Microstructural coarsening effects on redox instability and mechanical
damage in solid oxide fuel cell anodes
F. Abdeljawad and M. Haataja
Citation: J. Appl. Phys. 114, 183519 (2013); doi: 10.1063/1.4830015
View online: http://dx.doi.org/10.1063/1.4830015
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v114/i18
Published by the AIP Publishing LLC.

Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/
Journal Information: http://jap.aip.org/about/about_the_journal
Top downloads: http://jap.aip.org/features/most_downloaded
Information for Authors: http://jap.aip.org/authors

JOURNAL OF APPLIED PHYSICS 114, 183519 (2013)

Microstructural coarsening effects on redox instability and mechanical
damage in solid oxide fuel cell anodes
F. Abdeljawad1 and M. Haataja1,2,3
1

Department of Mechanical and Aerospace Engineering, Princeton University, Princeton,
New Jersey 08544, USA
2
Princeton Institute for the Science and Technology of Materials (PRISM), Princeton University,
Princeton, New Jersey 08544, USA
3
Program in Applied and Computational Mathematics (PACM), Princeton University, Princeton,
New Jersey 08544, USA

(Received 21 June 2013; accepted 28 October 2013; published online 13 November 2013)
In state-of-the-art high temperature solid oxide fuel cells (SOFCs), a porous composite of nickel
and yttria stabilized zirconia (Ni/YSZ) is employed as the anode. The rapid oxidation of Ni into
NiO is regarded as the main cause of the so-called reduction-oxidation (redox) instability in
Ni/YSZ anodes, due to the presence of extensive bulk volume changes associated with this
reaction. As a consequence, the development of internal stresses can lead to performance
degradation and/or structural failure. In this study, we employ a recently developed continuum
formalism to quantify the mechanical deformation behavior and evolution of internal stresses in
Ni/YSZ porous anodes due to re-oxidation. In our approach, a local failure criterion is coupled to
the continuum framework in order to account for the heterogeneous damage accumulation in the
YSZ phase. The hallmark of our approach is the ability to track the spatial evolution of mechanical
damage and capture the interaction of YSZ damaged regions with the local microstructure.
Simulation results highlight the importance of the microstructure characterized by Ni to YSZ
particle size ratio on the redox behavior and damage accumulation in as-synthesized SOFC anode
systems. Moreover, a redox-strain-to-failure criterion is developed to quantify the degree by
which coarsened anode microstructures become more susceptible to mechanical damage during
C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4830015]
re-oxidation. V

I. INTRODUCTION

Solid oxide fuel cells (SOFCs) offer an appealing means
to convert chemical energy into electrical one with high
efficiency1–5 and reduced carbon emissions,6 and are commonly utilized in a wide spectrum of applications, ranging
from personal devices to power supply units. In state-of-theart SOFCs that operate at temperatures in the range
800–950  C,7,8 a thin film of yttria stabilized zirconia (YSZ)
is employed as a ceramic membrane that allows for the transport of oxygen ions. A porous composite of lanthanum strontium manganate (LSM) and YSZ is typically used for the
cathode, while porous Ni/YSZ ceramic metal (cermet) composites are usually employed as the anode materials of
choice.9 Nickel is both an excellent conduit of electronic
charges and a very good electro-catalyst for the oxidation of
fuels, while YSZ, which was first used in fuel cells on a laboratory scale by Baur and Preis,10–12 serves as a conducting
network for oxygen ions. Furthermore, the addition of YSZ
in SOFC anodes improves thermal expansion compatibility
between the composite anode and the electrolyte layer.13,14
In SOFCs, after the oxygen reduction reaction at the
cathode, oxygen ions diffuse to the anode through the electrolyte and react with the fuel at electrochemically active
regions, commonly referred to as three-phase boundaries
(TPB), where Ni, YSZ, and pore phases meet.15 Anode
microstructures with high density of TPBs and contiguity of
Ni and YSZ phases ensure good electrochemical activity and
0021-8979/2013/114(18)/183519/10/$30.00

