intersection 

of the (ρρρ) 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 micrograph 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 clock-wise circuit has been drawn around one 

representative dislocation. The Burgers vector in 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 between (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: in Figure 44 (b) the green dashed line 

represents the last Ni plane; in (c) the red dashed 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. This confirms the metal 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 interface. The last oxygen plane is located below the last Zr plane. 

 

4.3 Solid-State Dewetting of Cr-doped Ni on (111) YSZ 

After characterizing the structure and thermodynamics of the un-doped Ni-YSZ 

interface, the influence of impurity segregation on these parameters was studied. Cr 

was chosen as a dopant since it was found to reduce the interface energy at liquid-solid 

Ni-YSZ interfaces [64], and due to its relatively high solubility in Ni. The solubility 

limit of Cr in Ni is ~50 at.% at 1350°C and ~30 at.% at 600°C [85,86], below which 

the diffusion rate of Cr in Ni reduces by 9 orders of magnitude compared to the 

diffusion at higher temperatures [87]. Therefore, any process which involves diffusion 

(e.g. equilibration, segregation) will be significantly slower below this temperature and 

this issue should be considered. 

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 the e-beam evaporation system) as seen in 

Figure 45, to give ~1 at.% Cr in the Ni films. 

 

Figure 45: Bright field TEM micrograph of the as-deposited Ni-Cr-Ni layered 

configuration deposited by e-beam evaporation. 

The equilibration process of the doped Ni was found to be somewhat slower than that 

of the un-doped Ni. After annealing for 6 hours (the annealing time of the un-doped 

samples), no equilibrated particles were found thus, new samples with the same layer 

configuration were annealed for 9 hours. The results shown in the following were 

acquired from samples which were annealed for 9 hours. 

Figure 46 shows a HRSEM micrograph of Ni (1 at.% Cr) particles (in the following 

will be referred to as Ni(Cr) particles) annealed 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 boundaries, 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 process. Many particles were 

found to have a Cr2O3 layer which precipitated at the interface. An example can be 

seen in Figure 47, in which the margins of the precipitating layer are indicated by a 

white arrow. The precipitation of Cr2O3 was subsequently confirmed by TEM and 

XRD. No precipitation was detected on the free surface of the Ni particles or on the 

surface of the YSZ substrate. 
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Figure 46: HRSEM micrograph of Ni(1 at.% Cr) dewetted on a (111) YSZ substrate. The 

particles were found to be highly faceted. Most of the particles were found 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 2O3 was found to precipitate beneath the Ni particle, at the interface, and only its 

margins can be seen from a top view.      

 

4.3.1 OR, ECS and Interface State at Cr-doped Ni-YSZ 

Figure 48(a) shows a cross section of an equilibrated Ni(Cr) particle on the (111) YSZ 

substrate viewed from the [110] zone axis. It can be clearly seen that the ECS of this 

particle is significantly different compared to that of the un-doped Ni [15]. In addition, 

the precipitating Cr2O3 wetting phase is clearly seen from this viewing direction. It is 

important to note that this wetting phase does not replace the entire interface, so a 

direct area of contact between Ni and YSZ still exits. Despite these two major changes, 

the orientation relationship between the particle and the substrate remains the same 

cube-on-cube orientation which was found in the un-doped 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 un-doped system:Ni[110](111)  YSZ[110](111). 

 

4.3.2 OR, ECS and Interface State at Cr  and Fe-doped Ni-YSZ 

The Cr and Fe-doped Ni-YSZ system was produced via the same procedure as the Cr-

doped system. The only difference was that the annealing process was carried out in an 

Fe contaminated furnace and the duration of the process was 12 hours, compared to 9 

hours for the Cr-doped samples. Clearly, the difference in annealing durations does not 

affect the equilibrated particles which were analyzed in this work.  

Figure 49 (a) shows a cross section of an equilibrated Ni(Fe,Cr) particle on (111) YSZ 

substrate viewed from the [110] zone axis. It can be clearly seen that the ECS of this 

particle is significantly different compared to that of the un-doped [15] and Cr-doped 

Ni. In this system no wetting phase was formed at the interface, so the entire interface 

is an area of contact directly between Ni and YSZ. Also in this system the orientation 

relationship between the particle and the substrate remains the same cube-on-cube 

orientation which was found in the un-doped and Cr-doped 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), demonstrating 

the same low index OR found in the un-doped and in the Cr doped systems:

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

 

4.3.3 Cr Segregation at Cr-doped Ni-YSZ and Cr and Fe-doped 

Ni-YSZ interfaces 

Analytical TEM was performed on interfaces from both Cr-doped and Cr and Fe-

doped systems, to investigate Cr segregation. Elemental analysis of the interface region 

was conducted using STEM-EDS. Cr-Ni k-factor values were determined 

experimentally from a National Institute of Standards and Technology (NIST) standard 

(SRM 1198), using the Cliff & Lorimer technique [88]: 

A A
AB

B B

C I
k

C I
= Ö  (9) 

where CA and CB are the concentration of each element, IA and IB are the measured 

intensities above background in the EDS spectrum, and kAB is a factor referring to the 

Z correction between the X-ray intensities for the standard and the studied specimen. 

The k-factor for Cr and Ni was determined to be kCr-Ni = 0.90±0.01. 
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The amount of Cr excess at the interface was determined using the spatial difference 

technique following [89,90,91,92]: 

m s
sm

s m

A I
V A k

A I
rG= Ö Ö Ö Ö (10) 

where V/A is the ratio between the interaction volume and the area of the interface 

inside the interaction volume. This ratio is the width of the scanned area perpendicular 

to the interface. ɟ is the matrix density in atoms/nm
3
, Am, As, Im and Is are the atomic 

masses and the measured interfacial intensities of the matrix and segregant, 

respectively. 

Is, the interfacial intensity of the segregant is given by [90]: 

1
  2

( )s int bulk A bulk BI I I I= - +  (11) 

where Iint is the intensity of the segregant measured at the area containing the interface, 

and Ibulk A and Ibulk B are the intensities of the segregant measured in each of the bulk 

phases. 

The detection limit at the interface was determined using [89,92]: 
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where Is
b
 is the intensity of the background under the peak of interest. 

To determine the excess of Cr at the interface, three EDS measurements were acquired 

while scanning constant areas of the sample; One at the interface and two at the 

adjacent bulk phases (see Figure 50 and Figure 51). After subtracting the Cr signal 

coming from the bulks (equation (11)), the excess of Cr at the Cr-doped interface was 

determined to be 23.1±0.6 atoms/nm
2
 with a detection limit of 0.4 atoms/nm

2
 (based 

on 10 measurements). Assuming 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 monolayers. Figure 52 clearly shows 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 interface. C and Ti 

peaks originate from the sample preparation process and the Ti grid supports the TEM 

specimen, respectively. Fe peak originates from the pole piece inside the microscope (see 

text for details).  
































