effective electronic and ionic conductivities.13 To increase
SOFC durability and performance characteristics vis-a-vis
other conversion devices, several degradation mechanisms in
SOFC anodes need to be resolved, such as poisoning by fuel
impurities, coking, Ni phase coarsening, and reductionoxidation cycling.8,13,15–21
At SOFC operating temperatures, Ni phase is stable
against oxidation when the anode is kept in a reduced state
and an uncontaminated fuel is utilized. In cases of interruption to the fuel supply, seal leakage, system shutdown, or
high fuel utilization, re-oxidation of the Ni occurs via the
reaction Ni þ 1=2O2 ! NiO. Dimensional changes and bulk
expansion associated with the reduction and oxidation (redox) reactions of Ni, which were first reported by Cassiday
et al.,22,23 are due to the large ratio of the molar volume of
NiO to Ni, given by 1.66.22 We note that this implies an
effective “swelling” of the Ni particles given by a volumetric
strain 0.66 for complete oxidation. Furthermore, during
SOFC utilization, Ni phase coarsening and the accompanying increase in average particle size were observed.24 These
morphological changes to the Ni network during coarsening
were found to yield microstructures that are unable to
accommodate the large bulk expansion strains during the reoxidation of Ni.22,25 Dimensional changes and internal
strains resulting from redox cycles in Ni/YSZ anodes have
been examined experimentally over a wide range of operating parameters, such as temperature and humidity level,26
sample geometry,25 and microstructure and particle size.14,27
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Relaxation mechanisms by irreversible deformation and
micro-cracking, which are detrimental to the electrochemical
performance and structural integrity of the cell, have also
been experimentally observed.28–30
Very recently, Jeangros et al.31 have performed in situ
experiments and atomistic calculations to examine the
detailed atomistic redox mechanisms in SOFC anodes and
investigate the nature of Ni/YSZ and NiO/YSZ interfaces.
During the reduction cycle, they observed the formation of
epitaxial Ni layer on YSZ, in agreement with previous experimental observations of Dickey et al.32 On the other hand,
during the oxidation cycle, the outward diffusion of Ni ions
along microstructural defects leads to a NiO layer that is polycrystalline in nature. This suggests that the newly formed
NiO/YSZ interfaces are not fully coherent, or epitaxial, with
pores forming along internal interfaces. Importantly, this
partial loss of coherency would facilitate the relaxation of
expansion strains parallel to NiO/YSZ interfaces, while the
expansion strains perpendicular to such interfaces will
impart stresses within the YSZ regions.
Existing theoretical and computational treatments of redox cycling, and the accompanying mechanical deformation
and damage are based on simplified geometries and statistical
failure models,28,29,33,34 and do not explicitly account for the
heterogeneous nature of anode microstructures.35,36 In this
study, we employ a recently developed microstructure-based
continuum formalism37 to quantify the mechanical deformation behavior and evolution of internal stresses in Ni/YSZ porous anodes due to redox cycles. In our approach, a local
failure criterion is coupled to the continuum formalism in
order to account for the heterogeneous damage accumulation
in the YSZ phase. The hallmark of our approach is the ability
to track the spatial evolution of mechanical damage and capture the interaction of YSZ damaged regions with the local
microstructure. In particular, our work focuses on virtually
designed random close-packed (RCP) microstructures, and the
role of coarsening of the metallic phase on redox behavior.
Simulation results highlight the importance of the microstructure characterized by Ni to YSZ particle size ratio on the redox
behavior and damage accumulation in as-synthesized SOFC
anode systems. Moreover, a redox-strain-to-failure criterion is
developed to quantify the degree by which anode microstructures become more susceptible to mechanical damage due to
redox cycling. Finally, we demonstrate that while the loss of
NiO/YSZ interface coherency increases the redox-strain-tofailure in comparison with the fully epitaxial case, this effect
is rather small especially in the case of coarsened systems.
The rest of the manuscript is organized as follows. In Sec.
II, we first outline the continuum modeling framework
employed in this work. Then, in Sec. III, we describe how the
virtual microstructures are generated. Quantitative results from
our redox simulation studies and their implications to mechanical integrity are in turn discussed in Sec. IV. Finally, a brief
summary and concluding remarks are presented in Sec. V.
II. THEORETICAL APPROACH

In this work, we employ a recently developed computational framework37 to examine the role of anode microstructure
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on the mechanical deformation and damage accumulation in
porous Ni/YSZ cermets during redox cycling. Furthermore, we
examine the impact of Ni phase coarsening and the associated
morphological changes to Ni networks in Ni/YSZ cermets on
the redox stability and damage accumulation in these systems.
As evidenced by the experimental observations of
Jeangros et al.,31 the reaction Ni þ 1=2O2 ! NiO is a complex kinetic process involving several diffusion mechanisms
and species, the details of which are currently not wellunderstood. From a mechanistic perspective, however, the
most critical feature of this reaction is the large bulk volume
changes associated with it. In a mean-field treatment, all Ni
particles can be taken to undergo the transformation to NiO
at the same rate. Thus, at any given instant in time during the
re-oxidation process, the degree of Ni oxidation /NiO is the
same for all Ni particles. This implies that one can effectively substitute the degree of Ni oxidation for physical time.
Finally, to connect the degree of Ni oxidation to the effective
expansion of the Ni particles, we will assume that their volumetric expansion is uniformly distributed within each particle and directly proportional to the degree of oxidation, such
that complete transformation to NiO (/NiO ¼1) corresponds
to a volumetric strain 0.66.
Given the above considerations, the starting point of our
theoretical treatment is the introduction of a deformation
energy that accounts for the large bulk expansion strains due
to redox reactions and the evolution of interfacial stresses
and the subsequent mechanical damage in the YSZ phase. A
general state of deformation can be decomposed into deviatoric (pure shear) and hydrostatic (spherical) parts.38 As in
standard elasticity formalism and under the isotropy assumption of the constituent phases, the total energy of a deformed
body F tot can be written in terms of the spatial derivatives of
the displacement field u ¼ ðux ; uy ; uz Þ as
ð

ð



1
F tot ¼ dr ftot ¼ dr KðrÞWðrÞ2nn
2

2

1
þ lðrÞWðrÞ ij  dij nn  aðrÞnn ;
3

(1)

where repeated indices imply summation, ij  ðuij þ uji Þ=2
denotes the total strain, and uij  @ui =@xj , while K(r) and
l(r) denote the phase-dependent bulk and shear moduli,
respectively. To account for the damage accumulation in the
YSZ phase, we introduce the damage field W(r, a), where
W ¼ 0 within damaged YSZ regions and W ¼ 1 elsewhere.
Within this framework, the binary description for the YSZ
damage field indicates that the relaxation of W is instantaneous, i.e., a local volume element is either capable of bearing
mechanical loads or no longer a structural member.39 The
first two terms on the right hand side of Eq. (1) denote the
spherical and deviatoric parts of the energy.
The last term in Eq. (1) accounts for the volumetric
expansion of Ni particles due to NiO formation by introducing a spatially varying transformation (or eigen) strain
ij ¼ ðaðrÞ=3KÞdij , such that ij ¼ Eij þ ij , where Eij is the
elastic strain. Frameworks incorporating eigen strains have
been used to model nonelastic strains, such as thermal
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expansion, phase transformations, and misfit strains.40 We
also define  ¼ ii ¼ a=K as the redox strain, or the total
volumetric transformation strain. Note that for a spherical Ni
particle, a complete transformation to NiO is accompanied
by a volumetric strain   0:66 or, equivalently, a linear
strain 0.18. To account for bulk volume changes due to
NiO formation, a(r) ¼ a0 within the Ni/NiO domains and
zero elsewhere, such that a0 ¼ 0:66K/NiO in terms of the
degree of Ni oxidation /NiO .
Now, to achieve balance of internal mechanical stresses
at each state of redox strain (controlled by a), we employ a
dynamic relaxation scheme for the equilibration of the displacement field, which adopts the following form:
@rij
@ 2 ui
@ui
dF
¼ C
þ ðg  n r2 Þ
¼ C
; i ¼ x; y; z;
@t2
@t
@xj
dui
(2)
where the first term on the left hand side
term.
 is the inertial

We introduce the damping operator g  n r2 , where g*
is a parameter that provides linear damping to all modes,
while n* readily damps modes with small wavelengths. In
Fourier space, n r2 @ui =@t ! n ðikÞ2 @ u^=@t ¼ n k2 @ u^=@t,
so modes with the largest wave numbers, i.e., smallest wavelengths, are damped the heaviest and n* controls this term.
The right hand side of Eq. (2) is the forcing term and C* controls the effective elastic wave speed. In the last equality,
we

=du
¼
@=@x
@f
=@u
have employed
the
relations
dF
tot
i
j
tot
ij


¼ @=@xj @ftot =@ij ¼ @rij =@xj . Note that the steadystate solutions of Eq. (2) by construction satisfy the mechanical equilibrium equations @rij =@xj ¼ 0. Furthermore, the
parameters g*, n*, and C* are chosen such that the simulated
SOFC composite anode is maintained in the quasi-static regime. Thus, Eq. (2) should be viewed as a “fictitious” time
integration scheme, where the right hand side constitutes the
driving force, employed to find the steady-state solution
(equilibration of the displacement field) at a given a.
Frameworks incorporating dynamical equations of similar
form to that in Eq. (2) have been used to capture elastic disturbances associated with wave phenomena and deformation
in solids.38,41
Importantly, our theoretical framework also incorporates
a micro-cracking and mechanical damage criterion. More
specifically, the YSZ is treated as a brittle ceramic;36 therefore, the maximum principal (normal) stress failure criterion
is a reasonable method of choice for the fracture of the YSZ
phase.42 In our work, this criterion is implemented as follows. At a given instantaneous transformation strain a0 and a
given distribution of Ni particles, the displacement field is
equilibrated using Eq. (2). According to the thermodynamic
energy functional in Eq. (1), the stress tensor is evaluated via
rij ¼ dF tot =dij . Principal (i.e., normal) stresses ðk1 ; k2 ; k3 Þ
are then computed by finding the roots of the characteristic
polynomial of the stress tensor that has the form38
k3  I1 k2 þ I2 k  I3 ¼ 0;

(3)

where I1 ¼ rii ; I2 ¼ ð1=2Þðrii rjj  rij rji Þ and I3 ¼ det rij are
the invariants of the stress tensor. When the maximum principal stress in a given volume element within the YSZ phase

exceeds its ultimate strength Ftu, the damage field W is set to
zero locally, and Eq. (2) is again employed to relax the displacement field. If no additional fracture events occur, a0 is
incremented (corresponding to an increase in the degree of
Ni oxidation) and iterations are re-started.
The polycrystalline nature of YSZ and the associated
heterogeneity in mechanical properties are accounted for by
assigning an ultimate strength Ftu at YSZ grain boundaries
that is smaller than the one for the bulk YSZ volume elements. This is motivated by experimental observations of
intergranular cracking along YSZ grain boundaries, which is
a sign of low cohesive strength,14 in Ni/YSZ cermets during
redox cycles. In our work, regions with low Ftu values act as
seed points, or flaws, where the mechanical damage can
potentially start. It is worth noting here that the failure criterion is not applied to the Ni phase due to its ductile nature
and the large amount of intrinsic plasticity it can accommodate before fracture.43 We also note that while the YSZNi/NiO interfaces are assigned the same Ftu values as for
YSZ bulk, it is straightforward to extend our formalism by
assigning a separate Ftu value for these regions. Table I lists
the mechanical properties of the Ni, NiO, and YSZ phases
that are used in this work.
Finally, motivated by both the atomistic Ni oxidation
mechanism proposed by Jeangros et al.31 indicating the presence of only partially coherent NiO/YSZ interfaces and the
lack of detailed experimental characterization of said interfaces, two extreme cases of interfaces will be considered to
assess the role of interface coherency on redox stress generation. The first is an epitaxial NiO/YSZ interface, where
coherency is always maintained during the transformation of
Ni to NiO via a continuity of the displacement field across
the Ni/YSZ interface. Within our formalism, this epitaxial
condition for a NiO/YSZ interface, or simply an epitaxial
condition, is naturally implemented when both bulk and
shear moduli at NiO/YSZ interfaces are non-zero and finite.
In this case, both normal and shear tractions at the NiO/YSZ
interface are in general non-zero and continuous, implying
that the displacements (both normal and parallel to the interface) are also continuous. The second type of NiO/YSZ
interface we consider is one where only the normal traction
is allowed to be non-zero along the NiO/YSZ interface,
while the shear traction vanishes identically along said interface. We refer to this interface condition as a slip condition,
since the vanishing of the shear tractions on either side of the
interface implies that the displacement field parallel to the
interface in general develops a jump discontinuity. Formally,
such a slip condition for the interface can be conveniently
TABLE I. Mechanical properties of the Ni, NiO, and YSZ that are used in
this work. K, E, and l represent bulk, Young, and shear moduli, respectively. Ftu denotes the ultimate fracture strength.
K(GPa)

E(GPa)

l(GPa)

Ftu(GPa)

Reference

YSZ

210

220

83

44 and 45

Ni
NiO

166
193

200
220

77
84

1.00 (bulk)
0.50 (grain boundary)
…
…

Material

46
46
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FIG. 1. Perspective views of the initial
microstructures of the (a) R1 (RNi/RYSZ
¼ 1.0), (b) R1.5 (RNi/RYSZ ¼ 0.67), (c)
R2 (RNi/RYSZ ¼ 0.5), and (d) R2.5
(RNi/RYSZ ¼ 0.4) anode systems. In the
initial state, anode systems are idealized as binary mixtures of Ni (orange)
and YSZ (grey) spherical particles.
Representative cross-sectional views
of the (e) R1, (f) R1.5, (g) R2, and (h)
R2.5 anode systems, where orange
(grey) domains represent Ni (YSZ)
particles. YSZ grain boundaries are
colored in red. Hydrostatic expansion
of Ni particles due to the reaction Ni þ
1=2O2 ! NiO results in stress buildup
within the YSZ matrix phase.

incorporated by introducing a narrow boundary region along
NiO/YSZ interfaces and letting the shear modulus l ! 0
within this “lubricant” region. In physical terms, the slip condition facilitates the relaxation of expansion strains parallel
to NiO/YSZ interfaces, while the expansion strains perpendicular to such interfaces will impart stresses within the YSZ
regions. We expect real physical systems to fall somewhere
in between the two extreme cases discussed above.
III. VIRTUAL SOFC ANODE MICROSTRUCTURES

Having formulated the governing equations, we will
next discuss the class of microstructures employed in this
study. In order to mimic typical porous Ni/YSZ anode materials obtained by sintering NiO and YSZ powders, herein we
utilize binary RCP systems of spherical particles representing Ni and YSZ crystallites.47,48 A convenient feature of this
class of porous microstructures is that critical microstructural
parameters, such as number and size of particles, particle
size ratios, and overall volume fractions of the solid and porous phases can be easily varied. In our previous work, we
have employed such microstructures to investigate complex
coarsening phenomena taking place in SOFC anode materials at elevated temperatures and their effect on electrochemical performance.49
In this work, four representative SOFC anode microstructures are examined, denoted R1, R1.5, R2, R2.5, with
Ni to YSZ particle size ratios RNi/RYSZ ¼ 1.0, 0.67, 0.50, and
0.40, respectively. The volume fractions of the constituent
TABLE II. Properties of virtual SOFC anode systems considered in this
study. The as-prepared anode active layer is idealized as a binary mixture of
electron and ion conducting spherical particles with radii RNi and RYSZ,
respectively. In all systems, the volume fractions of Ni, YSZ, and pore
phases are 30 6 2%, 45 6 2%, 25 6 2%, respectively.
System
Name
R1
R1.5
R2
R2.5

Particle ratio
(RNi/RY SZ)

Number of
Ni particles

Number of
YSZ particles

1.00
0.67
0.50
0.40

60
206
503
1010

90
92
95
97

phases are chosen to be representative of experimentally
characterized Ni/YSZ based porous anodes50,51 and are set to
30 6 2%, 45 6 2%, 25 6 2%, for Ni, YSZ, and pore phases,
respectively. Moreover, in this parametric study, the size of
YSZ particles is kept fixed. For a given SOFC anode system,
or a given RNi/RYSZ ratio, the size and number of Ni particles
are varied in order to attain the target volume fraction. Table
II lists the Ni to YSZ particle size ratios and the number of
Ni and YSZ particles for each SOFC anode system employed
in this study. These virtual anode systems are digitized to
yield a 1203 uniform lattice with Dx ¼ Dy ¼ Dz  15 nm.
This digitization level is chosen such that the resulting YSZ
particle radius RYSZ  0:25lm is comparable to the ones in
typical SOFC anode systems.14,51 It is important to note,
however, that within our continuum elasticity approach, the
absolute particle size does not play any role in the evolution
of mechanical stresses, as the governing equations do not
contain any length scales. Therefore, for a given volume
fraction of the constituent phases and a given arrangement of
particles, it is the Ni to YSZ particle size ratio alone that will
control the redox instability in these systems.
Now, perspective views of the SOFC anode systems
employed in this study are shown in Figs. 1(a)–1(d), where
orange (grey) spheres represent Ni (YSZ) particles that are
packed in a periodic box. Representative cross-sectional
views of the these anode systems, which reveal the local
microstructure along with the YSZ grain boundary network,
are in turn shown in Figs. 1(e)–1(h). These virtual anode systems simulate the initial, or short-term, reduced state of a
SOFC cell. In this work, the as-synthesized anode systems
that are depicted in Fig. 1 will be referred to as “initial”
systems.
To examine the role of Ni phase coarsening on the redox
stability of Ni/YSZ porous anodes, coarsened microstructures from our previous simulations49 are employed as inputs
in the present work. As detailed in Ref. 49, these microstructures were generated via large-scale simulations of a diffuseinterface model, which incorporates the coarsening of Ni
phase particles driven by thermodynamic forces in the presence of non-evolving YSZ network. Perspective views of the
SOFC anode microstructures at late stages of Ni phase coarsening are shown in Figs. 2(a)–2(d), where Ni and YSZ
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FIG. 2. Perspective views of the coarsened microstructures of the (a) R1
(RNi/RYSZ ¼ 1.0), (b) R1.5 (RNi/RYSZ
¼ 0.67), (c) R2 (RNi/RYSZ ¼ 0.5), and
(d) R2.5 (RNi/RY SZ ¼ 0.4) anode systems. Representative cross-sectional
views of the (e) R1, (f) R1.5, (g) R2,
and (h) R2.5 anode systems, where orange (grey) domains represent Ni
(YSZ) particles. YSZ grain boundaries
are colored in red. Hydrostatic expansion of Ni particles due to the reaction
Ni þ 1=2O2 ! NiO results in stress
buildup within the YSZ matrix phase.

domains are represented in orange and grey, respectively.
The corresponding representative cross-sectional views of
these anode systems are shown in Figs. 2(e)–2(h), where the
resulting coarser Ni networks can be clearly discerned.
These systems represent anode microstructures at a late, or
long term, reduced state of a SOFC cell. In this study, they
will be referred to as “coarsened” systems.
With regard to the role of the NiO/YSZ interface coherency (or lack thereof) on redox stress development, to
account for the slip condition at Ni/YSZ interfaces, volume
elements that belong to Ni/YSZ interfaces are identified and
assigned a shear modulus l ! 0. Figure 3 is a representative
cross-sectional view of an anode system, where orange (maroon) denote shear modulus of the Ni (YSZ). In Fig. 3(a), an
epitaxial interface is assumed, where the shear modulus is
interpolated smoothly between YSZ (maroon) and Ni (orange), resulting in a non-zero shear modulus along the interface. In Fig. 3(b), on the other hand, a slip interfacial
condition has been implemented by assigning a zero shear
modulus to the volume elements residing along the interface.
In the simulations to be reported below, stresses and
length scales are measured in terms of the bulk modulus of
the YSZ phase and voxel size, respectively. The dynamical
equations for the displacement field were numerically integrated with Dx ¼ Dy ¼ Dz ¼ 1:0 and Dt ¼ 0.01 until steadystate was achieved for a given redox strain. The virtual RCP

FIG. 3. A shear modulus contour of a representative cross-sectional view of
the coarsened R2.5 anode system, where orange (maroon) denote the shear
modulus of Ni (YSZ), under (a) epitaxial and (b) slip interfacial conditions
for Ni/YSZ interfaces. Regions with zero shear modulus are colored in
white.

Ni/YSZ anode systems were simulated with all displacement
components clamped along all cube faces. In the YSZ phase,
K ¼ 1.0 and l ¼ 0.4, while in Ni/NiO, K ¼ 0.92 and l ¼ 0.4.
Furthermore, Ftu ¼ 0.005 and 0.0025 in the YSZ bulk and
grain boundary regions, respectively. Other parameters that
are utilized in the simulations were set to ðg ; n ; C Þ
¼ ð2:0; 0:001; 400:0Þ. Finally, the accuracy and convergence
of our numerical scheme were validated by computing the
stresses due to a spherical inclusion embedded in an infinite
isotropic matrix phase undergoing hydrostatic expansion, a
classic problem (“Eshelby’s problem”) that admits an exact
solution.52,53
IV. RESULTS AND DISCUSSION

We begin our exploration of the simulation results by
highlighting some of the salient features and observations for
the coarsened R2.5 anode system (RNi/RYSZ ¼ 0.4). To this
end, Figure 4 displays results for this system under both epitaxial [panels (a)–(c)] and interfacial slip [panels (d)–(f)]
conditions. Under epitaxial conditions, Fig. 4(a) displays a
contour of the max principal (normal) stress at a redox strain
* ¼ 1.6%, where regions colored in red represent stresses
Ftu. It can be clearly seen that max normal stresses accumulate at Ni/YSZ interfaces and within the YSZ bulk phase.
At even larger redox strain values, these regions with high
tensile normal stresses develop microcracks. This is illustrated in Fig. 4(b), which displays a perspective view of the
YSZ skeleton with the damage field W(r) shown in blue at a
redox strain * ¼ 6.4%.
To quantify the damage accumulation behavior, the total
damage (in voxel count) is shown in Fig. 4(c) for the YSZ
phase for both the initial and coarsened R2.5 anode systems
under epitaxial conditions. It can be clearly seen that at a
given redox strain level, the initial R2.5 anode system is
more resistant to mechanical damage (initial system attains
the same overall damage level at larger redox strain values
than the coarsened one). Furthermore, YSZ damage levels
are lower for the initial R2.5 anode system than for the coarsened one. This is an indication that the anode microstructure
indeed plays a critical role in the deformation and damage
accumulation during redox cycles.

183519-6

F. Abdeljawad and M. Haataja

J. Appl. Phys. 114, 183519 (2013)

FIG. 4. Stress development and damage accumulation behavior for the
coarsened R2.5 anode system under
epitaxial [(a)-(c)] and slip conditions
[(d)-(f)]. (a) and (d): Max principal
stress at a redox strain of * ¼ 1.6%.
Solid black (green) lines define boundaries of YSZ (Ni) domains. Regions in
red denote max normal stress  Ftu. (b)
and (e): At a redox strain * ¼ 6.4%, a
perspective view of the YSZ skeleton
with the damage field W(r) colored in
blue. (c) and (f): On a semi-log scale,
total damage (voxel count) of YSZ
domains as a function of redox strain
for the R2.5 system in the initial and
coarsened configurations.

Panels (d)–(f) of Fig. 4 in turn demonstrate the response
of the coarsened R2.5 anode system under the slip condition
for Ni/YSZ interfaces, where a contour of max principal
stress at a redox strain * ¼ 1.6% is shown in panel (d), perspective view of the damage field W(r) at a redox strain
* ¼ 6.4% in panel (e), and plot of total damage vs. redox
strain in panel (f). The anode system with the slip condition
for Ni/YSZ interfaces exhibits a similar overall trend to the
one with the epitaxial interfacial condition. It can be seen,
however, that localization of the max normal stress and damage accumulation levels are lower for the anode system with
the slip interfacial condition in comparison with the epitaxial
system. This is expected, as relaxation of expansion strains
parallel to the Ni/YSZ interfaces results in smaller effective
load transfer to the YSZ phase.
Next, we examine the role of YSZ grain boundaries on
damage localization and accumulation. To this end, we identify the fraction of damaged elements /GB that are spatially
located within YSZ grain boundaries as a function of redox
strain *. Panels (a) and (b) of Fig. 5 display graphs of /GB
vs. * for the initial and coarsened R2.5 anode system under
epitaxial and slip conditions, respectively. For this anode
system, a peak in the /GB curve can be observed at redox
strain values corresponding to the onset of damage accumulation, which indicates that YSZ grain boundaries act as initiation sites. At larger redox strains, /GB curves experience a
continuous drop as a function of redox strain indicating that
damage is no longer confined within the YSZ grain boundary
regions.
The same process of simulating the R2.5 anode system
under both epitaxial and slip conditions for Ni/YSZ interfaces was repeated for the other remaining anode systems R1,
R1.5 and R2 as well. The results are summarized in Fig. 6,
which displays plots of total damage in voxel count vs. redox
strain * for all anode systems in the initial and coarsened
configurations under both epitaxial and slip interfacial conditions. As is clearly evidenced in panels (a) and (c), initial

anode systems exhibit a Ni particle size effect such that
smaller particles yield microstructures that are more resistant
to mechanical damage during re-oxidation. A stronger dependency on Ni particle size is observed for systems under
epitaxial interfacial conditions. For example, for the initial
anode systems under epitaxial interfacial conditions [cf. Fig.
6(a)] and at a redox strain of * ¼ 12%, the R2.5 anode system with RNi/RYSZ ¼ 0.4, yields total damage that is more
than an order of magnitude lower than the R1 system with
RNi/RYSZ ¼ 1.0. This is an indication that introducing fine features (i.e., smaller Ni particles compared to the YSZ ones)
can yield microstructures that are initially more tolerant to
mechanical damage due to redox strains. This trend is in
qualitative agreement with experimental results of Fouquet
et al.,14 who observed a positive correlation between the
increase in NiO particle size at a fixed YSZ particle size
prior to sintering and accumulation of irreversible strain after
each re-oxidation cycle. Importantly, for the coarsened systems, there appears to be a loss of the size effect observed
earlier for the initial systems under both epitaxial and slip
interfacial conditions, as shown in Figs. 6(b) and 6(d),

FIG. 5. Fraction of damaged elements, /GB , that are located within YSZ
grain boundaries as a function of redox strain * under (a) epitaxial and (b)
slip conditions for Ni/YSZ interfaces for the initial and coarsened R2.5 anode systems.
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FIG. 6. On a semi-log scale, total damage (in voxel count) vs. redox strain
* for the SOFC anode systems: Under the epitaxial condition for the (a) initial and (b) coarsened systems. Under the slip condition for the (c) initial
and (d) coarsened systems. Note (1) the strong Ni particle size dependence
for the initial, as-synthesized systems with larger Ni particles rendering the
systems more susceptible to damage accumulation during re-oxidation, and
(2) disappearance of the size effect for coarsened systems.

respectively. That is, the benefits of introducing small Ni
particles with regard to mechanical integrity are lost very
rapidly as coarsening proceeds during SOFC operation or
reduction/oxidation. In passing, we note that in the R1, R1.5,
and R2 systems, damage distribution in terms of YSZ grain
boundaries vs. bulk regions displays a quantitatively similar
behavior as in the R2.5 system [cf. Fig. 5].
Next, we quantify the role of spatial damage growth on
the failure of SOFCs at the cell level. To this end, we
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employed the labeling algorithm by Hoshen and Kopelman54
to track spatially isolated clusters of damaged YSZ elements
at each redox strain *. A histogram of such mechanically
damaged clusters is constructed in order to monitor the
growth and coalescence of the damaged YSZ regions.
Motivated by the recent experimental study of Bale et al.,55
who monitored in situ the time-dependent mechanical damage evolution and microcracking in ceramic systems under
high temperatures, a redox-strain-to-failure f is defined as
the redox strain value where the size of the largest damage
cluster is proportional to the YSZ particle size, and is
employed as a quantitative metric of when the mechanical
integrity of the system is compromised.
For the coarsened R2.5 anode system under the epitaxial
interfacial condition, Fig. 7(a) displays a histogram of the spatially isolated YSZ damage clusters taken at two redox strains
* ¼ 3.61% and 6.19%, corresponding to before and after mechanical failure according to our strain-to-failure criterion,
respectively. The dashed line in the histogram corresponds to
the YSZ particle size. Figures 7(b) and 7(c) in turn provide
perspective views of the damage clusters at * ¼ 3.61% and
6.19%. In these views, each spatially isolated cluster can be
identified due to their unique color. Mechanical damage in the
YSZ phase starts with seed points that are spatially distributed. Then, a few damaged clusters continue to grow in size
as is evidenced in the tail of the histogram in Fig. 7(a). For the
coarsened R2.5 anode system under the epitaxial condition,
the redox-strain-to-failure is thus given by f  4%.
The above process is then repeated for the slip interfacial condition. The histogram for this case is depicted in Fig.
7(d). Panels (e) and (f) of Fig. 7 in turn provide perspective
views of the damage clusters at * ¼ 3.61% and 6.19%,
respectively, where each cluster is again assigned a unique
color. At a redox strain of * ¼ 6.19%, the anode system with
epitaxial interfaces [cf. Fig. 7(c)] yields more damaged YSZ
elements than the system with slip ones [cf. Fig. 7(f)]. This
is evidenced by comparing the tails of the cluster size distributions for the system under epitaxial [Fig. 7(a)] and slip
[Fig. 7(d)] interfacial conditions.
Finally, the redox-strain-to-failure, f, is recorded for all
initial and coarsened anode systems employed in this work

FIG. 7. For the coarsened R2.5 system:
On a semi-log scale, a histogram of the
spatially isolated damaged clusters at
redox strains * ¼ 3.61% and 6.19%
under (a) epitaxial and (d) slip conditions for Ni/YSZ interfaces. The dashed
vertical black line is drawn to indicate
the size of YSZ particles. Perspective
views of the isolated damaged clusters
with each cluster assigned a unique
color at a redox strain * ¼ 3.61% under
(b) epitaxial and (e) slip conditions and
* ¼ 6.19% under (c) epitaxial and (f)
slip conditions.
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under both epitaxial and slip conditions for Ni/YSZ interfaces. The data are shown in Fig. 8 as a function Ni to YSZ
particle size ratio RNi/RYSZ. It can be clearly seen that for the
initial (i.e., as-synthesized) systems, reducing the Ni particle
size increases the resistance of these systems to mechanical
damage due to redox cycling. This trend is observed for initial anode systems under both epitaxial and slip conditions
for Ni/YSZ interfaces. On the other hand, close inspection of
the data shows that coarsened anode systems yield microstructures that are significantly less tolerant to mechanical
damage accumulation within the YSZ phase, as the f values
for the coarsened systems are much less than those for the
initial systems. Importantly, the redox-strain-to-failure f in
coarsened anode systems exhibits essentially no dependency
on the initial Ni particle size for the systems examined in
this work. Furthermore, while the loss of NiO/YSZ interface
coherency increases the redox-strain-to-failure in comparison with the fully epitaxial case, this effect is rather small
especially in the case of coarsened systems.
It is worth noting that the redox-strain-to-failure values
obtained above (ⱗ14%) correspond to relatively small
degree of Ni oxidation values at failure (/NiO ⱗ0:20). This is
not surprising, as the YSZ phase is treated as a simple linearelastic brittle material in this work. Additionally, comparing
our simulation results to what redox experiments reveal merits more detailed attention. First, in free-standing anodes that
were oxidized in air, it was observed that mechanical damage and cracking occurred after oxidation of 50% of the
Ni, while for anodes that were oxidized electrochemically,
cracking caused failure after only ca. 5% of the Ni was oxidized, mainly due to the non-uniform nature of oxidation in
SOFC anodes.28 In a study by Laurencin et al.,29 Ni/YSZ
anodes under direct oxidation in air developed cracks under
a conversion degree of Ni into NiO ranging between 58%
and 71%. Experimental observations of Sarantaridis et al.,56
on the other hand, paint a more nuanced picture. In particular, they have shown that a Ni/YSZ anode system can be
completely re-oxidized at 800  C after reduction without any
noticeable (i.e., macroscopic) damage, even though the YSZ

FIG. 8. Redox-strain-to-failure f vs. particle size ratio RNi/RYSZ for both initial and coarsened anode systems under epitaxial and slip conditions for
Ni/YSZ interfaces. Note the strong Ni particle size dependence of f for the
initial, as-synthesized, systems and the very weak Ni particle size dependence for the coarsened ones. The lines are drawn as guides to the eye.
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network is forced to accommodate a linear expansion strain
of 0.6%. This suggests that during Ni re-oxidation the YSZ
network accommodates the expansion strains via creep deformation mechanisms. Hence, re-oxidation experiments carried out at lower temperatures (where creep in YSZ is
negligible) should reveal the development of significant
damage and microcracking in the brittle YSZ phase at the
relatively small degree of Ni oxidation values reported in
this work.
On the whole, the above observations and considerations
for coarsened anode systems suggest that under high utilization of SOFC cells, the role of initial Ni particle size is not a
critical factor in determining the mechanical stability of these
systems. More generally speaking, the main design criterion
for SOFC anode materials is thus given by electrochemical
performance considerations, rather than mechanical ones.
V. SUMMARY AND CONCLUDING REMARKS

In this study, we have employed a recently developed
microstructure-based continuum formalism37 to quantify the
mechanical deformation behavior and evolution of internal
stresses in Ni/YSZ porous anodes due to redox cycles. In our
approach, a local failure criterion was coupled to the continuum formalism in order to account for the heterogeneous
damage accumulation in the YSZ phase, taken to be brittle.
The hallmark of our approach is the ability to track the spatial evolution of mechanical damage and capture the interaction of YSZ damaged regions with the local microstructure.
In particular, our work focused on virtually designed RCP
microstructures, and the role of coarsening of the metallic
phase on redox behavior. Simulation results highlighted the
importance of the microstructure characterized by Ni to YSZ
particle size ratio on the redox behavior and damage accumulation in as-synthesized SOFC anode systems.
In order to quantify the degree by which anode microstructures become more susceptible to mechanical damage
due to redox cycling, a redox-strain-to-failure criterion was
developed. According to this criterion, once the largest damage cluster exceeded the YSZ particle size, the mechanical
integrity of the system was deemed compromised. Notably,
the redox-strain-to-failure f in coarsened anode systems,
that were examined in this work, exhibited essentially no dependency on the initial Ni particle size. This is in contrast to
the as-synthesized anode systems, which displayed a strong
Ni particle size dependence in qualitative agreement with
experiments.14 With regard to the effect of absolute particle
size on redox stability, experiments of Waldbillig et al.27
indicate that a fine structured Ni/YSZ anode is more susceptible to mechanical damage than a coarser one at fixed component volume fractions, in contrast with our results which
do not display any such absolute size dependence. It should
be noted, however, that samples with finer structures are subject to larger thermodynamic forces which drive coarsening
processes during both reduction and re-oxidation,49 resulting
in microstructures that are more susceptible to redox damage
accumulation than the as-sintered ones. Thus, we suspect
that the morphological evolution due to Ni phase coarsening
during reduction/oxidation may significantly affect
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experimental studies that focus on the size-dependent redox
instability in SOFC anode systems.
We also quantified the role of coherency (or the lack
thereof) of NiO/YSZ interfaces on redox stress generation.
More specifically, two types of interfaces were considered,
namely epitaxial ones, where coherency is always maintained during the transformation of Ni to NiO via a continuity of the displacement field across the Ni/YSZ interface, and
ones where the displacement field parallel to the interface in
general develops a jump discontinuity. These interfacial
types represent extreme cases, with real physical systems
falling somewhere in between. In physical terms, the slip
condition facilitates the relaxation of expansion strains parallel to NiO/YSZ interfaces, while the expansion strains perpendicular to such interfaces impart stresses within the YSZ
regions. Our results demonstrate that while the loss of
NiO/YSZ interface coherency increases the redox-strain-tofailure in comparison with the fully epitaxial case, this effect
is rather small especially in the case of coarsened systems.
That is, the detailed NiO/YSZ interfacial structure is not
expected to play an important role in the overall mechanical
behavior of the system.
The above observations for coarsened anode systems
suggest that under high utilization of SOFC cells, the role of
initial Ni particle size is not a critical factor in determining
the mechanical stability of these systems, at least for the
class of microstructures employed in this work. More generally speaking, the main design criterion for SOFC anode
materials is thus given by electrochemical performance considerations, rather than mechanical ones.
The computational framework employed in this work explicitly accounts for the local microstructure of SOFC anode
systems, and is capable of capturing the evolution of internal
mechanical stresses and accumulation of damage in the YSZ
phase. Such meso-scale models provide important microstructural insights into the redox stability of SOFC anode systems.
In its current stage, however, the model does not explicitly
account for the complex Ni oxidation kinetics, Ni coarsening,
or creep behavior within the solid phases during re-oxidation.
We are currently working towards incorporating these processes within a more detailed phase transformation model.
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